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Abstract

Reservoirs in karst regions exhibit significant carbon sink potential; however, how dif-
ferent reservoir types influence carbon sequestration remains poorly understood. In
this study, dual carbon isotopes (δ13C–∆14C) were applied to trace dissolved organic
carbon (DOC) sources in an open reservoir (Aha Reservoir, AHR) and a closed reser-
voir (Guanshan Lake, GSL) in southwestern China, and to evaluate their carbon seques-
tration potential. DOC concentrations in GSL were significantly higher than those in
AHR (4.14 ± 0.28 mg/L > 3.37 ± 0.30 mg/L) (p < 0.01), along with lower δ13C values
(−30.34 ± 0.51‰ < −28.18 ± 0.31‰) and more enriched ∆14C values (−6.94 ± 11.07‰
> −93.74 ± 6.76‰). The δ13C–∆14C tracing revealed that plants were the primary DOC
source for AHR (61 ± 2%), whereas algae dominated DOC sources in GSL (70 ± 2%).
Inflow rivers and water retention time (WRT) likely drive differences in DOC sources
and concentrations between the two reservoirs. The absence of inflow rivers and the
longer WRT in GSL created favorable conditions for algal growth, resulting in substantially
higher chlorophyll a (Chl.a) concentrations (103.00 ± 29.87 µg/L > 13.10 ± 3.29 µg/L)
and enhanced production of autochthonous DOC through a stronger biological carbon
pump (BCP) effect. These conditions further facilitate the formation and accumulation of
recalcitrant DOC (RDOC), ultimately increasing DOC concentrations in GSL. Our findings
highlight that closed karst reservoirs may represent important yet underappreciated carbon
sinks and should receive greater attention in future carbon-sink assessments.

Keywords: DOC; δ13C–∆14C; open-reservoir; closed-reservoir; transformation

1. Introduction
Dissolved organic carbon (DOC) is the predominant fraction of aquatic organic carbon,

accounting for approximately 80% of total organic carbon [1,2]. It serves as a key indicator
of organic matter content and biological activity in water bodies [3], playing a pivotal
role in the biogeochemical cycles of aquatic ecosystems [4,5]. Terrestrial organic carbon
transported by rivers leads to the burial of approximately 60 Tg of organic carbon annually
in global reservoirs, accounting for about 40% of global organic carbon storage [6]. Conse-
quently, investigating the transport, transformation, and geochemical behavior of DOC in
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inland reservoirs is crucial for enhancing carbon sequestration in aquatic carbon pools and
addressing climate change [7,8]. DOC originates from two primary sources: autochthonous
(phytoplankton derivatives) and allochthonous (from soil erosion and anthropogenic ac-
tivities) [9]. Autochthonous DOC is mainly produced by algae and aquatic macrophytes,
while allochthonous DOC is primarily transported via rivers and significantly influenced
by soil organic matter, wastewater discharge, and plant debris [10,11]. DOC undergoes
three principal fates: (1) release into the atmosphere through microbial mineralization and
respiration; (2) photodegradation, which primarily affects terrestrially derived organic
compounds; and (3) mineral adsorption, subsequently stored in sediments as particulate
organic carbon (POC) [2,8,12,13].

China hosts one of the world’s largest karst regions, which is mainly distributed
in southwestern China, where numerous reservoirs have been constructed in recent
decades [14]. The high solubility and rapid weathering kinetics of carbonate rocks in karst
regions consume substantial atmospheric CO2, resulting in dissolved inorganic carbon
(DIC) concentrations 6–10 times higher than those in non-karst areas [15,16]. While elevated
DIC concentrations could potentially be re-emitted to the atmosphere through air-water ex-
change and calcium carbonate formation, karst reservoirs paradoxically demonstrate lower
CO2 emissions compared to their non-karst counterparts [17]. This phenomenon mainly
results from the conversion of DIC into autochthonous organic carbon (AOC) via aquatic
photosynthesis (the biological carbon pump, BCP), followed by long-term burial [18–21].
These findings suggest that karst reservoirs function as effective carbon sinks.

Isotopes, as effective tracers, have been consistently employed in studies of carbon
cycling in water bodies in karst landscapes. For example, δ13C was used to analyze the
impact of dam construction in the Three Gorges Reservoir on the geochemical behavior of
DIC [22]. However, the relatively narrow range of δ13C values in organic carbon (−32‰ to
−12‰) often leads to overlapping source end-members, leading to potential inaccuracies
in data interpretation [23]. With recent advances in accelerator mass spectrometry (AMS),
∆14C values offer a broader range and higher resolution (−1000‰ to 200‰). For example,
Chen et al. [24] used dual carbon isotopes (δ13C–∆14C) to trace the sources of POC in
Fuxian Lake in a karst region and found that the contribution rate of endogenous aquatic
photosynthesis was 61%. Meanwhile, Qiu et al. [25] used δ13C–∆14C to find that rivers
contributed as much as 70% of the DIC in AHR. In addition, Liu et al. [26] used δ13C–∆14C
to discover that karst regions have a strong BCP effect, and that aquatic plants utilize
organic carbon converted from DIC with a negative ∆14C value.

Distinct carbon-cycling patterns are often observed among different types of reservoirs.
For instance, the Wulihe Reservoir on the Loess Plateau, characterized by longer water
retention time (WRT), exhibits a more pronounced BCP effect and lower CO2 emissions
compared to the Honghe Reservoir with relatively shorter WRT [27]. Concurrently, Liu
et al. [28] reported that DIC in closed reservoirs typically displays more positive ∆14C val-
ues than in open reservoirs. This indicates that DIC exhibits distinct geochemical behaviors
among reservoirs with different hydrological characteristics. However, in previous studies,
AOC converted by the BCP was mostly calculated based on POC, while the contribution
of DOC to AOC was ignored [1]. Moreover, analytical challenges and molecular com-
plexity of DOC have resulted in significantly less understanding compared to inorganic
carbon [29–31]. Despite recent progress in DOC research, such as the finding that DOC
sources in the Lijiang River vary across seasons and locations [32], significant knowledge
gaps remain regarding the transport and transformation of DOC in reservoirs with different
hydrological characteristics in karst regions. To advance our understanding of DOC geo-
chemistry in karst reservoirs, this study employs δ13C–∆14C analysis to compare open and
closed reservoirs, aiming to reveal DOC sources and their migration and transformation
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processes, and differences in their carbon sequestration potential. The objectives of this
study are as follows: (1) to quantify DOC sources using δ13C–∆14C; (2) to reveal DOC
cycling processes and stabilization mechanisms; (3) to identify the differences in DOC
geochemical behavior between open and closed reservoirs and their underlying causes.

2. Materials and Methods
2.1. Study Area

The study area is located at the Aha Reservoir (AHR) on the Wujiang River in south-
western China (26◦32′3.44′′ N, 106◦38′46.54′′ E) and the Guanshan Lake (GSL) (26◦38′20.57′′

N, 106◦37′55.18′′ E) (Figure 1), situated within the world’s largest karst region [33]. Both
are located in the subtropical monsoon climate zone, with an average annual rainfall of
1140 mm to 1200 mm and an average temperature of 23.2 ◦C [34]. AHR is an open-type ar-
tificial reservoir situated on the Xiaohe River, a tributary of the Nanming River in southern
Guiyang City, belonging to the Wujiang River Basin [35]. In this study, an open reservoir is
defined as a water body with both surface inflow and outflow rivers, resulting in strong
hydrological connectivity with its watershed. AHR receives water from multiple tributaries
and discharges downstream through surface channels, thus representing a typical open
reservoir. This karst basin is characterized by Triassic dolomite, limestone, and carbonate
formations [36]. Its five main tributaries are the Jinzhong River (R1), Youyu River (R2),
Baiyan River (R3), Caichong River (R4), and Lanni River (R5) [25]. Among these, R1 experi-
ences significant anthropogenic disturbances primarily from urban industrial and domestic
wastewater, whereas R2 and R3 are mainly influenced by coal mine effluent discharges [34].
With a catchment area of 190 km2 and a storage capacity of 54 million m3, AHR has an
average depth of approximately 13 m [37] and mainly functions in urban water supply and
flood control. The region receives abundant rainfall, with frequent summer storms and
persistent winter drizzle.

Figure 1. Study area and sampling locations. (a) Distribution of sampling sites in AHR (including
the five major inflow rivers: R1 Jinzhong River, R2 Lanni River, R3 Caichong River, R4 Youyu River,
and R5 Baiyan River; the arrow indicates the flow direction of the outflow river, the Xiaoche River).
(b) Distribution of sampling sites in GSL.
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GSL is a closed, artificial scenic lake (also known as Guanshan Reservoir), located in
the central area of Guanshanhu District, Guiyang City. In this study, a closed reservoir is
defined as a water body lacking permanent surface inflow and outflow rivers and being
supplied primarily by groundwater seepage/springs and precipitation. GSL has no major
surface inflow or outflow channels and is mainly fed by underground mountain springs [38],
representing a typical closed reservoir with relatively weak hydrological connectivity. It
covers a water surface area of approximately 0.2 km2 and has an average water depth of
1–2 m. The lake is surrounded by lush forests with abundant forest resources. The wetland
area of Guanshanhu Wetland Park, where the lake is located, covers approximately 40 ha.

2.2. Sample Collection and Bulk Geochemical Analyses
2.2.1. Sample Collection

Surface water samples were collected from a depth of 0.5 m at all sampling locations,
including the seven sites (A1–A7) evenly distributed in AHR (with A2 located in the dam
convergence zone), the five major inflowing rivers of the reservoir, and the four sites
(G1–G4) in GSL (Figure 1). Sampling buckets were rinsed three times with reservoir
water before collecting 4-L water samples at each sampling site, ensuring that the bottles
were completely filled without air bubbles. Sealed bags (polyethylene zip-top bags; Hefei
Mingyang Plastic Co., Ltd., Hefei, China) were used to collect surface soil and surrounding
plant samples. In addition, the Hydrolab multi-parameter water-quality analyzer (Hydrolab
HL7; OTT Hydromet, Loveland, CO, USA) was used to measure the pH, temperature (T),
dissolved oxygen (DO), conductivity (EC), turbidity (Turb.), and chlorophyll a (Chl.a) of
the water body on site.

2.2.2. Analytical Methods

Water samples were filtered through pre-combusted 0.45 µm cellulose acetate mem-
brane filters (Whatman, Maidstone, UK). For DIC analysis, a 300 mL filtered water sample
was transferred into a vacuum-sealed conical flask and evacuated to <10−2 torr. Sub-
sequently, 20–25 mL of 85% phosphoric acid (Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) was injected, and the liberated CO2 was quantitatively extracted under
vacuum. No carrier gas (e.g., N2 or He) was used during this process. The generated CO2

was purified using a vacuum line, including water removal with an isopropanol-liquid
nitrogen cold trap and sulfur removal by heated copper when necessary [39]. The purified
CO2 was collected in a calibrated volume and divided into two aliquots for δ13C and ∆14C
analyses [40]. DIC concentration was calculated using the ideal gas law (pV = nRT). For
AHR, DIC concentration and isotopic data were obtained from our previously published
study [25].

For DOC analysis, 2 L of filtered water was transferred into a vacuum reaction sys-
tem. To remove DIC, 5 mL of 85% phosphoric acid was added under vacuum conditions
(<1 × 10−2 bar), and the released CO2 was completely removed by vacuum degassing.
The remaining sample was concentrated to approximately 20 mL at 50 ◦C. Subsequently,
5 mL of sodium persulfate oxidant (99.99%; Aladdin Industrial Corporation, Shanghai,
China) was added, and the sample was heated at 95 ◦C for 30 min to oxidize DOC into CO2.
The generated CO2 was purified using the same vacuum-line procedure described above.
The total carbon mass was calculated from the measured pressure and volume using the
ideal gas law, and the entire recovered CO2 was divided into two aliquots for δ13C and
∆14C measurements. Surface soil samples were oven-dried at 60 ◦C to constant weight
(24 h) and ground in an oven (DHG-9140A; Shanghai Jinghong Laboratory Equipment Co.,
Ltd., Shanghai, China). Approximately 10 g of each dried soil sample was treated with
hydrochloric acid (37%; Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) for 24 h
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to remove inorganic carbon. After repeated rinsing with ultrapure water to neutrality, the
samples were dried, reground, combusted in a vacuum system, and purified to obtain CO2

for isotope analysis. Plant samples were cleaned, oven-dried at 60 ◦C to constant weight,
ground, treated with 1 mol/L HCl for 12 h, rinsed to neutrality, and combusted using the
same vacuum procedure. The resulting CO2 from both soil and plant samples was divided
into two aliquots for δ13C and ∆14C determinations.

The δ13C value of algal organic carbon was assigned an empirical value of −30 ±
1‰ [31], whereas its ∆14C value was represented by the ∆14C value of DIC in the corre-
sponding water body [23,41]. δ13C values were measured using a MAT251 stable isotope
ratio mass spectrometer (Finnigan MAT, Bremen, Germany) at the Institute of Earth Envi-
ronment, Chinese Academy of Sciences. For ∆14C analysis, purified CO2 was reduced to
graphite using zinc (analytical grade; Sinopharm Chemical Reagent Co., Ltd., Shanghai,
China) as reductant and iron powder (analytical grade; Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China) as catalyst. The graphite targets were measured using a 3 MV
accelerator mass spectrometer (AMS) (model 3MV Tandetron, High Voltage Engineering
Europa B.V., Amsterdam, The Netherlands) at the Xi’an AMS center. To evaluate potential
atmospheric carbon contamination during sample preparation, procedural blanks were
assessed following [42]. Anthracite, wood, and lacustrine sediment samples with expected
radiocarbon ages older than 50,000 yr BP were subjected to the same pretreatment and
combustion procedures. The resulting blank values corresponded to F14C ≈ 0.002 (<0.2%
modern carbon contamination), indicating negligible effects on the measured ∆14C values.

Field sampling points were geolocated using handheld GPS devices, with distribution
maps generated through ArcGIS 10.8 and QGIS 3.16. Data analysis and visualization were
performed employing the R 4.4.3, Origin 2021, and IBM SPSS Statistics 25. Significant dif-
ferences between groups (e.g., AHR vs. GSL) were assessed using independent t-tests and
one-way ANOVA, with significance levels set at p < 0.05 and p < 0.01. All statistical com-
parisons were pre-planned pairwise comparisons (e.g., AHR vs. GSL). Original p-values
are reported with significance levels (p < 0.05 and p < 0.01). The contribution rates of DOC
source end-members were calculated using the IsoSource end-member mixing model.

3. Results
3.1. The Basic Physical and Chemical Parameters

The mean values of T, pH, Chl.a, Turb., EC and DO in AHR were 9.44 ± 0.19 ◦C,
7.60 ± 0.23, 13.10 ± 3.29 µg/L, 8.96 ± 2.37 NTU, 552.26 ± 8.07 µS/cm and 9.85 ± 0.55 mg/L,
respectively (Figure 2). The inflow rivers of AHR exhibited mean values of T, pH, Chl.a,
Turb., EC and DO of 10.60 ± 0.55 ◦C, 7.55 ± 0.57, 5.19 ± 2.14 µg/L, 9.22 ± 2.97 NTU,
637.70 ± 170.17 µS/cm, and 10.72 ± 1.34 mg/L, respectively (Figure 2). In GSL, the
mean values of T, pH, Chl.a, Turb., EC and DO were 2.82 ± 2.27 ◦C, 7.47 ± 0.15,
103.00 ± 29.87 µg/L, 13.23 ± 2.28 NTU, 422.85 ± 15.54 µS/cm, and 11.34 ± 0.31 mg/L,
respectively (Figure 2). Detailed physical and chemical parameters for each water body are
presented in Table A1. Comparative analysis revealed that GSL had lower T and EC but
higher pH, Chl.a, Turb. and DO values than AHR. AHR is an open reservoir, while GSL
is relatively closed. The higher EC in AHR likely results from river inflows that carry a
large quantity of ions from the watershed. For instance, the R4 watershed, characterized
by elevated EC values, contains several abandoned coal mines and coal-bearing strata.
Although mining activities ceased decades ago, acid mine drainage continues to discharge
from these areas, contributing to the high ionic load. Chl.a is an important indicator of
primary productivity in aquatic systems and reflects algal biomass [43]. The high Chl.a
content in GSL influenced its water transparency, resulting in high Turb. values. This
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indicates strong photosynthetic activity in GSL, promoting the conversion of inorganic
carbon into organic carbon.

Figure 2. The basic physical and chemical parameters. (a) T; (b) pH; (c) Chl.a; (d) Turb.; (e) ES; (f) DO.

3.2. The Content of DOC and DIC

The DOC concentration in the inflowing rivers ranged from 0.15 mg/L to 2.36 mg/L,
with an average of 1.47 ± 0.72 mg/L (Table A1). The DOC content in AHR ranged from
2.84 mg/L to 3.83 mg/L, with an average of 3.37 ± 0.30 mg/L (Figure 3a). The DOC
content at different sampling sites was as follows: A3 (3.83 mg/L) > A6 (3.55 mg/L) >
A4 (3.52 mg/L) > A7 (3.45 mg/L) > A1 (3.36 mg/L) > A5 (3.07 mg/L) > A2 (2.84 mg/L)
(Table A1). The DOC content in GSL ranged from 3.75 mg/L to 4.54 mg/L, with an
average of 4.14 ± 0.28 mg/L (Figure 3a). From highest to lowest, the site sequence was G2
(4.54 mg/L) > G1 (4.20 mg/L) > G4 (4.08 mg/L) > G3 (3.75 mg/L) (Table A1). Compared
with AHR, GSL exhibited significantly higher DOC concentrations (Figure 3a; p < 0.01).
The DIC concentration in GSL varied from 14.19 mg/L to 27.44 mg/L, with an average
of 23.78 ± 5.56 mg/L, showing no significant difference from that in AHR (Figure 3b;
p > 0.05).

Figure 3. Concentrations and δ13C–∆14C values of DOC and DIC. (a) DOC concentration; (b) DIC
concentrations (c) δ13CDOC; (d) δ13CDIC; (e) ∆14CDOC; (f) ∆14CDIC. “ns” denotes no significant
difference; single asterisk (*) indicates a significant difference (p < 0.05), and double asterisks (**)
indicate a highly significant difference (p < 0.01).
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3.3. The δ13C Composition

The δ13C values of DOC in AHR ranged from −28.72‰ to −27.66‰, with an average
of −28.18 ± 0.31‰ (Figure 3c). Across sampling sites, δ13C values decreased in the
following order: A1 (−27.66‰) > A2 (−27.90‰) > A3 (−28.14‰) > A5 (−28.24‰) > A7
(−28.26‰) > A6 (−28.37‰) > A4 (−28.72‰) (Table A1). The δ13C values of DOC in the
inflow rivers ranged from −30.80‰ to −26.86‰, with an average of −28.46 ± 1.40‰
(Table A1). Although R1 is closer to A1 and A2, there was a distinct difference in their δ13C
values. The relatively positive δ13C values at A1 and A2 may be caused by the dissolution
of calcium carbonate transported by rivers, which increases the δ13C values of DIC and
consequently those of DOC. The δ13C values of DOC in AHR overlapped most closely with
those of plants (−27.98 ± 0.13‰), were more negative than those of soil (−26.51 ± 1.57‰),
and more positive than those of algae (−30 ± 1‰) (Figure 4). Moreover, the similar δ13C
values among AHR, its inflow rivers, and plants suggest that plant-derived organic matter
is transported into the reservoir via riverine input.

Figure 4. Cross-plot of δ13C–∆14C values for DOC source end-members.

In GSL, the δ13C values of DOC ranged from −31.29‰ to −29.93‰, with a mean
of −30.34 ± 0.51‰ (Figure 3c), clustering near algal-derived values (−30.13 ± 0.70‰).
Spatially, δ13C values decreased in the following order: G3 (−29.93‰) > G4 (−29.96‰) >
G2 (−30.68‰) > G1 (−31.29‰) (Table A1), showing a decreasing trend from the northern
to the southern part of the lake. DOC in GSL exhibited significantly lower δ13C values than
DOC in AHR (Figure 3c; p < 0.01). Additionally, the δ13C values of DIC in GSL (−8.87‰
to −6.46‰, mean −7.59 ± 0.88‰) were significantly more enriched than those in AHR
(−9.88‰ to −8.73‰, mean −9.38 ± 0.43‰) (Figure 3d; p < 0.05), clarifying the differences
in DOC sources and carbon cycling processes between the two systems.

3.4. The ∆14C Composition

The ∆14C values of DOC in AHR ranged from −101.79‰ to −81.78‰, with an average
of −93.74‰ ± 6.76‰ (Figure 3f). Across sampling sites, ∆14C values decreased in the
following order: A1 (−81.78‰) > A2 (−87.32‰) > A6 (−90.99‰) > A7 (−96.18‰) > A4
(−98.56‰) > A3 (−99.55‰) > A5 (−101.79‰) (Table A1). The ∆14C values of DOC in
inflow rivers ranged from −97.06‰ to 18.57‰, with an average of −78.33 ± 56.78‰
(Table A1). Among these, the ∆14C value of DOC from R1 indicated a modern carbon
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signal, while the others were negative, with R4 showing the most negative value. Since A1
and A2 are close to R1, their positive ∆14C values were likely influenced by R1. Similarly,
the relatively negative ∆14C value of A5 may also be attributed to the influence of R4.
The ∆14C values of DOC in AHR were most similar to those of plants (−17.14 ± 3.49‰),
followed by algae (−205.16 ± 22.85‰), and showed the greatest discrepancy with soil
(−284.20 ± 62.67‰) (Figure 4). The ∆14C values of DOC in the inflow rivers of AHR show
significant overlap with those of plants and DOC, following the same pattern as the δ13C
values. This further suggests that plant organic carbon is transported into the reservoir via
the rivers.

The ∆14C values of DOC in GSL were significantly more positive than those in AHR
(Figure 3e; p < 0.01), ranging from −22.55‰ to 4.07‰, with an average of −6.94 ± 11.07‰
(Figure 3f). Within GSL, the ∆14C values of DOC show a trend of becoming higher from
the northern to the southern regions. The ∆14C values of DOC in GSL exhibit significant
overlap with those of algae (Figure 4), suggesting that this phenomenon may be attributed
to algal photosynthesis. The ∆14C values of DIC in GSL range from 49.54‰ to 105.12‰,
with an average of 72.71 ± 20.57‰, which is extremely significantly positive compared to
the ∆14C values of DIC in AHR (ranging from −230.25‰ to −153.83‰, with an average of
−205.16 ± 22.85‰) (Figure 3f; p < 0.01).

4. Discussion
4.1. Significant Differences in DOC Sources Between Open and Closed Reservoirs

Based on the IsoSource mixing model calculation, the primary source of DOC in AHR
was plants (61 ± 2%; Figure 5a; p < 0.05), followed by algae (27 ± 4%) and soil (12 ± 4%)
(Figure 5a). These source proportions were calculated using the isotopic end-member
values shown in Figure 4. Previous studies indicate that modern vegetation is the dominant
source of riverine DOC, contributing as much as 99% in the Heilongjiang River [44,45]. The
similar DOC isotopic signatures between AHR and its inflowing rivers further support this
finding. The carbon transported by river erosion from watershed vegetation is enriched
in aromatic compounds and other substances that are resistant to microbial degradation
but susceptible to photodegradation [13]. Spatial variations in DOC source contributions
were also observed. For instance, at site A2 near the dam where waters are quiescent,
algal contributions were elevated (28%) while soil inputs were relatively low (7%), likely
associated with localized algal activity. In contrast, plant-derived DOC contributions
exhibited minimal spatial variation across all sites, ranging from 60% to 67% (Figure A1).

Figure 5. Proportional contributions of different DOC sources. (a) Proportional contributions of DOC
sources in GSL; (b) Proportional contributions of DOC sources in AHR. Different letters above the
bars indicate significant differences (p < 0.05).

In contrast to AHR, algae represented the dominant source of DOC in GSL (70 ± 2%;
Figure 5b; p < 0.05). Soil (19 ± 3%) and plants (10 ± 2%) were minor contributing sources,
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with no significant difference between their contribution rates (p > 0.05), and the proportions
of DOC sources remained relatively consistent across different sampling sites. GSL is less
influenced by watershed erosion, receiving limited inputs from terrestrial plants and soils.
Consequently, its DOC primarily originates from in situ algal production. The lake exhibits
high primary productivity (Chl. a = 103.00 ± 29.87 µg/L) and weak water circulation, both
of which reflect strong algal activity and consequently promote DOC production [43,46].
This internally driven carbon dynamic is further supported by the consistent isotopic
patterns of both DIC and DOC in GSL, which show more negative δ13C values and more
positive ∆14C values compared with those in AHR. The more negative δ13C values arise
from the preferential assimilation of 12C during algal photosynthesis, which produces
DOC with lighter isotopic signatures [47]. At the same time, the intensified photosynthetic
activity in GSL enhances 13C fractionation between DOC and DIC, producing more negative
δ13C values in DOC and a greater isotopic offset between DOC and DIC than in AHR.
Furthermore, intense photosynthesis in GSL likely lowers the partial pressure of dissolved
CO2, thereby facilitating the absorption of modern atmospheric CO2 (with positive ∆14C)
and leading to the positive ∆14C values observed in both DIC and its derivative DOC [48].

4.2. Enhanced BCP Effect Reduces CO2 Emission Potential in GSL

Differences may exist in the sources of inorganic carbon converted to DOC via the
BCP in GSL and AHR. Phytoplankton typically preferentially utilize aqueous CO2 as their
carbon source, but may resort to HCO3

− under high carbon demand conditions [47,48].
The organic carbon produced by algae using CO2 has a negative δ13C value [47], which also
causes the δ13C value of the remaining HCO3

− to be positive. Therefore, DOC produced
by algae using HCO3

− as a carbon source has a positive δ13C value [49]. In AHR, the δ13C
value of DOC was negatively correlated with Chl.a content (Figure 6a; R2 = 0.49), indicating
that the algae in this reservoir primarily rely on CO2. In contrast, the δ13C value of DOC
in GSL showed a positive correlation with Chl.a content (Figure 6a; R2 = 0.97), indicating
that algae in GSL not only utilize CO2 but also HCO3

−. Additionally, the ∆14C values of
DOC in GSL are positively correlated with Chl.a content, while the ∆14C values of DIC are
also positively shifted, suggesting that CO2 with a positive ∆14C bias from the atmosphere
enters the water and is assimilated into organic carbon [26,48]. This is likely due to the
high primary productivity in GSL, where algae consume large amounts of CO2, reducing
the CO2 partial pressure in the water below atmospheric levels [50,51], thereby facilitating
the diffusion of atmospheric CO2 into the water. The ∆14C values of DOC in AHR showed
a weak negative correlation with Chl.a content (Figure 6b; R2 = 0.12), indicating that the
water has relatively abundant CO2 and has not significantly absorbed atmospheric CO2.
Overall, the carbon sources supporting algal production differ markedly between the two
reservoirs. Algae in GSL utilize both dissolved CO2 and HCO3

−, thereby promoting the
influx of atmospheric CO2. In contrast, algae in AHR primarily rely on dissolved CO2. This
indicates that GSL has a greater carbon sequestration capacity.

In addition, the decomposition processes of DOC may differ between the two reser-
voirs. DOC can decompose via photochemical and microbial pathways, and the resulting
CO2 is partitioned between conversion to DIC and evasion to the atmosphere [51]. At AHR,
DIC and DOC content showed a weak positive correlation (Figure 6c; R2 = 0.08), while their
δ13C values showed a strong positive correlation (Figure 6d; R2 = 0.76), suggesting that a
portion of the DIC was derived from DOC decomposition. Due to lower algal CO2 demand
in AHR, DOC decomposition is likely to elevate the partial pressure of aqueous CO2. In
contrast, GSL exhibited inverse relationships between DIC and DOC in both concentration
and δ13C values (Figure 6c,d). This pattern can be attributed to the strong BCP effect in GSL,
which results in high CO2 demand. As a result, CO2 produced by DOC decomposition
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is rapidly assimilated by algae, reducing its conversion to DIC and resulting in low DIC
content (23.78 ± 5.56 mg/L) [37]. This process also reduces CO2 release from GSL into
the atmosphere, consistent with the findings of Shao et al. [27]. Therefore, although DOC
decomposition occurs in both reservoirs, AHR may pose a carbon emission risk, while GSL
effectively recycles the carbon produced by DOC decomposition through a strong BCP
effect, thereby reducing carbon emissions.

Figure 6. Correlation analysis among δ13C, ∆14C, Chl.a, DOC and DIC. (a) Correlation between δ13C

DOC and Chl.a; (b) Correlation between ∆14CDOC and Chl.a; (c) Correlation between DIC and DOC;
(d) Correlation between δ13CDIC and δ13CDOC.

4.3. WRT as a Driver of Elevated DOC in GSL

The DOC concentration in GSL was significantly higher than that in AHR (4.14 ±
0.28 mg/L > 3.37 ± 0.30 mg/L). This discrepancy may be attributed to the higher propor-
tion of recalcitrant DOC (RDOC) in GSL. RDOC consists of byproducts and derivatives
(e.g., carboxyl-rich alicyclic molecules) generated during microbial degradation of DOC,
exhibiting high stability with turnover times of up to thousands of years [52]. Moreover,
autochthonous DOC in reservoirs is more readily utilized by microorganisms compared
to allochthonous DOC [53], undergoing continuous transformation into RDOC. Studies
demonstrate that recalcitrant dissolved organic matter derived from the transformation
of autochthonous dissolved organic matter can account for up to 89.6% [8]. Therefore,
GSL, with a substantially higher proportion of autochthonous DOC (70 ± 2%) than AHR
(27 ± 4%), is likely more favorable for RDOC formation. These findings suggest that DOC
in GSL is more stable than that in AHR, favoring its long-term preservation in the water
body and consequently higher DOC concentrations.

Differences in WRT likely represent the key factor controlling DOC concentration and
composition between the two reservoirs. AHR exhibits superior hydrological connectivity,
whereas GSL demonstrates a stronger BCP effect, with more positive ∆14C values in
DIC (72.71 ± 20.57‰). These characteristics all support the idea that GSL has a longer
WRT [27,54]. Previous studies estimated the WRT of AHR to be approximately 201 days [55].
Although no direct estimate is available for GSL, its WRT can be approximated using the
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closed-reservoir model proposed by Liu et al. [54], where WRT is calculated as mean
depth divided by annual evaporation. Using a mean depth of 1.5 m for GSL and an
annual evaporation rate of 843.4 mm in Guiyang [56], the estimated WRT is approximately
650 days. The shorter WRT and good connectivity in AHR result in higher DOC flux,
making it difficult for RDOC to remain in the water. As a result, DOC is predominantly
composed of active components [57]. These active components decompose more readily,
with 12C being preferentially utilized by microorganisms during decomposition [58], which
leads to a negative δ13C value of DIC in AHR (−9.38 ± 0.43‰). Moreover, the longer WRT
in GSL promotes the production of more autochthonous DOC, which in turn facilitates the
generation of more RDOC. RDOC, which is less susceptible to loss from the water column,
can accumulate more readily [57]. Furthermore, evaporation may further concentrate DOC
in the reservoir, thereby increasing its content in the reservoir. Other studies have identified
similar patterns. For example, Shao et al. [27] found that the DOC content in the Wuli River
Reservoir, which has a longer WRT, was higher than that in the Honghe Reservoir.

Notably, AHR is situated in an urban center and subject to greater anthropogenic
influence than GSL; if anthropogenic nutrient inputs were the dominant control on reser-
voir productivity, AHR would be expected to exhibit higher primary productivity [59].
However, the higher Chl. a concentration observed in GSL (Figure 2c) argues against
this interpretation and instead reinforces the role of WRT as the primary driver, given
that longer WRT favors sustained algal activity. We therefore consider it unlikely that
anthropogenic inputs confound the fundamental open-versus-closed comparison, although
future studies incorporating detailed watershed land-use data would help further constrain
these contributions. In conclusion, the longer WRT in GSL is a key factor contributing
to higher DOC concentrations, with the primary mechanisms involving the formation of
RDOC and the enrichment of DOC due to water evaporation.

5. Conclusions
By employing a dual carbon isotope approach, this study demonstrates that hydrolog-

ical connectivity fundamentally dictates DOC cycling patterns in karst reservoirs. While
the open AHR relies predominantly on allochthonous riverine inputs, the prolonged WRT
in the closed GSL fosters a system dominated by autochthonous algal production. Cru-
cially, this extended WRT stimulates a more vigorous BCP effect. This not only accelerates
the conversion of inorganic carbon to organic carbon—thereby mitigating CO2 emission
potential—but also drives the continuous formation and accumulation of RDOC. Conse-
quently, these coupled processes yield higher DOC concentrations and enhanced stability,
establishing closed karst reservoirs as significantly more robust carbon sinks than their
open counterparts.

However, to overcome the constraints of localized sample sizes and indirect mecha-
nistic inferences, future research should apply this comparative framework across a wider
array of karst reservoirs. Integrating stable hydrogen and oxygen isotopes (δ2H and δ18O)
for quantitative WRT constraints, alongside ultra-high-resolution analytical techniques (e.g.,
FT-ICR MS or EEMs-PARAFAC) for DOC molecular characterization, will be imperative.
Such multidisciplinary efforts are essential for the precise quantification of inland-water
carbon sinks and will deliver robust empirical data to refine and evaluate regional karst
carbon sink models.
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AHR Aha Reservoir
AMS Accelerator mass spectrometry
AOC Autochthonous organic carbon
BCP Biological carbon pump
Chl.a Chlorophyll a
∆14C Radiocarbon isotopic composition (Radiocarbon)
δ13C Stable carbon isotopic composition
DIC Dissolved inorganic carbon
DO Dissolved oxygen
DOC Dissolved organic carbon
EC Conductivity (Electrical Conductivity)
GSL Guanshan Lake
POC Particulate organic carbon
RDOC Recalcitrant dissolved organic carbon
T Temperature
Turb. Turbidity
WRT Water retention time

Appendix A

Table A1. Comprehensive characterization of water physicochemical parameters, carbon content, and
δ13C–∆14C values. R1–R5: Inflow rivers; A1–A7: Aha Reservoir sites; G1–G4: Guanshan Lake sites.

Sampling
Sites T (◦C) pH Chl.a

(µg L−1)
Turb.

(NTU)
EC

(µs cm−1)
DO

(mg L−1)
DOC

(mg L−1)
δ13CDOC

(‰)
∆14CDOC

(‰)
DIC

(mg L−1)
δ13CDIC

(‰)
∆14CDIC

(‰)

R1 11.36 8.13 6.43 7.1 648.6 9.85 2.36 −29.20 18.57 44.42 −10.33 9.77
R2 10.27 6.50 2.07 15.0 640.6 9.62 1.56 −27.50 −94.75 48.60 −11.66 −265.53
R3 10.64 7.56 6.94 7.3 568.8 13.32 1.58 −30.80 −97.06 24.42 −9.87 −223.65
R4 10.98 7.58 3.20 9.1 928.3 10.17 0.15 −26.86 −155.05 28.60 −8.12 −458.44
R5 9.77 8.00 7.32 7.6 402.2 10.66 1.72 −27.96 −63.36 22.79 −9.85 −154.89
A1 9.81 7.08 8.14 4.4 550.5 8.86 3.36 −27.66 −81.78 32.79 −8.73 −153.83
A2 9.39 7.61 14.57 7.5 551.5 9.34 2.84 −27.90 −87.32 25.58 −8.76 −200.45
A3 9.50 7.50 8.15 8.9 553.5 10.32 3.83 −28.14 −99.55 28.14 −9.49 −216.85
A4 9.24 7.74 17.30 9.7 549.3 10.31 3.52 −28.72 −98.56 25.58 −9.84 −208.78
A5 9.46 7.63 14.44 9.0 570.7 9.76 3.07 −28.24 −101.79 23.49 −9.49 −230.25
A6 9.51 7.80 13.93 12.6 545.5 9.82 3.55 −28.37 −90.99 26.51 −9.50 −206.10
A7 9.17 7.81 15.20 10.6 544.8 10.52 3.45 −28.26 −96.18 24.65 −9.88 −219.88
G1 1.19 7.26 60.67 9.8 396.3 10.95 4.20 −31.06 −22.55 26.28 −7.19 49.54
G2 0.90 7.40 90.03 15.3 434.5 11.49 4.54 −30.59 −0.20 14.19 −6.46 73.70
G3 2.59 7.54 136.94 15.3 427.6 11.76 3.75 −29.75 1.91 27.21 −8.87 62.47
G4 6.60 7.66 124.35 12.5 433.0 11.15 4.08 −29.97 4.07 27.44 −7.83 105.12
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Figure A1. Site-specific proportional contributions of different DOC sources for (a) Aha Reservoir
(AHR) and (b) Guanshan Lake (GSL).
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