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Dissolved carbon (C) provides critical feedbacks to regional biogeochemical processes and global C cycling. Yet
to date, the specific pathways of fluvial dissolved C turnover, particularly with human-induced shifts involved,
are still poorly understood. Here, we examined dissolved inorganic (DIC) and organic C (DOC), as well as human
disturbances i.e., river damming and land use in karst rivers. We show that anthropogenic activities caused
unexpected shifts to dissolved C biogeochemistry. Specifically, we found that human disturbances accelerated
aquatic metabolism, ultimately causing more river CO2 generation than fixation. The extended hydrological
retention by damming greatly stimulated biological utilization of dissolved C. River DOC was sourced largely
from farmland and forest, while land-use fragmentation increased DOC diversity. Artificial dams and land uses
intensified the transformations between DIC and DOC within karst environments. Based on these findings, we
provided a process-based conceptual model regarding the rapid cycle of active C in karst waters, revealing the
associated trajectories of DIC and DOC biogeochemistry. This study suggests that reducing anthropogenic dis-
turbances essentially decelerates organic C metabolism, and therefore promotes riverine CO2 sequestration in the
context of global C neutrality.

1. Introduction

Rivers and streams receive the bulk of carbon (C) from terrestrial
environments, sustaining dissolved C transport via lateral and vertical
diffusion (Battin et al., 2023; Chen et al., 2021a; Liu et al., 2022). In
fluvial systems, dissolved inorganic C (DIC) is ultimately sourced from
chemical weathering of minerals and atmospheric CO5 (Raymond and
Hamilton, 2018; Zhong et al., 2020, 2023), and dissolved organic C
(DOC) can arise from soil leaching and biological metabolism (Lapierre
et al., 2013; Lynch et al., 2019). Consequently, dissolved C origins are
highly controlled by watershed climate, lithology, and hydrology
(Horgby et al., 2019; Hotchkiss et al., 2018; Longworth et al., 2007). As
a critical component of aquatic C balance, dissolved C along with a
major gaseous form i.e., carbon dioxide (CO,), in turn provides feed-
backs to fluvial water chemistry and biology (Campeau et al., 2017).
Anthropogenic stress on fluvial C turnover, however, is poorly

constrained despite the profound influence on DIC and DOC biogeo-
chemistry (Drake et al., 2020).

Previous studies declared that human disturbances have significantly
changed riverine C export, emission and sequestration (Butman et al.,
2015; Raymond et al., 2008; Wohl et al., 2017). Yet to date, explicit
demonstrations of the biogeochemical pathways caused by anthropo-
genic activities are still restricted, particularly for intricate DIC and DOC
turnover in aquatic ecosystems. Growing evidence suggests that
human-induced changes actively mediate dissolved C dynamics in rivers
(Peng et al., 2014; Tang et al., 2021). For instance, the damming of
rivers, an artificial impoundment, has made alterations to watershed
hydrology, water environment and downstream ecology, as well as
biogeochemical cycles of aquatic C (Li et al., 2021; Palmer and Rubhi,
2019). In this context, global river DIC and DOC can be greatly modu-
lated by damming, given that 63 % of the world’s large rivers are
non-free-flowing (Grill et al., 2019).
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Land use and landscape metrics can elucidate human-induced dis-
turbances on aquatic C evolution (Battin et al., 2009; Coble et al., 2022;
Mahowald et al., 2017). The prevailing view suggests that agriculture
and urbanization likely increase structural complexity of fluvial organic
and inorganic C (Nai et al., 2023; Wilson and Xenopoulos, 2009; Zhao
et al., 2015). Landscape metrics e.g., patch density (PD), largest patch
index (LPI) and Shannon’s diversity index (SHDI) are proposed to
quantitatively characterize land use structures and spatial configuration,
assuming to be an available predictor for human feedbacks to watershed
biochemistry (Zhang et al., 2019). Prior findings reported that landscape
controls hydrological export of DOC and DIC (Dornblaser and Striegl,
2015; Williamson et al., 2023). However, compositional variability and
interactivity of dissolved C in rivers are largely omitted, despite their
fundamental roles of aquatic C cycles.

In this study, we conducted a comprehensive study in two karst
fluvial systems, unraveling the variability of dissolved C biogeochem-
istry in relation to anthropogenic stress. We choose carbonate-
dominated rivers attributing to the large dissolved C stocks, being
driven by carbonate weathering and the known spite tical C pump” (Liu
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et al., 2015). Meanwhile, karst and semi-karst regions are susceptible to
environmental changes due to ecological vulnerability (Butscher and
Huggenberger, 2008), which may highlight the rapid response of dis-
solved C turnover to man-made perturbations. We thus hypothesized
that human activities will alter surface water DIC and DOC dynamics, for
their disturbances to biogeochemical pathways of dissolved C allocation
(Vilmin et al., 2016). The objectives of this study are to: (1) examine
temporal shifts of dissolved C dynamics regarding compositional vari-
ability and interactivity; and (2) reveal anthropogenic influences i.e.,
river damming and land use on dissolved C biogeochemistry in the karst
rivers. Achieving these objectives hopes to provide a conceptual
framework regarding how human activities alter aquatic environments
and ultimately the fate of dissolved C.

2. Materials and methods
2.1. Study area

The rivers studied were Furong (latitude 28°0'57'-29°14'23"N;
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Fig. 1. Map showing sampling sites and land use in the karst rivers, China.
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longitude 107°10'3"-107°52'42"E) and Pengxi (latitude
30°4222"-31°35'22"N; longitude 107°50'49"-108°42'59"E) located
respectively in the karst and semi-karst (also known as fluvial-karst)
regions, Southwest China (Fig. 1). These two rivers are major tribu-
taries of the Yangtze River with a subtropical monsoonal climate. The
river Furong has a catchment area of 7406 km? and a total length of 231
km. Its annual rainfall and mean temperature are 1037-1233 mm
(mainly concentrated in the rainy season, 86 % of the precipitation) and
16.1 °C, respectively. The discharge ranges between 15 and 58 m®/s
with an average of 34 m>/s. Similarly, the Pengxi drains a catchment
area of 5172 km? with a river length of 182 km. The rainfall dominantly
occurs in May-September (rainy season), contributing 75 %-80 % of the
annual precipitation (1100-1500 mm). The annual mean temperature
varies within 10.8-18.5 °C with the highest temperature in July-August
(>40 °C). River hydrology in the Pengxi is greatly regulated by water
impoundment in the dry season (prolonging hydraulic retention) and
flood discharge (accelerating hydraulic flow) in the rainy season. The
water regulation specifically alters river discharge (17-71 m°%/s),
resulting in the highest and lowest water levels in December and June,
respectively. The catchment lithology is characterized by limestone,
dolomite, slate, sandstone and shale in the studied rivers. Particularly,
in-stream waters in the Furong and Pengxi are dominantly supplied by
carbonate-dominated environments. Currently, the Furong is relatively
controlled by natural conditions and thus a low human-stress river. In
comparison, the Pengxi is defined as a high human-stress river due to
intensive agricultural practices, urbanization and river damming (Han-
feng Lake Dam, Fig. 1).

2.2. Sample collection and measurement

Four field campaigns were performed in the rainy (July-August) and
dry seasons (November-December) from 2019 to 2020, based on natural
hydrological rhythm. Our samplings incorporated full spectrum of
stream orders, assigning 35 and 37 sites for the river Furong and Pengxi,
respectively. Briefly, a total of 137 surface waters were thus collected a
depth of ~10 cm and filtered through glass microfiber filters (GF/F 47
mm, 0.7-pym, Whatman). The filtrates were kept in 100 mL high-density
polyethylene (HDPE) plastic containers. The containers were sealed
completely, in avoidance of any headspace or air bubbles. On-site water
temperature and pH measurements were conducted with a portable
CyberScan PCD 650 multi-parameters system (Eutech, USA). Current
velocity was estimated using float method (5-m rope). Total alkalinity
was titrated with an Alkalinity Test MColortestTM (Merck, Germany)
using fixed end-point titration method. The poisoning was not arranged
because of short-term transport < 48 h (Wang et al., 2021). DOC con-
centration and optical analyses were conducted once the refrigerated
samples arrived at the laboratory.

Riverine DOC concentrations were determined using varioTOC
cube/select (Elementar, Germany) and multi N/C 2100S (Analytik Jena,
Germany). Under a room temperature of 25 °C, ultrapure water was
used as a reference for spectroscopic measurements. UV-visible spec-
trum was scanned using a double-beam scanning spectrophotometer
(UV-5500 PC, Shanghai), within a range of 200-700 nm (1-nm interval).
Excitation-emission matrices (EEMs) were scanned using a fluorescence
spectrophotometer (F-7000 FL Spectrophotometer, Japan). The excita-
tion (Ex) and emission wavelengths (Em) were within the ranges of
200-450 nm (5-nm interval) and 250-600 nm (1-nm interval),
respectively.

2.3. Land use and landscape information

The satellite images ((Landsat-8 OLI, 30 m resolution) were used to
delineate land use across sampling locations. We further employed a
supervised classification technique with a support vector machine al-
gorithm by ENVI 5.1 software. Land use types were therefore divided
into six categories: farm (dry land and paddy field), forest (forest and
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wooded areas), grass, water (rivers, reservoirs, lakes, ponds and sandy
beach), urban (commercial, industrial and residential areas), and un-
used lands (bare ground, bare rocks and gravels). The sub-basins were
identified according to previously published data in Resources and
Environmental Science Data Center, CAS (http://www.resdc.cn/).
Landscape metrics i.e., total area (TA), number of patches (NP), PD, LPI,
edge density (ED), aggregation index (AI) and SHDI were calculated
using Fragstats 4.2.1 software, reflecting land use structure and spatial
configuration of landscape patterns. Consequently, we compiled
compositional metrics regarding % of distinct land use categories, and
quantified landscape fragmentation, dominance, structural complexity,
aggregation and diversity in this study.

2.4. DIC calculations and DOC optical analysis

Riverine DIC species i.e., DIC, HCO3, CO%’ and dissolved CO5 were
calculated from carbonate equilibria (water temperature, pH and total
alkalinity) using CO2SYS program (D.E. Pierrot et al., 2006). To avoid
possible uncertainties from non-carbonate alkalinity, samples with pH
< 5.4 were excluded in this study (Hotchkiss et al., 2015). Impetus of
water-air CO2 exchange is defined as the differences between aqueous
and atmospheric partial pressure of COy (ApCO,, patm). By linking to
water turbulence, we modeled normalized gas transfer velocity of CO,
(keoo, m/s) using an empirical model (Alin et al., 2011). River kegp was
calibrated into site-specific gas transfer velocity (k, cm/h) using water
temperature and Schmidt number. In-situ temperature and pressure
were employed for Henry’s constant (K},) calibration. Because riverine
CO exchange was not measured directly, we calculated water-air areal
COy, efflux (mmol/m?/d) using thin boundary layer model as follows:

CO;, efflux = k x Kyx ApCO, 1)

For detailed information of aqueous DIC calculations and water—air CO;
exchange estimates please see Supplementary Information S1.

Non-normalized absorption coefficient was extracted at wavelengths
of 440 nm (a44¢) to characterize UV-visible DOC composition (Naperian
units). Nonlinear fit of an exponential function was used to decipher
spectral slope (S275_295) over the absorption wavelengths ranging within
275-295 nm. The ratio of absorption at 210 to 254 nm presented UV
absorbance ratio index (URI). We identified fluorescent DOC composi-
tion with fluorescence regional integration, by modeling integrated in-
tensities for five separated EEM regions (Zhou et al., 2013). EEM region
L, IT and IV refer to biogenic signals, expressing tyrosine- and tryptophan-
and soluble microbial byproduct-like components, respectively. Region
IIT and V are typical of bio-refractory DOC, which represent respectively
fulvic acid- and humic-like components. We calculated freshness index
(p:a@) and humification index (HIX) as the ratios of 380 nm to 420-435
nm emission intensity at 310 nm excitation band, and 435-480 nm to
300-345 nm + 435-480 nm emission intensity at 254 nm excitation
band, respectively (Hansen et al., 2016; Nai et al., 2023). Parallel factor
analysis (PARAFAC) split EEM and captured collective fluorophores
across samples. We selected component model and correspondence
validation between excitation and emission loadings using residual
analysis and split half analysis. We compared the identified fluorescence
components with the open fluorescence database OpenFluor (htt
ps://openfluor.lablicate.com/), which successfully matched the obser-
vations from 109 independent studies conducted in aquatic and terres-
trial environments. The maximum fluorescence intensity (Fpax)
characterized relative abundance of the corresponding PARAFAC
component. For detailed information of aqueous DOC optical analysis
please see Supplementary Table S1.

2.5. Quality control

We collected and analyzed the samples following the standard pro-
cedures as described in American Public Health Association (1985). The
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pH probe was calibrated with 4.01, 7.00 and 9.18 pH standard solution
at 25 °C, ensuring an accuracy of +0.002 pH units. The accuracy of
water temperature and uncertainty of Alkalinity Test MColortestTM
were +0.5 °C and <3 %, respectively. Previous studies indicated that
non-carbonate alkalinity primarily affected to DIC chemistry and could
be simply ignored in the context of non-acidic pH (Li et al., 2012; Ni
et al., 2021). We estimated a maximal overestimation of 19 % for DIC
species when assuming all DOC (278 p mol/L), nitrogen (77 pmol/L) and
phosphorus (1.5 pmol/L) as contributors to total alkalinity (1886
pmol/L).

Riverine DOC concentrations were determined in triplicate with an
uncertainty of <2 %: it excluded the outliers and recorded the average
readings. Our replicates suggested that the coefficient of variation was
below 2 % in the selected UV-visible spectrum. Given the instrument-
specific biases, manufacturer’s correction factors allowed us to convert
the S/R readings into corrected Sc/Rc. We corrected EEM inner-filter
effect using non-linear function fits based on absorbance scans (Mur-
phy et al., 2010; Xu et al., 2016). Absorbance Unit (A.U.) was normal-
ized to Raman Unit (R.U.) using Raman peak area of ultrapure water.
Water Raman and Rayleigh scatterings were deducted with regional cut
and interpolation (Bahram et al., 2006).

2.6. Statistical analyses

Three distinct datasets i.e., (1) land use and landscape metrics, (2)
DIC species, and (3) DOC concentrations and optical properties were
performed in statistical analyses. We tested data normality and homo-
geneity of variance with Kolmogorov-Smirnov and Levene’s test,
respectively. Data were log-transformed when statistical necessary for
normality assumptions. We compared statistical differences between
distinct seasons and rivers using Mann-Whitney U test and Analysis of
variance. PARAFAC was modeled using MATLAB in DOMFluor toolbox
1.71 (Stedmon and Bro, 2008).

Random forest model was used to identify relative importance of
land use and landscape metrics on dissolved C, further deciphering
anthropogenic influences on riverine DIC and DOC biogeochemistry.
The random forest was developed from Bootstrap Aggregation (Hu et al.,
2022), which is available in high-dimensional estimate of variablesing
anthropogenic influThe minimum leaf node size and number of trees
were set to be 2 and 500, respectively. The increased errors driven by
permuting variables were defined as weights of relative importance. We
ran the model multiple times and determine weights using the average
values, which might provide a comprehensive assessment regarding
primary human contributions to individual dissolved C parameters. In
this study, random forest model was performed using MATLAB algo-
rithm, and the visualization of logistic regression was shown in Fig. S1.
Statistical analyses were performed using SPSS statistical package
(19.0). All the figures were prepared using OriginPro and MATLAB.

3. Results
3.1. Land use and landscape metrics

Our data show that land use types were significantly distinct between
the catchments (Table 1). The river Furong had a highest land use
proportion of forest (55.3 % + 18.0 %, mean =+ s.d.), and followed by
farmland (34.4 % + 12.7 %). In contrast, farmland was widespread in
the river Pengxi, with a dominant proportion of 52.9 % =+ 15.7 %, and
forest occupied averagely 30.3 % + 16.2 %. These proportions varied
across sampling locations in a broad range, exhibiting a gradual invasion
of agricultural to natural land use. Urbanization as another potential
man-made perturbation, was notably greater in the Pengxi than Furong
with the proportions of 1.81 % + 3.08 % and 0.32 % + 0.73 %,
respectively (p < 0.05, Mann-Whitney U test). Grassland proportions
spanned 4 orders of magnitude, ranging from 0.01 % to ~36 %. Waters
occupied a higher proportion in the Pengxi (2.78 % + 3.36 %) as
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Table 1
Comparison of land use proportions and landscape metrics in the karst rivers.
n Min Max Median Mean Std. Dev

Furong River
Farmland (%) 32 14.6 68.6 33.5 34.4 12.7
Forest (%) 32 11.4 85.0 54.9 55.3 18.0
Grass (%) 32 0.01 36.0 4.47 8.68 10.1
Water (%) 32 0.22 4.35 0.94 1.34 1.02
Urban (%) 32 0.01 4.01 0.04 0.32 0.73
Unused (%) 32 0.01 0.08 0.01 0.014 0.017
TA (km?) 32 2477 69,657 10,332 14,600 15,706
NP 32 32 711 137 178 153
PD (N/ha) 32 0.56 2.58 1.41 1.47 0.46
LPI (%) 32 14.45 84.5 32.4 35.0 15.8
ED (m/ha) 32 16.7 50.6 38.2 37.0 7.00
AL (%) 32 92.5 97.4 94.3 94.5 1.01
SHDI 32 0.44 1.2 0.87 0.87 0.19
Pengxi River
Farmland (%) 36 24.4 85.0 51.3 52.9 15.7
Forest (%) 36 3.00 63.0 28.6 30.3 16.2
Grass (%) 36 0.01 36.8 9.21 11.4 9.57
Water (%) 36 0.27 13.0 1.18 2.78 3.36
Urban (%) 36 0.01 15.8 0.59 1.81 3.08
Unused (%) 36 0.01 18.6 0.01 0.89 3.51
TA (km?) 36 933 35,979 10,835 13,019 9560
NP 36 26 307 137 138 73
PD (N/ha) 36 0.57 4.07 1.10 1.43 0.92
LPI (%) 36 12.9 75.0 39.8 40.6 17.2
ED (m/ha) 36 17.7 80.9 45.5 46.2 16.9
Al (%) 36 88.1 97.3 93.2 93.1 2.50
SHDI 36 0.59 1.40 1.00 1.00 0.20

compared to the Furong (1.34 % + 1.02 %), resulting in surface water
areas of 59.5 and 46.5 km?, respectively (p < 0.05). It is worth noting
that we excluded non-river surface waters e.g., lakes, reservoirs and
ponds. The proportions of unused land were mostly low (<1 %) across
sampling locations.

Landscape metrics ED and SHDI were higher in the Pengxi (46.2 +
16.9 m/ha; 1.00 £ 0.20) than Furong (37.0 + 7.00 m/ha; 0.87 £ 0.19),
whereas Al presented as Furong (94.5 % + 1.01 %) > Pengxi (93.1 % +
2.50 %) (p < 0.05). This suggested more diverse land use types and
highly fragmented landscape in the Pengxi, in tune with its intensive
human activities. Other landscape metrics, however, showed no signif-
icant differences between the Furong and Pengxi (p > 0.05). We found
that TA, NP, PD and LPI values were generally in wide ranges i.e., >
threefold variation across sampling locations, with median values of
10,332 km?, 137, 1.41 N/ha and 32.4 % in the Furong, and 10,835 km?,
137, 1.10 N/ha and 39.8 % in the Pengxi.

3.2. River DIC chemistry and CO2 emission

Aqueous DIC concentrations were higher in the dry season (Furong:
2674.5 + 424.0 pmol/L; Pengxi: 2354.1 + 448.6 pmol/L) in comparison
to rainy season (Furong: 1466.0 + 285.7 pmol/L; Pengxi: 1217.3 £+
253.7 pmol/L) (p < 0.001, Fig. 2). Meanwhile, we found that a spatial
difference of DIC presented as Furong > Pengxi (p < 0.05). The bulk of
river DIC was derived from HCOs3, comprising 61-96 % with an average
of 92 % =+ 6 % of the overall concentrations. Therefore, spatiotemporal
HCO3 were highly consistent with DIC dynamics. Aqueous CO3~ varied
by 3 orders of magnitude ranging within 0.39-368.7 pmol/L. Observed
dissolved CO5 concentrations exhibited notably temporal variations in
the river Furong (dry season 170.5 + 204.0 > rainy season 31.5 £ 20.1
pmol/L, p < 0.001) and Pengxi (dry season 131.2 + 196.3 > rainy
season 60.4 + 97.7 pmol/L, p = 0.05), and yet had no spatial shifts
between the rivers (p > 0.05). This may indicate that carbonate-
dominated rivers share common CO, drivers despite spatial isolation.
Specifically, DIC species tended to fluctuate in adjacent areas of river
damming along the main stem, suggesting a noticeable disturbance to
the river continuum (Fig. S2).
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p < 0.05 level).

River CO, exchange was highly variable, and spanned a wide spec-
trum of pCOy and CO, efflux. For example, instantaneous pCO, levels
ranged from 66.0 to 20,642.4 patm and averaged at 2319.8 + 3580.1
patm (Fig. S3). Our data indicate that the median pCO, was 0.38 and
0.24-0.74 times the large-scale rivers from global (Raymond et al.,
2013) and China’s reports (Ran et al., 2021), respectively. Regarding
spatiotemporal scales of the datasets, we found the higher pCOs in the
dry season (Furong: 3395.8 + 4006.5 patm; Pengxi: 3183.4 + 4753.1
patm) than rainy season (Furong: 842.9 + 550.3 patm; Pengxi: 1742.7
+ 2762.9 patm) (p < 0.05). The modeled k varied from 2.9 to 25.8 m/d
with a mean of 7.67 + 4.89 m/d across sampling locations (Fig. S4),
which was slightly higher than those for global rivers and streams i.e.,
5.7 m/d (Raymond et al., 2013). By merging the paired pCO, and k
values from our datasets, we calculated areal CO, efflux ranging be-
tween —58.6 and 2044.5 mmol,/m?/d (95 % confidence intervals) with
an average of 452.1 + 997.5 mmol/m?/d (Fig. 3). Similarly, it tempo-
rally showed dry season > rainy season in the river Furong (743.2 +

1111.8 > 101.7 + 158.5 mmol/mz/d) and Pengxi (607.5 + 1378.0 >
333.8 + 737.9 mmol/m?/d). Particularly, river damming induced a
sudden increase of pCO2 and CO; efflux, highly mediating water-air CO4
outgassing (Fig. S2). In this context, we estimated total CO; efflux to be
0.32 + 0.064 and 0.45 + 0.11 Tg COy/y in the river Furong and Pengxi,
respectively.

3.3. River DOC concentrations and optical properties

River DOC concentrations ranged from 90.3 to 656.9 pmol/L across
samples, which significantly varied over time (dry season > rainy sea-
son) and space (Pengxi > Furong) (p < 0.05, Table 2). Aqueous as49, a
proxy for lignin-DOC (Derrien et al., 2019), was higher in the Pengxi
(5.13 & 1.60 m~ ') when compared to Furong (4.59 + 1.89 m <
0.05). The increased Sgys 295 links to photobleaching and decreased
DOC molecular weight (Helms et al., 2008), which exhibited variable
seasonality in the Furong (Dry season > rainy season) and Pengxi (dry
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Fig. 3. Spatial distribution of river CO, efflux along the karst rivers (a. areal CO, efflux in the Furong, dry season; b. areal CO, efflux in the Furong, rainy season; c.
areal CO; efflux in the Pengxi, dry season; d. areal CO, efflux in the Pengxi, rainy season).

season < rainy season). Our URI data presented high abundance of
unsaturated compounds (Ni and Li, 2022), varying from 3.53 to 408.0
with a mean of 40.1 + 70.1. We thus suggest that DOC was highly
degradable and bioavailable in the dry season, Furong River (median
URI = 91.8).

By modeling and comparing PARAFAC components between our
datasets and the recorded studies in OpenFluor, we were able to identify
primary DOC composition in the karst rivers (Fig. S5). We found that UV

humic-like (C1, Ex = 245 nm, Em = 408 nm), terrestrial humic-like (C2,
Ex = 260 nm, Em = 458 nm) and tryptophan-like DOC (C2, Ex = 230/
275 nm, Em = 332 nm) were collective DOC compositions (Fig. S5).
Specifically, C1 was previously reported in biology- and human-
impacted rivers (Batista-Andrade et al., 2023; Ni and Li, 2023), while
C2 closely matched DOC component in terrestrial and marine and eco-
systems (Lei et al., 2021; Sharma et al., 2017). Most studies suggested
that C3 was sourced from biological metabolism, which was also



M. Ni et al.

Table 2

Summary of DOC concentrations and optical parameters in the karst rivers.

n Min Max Median Mean Std. Dev

Furong river, dry season
DOC (pmol/L) 33 188.9 430.04 261.2 269.9 51.9
azq0 (m 1) 33 3.89 5.78 4.61 4.65 0.56
Sy75.205 (nm 1) 32 0.0014 0.048 0.0088 0.013 0.011
URL 28 35.9 408.0 91.8 133.7 109.0
Furong river, rainy season
DOC (pmol/L) 32 90.3 324.3 236.0 217.6 68.6
a440 (m™) 32 0.48 9.37 4.28 4.53 2.65
Syrsa0s im™Y) 32 0.002 0.011 0.009 0.0079  0.0026
URI 32 15.5 36.6 25.4 25.0 5.30
Pengxi river, dry season
DOC (pmol/L) 37 216.1 656.9 394.9 369.5 82.7
agq0 (m™h) 37 4.08 7.08 5.16 5.32 0.82
Sy75 205 (nm™ 1) 37 0.0002 0.011 0.007 0.0069 0.0033
URI 37 4.31 93.6 12.5 16.7 18.8
Pengxi river, rainy season
DOC (pmol/L) 35 118.0 460.7 214.3 240.3 84.7
ag40 (m™) 35 0.55 8.64 4.61 4.93 213
Syrsa0s m™Y) 35 0.009 0.016 0.012 0.012 0.0015
URI 35 3.53 12.6 6.96 7.47 2.63

1.2%-4.5%

[ region [

B region 11

[0 region 111 1.6%-24%
region [V /

B region V /

5.0%-7.5% 4

17%-24%

£4.6%-8.2%

17%-279
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interpreted as protein-like DOC (Fouché et al., 2020; Graeber et al.,
2021). Given significant signals of biologically derived DOC (as also
indicated by Fpax, Fig. S6) across samples, we underline that DOC was
governed by biotic drivers in karst river.

Taking DOC analysis a step further, the full-region fluorophores were
compiled and apportioned, via fluorescence regional integration (Fig. 4).
Here we calculated proportions of distinct DOC compositions by iden-
tifying their corresponding EEM areas. Consistent with PARAFAC
models, humic-like DOC (region V) was assumed to be a fundamental
contributor occupying 30 %-63 % of DOC fluorophores across samples.
Biogenic DOC i.e., tyrosine- (region I), tryptophan- (region II) and mi-
crobial byproduct-like compositions (region IV) collectively contributed
16-59 % and were more abundant in the river Furong than Pengxi (p <
0.001). By contrast, terrigenous fulvic acid-like DOC ranged within
11-26 %, which was temporally higher in the dry season than rainy
season (p < 0.001, Fig. S7). River f:a and HIX varied within the range of
0.7-1.0 and 0.1-0.9, respectively (Fig. 5). The highest f:a was observed
in the dry season (Furong River), whereas HIX was spatially higher in
the river Pengxi. We found that river damming accelerate biological
metabolism of DOC, as characterized by the variations in paired
biogenic DOC-f:a and humic DOC-HIX (Fig. S8).

0.6%-3.6%
3.5%-7.7%

11%-20%

1.0%-5.7%
3.4%-6.9%

13%-27%

Fig. 4. Proportions of tyrosine- (region I), tryptophan- (region II), fulvic acid- (region III), soluble microbial byproduct-like (region IV) and humic-like DOC (region

V) in the karst rivers.
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4. Discussion
4.1. Human-induced variations in DIC biogeochemistry

River DIC turnover linking water chemistry with biology have spe-
cific pathways in karst and semi-karst regions. For instance, the known
“biological C pump” drives aquatic uptake of DIC for primary production
(Sun et al., 2021), resulting in large consumption of HCO3 and dissolved
CO» (Fig. 2). This was supported by the co-dynamics of dissolved oxygen
(Fig. S9), expressed as CaCO3 + CO2 + Hy0 — Ca®t + 2HCO3 — CaCOs3
+ x (CO2 + H20) + (1 —x) (CH20 + Oy). It was especially the case for the
rainy season (summer, Fig. 2), intense sunlight and rainfall accelerate
photosynthesis and carbonate dissolution, respectively (de Montety
et al., 2011; Maisonneuve et al., 2022). Thus, river CO5 emission was
apparently modulated by this pathway, consistently showing the areal
CO; efflux of dry season > rainy season (Fig. 2). The dilution effect
(Chaplot and Mutema, 2021) may not be applicable to explain temporal
shifts of DIC species in the study river Pengxi, due to the specific water
impounding (water level: dry season > rainy season). The karst rivers
contributed significantly to COy outgassing in the bulk of drainage
networks (Fig. 3). Terrestrially derived COy inputs and in-stream
respiration might simply uncover the supersaturated CO,, given the
region-specific soil erosion and biological metabolism (Borges et al.,
2015; Lapierre et al., 2013). Those CO4 drivers are likely equivalent to
the studied rivers, causing the comparable pCO, and CO; efflux despite
their spatial isolation (Fig. 3 and S3).

The damming of rivers represents an important anthropogenic
disturbance along the river continuum, which alters aquatic biology by
shifting water temperature and retention (Regnier et al., 2013).

HIX

HIX
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Fig. 5. Distribution density of river freshness index (f:a) and humification index (HIX) in the karst rivers (letters a, b, ¢ and d are similar to Fig. 3).

0.88 0.96 1.04

Consequently, we found that DIC species had sudden changes in adja-
cent areas of river damming (Fig. S2). The activated biological meta-
bolism involves both photosynthesis and respiration (Battin et al.,
2023), inducing distinct pathways for DIC turnover between the species.
For example, water impounding enhanced photosynthetic DIC uptake
(Wang et al., 2022), as reflected by the decline of HCO3 (Fig. S2). In
contrast, the locations adjacent to the dam sharply became hotspots for
CO, emissions (Fig. S2). This was in tune with the prevailing view
(Maavara et al., 2017; Ran et al., 2017), suggesting that river dams
impelled organic C mineralization. For given land use and landscape
metrics (Table 1), relative importance of anthropogenic stresses on river
DIC shifts was assessed by machine learning, random forest model. We
show that agricultural land use largely modulated DIC in the karst rivers,
as indicated by direct farmland to HCO3 (Fig. 6a) and agricultural
patch-derived LPI to DIC species (Fig. 6¢). Indeed, agriculture increased
mineral and alkalinity inputs (Chen et al., 2021b; Ran et al., 2015),
altering DIC species and the corresponding pH-driven dynamics (CO2 +
H,0 < H,CO5 < H* + HCO3 < 2H™ + CO%"). The PD, ED, Al and SHDI
linked to pCO; (Fig. 6), indicating that diverse and fragmented patches
potentially contributed to river CO5 emissions. Landscape area plays a
fundamental role in modulating dissolved C dynamics, which is highly
constrained by artificial land use e.g., land development and defores-
tation. Thus, we specifically found that TA was associated with DIC
concentration and HCO3 in the high human-stress river (Fig. 6¢ and d).

4.2. Human-induced variations in DOC biogeochemistry

Our data indicate that aquatic DOC was highly active and variable in

the Kkarst rivers. Anthropogenic activities enhanced land-water
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connectivity (Zhou et al., 2021), causing accumulated terrigenous lignin
and DOC concentrations in the high human-stress river Pengxi (Table 2).
We found biologically derived i.e., UV humic- and tryptophan-like
compositions as universal DOC in the rivers (Fig. S5). This was
confirmed by 16-59 % proportion of biogenic DOC (Fig. 4) and high g:a
values (Fig. 5). A recent study suggested that UV humic-like component
represented as a transition state during DOC biodegradation (Ni and Li,
2023). We thus speculated that in tune with the emerging view (Hu
et al., 2023), river DOC undergone a continuous decay regarding
incomplete degradation and even biological mineralization. This pro-
cess was particularly pronounced in the dry season, leading to relative
accumulation of terrigenous fulvic acid-like DOC (Fig. S7), a recalcitrant
compound in natural waters.

This study provides empirical evidence that river DOC varied
dramatically after flowing the river dam. For instance, river damming
reinforced DOC bioavailability and freshness, and yet relatively reduced
abundance of humic-like DOC and thus humification (Fig. S8). Long-

term retention was assumed to exhaust labile DOC and result in
extreme lack of organic C substrate (Catalan et al., 2016). From this
perspective, running waters might accommodate the sudden interrup-
tion and retention by utilizing aquatic DOC deeply rather than having
“fast food”. These observations indicated that human-induced water
retention highly stimulated DOC biodegradation (Kida et al., 2019;
Zheng et al., 2020). Our results show that farmland and forest were
primary contributors for macromolecular humic-like DOC (region V and
HIX) and terrigenous lignin (a440) in the rivers (Fig. 6). Particularly,
agriculture had significant weights on mediating biogenic fluorescence
signatures (region I, II and f:a), as observed in other streams despite the
distinct DOC characterization i.e., ultrahigh-resolution mass spectrom-
etry (Spencer et al., 2019). This was in good agreement with previous
findings (Clark et al., 2022; Humbert et al., 2020; Wilson and Xen-
opoulos, 2009), suggesting agriculture increased DOC structural
complexity and biodegradability. We observed that DOC chemistry was
less susceptible to farmland and forest in the Pengxi (Fig. 6¢ and d),
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probably because the mixed landscapes masked the flows driven by
individual land uses in the high human-stress river. Particularly, AI
served as a universal indicator associated with diverse DOC composi-
tions across space and time (Fig. 6). This reflects that the growing
fragmentation of land use contribute to riverine DOC diversity.

4.3. Dissolved C turnover driven by anthropogenic disturbances

Inner linkages of DIC with DOC can reveal dissolved C turnover be-
tween inorganic and organic phases in aquatic systems (Ni and Li, 2022).
Here, we observed their co-dynamics driven by biological production
and degradation (Fig. 7). Our results upscale that “biological C pump”
not only stimulated primary production e.g., carbohydrates, but also
triggered overall organic C turnover. Aquatic DIC species linked to
biogenic (protein- and microbial byproduct-like) DOC components,
unsaturated compounds (URI) and freshness (f:a) (Fig. 7), indicating
primary production accelerated biological metabolism (Tortell et al.,
2014; Zhong et al., 2021). The strong associations of COy (pCO3) with
lignin (Fig. 7b) and DOC molecular weight (Fig. 7c) further confirm
terrestrial inputs and DOC biodegradation acting as primary CO sources
in the karst rivers. However, these processes in turn promoted recalci-
trant DOC accumulation, as reflected by negative relationships between
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Fig. 7. Spearman’s correlations of DIC species with DOC chemistry in the karst rivers (letters a, b, ¢ and d are similar to Fig. 3. The red and blue circles with * p <
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DIC/HCO3 and humic-like DOC (Fig. 7c and d). Given the diverse re-
lationships among dissolved C chemistry, we provide a causal descrip-
tion and analysis in Supplementary Information S2.

Artificial dams extended hydraulic retention time, accelerating both
photosynthetic DIC uptake (Fig. S2) and biological DOC degradation
(Fig. S8). For the karst rivers, damming caused more CO5 generation
than consumption, as supported by potential CO, emissions (Fig. S2). In
this study, we identified anthropogenic disturbances on dissolved C
turnover as the flows from land use and landscape metrics (Fig. 6) to the
linked DIC and DOC (Fig. 7). We found farmland modulated the co-
trajectory of HCO3 consumption and tyrosine-like DOC generation in
the low human-stress river (Figs. 6a and 7a). In comparison, agricultural
patch-derived LPI apparently stimulated synergistic DOC biodegrada-
tion (C2 and f:a) with DIC (DIC and HCO3) increase in the high human-
stress river (Figs. 6¢ and 7c). These results evidenced that agriculture
unexpectedly led to hybrid functions on dissolved C interactions.
Human-induced land use changes (TA) drove biologically derived DIC-
DOC transformation in the dry season (Fig. 6¢), and yet affected
terrestrial DIC-DOC inputs in the rainy season (Fig. 6d). Therefore,
fluvial DIC-DOC evolution was seasonally constrained by anthropogenic
disturbances. The relatively aggregated land-use patches (AI) enhanced
land-water connectivity, which intensified terrestrial pathway of CO,
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and lignin inputs in the low human-stress river (rainy season, Figs. 6a
and 7a). For more detailed information on modeling the relative
importance of anthropogenic stresses to dissolved C please see Fig. S10.

4.4. Implications for river C cycling

The C allocation in karst rivers driven by DIC and DOC turnover,
along with the specific conversion pathways involved, is highly sus-
ceptible to anthropogenic disturbances. In this study, we show that river
dissolved C shifts followed the associated trajectories of biogeochem-
istry, with important implications for aquatic C cycles. For instance,
karst waters constitute a substantial DIC pool supply for coupled car-
bonate dissolution with photosynthesis, leading to large CO2 consump-
tion for primary production (Liu et al., 2015). Rainfall synergistically
effects on CO; sink and results in seasonal patterns of river CO5 reserves
(Liu et al., 2010). The photosynthetic products e.g., carbohydrates are
bio-labile and apparently stimulate biological metabolism, causing
co-dynamics of overall DOC compositions (Fig. 7). That is, “biological C
pump” unexpectedly drove rapid utilization of bioavailable and
semi-labile DOC. With large biogenic signals, partial DOC undergoes
incomplete degradation, and the remaining is mineralized into CO5. The
produced CO; will be in turn consumed by the combined action of
carbonate dissolution with photosynthesis, establishing a complete cycle
of dissolved C.

From this perspective, we introduce a process-based conceptual
model, the rapid cycle of active C in karst waters (Fig. 8). It is supposed

Water Research 247 (2023) 120744

to have a part of dissolved C rapidly cycling in karst and semi-karst
aquatic ecosystems: 1) carbonate dissolution sequesters COz as HCO3
form (CaCO3 + CO3 + Ho0 — Ca?t + 2HCO3); 2) photosynthetic uptake
of HCO3 produces bio-labile CH;0 (Ca®" + 2HCO3 — CaCO3 + CH20 +
0,); 3) aquatic respiration of DOC preferentially utilizes bioavailable
CH50 (CH20 + O3 — CO3 + Hy0 + ATP); 4) the bulk of produced CO4
will be feedback to carbonate dissolution. The sequent processes (1) and
(2) were well-understood by previous studies (Marcé et al., 2015; Song
et al., 2022). Nevertheless, we underline that the processes (2) and (3)
serve as key trajectories linking DIC and DOC turnover, and give a
knowledge response to why karst rivers consume such a large CO, but
still represent as CO emitters — the rapid cycle of active C not only
makes a substantial promotion for labile DOC mineralization, but also
triggers overall DOC metabolism in karst rivers. Thus, the net CO; sink
arising from “biological C pump” is partially counteracted by the acti-
vated biology.

Anthropogenic activities e.g., river damming and agricultural prac-
tice, nevertheless, accelerate the rapid cycle of active C, largely chang-
ing karst river dissolved C turnover. Consistent with our hypothesis,
human activities altered dissolved C by disturbing the associated tra-
jectories of DIC and DOC biogeochemistry. Given full pathways of man-
made shifts in DIC and DOC turnover are still obscure (Bernot et al.,
2010; Maavara et al., 2017), our study provides a novel understanding
of the mechanistic underpinning regarding C cycling in karst waters.
Human disturbances actively mobilise mutual transformations of the
active C between inorganic and organic forms, particularly for

A process-based conceptual model regarding the rapid cycle of active C in karst waters
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Fig. 8. A process-based conceptual model regarding the rapid cycle of active C in karst waters.
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mineralizing DOC into COs. Therefore, this study suggests that reducing
anthropogenic stimulation on natural waters may decompress dissolved
C turnover, and further sequester aquatic CO5 in the context of global C
neutrality.

5. Conclusion

Karst river dissolved C turnover was driven by the specific biogeo-
chemical pathways, which showed the substantial shifts in response to
human-induced disturbances. Here, we demonstrated that river
damming and land use stimulated biological metabolism, highly altering
DIC and DOC characteristics in the karst waters. Anthropogenic activ-
ities exhibited synchronous accelerations to aquatic photosynthesis and
respiration, ultimately causing more river CO, production than fixation.
River damming reinforced DOC bioavailability, while agriculture
increased DOC structural complexity. Artificial dams and land uses un-
expectedly altered aquatic DIC-DOC transformation. Based on these
findings, we proposed a process-based conceptual model, indicating that
a part of dissolved C is cycled rapidly in karst and semi-karst aquatic
ecosystems. This study suggests that restricting human disturbances on
natural waters can decompress dissolved C turnover and sequester COy
emissions in the context of global C neutrality.
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