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Headwater streams play a critical role in the glob-
al carbon (C) cycle by linking terrestrial and aquatic 
ecosystems and transporting C from surrounding 
landscapes to downstream waters (Cole et al. 2007; 
Battin et  al.  2023; Tiegs et  al.  2024). Due to  their 
close connectivity with adjacent terrestrial environ-

ments, headwater streams receive substantial in-
puts of organic matter (OM) and dissolved carbon 
(DC) from surrounding soils and vegetation. Once 
introduced into the stream environment, C under-
goes a series of biogeochemical processes, including 
microbial metabolism, physicochemical transfor-
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mation, temporary storage, and downstream ex-
port (Polis et al. 1997; Casas-Ruiz et al. 2016). DC, 
including dissolved organic carbon (DOC) and 
dissolved inorganic carbon (DIC), represents the 
dominant fraction of C transported in  stream wa-
ter. Although individual headwater streams are 
small, their vast abundance collectively accounts 
for over 70% of the total length of the river network, 
making them a significant component of the global 
C balance (Boyero et al. 2011; Downing et al. 2012; 
Marx et al. 2017). Understanding the dynamics and 
driving mechanisms of  DC in  headwater streams 
is therefore essential for quantifying C export at the 
terrestrial–aquatic interface and improving predic-
tions of regional and global C cycling.

DC export in  headwater streams is  driven not 
only by the continuous input of terrestrial OM, but 
also by characteristics and biogeochemical behav-
iour of C pools within the stream channel (Gregory 
et al. 1991; Vachon et al. 2021). Stream sediments 
represent relatively stable C reservoirs with slow 
turnover rates. Interactions at the sediment–water 
interface, including adsorption–desorption pro-
cesses and microbial metabolism, can regulate DC 
concentrations in  the water column (Babakhani 
et  al.  2025). These processes are closely governed 
by the physicochemical properties of the sediments 
and the aquatic environment (Gao et al. 2021). Spe-
cific ultraviolet absorbance (SUVA), for example, 
provides important information about the aroma-
ticity, composition and bioavailability of dissolved 
OM, thereby linking C source characteristics to C 
cycling processes in  aquatic systems (Weishaar 
et  al.  2003). In  contrast, plant litter represents 
a  more dynamic and reactive C pool. The  types 
of  plant litter differ markedly in  chemical com-
position, nutrient content and decomposition 
rates, which in  turn influence their contributions 
to C transport and transformation within streams 
(Stelzer et  al.  2014; Wymore et  al.  2018). Leaves, 
which have higher concentrations of water‑soluble 
OM and lower lignin content than woody debris, 
decompose more rapidly and are more readily 
transported by  streamflow, thereby contributing 
to  short‑term fluctuations in  local C export (Yue 
et  al.  2016; Zhang et  al.  2019). In  addition, plant 
litter undergoes sequential decomposition upon 
entering stream environments (Battin et al. 2008). 
The extent of litter decay not only reflects its nutri-
ent release potential but also modulates microbial 
respiration rates, alters dissolved OM composition 

and contributes to  fluctuations in  stream biogeo-
chemistry (Robbins et al. 2023). Despite these in-
sights, most previous studies have focused primarily 
on  terrestrial C inputs, while the regulatory roles 
of sediment and plant litter C pools within streams 
remain insufficiently understood. As  a  result, the 
mechanisms by which these C pools influence DC 
export in  headwater streams remain poorly con-
strained (Wei et al. 2024; Wang et al. 2025).

In addition to C pool characteristics, hydrologi-
cal and physicochemical characteristics play key 
roles in regulating C transport and transformation 
in streams. Hydrological factors such as discharge 
and flow velocity directly influence C mobilisation, 
dilution and downstream transport, while physico-
chemical conditions including pH, dissolved oxy-
gen (DO) and temperature affect C transformation 
processes (Schulte et al. 2011; Salimon et al. 2013; 
Kopáček et  al.  2018). For  instance, DOC tends 
to remain in a dissolved state under low pH condi-
tions, thereby facilitating its downstream transport 
(Laudon et al. 2011). Flow rate not only influences 
the diffusion and dilution of C but also affects the 
frequency and intensity of  interactions between 
DC and in-stream C pools (Gao et al. 2024). These 
interactions form a multifactorial, coupling-driven 
regulatory network that shapes DC behaviour. Sea-
sonal rainfall can further enhance terrestrial OM 
inputs and alters stream physicochemical proper-
ties, leading to  pronounced seasonal variability 
in  DOC and DIC export (Raymond, Saiers 2010; 
Song et  al.  2020). Consequently, DC dynamics 
in headwater streams are shaped by complex inter-
actions between hydrological processes and C pool 
characteristics.

To better understand these interactions, we  in-
vestigated DC dynamics in  a  subtropical forest 
headwater stream based on monthly sampling over 
one year. We  quantified C characteristics of  sedi-
ments and plant litter, including C concentrations, 
storage and litter decomposition stages, and inte-
grated these measurements with hydrological and 
physicochemical parameters to  identify the key 
drivers of  DC export. Specifically, this study ad-
dresses the following questions: (i) Do  DOC and 
DIC exhibit distinct seasonal dynamics in headwa-
ter streams? (ii) How do C characteristics of sedi-
ments and plant litter influence DC concentrations 
and export? (iii) What is  the relative importance 
of  in-stream C pools and hydrological conditions 
in regulating DC export?
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MATERIAL AND METHODS

Study site. The  study was conducted in  a  sub-
tropical forest catchment in  Sanming City, Fu-
jian Province (26°19'N, 117°36'E), characterised 
by  a  mean annual temperature of  19.3 °C and the 
mean annual precipitation of 1 610 mm. The closed 
headwater catchment contains a  single perennial 
stream (length: 4  859 m; flow direction: south-
west to northeast) with a narrow channel draining 
a 5.64 km2 watershed. Located in a remote forest-
ed area with minimal anthropogenic disturbance, 
this stream provides an ideal natural experimental 
system. Its primary hydrological input is  rainfall 

recharge without glacial influence, exhibiting dis-
charge patterns reflective of  the subtropical mon-
soon climate, with distinct wet (March-August) 
and dry seasons. Riparian vegetation is  domi-
nated by  broad-leaved evergreen forest, primarily 
Castanopsis carlesii, with associated species in-
cluding Cunninghamia lanceolata and Pinus mas-
soniana (Figure 1) (Zhao et al. 2023).

Sampling reaches (n = 17), defined as stream sec-
tions between sampling points, were established 
from stream source to mouth based on integrated 
assessment of: (i) tributary confluences, (ii) tran-
sitions in  riparian forest composition, (iii) spatial 
distance along the channel, and (iv) field accessibil-

Figure 1. Study area and hydrological conditions during the study period: (A) Location of the study area and sampling 
points in the headwater stream in Sanming, Fujian Province, China; (B) temporal variation in rainfall and stream dis-
charge during the study period
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ity. Subdivision of  reaches was designed to  main-
tain internal physical consistency. All reaches were 
georeferenced using a  GPS device (GPS-A8, ZL, 
China) and visibly marked in  the field [Table  S1 
in the Electronic Supplementary Material (ESM)].

Sample collection. Monthly sampling cam-
paigns were conducted across all 17 reaches from 
March 2021 to  February 2022 (n  =  12 sampling 
events). Water, sediment, and plant litter samples 
were collected at each reach. Water samples were 
taken from mid-channel using 50 mL centrifuge 
tubes, with care taken to  minimise sediment re-
suspension. Samples were immediately preserved 
in a portable refrigerator (temperature maintained 
at approximately 4 °C) and transported to the labo-
ratory for analysis.

To account for spatial heterogeneity in  sediment 
distribution, three replicate quadrats (1 m × channel 
width) were established per reach, delineated by sed-
iment depth profiles extending to  parent bedrock. 
Sediment samples were collected following a stand-
ardised five-point sampling protocol using  plastic 
spatulas, then transferred to  250 mL polyethylene 
bottles pre-rinsed with deionised water. Three ran-
dom depth measurements were recorded per quad-
rat (total n = 9 measurements per reach).

In each stream reach, three quadrats (1 m 
× channel width) were randomly established to col-
lect plant litter. To avoid repeated sampling at the 
same location, the centre point of each quadrat was 
marked and recorded along the stream bank. With-
in each quadrat, plant litter was collected manually 
or using a 2 mm mesh net (Figure S1 in the ESM). 
The  collected material included leaves, twigs 
(<  1 cm diameter), and fine woody debris (FWD, 
1–10 cm diameter). Coarse woody debris was ex-
cluded due to its slow decomposition rate and lim-
ited nutrient release. To ensure complete sampling, 
litter collection was conducted down to  the bed-
rock surface, where the channel substrate consisted 
of exposed bedrock, or to the base of the sediment 
layer, where sediments were silty (Hu et al. 2023). 
All plant litter samples were placed in polyethylene 
bags and transported to the laboratory for drying. 
To track changes in plant litter storage, a quadrat-
based repeated sampling approach was used across 
multiple quadrats with monthly sampling through-
out the year.

During each sampling campaign, pH, DO, and 
electrical conductivity (EC) were measured in-
stream using a  portable multiparameter analyser 

(YSI ProPlus, Xylem, USA) at all 17. Flow rate was 
measured with a  streamflow meter, while water 
depth and channel width were recorded per reach 
(Table S1 in  the ESM). In addition, three tipping-
bucket rain gauges (SL3-1, Shanghai Meteorologi-
cal Instrument Factory Co., China) were installed 
in an open area 15 m from reach 8 (midstream po-
sition) to collect monthly precipitation data.

Sample analysis. Stream water samples were fil-
tered through a 0.45 µm membrane filters. The TC 
and DOC concentrations were quantified via com-
bustion-catalytic oxidation at 680 °C using a Total 
Organic Carbon analyser (TOC-L CPH, Shimadzu, 
Japan). DIC concentrations were calculated as the 
difference between TC and DOC. Sediment sam-
ples were transferred to polythene containers and 
thoroughly mixed. Fresh samples were divided, 
with a portion used for moisture content determi-
nation, while the rest were air-dried in a well-ven-
tilated area. After drying, macroscopic impurities 
(e.g. weeds, root detritus) were manually removed 
prior to gravimetric measurement. The dried sedi-
ments were pulverised with an agate mill and sieved 
through a 100-mesh sieve for subsequent analysis

Plant litter samples were classified by type (leaves, 
twigs, and FWD) and decay class, then oven-dried 
at 65 °C until a constant weight was achieved. Dry 
weights were recorded, followed by chopping, pul-
verisation (using a stainless-steel mill), and sieving 
through a 60-mesh sieve. FWD decay classes were 
defined as: Decay class 1: Structurally intact wood; 
bark firmly attached; no visible decomposition. De-
cay class 2: Initial decomposition; partial bark loss; 
texture remains hard. Decay class 3: Extensive bark 
loss; wood softening; fungal/moss colonisation evi-
dent. Decay class 4: Easily punctured; residual hard 
zones; no bark; abundant epiphytes. Decay class 5: 
Complete structural loss; friable to powder; no re-
sidual hardness (Burrows et al. 2012).

Sediment TC was analysed via dry combus-
tion using an  elemental analyser (vario  EL  III, 
Elementar, Germany). Plant litter TC was deter-
mined with the same instrument model, following 
solid sample combustion protocols. For sediment 
DOC: 10 g homogenised sample was mixed with 
50 mL deionised water, shaken (25 °C, 30 min), 
settled, and filtered through 0.45 µm membranes. 
For plant litter DOC: milled samples were mixed 
at  a  1 : 80 solid-to-liquid ratio, shaken (30 min), 
centrifuged (30 min), and supernatant membrane-
filtered (0.45 µm).
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DOC absorbance was measured at  254 nm, 
260 nm, 360 nm, and 365 nm (UV-2450 spectro-
photometer, Shimadzu, Japan). SUVAλ was calcu-
lated according to Equation (1):

	
(1)

where:
SUVAλ 	 – spectral indicator reflecting the chemical 
		      nature of DOC (L·mg–1·m–1);
UVλ 		  – absorbance of DOC at wavelength λ nm;
DOC 		  – dissolved organic carbon concentra- 
		      tion (mg·L–1).

Statistics and analysis of data. To quantify sedi-
ment storage in  the stream channel, the channel 
was approximated as  a  rectangular prism to  esti-
mate sediment volume based on  measurements 
of  stream length, width, and sediment depth. Ad-
ditional parameters, including sediment moisture 
content and sediment density, were also calculated. 
Plant litter storage was estimated separately using 
quadrat sampling.

Moisture content (M; %) was calculated accord-
ing to Equation (2):

( )2 1– –
100%

m m m
M

m
= ×

 	
(2)

where:
m 	 – fresh sample mass (g);
m1 	 – mass of ceramic crucible (g);
m2 	 – combined mass of  the crucible and dried 
		   sample (g).

Sediment volume (V; m3) was calculated accord-
ing to Equation (3):

V = L × W × D 	 (3)

where:
L 	 – stream length (m);
W 	 – stream width (m);
D 	 – sediment depth (m).

Sediment density (ρ; g·cm–3) was calculated ac-
cording to Equation (4):

( )
3

31–
m
M V

ρ =  	
(4)

where:
m3 	 – dry sediment mass (g);
M 	 – moisture content (%);
V3 	 – sediment volume (m3).

Sediment storage (R1; kg·m–2) was calculated ac-
cording to Equation (5):

1 0.001VR
S
×ρ

= ×
 	

(5)

where:
V 	 – sediment volume (m3);
ρ 	 – sediment density (g·cm–3);
S 	 – stream surface area (m2).

Plant litter storage (R2; g·m–2) was calculated ac-
cording to Equation (6):

2
XR
Y

=
 	

(6)

where:
X 	 – total dry mass in the quadrat (g);
Y 	 – quadrat surface (m2).

Before statistical analysis, raw data were tested for 
normality and homoscedasticity. Variables that did 
not meet these assumptions were log-transformed. 
Linear models were fitted to examine how C in sed-
iments and plant litter influences stream C dynam-
ics, with stream DOC and DIC concentrations and 
export as response variables. Explanatory variables 
included C concentrations and storage in  sedi-
ments and plant litter, SUVA values, FWD stor-
age across different decay classes, and hydrological 
and physicochemical parameters of  stream water 
(Table  S2 in  the ESM). To  evaluate the influence 
of hydrological conditions on stream C dynamics, 
two-sample t-tests were used to compare C-related 
variables between the 'wet' and 'dry' groups. Here, 
'wet' and 'dry' groups represent sampling periods 
characterised by  higher and lower rainfall and 
stream discharge, respectively. Differences in FWD 
storage among decay classes were tested using 
Tukey's HSD test to determine whether C storage 
differed among decomposition stages, which could 
subsequently influence stream C  concentrations 
and export. To further identify key predictors influ-
encing stream DOC and DIC export, SHAP (Shap-
ley Additive Explanations) analysis was conducted 

100%
DOC
UV

SUVA λ
λ = ×
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based on  models implemented in  the 'CatBoost' 
package. All  statistical analyses were conducted 
in R (Version 4.4.2., 2024).

RESULTS

Seasonal dynamics of  stream DOC and DIC. 
Stream DC exhibited clear seasonal patterns. 
DOC  concentrations and export exhibited pro-
nounced seasonal variability, with significantly 
higher DOC concentrations and export observed 
during the wet season (16.2 ±  25.6 mg·L–1 and 
98.9 ±  171.8 kg·h–1) compared to  the dry season 
(1.9 ± 0.7 mg·L–1 and 3.9 ± 8.1 kg·h–1; Figure 2A, C). 
DOC dynamics displayed considerable hetero-
geneity throughout the wet season (Figure  2C). 
In  contrast, DIC dynamics showed weaker sea-
sonal variability. Mean DIC concentration was 2.9 
± 1.9 mg·L–1 and export averaged 6.7 ± 13.4 kg·h–1. 
However, DIC concentrations were significantly 
higher during the dry season (4.0 ±  1.4 mg·L–1) 
than during the wet season (1.5 ± 1.5 mg·L–1; Fig-
ure 2B). These results indicate contrasting seasonal 
dynamics between DOC and DIC, with DOC more 
strongly influenced by  wet-season hydrological 
processes.

Effects of sediment C characteristics on stream 
C dynamics. Sediment C concentrations and 
storage exhibited significant seasonal variation. 
Sediment DOC concentrations were positively 
correlated with stream DOC concentrations (Fig-
ure S2A in the ESM) but negatively related to stream 
DOC export (Figure  3A). In  contrast, sediment 
DIC concentrations were negatively associated 
with both stream DIC concentration and export 
(Figure  S2B in  the ESM; Figure  3B). Sediment TC 
concentration exhibited negative relationships with 
both DOC and DIC concentrations and export (Fig-
ure  S2C, D in  the ESM; Figure  3C, D), indicating 
that higher sediment C content may limit the mo-
bilisation of DC forms in  the stream. By compari-
son, sediment TC storage showed relatively weak 
relationships with stream C variables (Figure S2E, F 
in the ESM; Figure 3E, F). In addition, stream DOC 
concentrations increased with increasing SUVA254 
and SUVA260 values in sediments (Table 1). Overall, 
these results suggest that sediment C characteris-
tics contribute to regulating stream C dynamics, al-
though their effects differ among C forms.

Effects of  plant litter C characteristics 
on stream C dynamics. Plant litter contained sub-
stantially higher DOC, DIC, and TC concentra-

Figure 2. Seasonal variations in concentration and export of dissolved organic carbon (DOC) and dissolved inorganic 
carbon (DIC) in the headwater stream: (A) Stream DOC concentration; (B) stream DIC concentration; (C) stream DOC 
export; (D) stream DIC export

Asterisks – significant differences between seasons: *P < 0.05, **P < 0.01, ***P < 0.001, NS – non-significant difference; box-
plots – the median and interquartile range; solid dots – mean values (coloured by season)
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Figure 3. Seasonal variations in concentrations and storage in sediments and plant litter, and their relationships with 
stream carbon (C) export: (A, B) Dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) concentrations 
in sediments; (C, D) total carbon (TC) concentration in sediments; (E, F) TC storage in sediments; (G, H) DOC and DIC 
concentrations in plant litter; (I, J) TC concentration in plant litter; (K, L) TC storage in plant litter

Asterisks – significant differences between wet and dry seasons: *P < 0.05, **P < 0.01, ***P < 0.001, NS – non-significant dif-
ference; blue and red points – measurements from the wet and dry seasons, respectively; green lines – relationships based 
on the annual dataset; boxplots – the median and interquartile range; black dots – mean values; for each row, the left panels 
show seasonal comparisons between wet and dry periods, and the right panels show relationships between C variables and 
stream C export; linear regression lines and shaded areas represent fitted relationships and 95% confidence intervals
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Figure 4. Relationships between carbon (C) characteristics of different plant litter types and stream C dynamics: (A, B, 
E, F, I, J) show relationships between plant litter C characteristics [dissolved organic carbon (DOC) concentration, total 
carbon (TC) concentration, and TC storage] and stream DOC concentration and export, respectively; (C, D, G, H, K, L) 
show relationships between plant litter C characteristics [dissolved inorganic carbon (DIC) concentration, TC concen-
tration, and TC storage] and stream DIC concentration and export, respectively 

Points represent measurements from different plant litter types: red – leaves, yellow – twigs, purple – fine woody debris 
(FWD); linear regression lines and shaded areas represent fitted relationships and 95% confidence intervals

tions than sediments, although sediments exhibited 
greater TC storage. Most litter C variables showed 
clear seasonal variation, with higher DOC and DIC 
concentrations and TC storage during the wet sea-
son, while TC concentration varied less strongly 
(Figure 3G–I, K). In the wet season, leaves had sig-
nificantly higher DOC and DIC concentrations than 
twigs and FWD (Figure S4A, B in the ESM), whereas 
FWD exhibited lower TC concentration and storage 
than leaves and twigs (Figure S4A, D in the ESM). 

These differences likely reflect contrasts in chemi-
cal composition among litter components.

Regression analyses revealed significant relation-
ships between litter C characteristics and stream 
C dynamics. Higher DOC concentrations in  litter 
were associated with increased stream DOC con-
centrations (Figure  S3A in  the ESM). In  contrast, 
higher TC concentrations in  leaves corresponded 
to reduced stream DOC export (Figure 4F), where-
as higher TC concentrations in  twigs were linked 

Table 1. Effects of specific UV absorbance (SUVA) of sediment and plant litter [leaves, twigs, and fine woody debris (FWD)] 
on stream dissolved organic carbon concentrations – estimates (i.e. model slopes) and significant effects are reported

Sample  
type

SUVA254 SUVA260 SUVA360 SUVA365

estimate P estimate P estimate P estimate P
Sediment 15.3 < 0.001 7.7 < 0.001 –0.1 1.0 –0.1 1.0
Leaves –1.3 0.3 3.9 < 0.001 0.4 < 0.001 0.4 < 0.001
Twigs 1.8 0.1 3.6 < 0.001 0.3 < 0.001 0.3 < 0.001
FWD 0.4 0.5 0.8 < 0.01 0.3 < 0.001 0.5 < 0.001

(D)

0 5 10

Stream DIC concentration 
(mg·L–1)

(L)

0 100 200

Stream DIC export 
(kg·h–1)

(K)30

15

0

TC
 st

or
ag

e 
(g

·m
–2

)

(H)(G)
500

400

300

TC
 c

on
ce

nt
ra

tio
n 

(g
·k

g–1
)

(C)12

6

0

D
IC

 c
on

ce
nt

ra
tio

n 
(m

g·
L–1

)

(A)400

200

0

D
O

C
 c

on
ce

nt
ra

tio
n 

(m
g·

L–1
)

(B)

(F)(E)
500

400

300

TC
 c

on
ce

nt
ra

tio
n 

(g
·k

g–1
)

30

15

0

(I)

0 25 50

TC
 st

or
ag

e 
(g

·m
–2

)

Stream DOC concentration 
(mg·L–1)

(J)

0 300 600

Stream DOC export 
(kg·h–1)

leaves
twigs
FWD

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/68/2025-JFS
https://jfs.agriculturejournals.cz/esm/68/2025-JFS/1.pdf
https://jfs.agriculturejournals.cz/esm/68/2025-JFS/1.pdf
https://jfs.agriculturejournals.cz/esm/68/2025-JFS/1.pdf


196

Original Paper	 Journal of Forest Science, 72, 2026 (4): 188–201

https://doi.org/10.17221/68/2025-JFS

to lower stream DIC export (Figure 4H). Several lit-
ter C variables were also negatively correlated with 
stream DIC concentrations (Figure 4C, K). Higher 
SUVA260, SUVA360, and SUVA365 values in  litter 
were positively associated with stream DOC con-
centrations (Table 1).

FWD storage varied among decay classes and 
between seasons (Figure  5A). Storage was gener-
ally higher in  the wet season than in  the dry sea-
son across all decay classes. During the wet season, 
storage in decay class 1 was significantly higher than 
in classes 2, 3, and 5, whereas during the dry season 
storage in decay class 2 exceeded that in classes 4 
and 5. Storage in several decay classes was positive-
ly associated with stream DOC concentration and 

export (Figure  5B, D). Similarly, storage in  decay 
classes 1 and 2 was positively related to stream DIC 
exports but negatively related to  DIC concentra-
tion (Figure 5C, E). These results suggest that both 
the quantity and decomposition stage of FWD may 
influence stream C dynamics.

Effects of  hydrological and physicochemi-
cal variables. Hydrological and physicochemical 
variables were strongly associated with variations 
in  stream C dynamics. Rainfall was negatively re-
lated to  both DOC and DIC concentrations (Fig-
ure  6A, C), whereas stream discharge and flow 
rate were positively associated with DOC and DIC 
export (Figure 6B, D). These patterns indicate that 
increased water flow enhances the transport of DC 

Figure 5. Seasonal variations in fine woody debris (FWD) storage across decay classes and its relationships with stream 
carbon dynamics: (A) Seasonal differences in FWD storage among five decay classes; (B, C) relationships between FWD 
storage and stream dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC) concentrations; (D, E) rela-
tionships between FWD storage and stream DOC and DIC export

Asterisks – significant differences between seasons: *P < 0.05, **P < 0.01, ***P < 0.001; boxplots – median and interquartile range; 
solid dots – mean values (coloured by season); uppercase letters – significant differences among decay classes in the wet season; 
lowercase letters – differences in the dry season (α = 0.05); lines and shaded areas represent linear fits and 95% confidence intervals
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from the catchment to the stream. Water tempera-
ture and pH were positively correlated with DOC 
concentration, whereas DO showed negative re-
lationships with DOC (Figure  6A). In  contrast, 
DIC  concentrations decreased with increasing 
water temperature but increased with higher 
DO levels (Figure 6C). Together, these contrasting 
responses suggest that DOC and DIC are governed 
by different environmental drivers in the stream.

SHAP analysis further quantified the relative im-
portance of  variables influencing DOC and DIC 

export (Figure 6E, F). Hydrological variables, par-
ticularly stream discharge, exhibited the strong-
est contribution to DOC export, followed by flow 
rate  and water temperature. For  DIC export, dis-
charge and litter TC concentration emerged as the 
most influential predictors. Overall, hydrologi-
cal variables explained a larger share of variability 
in stream C export than C characteristics of sedi-
ments and plant litter, underscoring the domi-
nant role of  hydrological processes in  regulating 
C transport in headwater streams.

Figure 6. Effects of environmental variables on stream dissolved organic carbon (DOC) and dissolved inorganic carbon 
(DIC) dynamics: (A–D) Estimated effects of environmental variables on stream DOC and DIC concentrations and export 
derived from linear models – panels (A) and (C) show effects on DOC and DIC concentrations, respectively, whereas 
panels (B) and (D) show effects on DOC and DIC export 

Points – coefficient estimates; horizontal bars – 95% confidence intervals; red, blue, and grey colours – positive, negative, 
and non-significant effects, respectively (*P<0.05, **P<0.01, ***P<0.001); (E, F) SHAP (Shapley Additive Explanations) summary 
plots showing the relative importance of predictors influencing DOC export (E) and DIC export (F); features are ranked 
by their mean absolute SHAP values, indicating their contribution to model output; point colours represent feature values 
(low to high); con – concentration 
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DISCUSSION

Seasonal controls on  DC dynamics. Sea-
sonal hydrological variability strongly influenced 
the mobilisation of  C from in-stream pools. In-
creased rainfall during the wet season enhanced 
terrestrial OM inputs and intensified soil erosion, 
thereby increasing the delivery of OM to headwa-
ter streams (Coulson et al. 2022). Simultaneously, 
greater litter inputs combined with rainfall-driven 
leaching enhanced the release of DOC from plant 
litter into the aquatic system. This effect was par-
ticularly pronounced for leaf litter, owing to  its 
higher content of  low-molecular-weight, read-
ily soluble compounds and its less lignified, more 
permeable structure, which together promote wa-
ter infiltration and DOC mobilisation (Yoshimura 
et al. 2010). Despite strong seasonal inputs, TC con-
centration in plant litter remained relatively stable, 
likely reflecting a  dynamic balance between high 
C inputs and accelerated decomposition during the 
wet season, and reduced inputs and decomposition 
rates during the dry season (Hao et al. 2022).

DOC derived from sediments and plant litter 
constituted a primary source of stream DOC, with 
leaching from these C pools elevating stream DOC 
concentrations (Meyer et  al.  1998). However, 
DOC export was predominantly regulated by wa-
ter discharge.

Although stream margins and low-velocity zones 
rich in  plant litter and sediment often exhibited 
elevated DOC concentrations (Wohl et  al.  2017), 
reduced flow rates and prolonged water residence 
times constrained mass transfer, resulting in lower 
DOC export. In  contrast to  DOC, DIC dynamics 
appeared to  be  more closely associated with in-
stream mineralisation processes under low-flow 
conditions. Reduced rainfall during the dry season 
likely limited vertical mixing and promoted the ac-
cumulation of  respiration-derived CO2 produced 
during OM degradation in sediments and benthic 
zones (Argerich et  al.  2016; Coulson et  al.  2022). 
Consequently, higher DIC concentration un-
der low  discharge in  the dry season, contrasted 
with low concentration but higher discharge in wet 
season, maintained a  dynamic balance in  annual 
DIC export (Rehn et al. 2023).

C pool characteristics regulate DOC and DIC 
dynamics. Beyond seasonal inputs, the chemical 
composition of C pools played a key role in regulat-
ing DC  dynamics. Elevated SUVA254 and SUVA260 

values in  sediment DOC suggest a  higher propor-
tion of  aromatic and humic substances derived 
from terrestrial inputs (Chen, Hur 2015; McKnight 
et  al.  2001). These compounds are typically more 
refractory and less bioavailable, yet they may ac-
cumulate in  sediments and contribute to  DOC 
concentrations in  overlying stream water through 
gradual leaching or  episodic resuspension (Bur-
rows et al. 2012). In contrast, dissolved OM derived 
from plant litter often exhibits higher aromaticity 
and structural complexity, as  reflected by  elevated 
SUVA values (Lau 2021; Wymore et  al.  2015). This 
structural stability enables prolonged persistence 
in stream environments, particularly under low-flow 
conditions, thereby contributing to  sustained DOC 
accumulation. Differences in SUVA profiles between 
sediment- and litter-derived DOC therefore high-
light the importance of  source-specific chemical 
traits in regulating DOC reactivity and transport.

The contrasting behaviour of sediment and litter 
C pools also reflects differences in  C stabilisation 
mechanisms. Sediment C is commonly associated 
with mineral surfaces or protected within soil ag-
gregates, which can physically stabilise OM and 
limit its transformation into dissolved forms (Gao 
et al. 2021; Repasch et al. 2021). By contrast, plant 
litter contains a greater proportion of labile organic 
compounds that are rapidly utilised by microorgan-
isms. When litter has relatively low C content or low 
C : N ratios, microbial activity can conversion of C 
into DOC and its subsequent transformation  into 
DIC via respiration (Marks 2019).

Once introduced into the stream environment, 
litter undergoes continuous decomposition accom-
panied by  gradual mass loss. Our results indicate 
that FWD in  early decay stages plays a  dispro-
portionate role in  regulating DC dynamics (Don, 
Kalbitz 2005). In  the initial phase, fresh FWD 
contains readily hydrolysable compounds that are 
solubilised, generating early DOC inputs (Strauss, 
Lamberti 2002). Rapid colonisation by bacteria and 
primary fungi accelerates breakdown and releases 
substantial reactive DOC (Abelho, Descals 2019). 
Under oxygen-rich and high-flow conditions, 
this process may enhance downstream transport 
of DC (De Almeida Assunção et al. 2018). In con-
trast, the structural complexity and lignin content 
of  FWD render it  resistant to  microbial degrada-
tion in later stages, thereby reducing C conversion 
efficiency (Chakrawal et al. 2024; Hall et al. 2020). 
Consequently, early-stage FWD represents an im-
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portant source of DC in headwater streams. These 
findings suggest that the influence of  in-stream 
C pools on DC dynamics depends less on the ab-
solute size of C reservoirs and more on the chemi-
cal characteristics and bioavailability of C. In other 
words, C  quality rather than C pool size appears 
to be a primary determinant of DOC and DIC dy-
namics in headwater streams.

Dominance of stream hydrological and phys-
icochemical parameters. Hydrological processes 
exerted the strongest control on DC export in the 
studied headwater stream. Although C pool char-
acteristics influenced the composition and chemi-
cal properties of  DC, stream discharge and flow 
velocity primarily determined the magnitude 
of C export. Higher discharge during the wet sea-
son likely enhanced downstream transport by in-
creasing water movement through the stream 
network and reducing water residence time. 
In  contrast, low-flow conditions can promote 
in-stream processing of  OM, allowing microbial 
mineralisation and other biogeochemical trans-
formations to occur before C is transported down-
stream (Berggren et  al.  2022; Carey et  al.  2022). 
Overall, stream hydrological and physicochemical 
conditions regulate not only DC export but also 
C transformation and redistribution among in-
stream C pools (McKnight et al. 2001).

CONCLUSION

This study highlights the distinct roles of C pools 
and hydrological processes in  regulating DC dy-
namics in  a  subtropical forest headwater stream. 
C characteristics of sediments and plant litter influ-
enced stream C dynamics mainly through C quality 
rather than C pool size, and their effects varied sea-
sonally. Different C pools exerted contrasting  in-
fluences on  DOC and DIC dynamics, reflecting 
differences in  C composition and decomposition 
status within stream ecosystems. However, hydro-
logical processes – particularly stream discharge 
– remained the primary driver of DC export. Hy-
drological variables explained a greater proportion 
of variability in C export than sediment and litter 
C characteristics, emphasising the dominant role 
of hydrological dynamics in controlling C transport 
from headwater streams. Together, these findings 
suggest a consistent pattern in headwater streams: 
hydrology primarily controls C export, whereas 
C pools regulate the composition of DC.
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