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Introduction: Forest streams reserve more than 90% of the organic carbon (OC)
in sediments, thus playing crucial roles in the global carbon cycle. Although forest
streams are widely distributed across various forest regions, seasonal dynamics of
OC in forest sediments have not been fully investigated.

Methods: Here, we sampled soils (0—-5 cm) in 15 representative forest stream
sediments for 5 critical periods (snowmelt season, early growing season, growing
season, late growing season, and seasonal snow cover season) during a one-year
investigation in a geologically fragile subalpine coniferous forest catchment in the
upper reaches of the Yangtze River in Sichuan province and the OC concentrations
were measured by potassium dichromate external heating method.

Results: The OC concentration of stream sediments ranged from 6.39 to 458.93
gkg™, and the average was 84.56 gkg for 15 streams in 5 critical periods during
a 1-year investigation. Correspondingly, their stocks ranged from 2.05 to 310.56
kgm=, and the average was 46.03 kgm~2. The maximum and minimum OC stocks
were consistently observed during the late growing season and the snowmelt
season, respectively. Otherwise, the OC stocks ranged from 1.31 to 218.05, 1.29 to
182.64, and 0.99 to 190.38 kgm~2 for the upstream, midstream, and downstream
sediments, and the average was 39.36, 36.58, and 37.93 kgm~2, respectively. The
average ratios of the OC stocks of the upstream and downstream ranged from
0.10-6.31, with an average of 1.43, during 5 critical periods, which indicated that
the forest stream sediments may play crucial roles as carbon sources.

Discussion: Furthermore, based on regression analysis, we found that the
seasonal dynamics of OC concentrations and stocks were mainly regulated
by precipitation, temperature, sediment depth, and litter carbon input to the
streams together. These findings demonstrate that forest stream sediments may
play crucial roles in the carbon biogeochemical cycle of subalpine forests and
adjoining streams.

forest stream, organic carbon, sediment carbon, stream characteristics, carbon stocks

01 frontiersin.org


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2023.1093448﻿&domain=pdf&date_stamp=2023-06-06
https://www.frontiersin.org/articles/10.3389/fevo.2023.1093448/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1093448/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1093448/full
https://www.frontiersin.org/articles/10.3389/fevo.2023.1093448/full
mailto:scyangwq@163.com
https://doi.org/10.3389/fevo.2023.1093448
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2023.1093448

Hou et al.

1. Introduction

Sediments capture and store a significant amount of organic
carbon (OC), and more than 10% of the terrestrially derived carbon
is stored in sediments transported through inland waters (Nellemann
et al, 2009; Donato et al., 2011; Marttila et al., 2012). Forest streams
are widely distributed in forest ecosystems and connect the terrestrial-
aquatic biogeochemical cycle by acting as active zones for material
exchange between land and water, especially sediment exchange
(Figure 1; Sutherland et al., 2002; Oquist et al., 2009). Since terrestrial
OC, especially for the sediments of forest streams, is an important
component of the global carbon pool, exploring the sources and
dynamics of forest sediments OC can help us better use forest stream
sediments to capture carbon and enhance terrestrial carbon sinking
(Graca et al,, 2015). Although some researchers have quantitatively
compared the organic carbon sources in litter and water bodies from
different forest streams (Zhang et al., 2017; Hou et al., 2021, 2022),
more attention should be concentrated on the dynamics of OC among
different growing season and different area of stream in forest
stream sediments.

Inner waters provide a major output pathway for energy and
material to be transported from upstream to downstream areas; thus,
the organic carbon stored in their waters is important at regional and
even global scales (Wallace et al., 1997; Graca et al., 2015; Yue et al,
2016; Hou et al., 2021), especially that stored in their sediments,
because they are significant depositional environments that contain a
large amount of organic carbon (Cole et al., 2007). Globally, the
storage of organic carbon in the sediments of the global oceans is

10.3389/fevo.2023.1093448

approximately 120-240 Tg C a™' (Duarte et al., 2004), and the burial
of organic carbon in the sediments of natural lakes has been estimated
to be in the range of 30 to 70 Tg C a™' (Dean and Gorham, 1998;
Einsele et al., 2001). Compared with lakes, organic carbon burial in
impoundments is much greater, ranging from 150 to 220 Tg C a™!
(Mulholland and Stallard, 1998; Tranvik et al., 2009). In the geosphere,
streams cover less than 3% of the forest catchment area but function
as bridges that link terrestrial-aquatic biogeochemical cycles (Hou
et al, 2021). Although contemporary studies of organic carbon flux
measurements for different kinds of sediments are increasing, the
actual organic carbon stock currently stored in forest stream sediments
remains largely unknown. Previous studies have also examined the
influencing mechanisms for the transport of organic particulate
carbon along river continua; these studies have focused only on large
rivers and floodplains but not on stream and bed sediments or streams
in subalpine forest regions (Depetris and Kempe, 1993). Therefore, a
thorough investigation of organic carbon dynamics in forest stream
sediments can help elucidate the biogeochemical links between forests
and aquatic ecosystems and provide a scientific basis for managing
forest catchments and predicting the global carbon cycle.

The OC buried in sediments represents short-to long-term
sequestration of atmospheric CO, or CH, (Qin et al., 2015), which is
mainly regulated by both input and output. Carbon in water sediments
mainly includes autochthonous OC from benthic organisms and
phytoplankton and allochthonous OC from stream inputs (Yue et al,
2016; Hou et al., 2021; Yang and Wu, 2021). Theoretically, forests and
riparian zones import different kinds of organic matter into adjacent
streams and rivers through plant residues (woody and nonwoody
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Simplified schematic of the role of inland aquatic systems in the global carbon balance. Inland aquatic systems are active components of the global
carbon cycle that store terrestrially derived carbon in sediments and lose CO, as emissions to the atmosphere in addition to transporting it to the
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debris; Wallace et al., 1997; Zhong and Wang, 2008; Yue et al., 2016;
Hou etal,, 2021), surface runoft (Agren et al., 2007; Gomes et al., 2019),
and percolating water (Cleveland et al., 2014; Hou et al,, 2021). All
these inputs are regulated by the multiple functions of different
biological and abiotic variables, which vary over different critical
periods. First, for OC, the ultimate source is past and present primary
production, either in a watershed or in the water body. Therefore,
different types of adjoining stream vegetation have different litter
biomass and different influences on the OC quantity and quality that
inputs to the sediments (Qin et al., 2015; Mao et al., 2021; Guan, 2022).
Second, plant species and their growth rhythms change with climatic
factors (temperature, precipitation, etc.) during different critical
periods, which influences the carbon input to stream sediments in the
form of litterfall or dissolved carbon (Yue et al., 2016; Zhang et al.,
2017; Hou et al,, 2021). Third, precipitation (rainfall and snowfall) is
also the major regulator of OC stocks. For example, the increase in
runoff and percolating water caused by precipitation can consistently
influence OC input and output driven by unsteady water flow (Xie
et al,, 2016), which affects the OC stocks buried in the sediments.
Furthermore, stream characteristics, such as length and width,
sediment depth, and flow velocity, are the main regulators of carbon
dynamics in subalpine forest streams (Qin et al., 2015). However, less
research focused on the relationship between OC stocks in forest
stream sediments and climatic factors and stream characteristics,
particularly in the headwaters of mountainous subalpine forest regions.
There are three main pathways for OC lost from sediments
during transport: mineralization followed by release into the
atmosphere, transference by water flow, and sequestration of C in
sediments. Thus, less than half of this carbon (C) reaches the ocean
(Cole et al.,, 2007; Battin et al., 2009). These processes vary greatly
with climatic factors (e.g., precipitation and temperature), plant
rhythms, vegetation types and characteristics along streams (Frost
et al., 2006; Agren et al., 2014; Winterdahl et al., 2014). All these
pathways vary over different critical periods in forest streams (Yang
and Wu, 2021). First, stream OC deposited at sediment interfaces is
mineralized to CO, or CH, by microbial activity, which is mainly
controlled by climate factors. For example, temperature, precipitation,
and oxygen exposure have been identified as important regulators of
OC burial efficiency in water sediments (Sobek et al., 2009; Gudasz
et al, 2010, 2012; Fenner and Freeman, 2013). These factors are the
main regulators of microbial metabolism, controlling the
mineralization rates for OC in sediments. Second, the output of OC
from streams is altered by a variety of processes, including primary
production, microbial breakdown, sorption to particles, and
photodegradation within aquatic systems, which are mainly regulated
by climatic factors (Wallin et al., 2013). Third, OC export from forest
streams typically depends upon stream characteristics (length, width,
flow velocity, etc.) and often varies with downstream distance
(Mattsson et al., 2003). For example, streams with larger areas and
lower flow rates store more carbon in their sediments than streams
with smaller areas and faster flow rates (Zhang et al, 2017). In
general, compared with stationary water bodies, such as reservoirs
and lakes, forest streams are more active and respond more quickly
to changing environmental factors, such as temperature and
precipitation. Therefore, it is important to study the seasonal
dynamics of OC concentration and storage in forest stream
sediments, and comprehensively investigate the effects of these
factors on the dynamics of OC concentration, storage, and export.
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The subalpine coniferous forests located at the eastern margin of the
Qinghai-Tibet Plateau and the upper reaches of the Yangtze River are
the most important “water towers” in the Yangtze River basin, and they
are known as “natural regulatory reservoirs” They play important and
irreplaceable roles in water conservation, as global climate change
indicators and in biodiversity conservation (Wu et al., 2014; Yue et al,,
2016; Hou et al, 2021). Studies have also shown that in this forest
ecosystem, forest streams not only participate directly as important
components of the biological micro-cycle but also serve as indispensable
links between the forest ecosystem and its adjoining aquatic ecosystem
(such as rivers, rivers, and lakes). Although previous investigations have
paid much attention to the concentration and storage characteristics of
woody and nonwoody carbon debris in forest streams (Yue et al., 2016;
Zhangetal, 2017; Hou et al,, 2021), less attention has been given to the
storage characteristics of OC in subalpine forest stream sediments. The
objective of this study was to further elucidate the dynamic changes in
OC in subalpine forest stream sediments. We hypothesized that (1) the
OC concentration and stocks may show different dynamic patterns
among different critical periods, such as the growing period, snow-
covered period, and snowmelt period; (2) the maximum and minimum
values of the indices mentioned above would appear during the litterfall
and snowmelt periods, respectively; and (3) the OC stocks in the
upstream sediments would be greater than those in the downstream
sediments of these forest streams.

2. Materials and methods
2.1. Site description

This study was conducted at the long-term research station of the
subalpine forest ecosystem in the Bipenggou Valley (31°14" ~31°19'N,
102°53’ ~ 102°57'E, 2458 ~ 4,619 m.a.s.1.), Li County, Southwest China,
located at the eastern margin of the Qinghai-Tibet Plateau and the
transition of the Sichuan Basin alpine valley zone. Frequent geological
breaks, clear seasonal snow cover (the maximum snow depth was
approximately 35cm), and frequent freeze-thaw cycles are common
in this region (Hou et al.,, 2021). The highest and lowest temperatures
are 23°C (July) and — 18°C (January), respectively. The frozen season
lasts from November to April and ends in late April (Zhu et al., 2013).
The detailed characteristics of this catchment are shown in our
previous research (Hou et al., 2022).

2.2. Experimental design and sampling

Based on previous investigations, 15 permanent streams
representative of the forest catchment were selected at altitudes of
3,600 ~3,700m in this typical subalpine forest catchment [detailed
characteristics of these streams are shown in Hou et al. (2021)]. The
total investigated area was 4.3km?. We chose three sampling sites at
the upper portion, middle, and end of each stream for collecting water
samples and measured the length, width, sediment depth, and
discharge velocity (stream characteristics) of each stream at each
sampling time. We measured the length, width, and width with a
flexible ruler for each stream at every sampling site. The length was
measured from the source to the estuary along the banks, and the
width was measured horizontally from one bank to the other bank.
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Stream depth was measured vertically. All these indices were measured
three times, and then the average was taken. In addition, we measured
the discharge velocity at intervals of 30 min with a flowmeter (Martin
Marten Z30, Current-metre, Barcelona, Spain), recorded the
temperature every 2h with a button thermometer (iButton DS1923-
F5, Maxim/Dallas Semiconductor, Sunnyvale, United States), and
measured the precipitation for real-time monitoring by a rainfall
monitor (ZXCAWS600, Weather, Beijing, China) at every site.

We divided a year into five different periods-the snowmelt
season (SMS: April to May), early growing season (EGS: May to
June), growing season (GS: July to August), late growing season (LGS:
September to October) and seasonal snow cover (SSC: November to
April of the following year)-based on phenological changes, seasonal
precipitation, and the temperature dynamics of the study area (Yang
and Wu, 2021). Water samples were collected nine times during the
growing seasons and four times during the nongrowing seasons.
Specifically, water samples were collected during the LGS at
approximately 15days intervals. Therefore, the DC stock and
concentration during each period for the 15 streams were treated as
15 replicates during data analysis.

Three sampling sites for collecting sediment samples were set up
in the upper portion, middle, and end of each stream, respectively.
The sampling sites were located directly below the water sampling
points. Five surface sediment samples (0-5cm) were collected
vertically from bottom to top with a stainless-steel column sampler,
then mixed as one sample for each sample site (length x width,
Imx1m; Liu et al, 2016; Zhang et al., 2020). Three samples were
collected for each site. Before each sampling, all sampling tools were
thoroughly cleaned to avoid cross-contamination. All samples were
sealed in polyethylene bags with air excluded and recorded (time,
place, and description of the stream characteristics). Then, they were
stored under cryogenic conditions and treated and analyzed as soon
as possible. The sediments were dried at 65°C to a constant weight,
impurities such as gravel (without OC) were removed by examining
the samples on a hard white paper board, and the samples were
dispersed with glass bars under equal pressure, passed through a
60-mesh sieve and sealed. All samples were transported to the
laboratory within 72h (Mei et al., 2022).

The OC content of the sediments was measured by the potassium
dichromate oxidation-external heating method (Lu, 1999). First,
approximately 0.01g of air-dried soil samples were sieved with
100-mesh sieves, and then they were placed at the bottom of dissolving
tubes. Then, 5mL potassium dichromate solution and 5mL sulfuric
acid were added to the tubes, and the tubes were shaken well. Next, the
tubes were boiled for 15 min on an electric stove at 220-230°C. Finally,
the liquid in each desiccation tube was transferred to a conical flask
with 4 drops of phenanthroline indicator, and the remaining potassium
dichromatic was titrated with ferrous sulfate after cooling. The solution
changed from orange-yellow to gray-green and then to brown-red.
When the volume of ferrous sulfate used in the sample titration was
less than 1/3rd of the volume of ferrous sulfate used in the blank
calibration, the weight of the soil sample was reduced.

2.3. Analytical methods and calculations

Each stream was approximated to be a cube, so the carbon stock
per square in sediment C, was estimated to be.
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C (1)

Where C; is the carbon stock per square in sediment, kg m™% C is
the OC concentration, g kg™'; V is the volume of stream sediment
cube, m% p is the soil bulk density, g m™; and S is the area of the
stream, m>.

The V (volume of the stream sediment cube, m®) was calculated
as follows:

V =Lgx Wy x Dy )

where L; is the length of the stream, m; W is the width of the
stream, m; and D, is the thickness of the sediment, m.

The bulk density of the sediment p (gm™) was calculated
as follows:

- m
R YATA (3)

where m is the dry weight of the sediment, g; M, is the water
content of the sediment; and V. is the volume of the collector for the
sediment, m°.

The water content of sediment M, was calculated by the formula:

™M 100% 4)
m

me =

where m, is the wet weight of the sediment, g, and m, is the dry
weight of the sediment, g.

Linear mixed-effect models were used to analyze the relationships
between the OC stock and export of stream sediments and
environmental factors (temperature, precipitation) and stream
characteristics in these streams among different sampling periods.
First, the normality of the residuals, the homoscedasticity of the
errors, and the independence of the errors for our data were tested to
determine whether they met the assumptions for analyzes. Second, the
sampling period was treated as a fixed effect, and the OC stock and
export of the 15 streams during each period were treated as repetitions.
Then, we conducted repeated measures by analysis of variance
(ANOVA) and least significant difference (LSD) to examine the
variability among different critical periods. Third, to better illustrate
the correlations of the relative indices of the OC stock and export with
the explanatory variables (precipitation, temperature, sediment depth,
discharge rate, litter carbon input), the variables were treated as fixed
factors, and the stream was included as a random factor. We used
linear and quadratic models to fit the relationships of these indices of
OC with changes in the various explanatory variables. All analyzes
were conducted in R using the LME4 package (Bates et al., 2015).

3. Results

3.1. The organic carbon concentration of
sediments in forest streams

In general, the dynamics of the organic carbon concentration of
sediments in the 15 forest streams varied with different critical

frontiersin.org


https://doi.org/10.3389/fevo.2023.1093448
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Hou et al.

periods. According to stream characteristics, the organic carbon
concentration of the sediments in the 15 subalpine forest streams
ranged from 6.39 to 458.93gkg™, and the average value was
84.56gkg™" (Supplementary Figure S1). And the maximum value
(115.98 gkg™") was observed during the late growing season, the value
sharply decreased during the snow-covered season (66.59 gkg™), it
gradually decreased during the snowmelt season (65.44 gkg™) and the
early growing season (61.10gkg™") and then it gradually increased to
61.98gkg™" during the growing season. There was no significant
difference between the SCS and GS values during our one-year
investigation (Figure 2).

3.2. Organic carbon stock of sediments in
forest streams

The average total OC stock for the sediments in the forest streams
ranged from 20.92-76.59kgm™, and the average value was
43.80 kg m~ during different key periods (Figure 3). In general, the
dynamics of the OC stock of sediments in forest streams showed
decreasing patterns, which was similar to the dynamics of the carbon
concentration of the sediments. The highest value was 76.59kgm™2,
which was reached during the late growing season, and the value
sharply decreased during the snow-covered season (28.54kgm™).
Then, there was a gradual decrease in the value during the snowmelt
season (27.73kgm™?), the early growing season (24.46kgm™2), and the
growing season (20.92kgm™), while there was no significant
difference between the SCS and GS values during our one-year
investigation (Figure 3).

The OC stock in the upstream, midstream and downstream
sediments of the 15 forest streams generally showed common patterns
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FIGURE 2

Dynamics of organic carbon concentration in the sediments of the
subalpine forest streams in the upper reaches of the Yangtze River.
LGS, SSC, SMS, EGS, and GS indicate the sampling periods, i.e., the
late growing season (LGS: September to October), seasonal snow
cover (SSC: November to April of the following year), snowmelt
season (SMS: April to May), early growing season (EGS: May to June),
and growing season (GS: July to August). The values of the vertical
coordinates are the accumulated values from a total of 15 streams
during this period. Different lowercase letters indicate significant
differences among the different periods (p<0.05), while the same
letter indicates no significant difference among each.
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similar to the OC concentration of the sediments (Figure 3). The
carbon stock of the sediments reached maximum values (92.69, 70.34
and 69.73kgm™?) during the late growing season and then decreased
during the growing season (20.30, 22.59, 28.60kgm™), and the
average was 39.36, 36.58, and 37.93kgm™ for the upstream,
midstream, and downstream regions, respectively.

In contrast, according to stream characteristics, the total OC stock
of the sediments of the 15 subalpine forest streams ranged from 2.05
to 310.56kgm™2, and the average value was 46.03kgm™ (Figure 4).
The OC stock of the sediments ranged from 1.31 to 218.05, 1.29 to
182.64, and 0.99 to 190.38kgm™ in the upstream, midstream, and
downstream regions, respectively. The average values were 39.36,
36.58, and 37.93 kg m ™ for the upstream, midstream, and downstream
regions, respectively.

3.3. Organic carbon stock upstream to
downstream sediment ratios

The average ratios of the OC stock of upstream to downstream
sediments in the forest streams ranged from 0.10-6.31, with an
average of 1.43 (Figure 5), during different key periods. Except for
some streams that had ratios <1, the ratios of most of the streams
were> 1 (Supplementary Figure 52). In general, like the trends in the
OC stock, all of them showed similar patterns. The highest value,
1.79, was reached during the late growing season, and the value
sharply decreased during the snow-covered season (1.37). Then, it
showed a gradual decrease during the snowmelt season (1.22) and
the early growing season (1.32) and gradually increased to 1.43
during the growing season, and there was no significant difference
between the SCS and GS values during our one-year investigation
(Figure 5).

3.4. Relationships between the indices for
organic carbon and relative variables

The organic carbon concentration was slightly and positively
correlated with stream width, length, dissolved carbon output from
water, sediment depth, and litter carbon input. It was also slightly and
negatively correlated with litter carbon output from the streams
(Table 1).

In addition, the OC stock in the sediments was significantly and
positively correlated with temperature, sediment depth, litter carbon
input, and the dissolved carbon stock of the water but was significantly
and negatively correlated with precipitation and flow rate, respectively.
However, the OC stock was slightly and positively correlated with
dissolved carbon from water but was slightly and negatively correlated
with litter carbon from the streams, and the correlations were not
significant (Table 2).

4. Discussion

Our results indicated that the maximum values for the
concentration and stock of the OC in the 15 forest stream sediments
were consistently observed during the late growing period, while
there was no significant difference among the other four periods,
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which was inconsistent with our first and second hypotheses.
Climatic factors (temperature and precipitation) and stream
characteristics (sediment depth, flow rate, litter carbon input, and
dissolved carbon stock) drove the seasonal sink-source patterns for
OC in the subalpine forest streams. Furthermore, the results showed
that the OC stock in the stream sources was higher than that at the
ends of the streams in the forest-stream meta-ecosystem, which was
consistent with our third hypothesis, implying that subalpine forest
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FIGURE 3

Dynamics of organic carbon stocks in the sediments of the subalpine
forest streams in the upper reaches of the Yangtze River. LGS, SSC,
SMS, EGS, and GS indicate the sampling periods, i.e., the late growing
season (LGS: September to October), seasonal snow cover (SSC:
November to April of the following year), snowmelt season (SMS:
April to May), early growing season (EGS: May to June), and growing
season (GS: July to August). The values of the vertical coordinates
are the averaged values for the 15 streams during this period.
Different lowercase letters indicate significant differences among
different periods (p<0.05), while the same letter indicates no
significant difference among each.
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streams may play an important role as carbon sources for subalpine
forest regions.

4.1. Dynamics of OC concentration and
stock in sediments

The average OC concentration was 84.56 gkg™' for the 15 forest
streams during this one-year investigation (Figure 2), which was not
only larger than the average value (39.4gkg™) for impoundment
sediments in the glacial plains of the midwestern United States
(Pittman et al,, 2013) but also larger than the average value (26.0gkg™)
of 573 globally distributed fjord sediments (Smith et al., 2015; Table 3).
The relatively large amount of OC buried as sediments in forest
streams might be caused by the following reason. Compared with
other aquatic ecosystems, this subalpine forest has larger primary
productivity (Yue et al., 2016), which is a primary regulator of OC
stocks in sediments. As the results of this study, more than 95% of the
total OC was stored in the sediments of the 15 forest streams, which
was much greater than that stored in litter and water (Table 4). Studies
by Mendonga etal. (2012) and Clow et al. (2015) also showed that OC
burial rates were proportional to the crop planting area adjoining them.

In addition, the OC stocks fluctuated widely for the 15 forest
streams in this study (Figure 5), and the average OC stock was
48.02kg m™?, which was larger than the value reported by Collins and

alling (2007) (1.58 gkg™ in the river Piddle’s sediment, England)
and in the Frome River, England (the maximum OC stock reached
23.5kgm™% Heppell et al., 2009), lengths of forest streams might
be the main factors. We found that the lowest OC stock was observed
in river A, which had the longest length, while it was the highest in
river L, which had the shortest length. A possible reason is that large
streams experience less frequent water disturbances, which allows for
less OC to be buried in the sediments during high-flow events than in
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of 13 sampling times for each forest stream. Different lowercase letters indicate significant differences among different periods (p<0.05), while the
same letter indicates no significant difference among each. *A-O are the sampled streams in the study.
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FIGURE 5
The ratios of organic carbon stocks in upstream and downstream
sediments of the subalpine forest streams in the upper reaches of
the Yangtze River from July 11, 2015, to August 02, 2016. LGS, SSC,
SMS, EGS, and GS indicate the sampling periods, i.e., the later
growing season (LGS: September to October), seasonal snow cover
(SSC: November to April of the following year), snowmelt season
(SMS: April to May), early growing season (EGS: May to June), and
growing season (GS: July to August), respectively. The values of the
vertical coordinates are the averaged values for the 15 streams
during this period. Different lowercase letters indicate significant
differences among different periods (p<0.05), while the same letter
indicates no significant difference from each other.

TABLE 1 Relationship between organic carbon concentration in the
sediments and the investigated stream characteristics of the subalpine
forest catchment.

Factors d.f. P r>  Correlation
Precipitation 73 <0.01%* | 0.09 -
Temperature 73 <0.01** | 0.16 +
Sediment depth 73 <0.01%* | 0.26 +
Flow rate 73 0.14 0.02 -
Width 73 0.08 0.03 +
Length 73 0.06 0.02 +
Litter carbon input 73 0.02* 0.07 +
Litter carbon output 73 0.12 0.01 -
Dissolved carbon stock in water 73 0.04* 0.04 +
Dissolved carbon output from water | 73 0.13 0.01 +

#p<0.05, *¥p<0.01. d.f.: degrees of freedom. +: positive relationship; —: negative
relationship.

smaller streams (Marttila and Klove, 2014). The OC stock was
significantly and negatively related to the flow rate of the forest
streams, which provided evidence for this inference (Table 2). The
results in this study all showed that small forest streams (less than 2m
wide) might act as carbon sinks via sediment OC storage, which has
previously been overlooked and is consistent with the results of a
study by Marttila and Klove, 2014.

The OC concentration and stocks of the stream sediments
fluctuated widely over time, and the most significant values
consistently occurred after or during high flow events during the late
growing period coinciding with the autumn rains (Figure 2), which
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was influenced by the temperature, precipitation, and stream
characteristics along the streams during this one-year investigation
(Table 1). The residues of plants, microbes, and dead animals buried
at the bottom of the streams and organic matter released from the
stream bottom sediments were the main sources of OC in the forest
stream sediments (Qin et al., 2015). In particular, plant matter at the
water surface plays important roles as C input to forest riparian zones
(Yue et al., 2016; Hou et al., 2021), which is regulated by climatic
factors. Compared with other periods, more litter entered the streams
during the late growing season because it was the peak period for
litterfall caused by low temperatures. Low temperatures can decelerate
the mineralization rates for sediment OC, and the increased litter
burial caused more OC to be stored in the sediments (Gudasz et al.,
2010; Mendonga et al., 2012). Additionally, the high precipitation
during this period can lead to more exogenous inputs, mainly from
soil organic matter carried by surface runoff and underground runoff
(Zhang et al., 2017; Hou et al., 2021). Both factors led to the greatest
amount of OC being buried in the sediments during this period (Qin
et al., 2015). The significant relationships between precipitation,
temperature, and the OC stock provided positive evidence.

On the other hand, stream characteristics such as channel
morphology, structure and texture, water velocity and depth, and
macrophytes can affect sediment C storage conditions, which also vary
with seasonal changes (Marttila et al., 2012; Hou et al., 2022). For
example, some studies have shown that there is a significant negative
correlation between the burial rate of OC in sediments and the water
surface area (Downing et al., 2008). Mendonga et al. (2012) found that
the burial rate of OC in sediments is significantly and positively
correlated with the annual average runoff. In this study, we also found
that sediment depth most significantly accounted for the variation in
the sediment OC stock. During this one-year investigation, these
effects were especially apparent during the late growing period, when
the greatest amount of OC storage was observed due to high
precipitation. Adams and Beschta (1980) also found that the
maximum value of OC storage occurred during summer in Oregon,
United States, which coincided with the period of greatest
precipitation. Similar phenomena were also observed in studies by
Walling et al. (2003) and Collins and Walling (2007). In contrast, the
highest OC sediment stocks were reported during the winter months
at some sites (Walling and Amos, 1999), which might be caused by the
dense aquatic vegetation appeared in the channel of the Upper Piddle
at many locations during the summer months, while the decay of this
vegetation during the autumn and winter would produce substantial
quantities of organic detritus but “grabbed” in the sediments due to
frozen. Briefly, the seasonal dynamics of OC stocks in the sediments
of forest streams are affected by seasonal climatic change, stream
characteristics and their interactions.

4.2. Dynamics of the ratios of organic
carbon upstream and downstream
sediments

As our results noted, the organic carbon stocks of 15 forest stream
sediments were highest in the upstream regions, and the ratios of the
OC stocks in the upstream and downstream sediments were all above
1 during the five different critical periods. All the patterns appeared
to be consistent with the variational periods; the maximum values
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were observed during the late growing season, and the minimum
values were observed during the snowmelt periods (Figure 5). This
was similar to observations by Marttila and Klove (2014), who showed
that the proportion of specific OC storage in sediments increased
from downstream to upstream reaches. In contrast, Collins and

TABLE 2 Relationships between organic carbon stocks in the sediments
and the investigated stream characteristics of the subalpine forest
catchments.

Factors d.f. P r>  Correlation
Precipitation 73 0.04* 0.05 -
Temperature 73 0.01%* | 0.16 +
Sediment depth 73 <0.01%* | 0.26 +
Flow rate 73 0.03* 0.06 -
Litter carbon input 73 <0.01%*% | 0.12 +
Litter carbon output 73 0.12 0.01 -
Dissolved carbon stock in water 73 0.02% 0.08 +
Dissolved carbon output from water 73 0.07 0.02 +

#p<0.05, *¥p<0.01. d.f.: degrees of freedom. +: positive relationship; —: negative
relationship.

TABLE 3 Organic carbon in the sediments of forest streams reported
worldwide.

Ecosystem Mean OC References
concentration
(gkg™)

United States | Reservoir 48.00 Downing et al. (2008)
United States | Reservoir 39.40 Pittman et al. (2013)
China Reservoir 15.70 Luo et al. (2015)
China Reservoir 17.20 Luo et al. (2015)
Brazil Reservoir 23.00 Mendonga et al. (2014)
Global Ocean, Deltaic 7.00 Smith et al. (2015)
Global Ocean, Fjords 26.00 Smith et al. (2015)
China Ocean, Coast 4.05 Mao et al. (2021)
Canada Lake 22.00 Ferland et al. (2012)
Zambia Lake 39.7 Kunz et al. (2011)
Zambia Lake 75.5 Kunz et al. (2011)
China River 116 Wang et al. (2019)
Finland River 208.60 Marttila et al. (2012)

10.3389/fevo.2023.1093448

Walling (2007) and Lopez-Tarazon et al. (2011) observed an increase
in specific sediment OC storage from the upstream to downstream
regions and attributed this to the substantial increase in channel area
with increasing distance from the source. On the one hand, the
decreasing trend found in this study may be because the sediment OC
inputs from adjoined uplands stored in the headwater regions cannot
be fully transported to downstream regions(Zhang et al., 2017). On
the other hand, this might be caused by the characteristics of the OC
stored upstream, which consists of more large eroded and
undecomposed particulate organic matter that is transported from the
catchment area, which is hard to be transported to the down steams
(Marttila and Klove, 2008, 2010), while the proportion of particulate
OC in large rivers is typically small (less than <5%; Mattsson et al.,
2003). Another possible reason for the downstream decrease in OC
included changing hydrological pathways through soils and increasing
proportions of postglacial sediments deposited in the lower-lying
parts of catchments that reduced export because of OC adsorption to
mineral surfaces(Zhang et al., 2017).

Based on this study, the proportion of OC upstream of small forest
streams is larger than previously assumed. A study by Kortelainen et al.
(2004) concluded that in Finland, aquatic ecosystems (lakes) contain the
second-largest areal C stocks (19kg C m™) after peatlands (72kg C
m™?), but the present study showed that forest stream sediments,
especially the sediments of upstream sections (the average OC stock
upstream was 41.19kg C m™?), can be a more important site for carbon
storage and transport than lakes. Additionally, the stream bed sediments
are not stable because resuspension can occur, thereby affecting the
carbon cycle over shorter periods relative to lake deposits. While it was
not possible to evaluate the residence times for organic matter in the
headwaters of the streams in this study, the results clearly show that even
though some seasonal and temporal variation occurred in stream bed
storage, it was still quite stable under headwater conditions, although
the amount of storage fluctuated. The sampling procedure did not
include deeper river pool areas, which might represent more stable
carbon pools within the main channel area. Therefore, in-depth
investigations of sediment OC are important for developing the models
and databases needed to fully understand the role of forest streams in
the carbon cycle within a forest-stream ecosystem.

5. Conclusion

The total OC concentration and stocks of subalpine forest stream
sediments showed different patterns during critical periods, and these

TABLE 4 Proportion of organic carbon in the forest-steam-river meta-ecosystems of the subalpine forest catchments.

Carbon stock (gm~2)

Proportion (%)

Litter Water Sediment Litter Water Sediment
LGS 1521.05 0.07 76594.70 1.95 <1 98.05
SSC 442.06 0.22 28537.95 1.52 <1 98.47
SMS 269.69 0.18 27727.40 0.96 <1 99.02
EGS 802.51 0.26 24461.89 3.18 <1 96.82
GS 891.60 0.44 20919.24 4.08 <1 95.90

LGS, SSC, SMS, EGS, and GS indicate the sampling periods, i.e., the later growing season (LGS: September to October), seasonal snow cover (SSC: November to April of the following year),
snowmelt season (SMS: April to May), early growing season (EGS: May to June), and growing season (GS: July to August), respectively. The values of the vertical coordinates are the averaged
values for 15 streams in this period.
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were affected by seasonal changes in temperature and precipitation,
meanwhile stream characteristics also played important roles in
regulating the seasonal dynamics of OC in sediments. Seasonal
precipitation and temperature patterns, stream sediment depth, and
litter carbon input dominated the dynamics of OC stocks in the stream
sediments. Additionally, sediments in the up reach reserved more OC
than that in the downstream sections for the forest-stream meta-
ecosystem, indicating that subalpine forest streams sediments may act
as main carbon sources and play a critical role in linking the carbon
biogeochemical cycles between subalpine forests and adjoining rivers.
Vegetation species composition, nutrient availability, topography, fire,
harvesting, and soil type all potentially influence the dynamics of the
OC stocks in the watershed sediments of subalpine forests. However,
due to the experimental conditions, these factors were not taken into
account in this study, thus a more comprehensive examination of their
relative influences could improve OC estimation and modeling.
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