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Abstract. Vegetation, water, and carbon dioxide have complex interactions on carbon mitigation in vegetation-water
ecosystems. As one of the major global change drivers of carbon sequestration, water disturbance is a fundamental but
poorly discussed topic to date. The riparian zone is a representative highly dynamic vegetation-water carbon capture system.
Unfortunately, its global carbon offset functionality is remarkably underestimated. This study examines the daily CO2
perturbations in the riparian zone with two-year in-situ observations along the Lijiang River. We show that the riparian zone
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transformed from a carbon source to carbon sink after recovery from flooding. Consequently, a quantitative global riparian
carbon offset model is proposed. Based on the intensity of flooding submergence and post-flooding vegetation coverage,
~0.11Gt·year-1 CO2 is captured following flooding, and 0.53 Gt·year-1 more CO2 is captured due to flooding, which is
equivalent to 9.1 % of the global forest carbon sequestration. This finding shed new light on the quantitative modelling of the
riparian carbon cycle under flooding disturbance, underlining the importance of the proper restoration of riparian systems to
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achieve global carbon offset.

1 Introduction
Climate change issues stemming from carbon emissions have strengthened dramatically, immensely threatening ecosystem
stability and biodiversity (Li et al., 2022; Wang et al., 2020). The increasing atmospheric CO2 originating from fossil fuel
combustion and industrial activities can be regulated by plant metabolism (photosynthesis and respiration) and soil microbial
30

activities (Xunhua et al., 1998). In general, the net carbon emission strongly depends on the balance between the production
and consumption processes in the vulnerable natural ecosystem (Pugh et al., 2019).
1
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Aquatic and terrestrial systems are highly dynamic systems driven by fluvial processes (ex: flooding and deposition of
alluvial soil) (Naiman and Decamps, 1997; Steiger et al., 2005). Riparian zones are generally defined as a complex terrestrial
assemblage of plants and other organisms adjacent to an aquatic environment. For instance, the interface between aquatic
35

and terrestrial environments in coniferous forests forms a narrow riparian zone (Gregory et al., 1991). Flooding is one of the
most common forms of environmental disturbance in riparian zones, which strongly influences the biotic characteristics of
riparian assemblages (Anderson et al., 2020). Floods can be natural, but human activity such as the construction of dams
increasingly causes controlled floods (Darrel Jenerette and Lal, 2005; Dynesius and Nilsson, 1994). Variations in riparian
vegetation communities are expected to define the ecological role of riparian zones in carbon cycle. Flooding submergence
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may impede gas diffusion and decrease light intensity, leading to high mortality and limited plant individuals (Colmer et al.,
2009). This raises the possibility that riparian zones may promote carbon emission, shifting the role of riparian zones from
carbon sink to the carbon source. It is supported by the fact that the rate of CO2 emission in riparian wetlands is higher than
that in neighbouring hillslope grasslands (Anderson et al., 2020).
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Disturbances in vulnerable ecosystems like riparian zones may change the system from carbon sinks to carbon sources
(Running, 2008). Disturbances have the potential to both augment and offset the carbon loading of the atmosphere attributed
to anthropogenic carbon emissions (Sierra et al., 2017). Carbon capture can be promoted by lengthening the growing season
and expanding the niches from which water can be drawn (Mahanta et al., 2020). On the contrary, carbon emission can be
promoted by pervasive growth-lifespan trade-offs as it happens in forests (Brienen et al., 2020; Gatti et al., 2021). Since
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three-quarters of disturbances are directly human-induced (Venter et al., 2016), a better understanding of the role of
disturbance on vegetation in the carbon cycle is highly relevant to reducing carbon emission (Pugh et al., 2019).

The indispensable role of riparian vegetations in sequestering carbon is increasingly underlined in the context of global
climate change (Maraseni and Mitchell, 2016). Riparian vegetations are often considered as sinks for CO2 through the
55

pathway of photosynthetic assimilation of CO2 and carbon sequestration in soil under anaerobic conditions. They are also a
potential CH4 source in the natural environment (Hassanzadeh et al., 2019; Hondula et al., 2021; Morse et al., 2012). Liu et
al. (2021) demonstrated that high plant and soil respiration in riparian wetlands may lead to larger amounts of CO2 emission
than CH4 detected in the wet season (wet season: 335-2790 mg·m-2h-1; dry season: 72-387 mg·m-2h-1) (Liu et al., 2021).
Conversely, as riparian species recover after flooding, riparian zones can promote CO 2 capture. Considering different types
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of water fluctuations, Hirota et al. (2007) compared three greenhouse gas fluxes in the sandy shore and salt marsh of a
coastal lagoon in Japan. They find that temporal variations of the fluxes are strongly manipulated by water-level fluctuations
in the salt marsh's sandy shore and soil temperature (Hirota et al., 2007). Therefore, riparian zones oscillate between a carbon
source and sink depending on flooding. It raises the open question of whether riparian zones quantitatively promote or hinder
carbon capture overall.
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Overall, the riparian zone is believed to have considerable potential to contribute to biodiversity, carbon sequestration, and
several other ecosystem services. As a traditional practice, it has been cleared for crop and pasture production in numerous
places worldwide, leading to greenhouse gas emissions increase (Maraseni and Cockfield, 2011). It is noteworthy that proper
and efficient restoration of the riparian zones is fundamental. Thus, it has been listed as a priority in the Intergovernmental
70

Panel on Climate Change (IPCC) community (Bullock et al., 2011). Unfortunately, the current research on the carbon offset
contribution of riparian zone remains poorly constrained with a quantitative measure to date.

In order to figure out how floods affect the balance between the carbon emission and carbon capture in riparian areas, we
quantified the effect of flooding disturbance on riparian carbon cycle. Based on two-year in-situ measurements along the
75

Lijiang River, we analysed the vertical CO2 fluxes at the soil-air interface and water-air interface during the dry seasons and
the wet seasons. We establish that a riparian system promotes carbon capture despite transient phases of carbon emission. Its
capacity is directly correlated to the vegetation density, especially on the resilience of post-disturbance recovery. It indicates
that promoting the recovery of riparian systems and establishing high flooding-tolerant vegetation coverage is key to
promoting carbon capture in the context of global change. Therefore, this work reveals how water disturbance affects the
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balance between carbon emission and carbon sequestration in water-vegetation diverse areas. It quantitatively estimates the
effect of flooding disturbance on riparian carbon dynamics. Eventually, we build a quantitative riparian carbon offset model
based on the disturbance intensity and post-vegetation coverage to evaluate the global carbon change due to flooding.

2 Methods
2.1 In-situ observation setup
85

Our study site is located in the riparian zone, downstream of the 164 kilometres long Lijiang River in the Pearl River Basin
in northwestern Guangxi Zhuang Autonomous Provence, Southwest China (25° 06′ N, 110° 25′; Fig. A1). This area
experiences a monsoon-based humidity subtropical climate, where the mean annual rainfall is 1900 mm, and the annual
temperature ranges from 7.9 to 28.0 °C. In the dry season (normally September to March next year), the minimum daily
average flow discharge is often below 20 m³/s. Therefore, drought stress profoundly influences the early-stage development
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of riparian species. By contrast, in the flooding season (April to August), discharges over 1000 m³/s are common during
flood events, inner islands are completely submerged, and some riparian species cease to grow or are destroyed.
2.2 Experiment design
2.2.1 Gas collection
Four transects are established on one island downstream of the Lijiang River (Fig. A1). The distance between each transect
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is approximately 3 m. Four subplots spaced 5-8 m apart are deployed in each transect, perpendicular to the waterlines and
3
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extended from the edge of the water body to the upper area. CO2 in four 50 x 50 cm subplots along each transect are sampled
by static chamber techniques (length 50 cm, width 50 cm, and height 50 cm) with two exhaust fans, a thermometer, and a
tube for collecting gas samples. The chamber is insulated from rapid temperature changes by a foam covering and reflective
aluminum. The underside portion, made from stainless steel (50 cm in length, 50 cm in width, and 15 cm in height), is
100

created to increase the chamber's size and prevent damage to the vegetation inside. Four static chambers are used at each site.
Chambers remain in the same subplots representing typical seasonal grass-based hyporheic zones and are subject to seasonal
fluctuation. CO2 fluxes are sampled pre-flooding season, during flooding season, and post-flooding season from 2014 to
2016. Four repeated static chambers are used at each site with and without vegetation, and chambers are positioned in the
same location for the duration of the monitoring phase.
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2.2.2 Vegetation inventory and flooding tolerant experiment
Vegetation inventory is conducted by three 15 m x 5 m transects along with this field site. Coverage, number of ramets, and
height are measured. After the field inventory, about 300 seeds of the dominant riparian species after flooding, C. aciculatus
are sown in planting trays filled with peat (Pindstrup Seeding; Pindstrup Mosebrug A/S, Pindstrup, Denmark). Seeds are
bought from Forest Science Co, Ltd. of Beijing Forestry University. Eight grass plants with one single ramet are transplanted
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in the experimental pots. In total, 178 ramets with similar sizes of each species are selected for the experiment, of which 18
are randomly used to obtain their initial length and dry mass, and the remaining 80 ramets are used for the experiments. The
initial ramet length of C. aciculatus is 9.56 ± 0.18 cm, and the dry mass is 38.56 ± 5.36 mg. The experiment lasted three
months, from August 01 to November 01. The mean temperature and relative humidity are 26.21 ± 0.33 °C and 59.02 ±
1.46%, respectively. Sufficient tap water is added to each container to maintain the plant submerged in the water. At harvest,
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new ramets produced by each initial one are interconnected by aboveground stolon, so we can harvest and measure the
growth attributes of plants in each treatment separately. We count the number of ramets and weigh each plant's dry leaf,
rhizome, and biomass in each container. All plant parts are oven-dried at 70℃ for 72 h before weighing. The collection of
materials complies with relevant institutional, national, and international guidelines and legislation.
2.2.3 Measurement of gas concentration and hydro-environment condition
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Diel data are taken at every four hours base (6 times per day starting at 10:00 and finishing at 06:00 the next day). Gas
samples are collected in airtight glass bottles. All samples are analyzed within three days, using Agilent7890A gas chromate.
The calculation formula of CO2 flux is
F=

M P T0
V0 P0 T

H

dc

(1)

dt

where F represents the gas flux (μg·m-2h-1), M is the molar mass, V0 represents the normal state of molar volume (22.4
125

L/mol), P0 and T0 are the pressure and temperature of the standard conditions (1013.25 hPa, 273.15 K) for gases, and d c/dt is
the slope of the regression curve as gas concentration variable with time, respectively. The height of the chamber (H, cm),
4
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in-situ air pressure (P, hPa), and air temperature (T, K) are recorded during the sampling as well. The all-day CO2 flux is
calculated by integrating the diel CO2 flux of different measuring times. The environmental information, including total
organic carbon (TOC) and total inorganic carbon (TIC) (from April 01 to October 01 in 2014 and 2016) downstream
130

(Yangshuo Gauge) of the Lijiang River, is also recorded (Fig. A2). Meanwhile, the water level is recorded hourly during the
experiment period. Site selection and chamber placement minimized differences in the microclimate among chamber stations
(Fig. A1).
2.2.4 Data analysis
For terrestrial habitats, two-way repeated-measures ANOVAs are employed to examine the effects of vegetation (bare soil vs.
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land with vegetation; between-subject factor) and time (measuring times in one day, within-subject factor) on the CO2 flux in
two sampling stages (April: pre-flooding and October: post-flooding). For aquatic habitats, two-way repeated-measures
ANOVAs are used to examine the effects of sampling position (with vegetation vs. without vegetation or under water
surface; between-subject factor) and time (measuring times in one day; within-subject factor) on CO2 flux in sampling stages
(April: pre-flooding, August: during flooding, and October: post-flooding). The p-values are calculated with the null
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hypothesis that the CO2 flux of terrestrial or aquatic habits is not influenced by the factors mentioned. Before analyses,
homogeneity of variance and normality are also examined. All data analyses are performed by the SPSS statistical software
package (https://www.ibm.com/products/spss-statistics, version 22.0, Chicago, IL, USA). The effects are considered
significant if p-value < 0.05.
2.3 Model scenario prediction method
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2.3.1 Riparian carbon offset model
The carbon cycle considered in this model consists of the carbon flux of the terrestrial riparian zone (with bare soil and with
vegetation) and the carbon flux of the river. Flooding events influence it in summer. We assume that flooding events happen
at an annual timescale and consider the time that flooding would happen as flooding season. The area of the terrestrial
riparian zone in this model refers to the area submerged during flooding. This model assumes that the terrestrial riparian
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zone in the dry season is 25% of the river width in the flooding season. We also assume the whole river to be a
homogenously mixed reactor, so do not vary river morphometry. We do not consider the water temperature and the
occurrence of extreme weather like rainstorms or frost.
The riparian carbon offset model is given as
1

𝐶 = ∫𝑝=0 𝐷𝜃 (𝑝) d𝑝
155

(2)

where C is the annual expected carbon emission (C=0 when reaches carbon neutralization), D is an impact or disturbance
model, potentially consisting of both direct and indirect, tangible, and intangible components associated with flooding, along
with certain event characteristics such as flood levels, extents, and durations, with an annual probability of non-exceedance p
5
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[1/T]. Finally, p represents a vegetation coverage of fixed-in-time factors, determining the vulnerability. Such factors
eventually determine the shape of D. In brief, Dθ combines the exposure and vulnerability within an area into a disturbance
160

function. The consequence Dθ of the event with vegetation coverage p can be expressed in a plethora of indicators, reflecting
for disequilibrium of carbon neutralization. The associated vulnerability determining factors, θ, may differ depending on the
type of consequence used to estimate them. The parameters used in this study can evaluate the carbon offset for rivers with
similar biogeochemical characteristics as the Lijing River in southern China. Nonetheless, the specific parameter related to
river length, river width, vegetation coverage rate, and carbon flux needs to be measured to develop other rivers' parameters.
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2.3.2 Global riparian carbon emission scenario prediction method
To compare the CO2 flux after flooding disturbance and the CO2 flux of global forests, the global forest coverage and CO 2
flux are obtained from Harris (Harris et al., 2021). The vector shapefile of the Global River Widths from Landsat (GRWL)
Database is used to map the global riparian CO2 that can be fixed after flooding disturbance (Allen and Pavelsky, 2018a,
b). The total surface area of rivers that are wider than 90 m, where GRWL data are the most complete and accurate, is about
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404,000 km2 (Allen and Pavelsky, 2018a).

3 Results
3.1 Vegetation overall promotes carbon capture despite a transient carbon release during the pre-disturbance nights
In order to evaluate whether riparian vegetation promotes carbon emission or sequestration, we directly measured the CO2
fluxes in the riparian area with and without vegetation (bare soil) at different seasons. Because daylight promotes
175

photosynthesis, the first level we reviewed is the diel cycle. Significant diel variations in CO 2 fluxes were observed in the
terrestrial area in both pre-flooding season and post-flooding season (April: low water level before flooding; October:
resumed low water level after flooding; Table 1). Within a day, the carbon sequestration in the riparian area with vegetation
peaked at 10:00 in April and at 14:00 in October (April: -87.89 mg·m-2 h-1; October: -104.33 mg·m-2 h-1); and the maximum
carbon emission occurred at 18:00 (April: 61.49 mg·m-2 h-1; October: 34.75 mg·m-2 h-1; Fig. 1). However, the time periods
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that the terrestrial area with vegetation functions as carbon sink differ in pre-flooding and post-flooding season. In April,
carbon sequestration in the terrestrial area with vegetation is observed between 10:00 to 14:00 hours; while in October, the
carbon sequestration is observed between 6:00 to 14:00 hours (Fig. 1). Thus, in post-flooding season, the terrestrial area with
vegetation sequestrates carbon for a longer time. Indeed, the vegetation area's all-day CO2 flux is 0.358 g·m-2 d-1 in April but
is -0.680 g·m-2 d-1 in October, transferring from a carbon source to a carbon sink. In other words, without submergence, the
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riparian vegetation may cause more carbon emissions than bare soil at night (than during the day) and function as a carbon
source on diel level. Therefore, even though the all-day CO2 flux of bare soil changed from -0.927 g·m-2 d-1 to -0.231 g·m-2 d1

, showing a reduced capacity of carbon sequestration, the whole terrestrial area still turns out to be a carbon sink in the post-

flooding season.
6
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Averaging the CO2 flux of bare soil and vegetation land, we can get the CO 2 flux of terrestrial area in the riparian zone. In
190

both April and October, the all-day carbon fluxes in the riparian terrestrial area are negative, indicating that the riparian zone
acted overall as a carbon sink (April: -0.284 g·m-2 d-1, October: -0.454 g·m-2 d-1). Within a day, the carbon sequestration in
the riparian terrestrial area peaked at 14:00 (April: -73.688 mg·m-2 h-1; October: -59.810 mg·m-2 h-1), and the maximum
carbon emission occurred at 18:00 (April: 30.129 mg·m-2 h-1; October: 9.084 mg·m-2 h-1; Fig. 1).
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Since the flux of riparian terrestrial area measured fluxes from both soils below and the vegetation above in area with
vegetation, we subtracted the CO2 flux of bare soil from the CO2 flux of the area with vegetation to measure how the cover
of vegetation improve or reduce the carbon sequestration. In April, the difference between riparian area with and without
vegetation is 0.128 g·m-2 d-1, indicating that vegetation cover actually reduces carbon sequestration and contributes to carbon
emission. In October, the difference is -0.453 g·m-2 d-1, indicating that the capacity of vegetation to fix carbon also improves
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after submergence. Thus, even though the all-day CO2 flux of bare soil changed from -0.927 g·m-2 d-1 to -0.231 g·m-2 d-1,
showing a reduced capacity of carbon sequestration after flooding, the whole terrestrial area still turns out to be a carbon sink
in the post-flooding season. In all, we found that in the post-flooding season, the riparian vegetation can sequestrate carbon
dioxide for a longer time and fix more carbon.
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Table 1. Repeated measures ANOVAs for effects of vegetation (bare soil without vegetation vs. with vegetation; betweensubject factor) and time (measuring times in one day; within-subject factor) on the CO2 fluxes in two sampling stages (April
and October) in terrestrial habitats. Degree of freedom, F, and P (significance) values.
Sampling stages

Effects

df

F

p-value

April

Vegetation (V)

1,8

102.506

<0.001

Time (T)

5,40

22.411

<0.001

TxV

5,40

12.909

<0.001

Vegetation (V)

1,8

61.47

<0.001

Time (T)

5,40

9.25

<0.001

TxV

5,40

5.959

<0.001

October

F value: the ratio of two estimates of the variance between or within groups in ANOVAs;
P-value: the probability of the F value in the F distribution. The p-values were calculated under the null hypothesis that CO2
210

flux is not influenced by the existence of grass or measuring times in terrestrial habitats.
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Figure 1. CO2 fluxes in terrestrial area (with vegetation and
without vegetation) and water area (shallow and deep) in April
(pre-flooding), August (during flooding), and October (post235

flooding).
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3.2 Flooding causes transient carbon emission in fluvial zones, which begins to sequestrate carbon in post-flooding
season
Since pre- and post-flooding vegetations are linked to different carbon fluxes, we seek to determine the contribution of
240

flooding itself to carbon fluxes. During the flooding, the terrestrial area with and without vegetation are submerged, so the
only carbon flux we measured is the water-air carbon flux. All the riparian water-air CO2 flux is calculated as the mean of
the CO2 flux in deep water and shallow water. By analysing and calculating the all-day CO2 flux, we find that the fluvial area
turned from a carbon source to a carbon sink. In 2014 and 2016, the riparian water surface appeared to be carbon sources
before and during flooding, with a carbon flux ranging from 0.291 g·m-2 d-1 to 4.678 g·m-2 d-1 (Fig. 2, Table 2). However,
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after flooding, the river become a carbon sink. The all-day CO2 fluxes are -0.712 g·m-2 d-1 and -0.526 g·m-2 d-1 in 2014 and
2016, respectively (Fig. 2, Table 2). Thus, after flooding, both the terrestrial area and the water area turns out to be a carbon
sink.

Figure 2. All-day CO2 flux with low water-level before flooding, high water-level during flooding, and resumed low water250

level after flooding in 2014 (Blank) and 2016 (Filled). The upward arrow refers to carbon emission, and the downward arrow
refers to carbon uptake.
Table 2. Repeated measurements ANOVAs for effects of sampling position (water surface with vegetation vs. without
vegetation; between-subject factor) and time (measuring times in one day; within-subject factor) on CO2 fluxes in three
sampling stages (April, August, and October) in aquatic habitats. Degree of freedom (df), F, and P (significance) values are
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given.
Sampling stages

Effects

df

F

p-value

April

Position (P)

1,4

0.003

0.956

Time (T)

5,20

4.306

0.008

TxP

5,20

7.431

<0.001

Position (P)

1,4

0.003

0.956

Time (T)

5,20

4.306

0.008

TxP

5,20

7.431

<0.001

Position (P)

1,4

7.484

0.052

August

October

9
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Time (T)

5,20

2.183

0.097

TxP

5,20

6.552

0.001

F value: the ratio of two estimates of the variance between or within groups in ANOVAs; P-value: the probability of the F
value in F distribution. The p-values were calculated under the null hypothesis that CO2 flux is not influenced by sampling
positions or measuring times in aquatic habitats.
3.3 Flooding transiently decreases vegetation diversity and promotes the establishment of new dominant species
260

Vegetation plays an essential role in the carbon sequestration of riparian area. Since vegetation-related carbon fluxes differ
pre- and post-flooding, we hypothesized that the established species also differed, potentially leaving space for species that
are more apt at capturing carbon. We observed that species richness is severely disturbed after flooding. The species richness
index decreased from 2.945 before flooding to 1.695 after flooding (Table 3). The dominant species also changed. Before the
flooding, Cynodon dactylon (Linn.) Pers. was dominant, having wide distribution and high coverage in the riparian zones.
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After flooding, Chrysopogon aciculatus (Retz.) Trin. (C. aciculatus) and Polygonum lapathifolium L. are prevalent in
surviving species (Table 3). In the 90-day submergence-controlled experiment, C. aciculatus also survived, showing good
tolerance of submergence. However, individual biomass and the number of C. aciculatus both decreased (Fig. 3).

Table 3 The species richness and dominant species change from pre-flooding (April) to post-flooding (October).
Species

Species

number

richness index

Pre-flooding

13

2.945

Cynodon dactylon

28.61

Post-flooding

7

1.695

Chrysopogon aciculatus

28.75

Dominant species

270
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280
Figure 3. The comparison of the individual biomass and number of Chrysopogon aciculatus before and after flooding in the
controlled experiment.
3.4 Vegetation density defines carbon sequestration capacity in riparian habitats
Having established that flooding cycles disturb carbon fluxes but overall promote carbon sequestration, we explore the
285

factors that would allow greater sequestration. For that purpose, we measured mobilized carbon in the habitat using Total
Organic Carbon (TOC) and Total Inorganic Carbon (TIC).

TOC in the water surface changes seasonally, but it is not affected by water habitat (Fig. A2a). TOC in April and October is
significantly lower than in August (Fig. A2a). By contrast, season and water habitat significantly alter TIC in the water
290

surface (Fig. A2b). TIC in April and October are substantially higher than that in August (Fig. A2b). TIC in April and
October are also significantly higher in the deep water region without submerged vegetation than in the shallow water region
with submerged vegetation. In contrast, TIC in August is not affected by water habitat (Fig. A2b).

TOC and TIC in the terrestrial area are significantly affected by season and riparian habitat (Fig. A2c and d). They are
295

considerably higher in October than in April (Fig. A2c and d). TOC in October remarkably increases in the terrestrial area
with vegetation than without vegetation. Still, TIC in October is significantly higher in the riparian area without vegetation
(Fig. A2c and d). The terrestrial habitat does not change TOC and TIC in April. Those results indicate that overall, more
vegetation allows capture of more carbon, although whether the carbon is stored in organic or inorganic form depending on a
variety of factors.

11
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3.5 A carbon offset model shows that Lijiang riparian zones act as carbon sink after flooding but overall, a carbon
source
Based on the riparian carbon offset model in Sect. 2.3.1, we assume that when C=0, the riparian zone would achieve carbon
neutralization (Fig. 4). Under the assumption of carbon neutralization, the relationship between the flooding days and the
post-disturbance vegetation coverage required to achieve carbon neutralization can be revealed. For example, using the

305

carbon flux measured in Lijiang River in this study, we found that the riparian zone can only achieve carbon neutralization
when flooding days are fewer than 15 days, assuming the post-disturbance vegetation coverage in the dry season is about
60%. Since the flooding season can hardly be only 15 days, the Lijiang riparian zone is overall a carbon source at the yearly
level and cannot reach carbon neutralization. This is mainly due to the high carbon emission during flooding. The flooding
days in Lijiang River are about 80 days, assuming the river width is 175m and the vegetation coverage to be 60%, the net
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CO2 flux in Lijiang River is 35.75 kg·m-1·year-1. Though the recovered vegetation help fix 3.29 kg·m-1 more CO2 after
flooding, the carbon emission during the flooding season achieves 39.06 kg·m-1. Also, besides the contribution of recovered
vegetation, our data shows that bare soil also contributes to the carbon neutralization, but the mechanism for bare soil to
capture carbon still needs further soil chemistry analysis. Flooding days and post-flooding days are also essential factors for
the carbon offset model, future detailed measurements are required to monitor the carbon dynamics of the riparian zone.
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Figure 4. One possible diagram for the relationship between flooding days and post-disturbance vegetation coverage to
reach carbon neutralization (C=0) in the riparian zone on an annual basis.
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3.6 Disturbance in riparian zones significantly contributes to global carbon sequestration
After flooding disturbance, the riparian water surface becomes a carbon sink from a carbon source with a CO 2 flux of -0.62
g·m-2 d-1, about 1.58 times the CO2 flux of global forests (-0.39 g·m-2 d-1) (Harris et al., 2021). The riparian zone has a higher
12
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efficiency in capturing CO2 than forests. The global CO2 fixed by river after flooding disturbance reaches 0.11 Gt per year.
After flooding disturbance, the water surface of riparian zone fixs 0.53 Gt more CO2 compared with pre-flooding season,
335

which is about 9.1 % of the CO2 fixed by the global forests. Proper restoration of the riparian zone after flooding disturbance
can greatly contribute to global carbon offset (Fig. 5).

340

345

350
Figure 5. Carbon fluxes in forests and riparian zones of Asia, North America, Europe, Africa, and Australia. The riparian
carbon flux for each continent is estimated by data collected in this study. Combining the riparian carbon flux data with
flooding days, days of winter and fall, and continental riparian area, one can calculate the total carbon flux for each continent.
The forest carbon flux is collected from previously published papers and authoritative online resources. The riparian carbon
355

flux is higher than forest carbon flux in Asia, Europe, and Africa, showing great potential in carbon offset.

4 Discussion
The present work demonstrates significant variations in spatial and temporal carbon flux from riparian zones. In April, the
average CO2 fluxes are positive on the daily scale in aquatic habitat, indicating a net emission from the water to the
atmosphere. However, opposite results are found for the CO 2 flux in October after the flooding disturbance, which more than
360

offsets the previous carbon emission. Finally, we find that the carbon sequestration capacity of a given system depends
strongly on disturbance duration and vegetation cover, especially on the vegetation resilience of post-flooding recovery.
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4.1 Post-disturbance survived vegetation is a critical factor that allows riparian systems to change from carbon
source to carbon sink after flooding
We observed that the carbon sequestration of riparian zone was greatly enhanced after the flooding period, to the point that
365

the overall carbon flux was negative. Kathilankal et al. (2008) also proposed that tidal inundation caused a mean reduction
of 49 % in the marsh-atmosphere carbon (CO2) flux compared to non-flooded conditions (Kathilankal et al., 2008). Our
study offers proof that the hydrological flow is a determining factor on whether the ecosystem is a net carbon source or sink.
One possible reason is that the vegetation’s recovery after flooding enhances its ability to sequestrate more CO2 for
photosynthesis. Still, the succession of vegetation we observed after flooding suggests that not all plants can survive

370

submergence and to be as efficient as carbon sinks. Indeed, species richness decreased after flooding, which indicates a
decrease of the interspecific competition, giving a chance to species that can quickly recover from submergence. The
dominant species changed from C. dactylon to C. aciculatus after flooding disturbance. Although the individual biomass and
number of C. aciculatus do not increase, existing literature suggests that the leaf maximum net photosynthesis rate may
increase significantly after severe submergence in the riparian zones of Lijiang (Huang et al., 2017, Jie et al., 2012). For the

375

clonal plants, its physiological integration allowing them to survive submergence and spread rapidly after de-submergence.
Luo et al. (2014), studying Alternanthera philoxeroides (alligator weed) after 30 days of submergence, found that
connections between submerged and non-submerged ramets enhance the performance of the submerged ramets; and the desubmerged ramets had high soluble sugar concentrations, suggesting high metabolic activities (Luo et al., 2014). Wei et al.
(2018) also found that after 30 days of submergence, stolon connection significantly increased growth, biomass allocation to

380

roots and photosynthetic capacities of the submerged ramets, and increased growth and photosynthetic capacities of the unsubmerged ramets (Wei et al., 2018). Also, flooding could promote CO2 use efficiency and the ability of the plant to use low
light (Wang et al., 2019). The enhanced photosynthetic capacity is believed to be one of the physiological strategies for
species growing in critical zones with flooding disturbance. Moreover, human impacts can no longer be ignored on the
riparian ecosystem (Ren et al., 2019), suggesting vegetation that can recover quickly and densely is essential to allow

385

riparian zones to be efficient carbon sinks.

Our data also shows that vegetation land before flooding can be a carbon source. This perhaps because the role of vegetation
as a substrate source through litter production and root exudates can vary among species (Hirota et al., 2007). Previous work
also reported that the extensive root system of riparian species with strong taproots and well-developed fibrous roots could
390

force the species to demand more oxygen and accelerate root respiration and CO2 emissions from the neighbouring
rhizosphere (Elias et al., 2015). In submerged areas, the CO2 may be emitted to water and then released to the atmosphere as
the carbon flux of water surface. Especially, the recovery of some C4 riparian species after periodic flooding also contributed
to the higher gas transportability and abundant substrate for CO 2 emission compared to the performance of C3 species (Still
et al., 2003). Research should be directed towards understanding how plants such as C. aciculatus can colonize flooded

395

riparian zones efficiently and promoting plants with similar characteristics in restoration efforts.
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When comparing the CO2 flux of shallow-water area (with aquatic vegetation) and deep-water area (with no vegetation) (Fig.
A3), it is also found that shallow-water releases less carbon in pre-flooding season and captures more carbon in postflooding season than deep-water area (pre-flooding: 0.090 g·m-2 d-1 in shallow water, 0.492 g·m-2 d-1 in deep water; post400

flooding: -0.880 g·m-2 d-1 in shallow water, -0.545 g·m-2 d-1 in deep water). However, during the flooding season, both the
shallow-water and deep-water areas have carbon flux of about 2.55 g·m-2 d-1, probably because during flooding no aquatic
vegetation was able to fix carbon through photosynthesis.
4.2 Flooding disturbance leads to transiently increasing carbon emission, which cannot be offset by post-disturbance
recovery

405

During the flooding period, the carbon emission of water area significantly increases and shows a net emission of CO2 in
both the daytime and night-time (all-day CO2 flux: 0.291 g·m-2 d-1 in April,2.560 g·m-2 d-1 in August). This is probably due
to the increased lateral carbon flux from terrestrial areas to rivers due to flooding. Research found that when water flows
through ecosystem, it would pick up dissolved organic carbon (DOC) from vegetation and soils, transporting DOC from
terrestrial ecosystem to streams. When the water is flowing fast, more carbon would be transported out of the watersheds.

410

Zarnetske et al. (2018) found that in 80% of the watersheds of United States the hydrologic flow determined the DOC flux
behaviour (Zarnetske et al., 2018).

Using the carbon offset model, the result shows that even with 100% vegetation coverage, the whole riparian zone can
hardly achieve carbon neutralization at yearly level when the flooding days are higher than 15. This is mainly due to the high
415

carbon emission during flooding. Nowadays, with global warming, the risk and the number of global flooding events are also
rising (Hirabayashi et al., 2013), meaning that the carbon cycle of riparian zone are more dynamic than ever. Based on 11
climate models, previous research projects found that with a warmer climate, there would be a large increase in flood
frequency in Southeast Asia, Peninsular India, eastern Africa and the northern half of the Andes (Hirabayashi et al., 2013).
Our research highlights that flooding disturbance would not only cause large carbon emission during the flooding season, but

420

can also promote carbon sequestration in the post-flooding season. It is necessary to consider the dynamic effect of flooding
on ecosystems’ carbon cycle especially under global climate change.
4.3 Microbial and abiotic contributions to carbon capture in riparian zones
While our research suggests that vegetation is a major factor in defining carbon fluxes, microbial organisms likely bring a
significant contribution to our results, too. The carbon sequestration of bare soil decreased from pre-flooding season to post-

425

flooding season. It can be attributed to the fact that inundation periods increases soil enzyme activities (Geng et al., 2017, Ou
et al., 2019), active bacterial counts, and respiration rates (Anderson et al., 2020, Ou et al., 2019). The aerobic conditions
during wet-dry cycles could increase the decomposition of stored organic matter in soils (Denef et al., 2001, Marín-Muñiz et
15
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al., 2015). A previous study found that after 25 days of soil moisture enhancement, the anaerobiosis stimulates CO 2 loss by
1.5 times more than the normal soil moisture environment (Huang & Hall, 2017). Flooding leads to elevated soil moisture
430

for weeks or even months, and thus the bare soil after flooding may show an accelerated CO 2 emission.
4.4 Riparian zones are seasonal areas of high carbon capture
Hydrological flow has been found to be an essential factor within the carbon cycle of various ecosystems (Zarnetske et al.,
2018). Our data confirms this, as discussed in both Sect. 4.1 and Sect. 4.2. It would influence not only the river carbon
emission but also the terrestrial carbon emission. The water flow and terrestrial vegetation combined making the riparian

435

zone a dynamic carbon pool.
After flooding disturbance, the riparian zone turns from a carbon source to a carbon sink mainly due to vegetation’s
increased CO2 capture efficiency and river’s also capturing carbon. Though riparian zone is found to be a carbon source in
both pre- and post-flooding seasons, with flooding disturbance, the riparian zone has a chance to achieve carbon

440

neutralization at a yearly level. Based on the carbon offset model, we can evaluate the annual CO 2 flux of the riparian zone
and evaluate the potential for a certain riparian zone to be a carbon sink. The post-disturbance riparian zone shows huge
potential in carbon capture compared with global forest, which is a large and persistent carbon sink with an annual
magnitude of 2.4 ± 0.4 Gt C yr-1 (Pan et al., 2011). After considering the emissions of forest degradation, the global forestatmosphere CO2 flux is estimated to be -5.8 Gt CO2 yr-1 (Harris et al., 2021). Global riparian zone after flooding disturbance,

445

with an estimated global area of 468,000 km2, can fix up to 0.53 Gt more CO2. It is larger than the net carbon flux in the
rainforest in the Amazon river basin (0.10 CO2e Gt per year) (Harris et al., 2021). Additionally, the riparian zone after
flooding disturbance was found to have a higher carbon sequestration efficiency, which is consistent with previous research
(Hastie et al., 2019). Its daily average CO2 flux is -0.57 g m-2 d-1 (water: -0.62 g m-2 d-1, terrestrial area: -0.455 g m-2 d-1
without vegetation; -0.680 g m-2 d-1 with vegetation), while the forest is -0.39 g m-2 d-1 (Harris et al., 2021).

450
Many have discussed the diel variability of CO2 flux in the riparian zone (Gómez-Gener et al., 2021; Reiman and Xu, 2019).
Yet, few studies considered the positive effects of flooding season on the carbon cycle and may overestimate the
CO2 emissions. Previous research has found that the nocturnal CO2 emissions are on average 27% (0.9 gC m-2 d-1) greater
than those estimated from diurnal concentrations alone (Gómez-Gener et al., 2021). Ignoring night-time CO2 emissions may
455

underestimate global estimates of carbon emission from running waters to the atmosphere by 0.20–0.55 PgC yr-1 (GómezGener et al., 2021). Tiegs et al. 2019 found that the biomes in riparian zones have distinct carbon processing signatures
around the earth, but they mainly analysed sites that are relatively free of human impacts (Tiegs et al., 2019).
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5 Conclusions
Under global warming, both the risk and the number of flooding event are rising. Our analysis reinforces the need to
460

consider post-disturbance recovered vegetation in riparian zone as a climate mitigation strategy. The recovery of survived
riparian vegetation from flooding disturbance can limit overall carbon emission and help neutralize the carbon emissions
caused by flooding. Flooding also improves the resource hunting ability of water area, which turns the riparian zone from a
carbon source to a carbon sink. 0.53 Gt·year-1 more CO2 is captured because of the flooding, which is 9.1 % of the total CO2
flux of global forest. This study highlights that carbon-conscious conservation efforts in post-flooding season should

465

promote the establishment of high densities of specific plant species that are both flooding-resistant and efficient at capturing
carbon.
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Appendix A

Appendix Figure A1: The location of the study site in the island downstream of Lijiang River in Guilin city, southwest
470

China (25° 06′ N, 110° 25′ E). There were four sampling transects (black lines), each spaced 3 m, and four subplots (black
squares) were arranged in each transect, with the distance of 5-8 m between each other.
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Appendix Figure A2: Total organic carbon (TOC) and total inorganic carbon (TIC) in the study area. The aquatic (water
475

surface) and terrestrial habitats (terrestrial area) include study zones with vegetation and without vegetation. TOC and TIC
are also measured in different sampling stages. The ANOVA results for habitats, season, and interaction effects are given,
including the degree of freedom (df), F, and P values.
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Appendix Figure A3: Effects of time (measuring times in one day) on CO2 flux in the water surface of the with plants
(filled) and without plants (blank) water sections in the three sampling stages. Mean ± 1 SE is given.

Appendix Table A1 ANOVA results for effects of vegetation (with vegetation vs. without vegetation; between-subject
factor), sampling seasons (pre-flooding, during flooding, post-flooding), and interaction effects on CO2 fluxes in two
485

positions (water surface vs. terrestrial area). Degree of freedom (df), F, and P (significance) values are given.
Water surface

Terrestrial area

F1,8

P

F1,8

P

F1,8

P

F1,8

P

Habitat

3.3

0.094

25.8

<0.001

116.8

<0.001

2289.3

<0.001

Season

24.2

<0.001

46.6

<0.001

4515.9

<0.001

13360.4

<0.001

Interaction

2.5

0.0120

10.7

<0.001

42.8

<0.001

2336.7

<0.001
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