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Abstract

To promote soil carbon (C) sequestration and alleviate climate change, it is crucial to
understand how vegetation types affect soil organic C (SOC) storage and stability in
riverine wetlands. This study investigates the characteristics of SOC fractions and stor-
age among different vegetation types and evaluates their soil C sequestration potential.
Soil samples were collected and analyzed from four vegetation types (Typha orientalis,
Tamarix chinensis, Avena sativa, and Phragmites australis) in wetlands at the junction of the
middle and lower reaches of the Yellow River. Soil particulate organic C, dissolved organic
C, and microbial biomass C contents of Avena sativa and Phragmites australis communities
were higher than those of Tamarix chinensis and Typha orientalis communities (p < 0.001).
Typha orientalis communities exhibited the highest SOC stability (4.31 £ 0.38), whereas
Tamarix chinensis communities showed the lowest (1.34 & 0.17) (p < 0.001). Soil organic C
storage of Avena sativa (2.81 & 0.32 kg m~2) and Phragmites australis (2.53 4 0.06 kg m~2)
communities was higher than that of Tumarix chinensis (0.88 + 0.06 kg m~2) and
Typha orientalis (1.35 £ 0.13 kg m~2) communities (p < 0.001). Soil electrical con-
ductivity (EC) was significantly correlated with SOC fractions of Typha orientalis and
Phragmites australis communities, while soil water content and particle size composition
affected SOC fractions of Avena sativa communities (p < 0.05). Soil particle size composition
affected the SOC storage of Typha orientalis, Tamarix chinensis, and Avena sativa communities
(p < 0.05). Soil pH, water content, and EC influenced the SOC storage of Typha orientalis,
Tamarix chinensis, and Phragmites australis communities (p < 0.05). These results demonstrate
that Avena sativa and Phragmites australis communities play a vital role in maintaining
C sink potential and ecological function in the Yellow River wetland. Nonetheless, the
Typha orientalis community had greater C sequestration in the long term due to its high SOC
stability. This research suggests that the effects of vegetation types should be considered
when exploring the soil C cycle in riverine wetlands.

Keywords: carbon sequestration; labile organic carbon; soil properties; the Yellow River
wetland; vegetation types

1. Introduction

Sequestering carbon (C) from the atmosphere is crucial to mitigate climate change. Soil
C sequestration presents one of the most inexpensive and effective options [1]. Wetlands
are estimated to contain 20-30% of the earth’s soil organic C (SOC) pool, despite covering
only 3.2-9.7% of the earth’s surface [2,3]. Therefore, wetland ecosystems are among the
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most important C sinks. As an important component of wetland ecosystems, riverine
wetlands have significant C sequestration potential [4,5] and should not be overlooked in
the accounting of the global SOC pool. Nonetheless, previous studies on wetland SOC
fractions and storage have predominantly focused on lakes [6-8], estuaries [9,10], or coastal
wetlands [11,12]. Soil organic C fractions and storage in riverine wetlands have been
accorded minimal attention, hindering a proper understanding of their contribution to the
global SOC pool.

Vegetation, as a crucial part of wetland ecosystems, plays a significant role in soil
C cycle. Vegetation types can alter soil nutrient availability [9,13], microbial community
composition [14], plant nutrient absorption [15], primary productivity [16], and the quantity
and quality of litter and root exudate [8,14]. These vegetation-driven processes directly
affect soil microbial activity, organic matter decomposition, and SOC storage [13,17-19],
substantially influencing the SOC fractions and stability in wetlands [5,20,21]. Plant com-
munities with high biomass and easily decomposable litter have higher readily oxidized
organic C (ROC), dissolved organic C (DOC), and microbial biomass C (MBC), and their
SOC is more easily decomposed, with lower stability [5,21-23]. In contrast, plant litter
with high lignin decomposes slowly, which contributes to the formation of soil particu-
late organic C (POC) [20]. Plant communities with a high water table lead to anaerobic
decomposition and the production of insoluble substances, which reduce the accumulation
of labile organic C [24]. Plant communities with a high-salinity environment can inhibit
microbial activity, slow the decomposition of POC, and promote SOC stability and accumu-
lation [21]. However, the response patterns of SOC fractions and stability under different
vegetation types have not been well-explored in the riverine wetlands, especially the Yellow
River wetland.

Vegetation types influence litter quantity and quality, soil properties, nutrient stoichio-
metric ratio, and enzyme activity, which alter the balance of organic matter input, decompo-
sition, and stabilization processes, consequently influencing SOC storage [11,13,18,25]. Soil
texture, pH, and salinity mediate organic C retention through organo-mineral complexation
and aggregation [21,26]. The soil environment of vegetation with high litter input and low
bulk density, pH, and salinity is conducive to SOC storage increase in wetlands [13,27].
Generally, a litter of woody plants contain a higher proportion of lignin, which is not
conducive to litter decomposition and SOC accumulation. Plant communities with higher
biomass and whose SOC is physically protected by clay particles through adsorption or
encapsulation exhibit higher SOC storage and C sink potential [21,24,25,28]. Additionally,
organic C in soils of a vegetation type in wetlands with frequent drying—wetting alter-
nation or flooding conditions is easily decomposed by soil microorganisms or lost [6,29].
Thus, differences in vegetation communities are likely to affect SOC sequestration [13,30].
However, the interactive effects of vegetation types with hydrologic conditions and soil
physicochemical properties on SOC fractions, stability, and storage have not been fully
elucidated in riverine wetlands.

The Yellow River wetland in the Zhengzhou area is located at the transition between
the middle and lower reaches of the Yellow River in Henan Province, China [31]. Due
to the annual flood season, the river meanders and creates large areas of mud flats and
floodplains, making it an important wetland distribution area in China [32]. This region
serves as a representative model for large alluvial river wetlands globally. Our study aims
to deepen the understanding of the soil C cycle not only in this critical area but also to
provide insights into the mechanisms of organic C stabilization and storage under varying
vegetation and hydrological regimes, which is essential for predicting wetland C sink
under changing environments. Our goals were to (1) explore the effects of vegetation types
on SOC fractions, stability, and storage in the wetlands of the middle and lower reaches
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of the Yellow River; (2) quantify how wetland-specific hydrology and soil properties
influence the vegetation type effects on SOC fractions, stability, and storage. Wetland
hydrological conditions regulate the decomposition and accumulation rates of organic
C by affecting oxygen supply and microbial activity, thereby altering SOC fractions and
storage [6,24,33]. Soil physicochemical properties influence the stability and transformation
of organic C through physical protection, chemical interactions, and the regulation of
microbial communities, mediating the effect of vegetation types on soil C cycle [10,25,27].
Plants with high productivity, root exudate, and low-lignin litter in stable hydrology
tend to accumulate more labile C and SOC storage. In contrast, plants with high-lignin
litter in fluctuating hydrology may favor recalcitrant C due to slow decomposition, and
their SOC was more easily lost due to water flow [5,16,34]. Thus, we hypothesized the
following: (1) hydrological conditions and soil physicochemical properties regulate the
effects of vegetation types on SOC fractions and storage in the Yellow River wetland;
(2) compared with Typha orientalis and Tamarix chinensis communities (high-lignin input, low
beach wetland with frequent flooding), Phragmites australis and Avena sativa communities
(high productivity, low-lignin input, stable high beach hydrology) would exhibit higher
soil labile organic C and SOC storage.

2. Materials and Methods
2.1. Study Area

The study area was located at the southern bank of the Yellow River (113°24' E~
113°25’ E, 34°58' N-35°00" N) in Xingyang City, Zhengzhou City, Henan Province, China,
which is the junction of the middle and lower reaches of the Yellow River. This area has
a warm temperate continental climate. Mean annual temperature and precipitation are
14.8 °C and 608.8 mm, respectively. This region is situated at the apex of the Yellow River’s
alluvial fan, and the river flow rate decreases here. Sandy loam cambisol is the predomi-
nant soil type in this region. According to the horizontal distance from the riverbank, low
beach wetland (LBW) and high beach wetland (HBW) were distributed from nearer to
farther. Typha orientalis (Perennial herb, Typhaceae) and Tamarix chinensis (Perennial shrub,
Tamaricaceae) communities were distributed in LBW, while Avena sativa (Annual herb,
Gramineae) and Phragmites australis (Perennial herb, Gramineae) communities were dis-
tributed in HBW (Figure 1).
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Figure 1. Distribution of sample sites in the Yellow River wetland and photos of the four vegetation types.
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2.2. Sampling Methods

Typha orientalis, Tamarix chinensis, Avena sativa, and Phragmites australis communities
were chosen for study. For each plant community, three 3x3 m plots were set up for
sampling, with an approximate interval of 20 m between each plot. In total, 12 sample
plots were established. During the plant growth season in June 2024, the height, abun-
dance, and coverage of each plant species were recorded in each sample plot. Whereafter,
three soil cores were taken out by using a soil auger with 5 cm diameter at the soil depths
of 0-10, 10-20, 2040, and 40-60 cm in each plot. After removing plant roots and stones,
the soil samples from the same layer were combined into one complete sample. After
being taken to the laboratory, one part of each soil sample was used to measure soil water
content (SWC) and microbial biomass C (MBC), and the rest was air-dried for chemical
analysis. The soil profile method and ring knife method were used to determine soil bulk
density (BD).

2.3. Soil Property Measurement

Soil pH and electrical conductivity (EC) were measured in a 1:5 (w/v) soil to deionized
water suspension with a pH meter and conductometer, respectively [12,13]. Fresh soil
samples were weighed both before and after being dried at 105 °C to calculate soil water
content (SWC). Soil organic C (SOC) was assessed by the K,Cr,Oy-H;SO4 oxidation method
followed by FeSO, standard solution titration [35]. Soil particulate organic C (POC) was
determined based on the method of dispersing samples in (NaPOj3)g solution, sieving with
a 53 um sieve, and quantifying via the oil bath-K,Cr,Oy titration approach [36]. Soil readily
oxidized organic C (ROC) was extracted by oxidation with 333 mmol L~! KMnO, and
measured by the colorimetric method [21]. Soil dissolved organic C (DOC) was measured
by deionized water extraction followed by the oil bath-K,Cr,Oy titration method. Soil
microbial biomass C (MBC) was determined using the chloroform fumigation—extraction
method. Soil particle size composition was determined using the hydrometer method [37].

2.4. Data Analyses

The equation for SOC storage in i soil layer can be defined as follows [6,8,12]:
Ti = B]:)1 X Hi X Ai x 0.001 (1)

where i is the soil layer, and T;, BD;, H;, and A; are the SOC storage (kg m~2), soil bulk
density (kg m~3), soil depth (m), and SOC content (g kg~ !) in the i soil layer, respectively.
SOC storage in the 0—-60 cm soil layer can be calculated as follows:

T=)T; )

where T is the SOC storage (kg m~2) in the 0-60 cm soil layer. The equation for soil labile
organic C (LOC) and SOC stability (CST) in the i soil layer can be defined as follows [18,21]:

LOC; = POC; + DOC; + MBC; 3)
_S0C; — LOG;
CSTi= = 5 (4)

where LOC;, POC;, DOC;, MBC;, and CST; are the soil LOC, POC, DOC, MBC contents
(g kg™1), and SOC stability (dimensionless) in the i soil layer, respectively.

One-way ANOVA with Tukey’s post hoc test was conducted to examine the differences
among various vegetation types or different soil layers. Two-way ANOVA was used to
examine the main and interactive effects of vegetation types and soil depths. Pearson
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correlation analysis and redundancy analysis (RDA) were used to explore the relationships
among soil physicochemical properties, SOC fractions, and SOC stability. Multiple stepwise
regressions were conducted to explore the influencing factors of SOC storage. All statistical
analyses were performed using R software (Version 4.2.1, https:/ /www.r-project.org/,
accessed on 20 July 2025). Origin 2021 (OriginLab Corporation, Northampton, MA, USA)
was used to plot figures.

3. Results
3.1. The Variations in Soil Physicochemical Properties Among Vegetation Types

Soil depths significantly affected soil pH, electrical conductivity (EC), and particle
size composition (p < 0.001) but not soil water content (SWC). Soil depths marginally
affected soil bulk density (BD) (p < 0.1). The soil BD of the Tamarix chinensis community was
higher in 20-40 and 40-60 cm soil layers than in 0-10 and 10-20 cm soil layers (p < 0.01).
In the Avena sativa community, SWC in each soil layer showed a decreasing trend with
increasing soil depth (p < 0.001). In contrast, the soil pH of Tamarix chinensis, Avena sativa,
and Phragmites australis communities increased with increasing soil depth (p < 0.05). Soil
EC, clay content, and silt content in the four vegetation communities all generally showed
a decreasing trend from the surface to deeper soil layers (p < 0.05). However, the subsoil
had a higher soil sand content than the topsoil (p < 0.05) (Table 1).

In contrast, vegetation types had obvious effects on all these parameters (p < 0.05).
Among the four vegetation communities, the Tamarix chinensis community had the lowest
soil BD in the 0-20 cm soil layer (p < 0.05). In contrast, the SWC of the Typha orientalis
community was the highest and that of Tamarix chinensis and Avena sativa communities was
the lowest in each soil layer (p < 0.001). Typha orientalis and Tamarix chinensis communities
exhibited higher soil pH than Avena sativa and Phragmites australis communities in 0-20 cm
soil layers (p < 0.001). The soil EC of the Phragmites australis community was the highest
and that of the Tamarix chinensis community was the lowest (p < 0.001). Avena sativa
and Phragmites australis communities presented higher soil clay and silt contents, but
Tamarix chinensis and Typha orientalis communities exhibited higher sand content in 0-10,
10-20, and 2040 cm soil layers (p < 0.01) (Table 1).

3.2. Variations of Soil Organic C Fractions Among Various Vegetation Types

Vegetation types and soil depths both had significant impacts on soil particulate
organic C (POC), readily oxidized organic C (ROC), dissolved organic C (DOC), and mi-
crobial biomass C (MBC) contents (p < 0.001). Significant interactions between vegetation
type and soil depth were also observed (p < 0.01) (Table 2). The soil POC contents of
Avena sativa and Phragmites australis communities were higher than those of Typha orientalis
and Tamarix chinensis communities in 0-10 and 10-20 c¢m soil layers (p < 0.001). Analo-
gously, the POC content of the Avena sativa community was the highest, and that of the
Typha orientalis community was the lowest among the four plant communities in the 40-60 cm
soil layer (p < 0.05) (Figure 2a). Compared with other vegetation communities, the soil ROC
content of the Tamarix chinensis community was the lowest, but that of the Typha orientalis
community was the highest in 10-20 and 40-60 cm soil layers (p < 0.001) (Figure 2b).
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Table 1. Soil bulk density (BD), water content (SWC), pH, electrical conductivity (EC), and contents of clay, silt, and sand of Typha orientalis (TO), Tamarix chinensis
(TC), Avena sativa (AS), and Phragmites australis (PA) communities in the Yellow River wetland (mean + S.E.).

Vegetation Soil Layer BD SWC H EC Clay Silt Sand
Types (cm) (kg m—3) (%) P (us cm~1) (%) (%) (%)

TO 0-10 144347 £13.70 Aa 2984 £0.76 Aa  9.25 £ 0.06 Aa 15897 £592 Aa  338+£0.12ABa 7254+£295Aa 24.08 +3.06 Aa
10-20 1407.10 1492 ABa 27.67 £2.06 Aa  9.29 +0.06 Aa 104.30 £ 0.15 Ab 207+ 010Ab 5897 £1.62Aa 3896+ 1.71 Aa
2040 1466.53 + 65.06 Aa 2990 + 1.31 Aa 9.14 £0.21 Aa 110.00 £+ 3.72 Ab 213+ 0.14 Ab 6243 +4.77 ABa 3544+ 491 Aa
40-60 1519.63 £32.01 Aa 3216 £ 091 Aa  9.01 £ 0.06 Aa 127.33 £11.34 Ab 3.02+019Aa  68.03+070Aa  28.95£0.88 Aa

TC 0-10 1279.90 £ 19.65 Ba 1.32 £ 0.27 Ba 9.21 £ 0.07 Aa 121.87 £7.02 Aa 1.81 £ 0.06 Ba 4272 +049Ba 5547 £ 0.44 Ba
10-20 1340.03 £ 14.66 Bab ~ 2.09 +0.14 Ba 9.27 +0.06 Aa 98.10 £ 1.96 Aab 1.87 £ 0.06 Aa 46.64 £+ 4.64Ba  51.49 +4.68 Ba
20-40 1514.30 £ 53.58 Abc  2.08 £ 0.90 Ba 9.33 £ 0.09 Aab 98,50 +13.51 Aab ~ 2.51 £0.24 Ab 48.06 £6.09 Ba  49.44 £+ 6.33 Aa
40-60 1428.37 £+ 13.99 Ac 498 £1.72Ba 9.62 + 0.03 Bb 77.23 £2.58 Ab 0.75 £ 0.04 Bc 8.50 £ 0.90 Bb 90.75 + 0.87 Bb

AS 0-10 1477.00 = 49.86 Aa 795+ 0.51 Ca 8.55 £ 0.01 Ba 142.03 + 11.78 Aa 9.23 + 1.19 Cab 78.38 £ 4.68 Aa 12.39 £5.73 Aa
10-20 1507.30 £ 33.65 Aa  10.03 £0.32 Cb 858 £ 0.02Ba 23453 £46.30Bab 1052+ 045Ba 8252+ 1.77Ca 6.96 & 1.43 Ca
2040 1410.10 £ 32.08 Aa 7.29 £ 0.67 Ba 892+ 0.12Ab 19420+ 2444 Aab 628 £1.24Bb 79.60 £3.12 Aa 1412 +4.30Ba
40-60 1455.87 £ 58.78 Aa 2.06 + 0.44 Bc 9.61 + 0.09 Bc 78.40 £ 1.14 Ab 0.51 £ 0.17 Bc 1159 £1.72Bb  87.90 + 1.88 Bb

PA 0-10 1383.10 = 19.91 ABa  17.58 + 1.73 Da 844 +£0.03Ba  1030.00 £23.54Ba 478 £0.05Aab 7313 +£0.90 Aa  22.10 £0.93 Aa
10-20 1440.63 £32.30 ABa 1698 £3.10Da 857 +0.08 Bab 72833 £3895Cb  5.02+023Cab 7496+188Ca  20.02 £ 2.09 Da
20-40 1458.10 £33.89 Aa 2199 446 Aa  8.73£0.08 Ab 677.67 £+ 86.58 Bb 6.11 + 0.57 Ba 78.56 £ 0.33 Aa  15.34 + 0.87 Ba
40-60 140343 £ 1594 Aa 1794 +£2.60 Ca 8.81 &+ 0.05 Ab 487.00 + 88.39 Bb 357 £0.79 Ab  64.88 £ 10.11 Aa 31.54 + 10.88 Aa

Note: Different uppercase letters indicate significant variations among vegetation types within the same soil layer, and different lowercase letters indicate significant differences among
soil layers within the same vegetation type (p < 0.05).
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Table 2. Two-way ANOVA of main and interactive effects of vegetation types (V) and soil depths (D)
on soil organic C (SOC), particulate organic C (POC), readily oxidized organic C (ROC), dissolved
organic C (DOC), microbial biomass C (MBC) contents, SOC stability (CST), and SOC storage (CS) in
the Yellow River wetland.

Index Variables SOC POC ROC DOC MBC CST CS
\Y 62.43 51.21 7.36 21.02 75.22 44 .55 36.82

F D 46.76 32.00 791 18.53 69.62 32.97 9.96

V xD 14.83 12.29 3.79 7.67 12.19 29.43 9.01
\Y% <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
p value D <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
V x D <0.001 <0.001 0.002 <0.001 <0.001 <0.001 <0.001

Notes: Data represent F and p values.
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Figure 2. Soil particulate organic C (POC) (a), readily oxidized organic C (ROC) (b), dissolved
organic C (DOC) (c), and microbial biomass C (MBC) (d) in 0-10, 10-20, 2040, and 40-60 cm soil
layers of Typha orientalis (TO), Tamarix chinensis (TC), Avena sativa (AS), and Phragmites australis (PA)
communities in the Yellow River wetland. Error bars represent the standard error of the mean.
Different uppercase letters indicate significant variations among vegetation types within the same
soil layer, and different lowercase letters indicate significant differences among soil layers within the
same vegetation type (p < 0.05).

In 0-10 and 10-20 cm soil layers, the soil DOC contents of Phragmites australis and
Avena sativa communities were higher than those of Typha orientalis and Tamarix chinensis com-
munities (p < 0.001) (Figure 2c). The soil MBC contents of Avena sativa and Phragmites australis
communities were higher than those of Typha orientalis and Tamarix chinensis communities in
0-10, 10-20, and 20—40 cm soil layers. However, in the 40-60 cm soil layer, the soil MBC
content of Typha orientalis community was the highest among the four vegetation types
(p < 0.01) (Figure 2d).
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3.3. Differences of Soil Organic C Stability and Storage Among Diverse Vegetation Types

Vegetation types and soil depths had significant effects on SOC content, stability, and
storage (p < 0.001) (Table 2). Significant interactions between vegetation type and soil
depth were also observed (p < 0.001). Among the four vegetation communities, Avena sativa
and Phragmites australis communities exhibited the highest SOC contents and storage in
0-10, 1020, and 20—40 cm soil layers (p < 0.05). In contrast, the Typha orientalis community
showed the highest SOC content and storage in the 40-60 cm soil layer (p < 0.01) (Figure 3).
In the 0-60 cm soil layer, Avena sativa and Phragmites australis communities showed the
highest SOC storage (p < 0.001) (Figure 3). Typha orientalis community showed the lowest
soil LOC proportion, but the highest SOC stability among vegetation types in 0-10 and
40-60 cm soil layers (p < 0.001). However, no differences in SOC stability were observed
among vegetation types in 10-20 and 20—40 cm soil layers (Figure 4).

3.4. The Influences of Soil Physicochemical Properties on Soil Organic C Fractions, Stability,
and Storage

Soil POC, ROC, and DOC contents of Typha orientalis community were affected
by soil BD, EC, or particle size composition (p < 0.05). However, soil EC and particle
size composition only affected the soil MBC content of the Tamarix chinensis community
(p < 0.05). SOC fractions of the Avena sativa community were largely influenced by SWC,
soil EC, or particle size composition (p < 0.05). In contrast, soil EC and BD influenced
soil POC, ROC, DOC, and MBC contents of the Phragmites australis community (p < 0.05)
(Figures 5 and 6).
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Figure 3. Soil organic C (SOC) contents (a) and storage (b) in 0-10, 10-20, 20-40, and 40-60 cm soil
layers of Typha orientalis (TO), Tamarix chinensis (TC), Avena sativa (AS), and Phragmites australis (PA)
communities in the Yellow River wetland. Inset shows the SOC storage in 0-60 cm soil layer across all
plant communities. Error bars represent the standard error of the mean. Different uppercase letters
indicate significant variations among vegetation types within the same soil layer, and lowercase
letters indicate significant differences among soil layers within the same vegetation type (p < 0.05).
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Figure 4. Soil labile organic C (LOC) proportion (a) and soil organic C (SOC) stability (b) in 0-10,
10-20, 2040, and 40-60 cm soil layers of Typha orientalis (TO), Tamarix chinensis (TC), Avena sativa
(AS), and Phragmites australis (PA) communities. Error bars represent the standard error of the mean.
Different uppercase letters indicate significant variations among vegetation types within the same
soil layer, and lowercase letters indicate significant differences among soil layers within the same

vegetation type (p < 0.05).

SOC stability of Typha orientalis community was affected by soil BD and particle
size composition (p < 0.05). In contrast, SOC stability of both Tamarix chinensis and
Avena sativa communities was affected by SWC, soil EC, and particle size composition
(p < 0.05). However, soil physicochemical properties hardly influenced the SOC stability of
the Phragmites australis community (Figure 5).

The SOC storage of Typha orientalis community was affected by soil pH and soil
clay content (p < 0.05), while SWC and clay content influenced the SOC storage of the
Tamarix Chinensis community (p < 0.01). Soil silt content influenced the SOC storage of the
Avena sativa community (p < 0.001). In contrast, the SOC storage of Phragmites australis
community was largely affected by soil EC (p < 0.01) (Table 3).

Table 3. Results of multiple stepwise regressions for the relationships between soil organic C storage
of the four vegetation types and soil physicochemical properties in the Yellow River wetland. Soil
physicochemical properties include PH, electrical conductivity (EC), water content (SWC), and
contents of clay (Clay), silt (Silt), and sand (Sand).

Partial Correlation Coefficients

Vegetation Types F Val Value 2
8 YPE Tswe  pH EC  Clay  Silt  Sand alue P R
Typha orientalis ns —0.832 ns 0.786 ns ns 6.708 <0.05 0.675
Tamarix chinensis 0.633 ns ns 0.821 ns ns 12.400 0.002 0.757
Avena sativa ns ns ns ns 0.870 ns 35.140 <0.001 0.756
Phragmites australis ns ns 0.777 ns ns ns 17.810 0.002 0.604
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Figure 5. Correlation analysis of soil organic C (SOC) fractions, stability (CST), and storage
(CS) with soil physicochemical factors of Typha orientalis, Tamarix chinensis, Avena sativa, and

Phragmites australis communities in the Yellow River wetland. Soil physicochemical factors include

water content (SWC), electrical conductivity (EC), bulk density (BD), clay content (Clay), silt content

(Silt), sand content (Sand). Soil fractions include particulate organic C (POC), readily oxidized organic

C (ROC), microbial biomass C (MBC), and dissolved organic C (DOC). Values in the figures represent

correlation coefficients, with significance levels denoted as

*, p <0.05; %%, p <0.01; ***, p < 0.001.
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Figure 6. Redundancy analysis (RDA) of the relationships between soil organic C (SOC) fractions
and soil physicochemical properties of Typha orientalis (a), Tamarix chinensis (b), Avena sativa (c), and
Phragmites australis (d) communities. SOC fractions include particulate organic C (POC), readily
oxidized organic C (ROC), dissolved organic C (DOC), and microbial biomass C (MBC). Soil physic-
ochemical properties include electrical conductivity (EC), water content (SWC), and contents of
clay (Clay), silt (Silt), and sand (Sand). The RDA ordination illustrates the contribution of each soil
physicochemical factor to the variation in SOC fractions for each vegetation community.

4. Discussion

In this study, we investigated soil organic C (SOC) fractions and the storage of dif-
ferent vegetation types in the Yellow River wetland. These results support our hypothe-
sis that SOC fractions and storage varied across vegetation types, whereas hydrological
conditions and soil physicochemical properties regulated the vegetation effects in the Yel-
low River wetland. Compared with Typha orientalis and Tamarix chinensis communities,
Phragmites australis and Avena sativa communities had higher labile SOC fractions (particu-
late organic C, dissolved organic C, and microbial biomass C) and SOC storage but lower
SOC stability, which supports our second hypothesis.

4.1. The Responses of Soil Organic C Fractions to Vegetation Types in the Yellow River Wetland

Soils in Avena sativa and Phragmites australis communities had higher EC and clay
and silt contents (Table 1), contributing to their higher particulate organic C (POC) in
the 0-20 cm soil layer (Figure 5). Soil clay particles have adsorption and embedding
effects on POC, thus protecting soil POC from microbial decomposition and promoting
its accumulation [22,26]. Additionally, the high soil pH and electrical conductivity (EC)
of Phragmites australis community adversely affect the microbial activity and decompo-
sition of POC [38,39], which contributed to soil POC accumulation. Typha orientalis and
Tamarix chinensis communities, located in low beach wetland, were often scoured by floods.
Soil water table in low beach wetland was relatively high, making the soil particles more
likely to be suspended and moved [40,41]. Thus, SOC was lost, leading to a lower content of
s0il POC in Typha orientalis and Tamarix chinensis communities. In addition, the alternation
of wet and dry conditions in the soil of low beach wetland was frequent, which made POC
more susceptible to decomposition [6,29,42].

Phragmites australis and Avena sativa communities had higher soil EC in topsoil, which
was conducive to stimulating the production of plant root exudates and the formation



Land 2025, 14, 1785

12 of 17

of soil readily oxidized organic C (ROC) [43,44]. Higher clay and lower sand contents of
these plant communities improved organic matter adsorption and contributed to ROC
conservation (Figure 5) [38,45]. Additionally, these plant communities in high beach
wetland had a long-term stable water table, which reduced soil erosion and prevented ROC
from being lost with water flow. These processes facilitated the formation and accumulation
of soil ROC in Phragmites australis and Avena sativa communities (Figure 2b). However, the
sharp increase in the sand content (from 14.12% to 87.90%) of the Avena sativa community
in the 40-60 cm soil layer indicates an alluvial origin of the soil. The high deposited coarser
sediments (sand) reduced soil aggregation and mineral adsorption capacity, limiting the
physical protection of ROC [5,11,38]. In addition, in the 40-60 cm soil layer, the lowest soil
ROC of the Avena sativa community was related to the low soil EC and SWC (Figure 5). In
contrast, the Typha orientalis community had higher SWC and clay content in the 40-60 cm
soil layer, which led to the higher soil ROC (Figure 2b).

High soil EC and low SWC adversely affect the absorption of soil dissolved organic
C (DOC) for plants and soil microorganisms, as well as the microbial decomposition of
DOC [10,38,39]. These processes resulted in soil DOC accumulation [10,46]. Soil clay and
silt particles can protect soil DOC from microbial utilization and decomposition, contribut-
ing to enhancing DOC content [47-49]. Therefore, compared with Typha orientalis and
Tamarix chinensis communities, Phragmites australis and Avena sativa communities exhib-
ited higher soil EC, soil clay, and silt contents and lower SWC had higher soil DOC in the
0-20 cm soil layer (Figure 2¢). Additionally, Phragmites australis and Avena sativa community
were located in high beach wetland, where soil DOC was less disturbed by hydrological
factors, facilitating its accumulation.

The Phragmites australis community had more vigorous root systems than the other
plant communities [5,16,34], and its roots can produce more root exudates. The rich root
exudate would facilitate microbial growth, which greatly increased soil microbial biomass
C (MBC) [23]. Fine-textured soils rich in silt and clay particles increased soil water-holding
capacity, thus indirectly and partially reducing water stress on microbes. This water stress
reduction can increase soil microbial activity, biomass, and diversity [21,50], potentially
promoting the production of MBC in Phragmites australis and Avena sativa communities.
Moreover, soil MBC can be stabilized by silt and clay particles [26,51]. In contrast, high
soil pH inhibited the microbial growth and MBC accumulation of Typha orientalis and
Tamarix chinensis communities [10]. Furthermore, the Tamarix chinensis community was
relatively sparse and short-statured, resulting in less litter input and reducing the sources of
MBC input. Less litter covered the soil surface of the Tamarix chinensis community, resulting
in higher soil temperature and lower SWC (Table 1). Thus, these adverse factors reduced
the soil microbial activity, growth, and biomass C of the Tamarix chinensis community
(Figure 2d).

4.2. Vegetation Types Can Alter Soil Organic C Stability in the Yellow River Wetland

The soil labile organic C fractions (POC, ROC, DOC, and MBC) of Avena sativa
and Phragmites australis communities were higher than those of Typha orientalis and
Tamarix chinensis communities in the 0-20 cm soil layer, which was attributed to their
higher soil EC, clay, and silt contents (Figures 5 and 6). The higher soil BD of the
Avena sativa community inhibited soil aeration and slowed down the decomposition rate of
labile organic C by microorganisms [52]. Higher soil EC can suppress microbial activity,
reducing the consumption of labile organic C by microorganisms [21]. Higher soil silt
and clay contents can fix more labile organic C through physical adsorption and chemical
bonding to form stable organic-inorganic complexes [38,45]. In turn, the higher soil labile
organic C fractions promoted microbial activity in these gramineous plant communities,
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which is conducive to the enhancement of stable SOC content and SOC storage [18,53].
Typha orientalis and Tamarix chinensis communities had relatively high sand content, with
large pores and weak adsorption capacity [54]. As a result, labile organic C was easily lost
with water erosion or rapidly decomposed by microorganisms. A decrease in soil mineral
activity with high pH led to a decrease in the ability and amount of minerals to adsorb
labile organic C in Typha orientalis and Tamarix chinensis communities [21]. Furthermore, the
litter of Tamarix chinensis contains more lignin and phenolic substances, which decomposed
slowly and resulted in low labile SOC content [3,55].

The high soil labile organic C proportion decreased the SOC stability of the
Tamarix chinensis and Phragmites australis community in topsoil (Figure 4). Although the
Tamarix chinensis community had low soil labile organic C, its proportion relative to SOC
was high. Therefore, SOC stability in the Tamarix chinensis community was also weak. In
contrast, the Typha orientalis community had a low content and proportion of soil labile
organic C in topsoil, indicating that its SOC was relatively stable (Figure 4). However,
the Phragmites australis community enhanced its SOC stability in 20-40 and 40-60 cm soil
layers, potentially linked to the decrease of soil POC in these layers (Figure 2a). This may
be attributed to decreased organic matter input, which reduced soil POC in deeper soil
layer [56]. Soil POC is a labile fraction of SOC, and a decrease in POC could indicate a shift
in SOC fractions toward more stable SOC components (e.g., mineral-associated organic
C) in deeper soil layers of the Phragmites australis community. The soil labile organic C
proportion of the Avena sativa community was lower in the 040 cm soil layer than in the
40-60 cm soil layer. Therefore, the SOC stability of the Avena sativa community was higher
in the 040 cm soil layer than in the 40-60 cm soil layer (Figure 4b). This result was related
to the sharp increase in sand content due to historic natural alluviation in the 40-60 cm soil
layer of the Avena sativa community (Table 1, Figure 5).

4.3. Soil Organic C Storage Varied with Vegetation Types in the Yellow River Wetland

Soil sand reduced soil aggregation and mineral adsorption capacity, limiting the phys-
ical protection of SOC [5,11,38]. Low SWC inhibited microbial growth and the formation of
SOC derived from microbial sources [10,21]. Thus, low SWC and high soil sand content
resulted in the lower SOC storage of the Tamarix chinensis and Avena sativa community than
Typha orientalis and Phragmites australis community in the 40-60 cm soil layer (Figure 3b).
Soil organic C and its storage in Avena sativa and Phragmites australis communities were
higher in topsoil than in subsoil due to continuous litter input in the topsoil [8,25]. In
contrast, SOC content and its storage of the Typha orientalis community were higher in
the 40-60 cm than in the 0-40 cm soil layer, which was consistent with previous stud-
ies [57]. The Typha orientalis community was located in low beach wetland, close to the
river channel. Its high SWC promoted soil microbial activity for SOC decomposition, and
water table fluctuation induced by flooding events intensified organic C decomposition in
topsoil [10,29,33,58]. Furthermore, the topsoil of the Typha orientalis community was more
susceptible to flood erosion, making SOC more prone to loss. In contrast, SOC in the subsoil
of the Typha orientalis community was well-preserved due to the anaerobic environment,
which resulted in high SOC storage.

Sail clay and silt particles can protect SOC fractions from microbial decomposi-
tion and contribute to SOC absorption and conservation [45,47—-49]. Avena sativa and
Phragmites australis communities with higher soil clay or silt contents had higher SOC
content and storage in the 0-60 cm soil layer (Table 1, Figure 3b). Moreover, high soil
EC adversely affected microbial decomposition through low osmotic potential [38] and
decreased the dissolution rate of soil DOC [59], which helped to increase the SOC storage
of the Phragmites australis community. In contrast, Tamarix chinensis and Typha orientalis
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communities with the lowest soil clay content had the lowest SOC storage (Figure 3b).
Additionally, the low SWC of the Tamarix chinensis community and the high soil pH of
the Typha orientalis community also inhibited microbial activity, litter decomposition, or
soil mineral adsorption (Table 3) [10,21,50], resulting in a slow rate of SOC generation
and accumulation from litter input. Furthermore, Tamarix chinensis and Typha orientalis
communities in low beach wetland were periodically flooded and scoured by river water,
resulting in SOC loss.

Compared with the forb community (Typha orientalis), gramineous communities
(Phragmites australis and Avena sativa) have relatively high water and nutrient use efficiency
and well-developed root systems [15,16,60], which is conducive to increasing biomass and
root turnover. Thus, more litter was produced to increase organic C input and accumula-
tion [8,25], enabling these plant communities to have higher SOC content and storage than
Typha orientalis and Tamarix chinensis communities in the upper soil layer. Perennial plants
and shrubs such as Typha orientalis and Tamarix chinensis usually have more lignin in their
litter, and they take a relatively long time for litter decomposition [3,55]. Thus, these plant
communities had a relatively slow rate for SOC input and accumulation.

5. Conclusions

Soil organic C (SOC) fractions and storage varied with vegetation types in the Yel-
low River wetland, consistent with ecological principles of plant-soil interactions. First,
hydrological conditions modulated the vertical distribution of SOC, a key feature of the
wetland C cycle. The SOC storage of Avena sativa and Phragmites australis communities
in high beach wetland decreased with increasing soil depth. However, the change trends
were not obvious in Typha orientalis and Tamarix chinensis communities due to the complex
hydrological conditions of low beach wetland that interfered with typical SOC stratification.
Second, plant functional types interact with hydrological conditions to shape C input
quantity, quality, and soil properties, thereby jointly regulating SOC fractions and storage.
Avena sativa and Phragmites australis communities displayed the highest labile organic C
content (0.98 + 0.09 and 0.83 + 0.05 g kg™, respectively) and SOC storage (2.81 & 0.32
and 2.53 £ 0.06 kg m~2, respectively). These patterns can be attributed to their higher soil
clay and silt contents, elevated electrical conductivity, and stable hydrological conditions,
which protected SOC from microbial decomposition and water erosion. Finally, vegetation
with trait-matched C strategies can guide effective wetland C management. Avena sativa
and Tamarix chinensis communities showed the lowest SOC stability (2.27 + 0.13 and
1.34 £ 0.17, respectively), reflecting their high proportion of labile organic C. In con-
trast, the Typha orientalis community exhibited the highest SOC stability (4.31 £ 0.38),
owing to its high proportion of recalcitrant organic C content. Therefore, we recommend
Phragmites australis and Avena sativa communities for enhancing short-term C sequestra-
tion, while Typha orientalis communities are more suitable for long-term C sink capacity in
the Yellow River wetland. Overall, our study demonstrates that vegetation-mediated C
processes in the Yellow River wetland are governed by species-based functional traits, soil
properties, and hydrological regulation. These differences in C sequestration effects across
vegetation types should be considered in research on the C cycle in riverine wetlands.
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Abbreviations

The following abbreviations are used in this manuscript:

SOC  Soil organic C

CST  Soil organic C stability
CSs Soil organic C storage
POC  Particulate organic C
ROC  Readily oxidized organic C
DOC Dissolved organic C
MBC  Microbial biomass C
LOC Labile organic C

EC Electrical conductivity
SWC  Soil water content

BD Bulk density

RDA  Redundancy analysis
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