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Abstract: The input of fresh organic carbon into soils can stimulate organic carbon mineralization via
priming effects (PEs). However, little is known about the characterization of PEs in coastal wetlands.
We investigated the PEs of two salt marshes (Suaeda salsa and Phragmites australis) in the Yellow River
Delta by adding 13C-labeled glucose to soils collected from the 0–10 cm and 20–30 cm layers of both
salt marshes. The addition of glucose produced a significant positive PE in both soil layers for both
vegetation types. There were no differences in the PE of the topsoil layer between the two vegetation
types (p > 0.05), whereas the PE of S. salsa was 19.5% higher than that of P. australis in the subsoil
layer (p < 0.05). In addition, the topsoil layer showed a higher average PE of 29.1% compared to that
of the subsoil layer for both vegetation types (p < 0.05). The differences in the PEs between the two
vegetation types and the two layers could be associated with a differential soil salinity, substrate
availability, and microbial community structure. Our findings highlight the important role of PEs in
regulating the soil carbon storage of coastal salt marshes, which should be considered when assessing
and modeling the soil carbon cycling of coastal wetlands.

Keywords: coastal wetland; blue carbon; soil carbon mineralization; priming effect; stable isotope;
microorganisms

1. Introduction

Soil is the largest reservoir of carbon (C) in the terrestrial biosphere and stores approxi-
mately 1550 Pg of soil organic carbon (SOC) in the upper 1 m, which is 2–3 times larger than
the atmospheric C pool [1,2]. Even a small change in the SOC pool can have a substantial
impact on the atmospheric CO2 budget and contribute to global warming. Based on system
models of Earth and satellite observations [3], increasing climate warming is expected to
increase the terrestrial net primary production (NPP), leading to an increase in soil C inputs
through root-derived C input and litter [4,5]. However, increased below-ground C inputs
associated with climate warming are not always expected to favor SOC accumulation
because the change in the SOC pool is a net balance between C inputs and losses [6]. SOC
mineralization is the process by which SOC is converted to CO2 by soil microorganisms,
representing the main pathway of C loss from the soil to the atmosphere [7]. Changes
in the quality and quantity of litterfall and root-exudate C substrates entering soils are
likely to modify the soil microbial activity and community structure, directly affecting soil
mineralization rates and potentially influencing SOC stocks [8,9].
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Priming effects (PEs) can be described as the incorporation of fresh organic matter
(FOM) that changes the soil mineralization rate of native SOC [10]. In different studies,
the input of FOM can either increase or decrease the mineralization rate of native SOC,
resulting in positive or negative PEs, respectively, and the internal mechanism leading
to this change is different [10–12]. Negative PEs are typically attributed to microorgan-
isms that preferentially utilize fresh organic substrates over native SOC, thus slowing
down turnover and the mineralization losses of native SOC [13]. Positive PEs are often
divided into apparent positive PEs and real positive PEs. An apparent positive PE occurs
when exogenous C replaces microbial cellular C [14], while a real positive PE is the case
where the increase in microbial extracellular enzymes associated with FOM accelerates the
mineralization rate of the native SOC [15].

A considerable number of studies have investigated the patterns of PEs worldwide
by adding chemically distinct plant litter or isotopically (13C or 14C) labeled substrates to
soils in the laboratory or under field conditions. Because the isotopically labeled method
requires a relatively simple pretreatment and has a high identification precision, it is
currently widely used in the identification of different carbon sources and the quantitative
analysis of PEs. Previous studies have revealed that the direction and magnitude of PEs
change greatly in response to FOM inputs [8,16,17], which could be attributed to the fact that
PEs are influenced by a variety of abiotic and biotic factors, including exogenous substrate
properties (e.g., substrate addition and substrate quality), soil properties (e.g., SOC content,
C:N, and pH), and microbial properties (e.g., microbial biomass, community structure,
and activity) [14,18]. For example, Liu et al. [19] observed that a glucose input switched
microbial processes from energy to nutrient limitations, triggering an increase in PEs from
negative or no priming to strong positive priming in four different ecosystems in northern
Arizona. Sawada et al. [20] found that the addition of glucose accelerated enzyme synthesis
for SOC mineralization in cedar soils, but increased the microbial immobilization of existing
SOC in cypress soils, resulting in positive and negative PEs, respectively. Furthermore,
the response of soil microorganisms to the input of FOM is an internal driving force for
the formation of PEs [21]. Generally, FOM inputs can change the secretion of extracellular
enzymes and the metabolic processes of microorganisms, thus exerting a great influence
on the PEs [22]. For example, Zhang et al. [23] added different exogenous glucose to
subtropical mixed forest soils and found that adding glucose resulted in a positive PE due
to the increase in r-strategy microorganisms. However, there is no general consensus on the
different roles of microorganisms in PEs and which microorganisms are dominant in PEs.

Coastal salt marshes, located in the transitional zone between land and sea, are one
of the most productive ecosystems on Earth [24,25]. Unique tidal and salt characteristics
have shaped distinct vegetation communities and habitats in these ecosystems [26]. The
different productivities of salt marsh plants indicate variations in FOM inputs through
litter and root exudates, which may generate differential characteristics in terms of the PEs
of different species [27]. In addition, with the intensity of global climate change, previous
studies have suggested that climate change factors such as an increasing temperature
have greatly affected the net primary production of salt marsh plants [28], indicating
changes in FOM inputs and the potential PEs of different species, which will have a great
consequence on the C storage of salt marshes. Therefore, it is necessary to quantify the PEs
of different vegetation in salt marshes, which will be helpful when accurately predicting
and modeling the soil carbon dynamics of coastal wetlands under the effects of climate
change. In addition, the different soil layers of salt marshes often have a differential content
of SOC and FOM inputs [19,29], suggesting possible differences in the source of SOC for the
PEs of different species. Therefore, studying the differences between different soil layers
provides an opportunity to explore how FOM inputs and soil properties interact to affect
PEs in coastal salt marshes. Until now, there has been a lack of comparative studies on the
PEs of different soil layers and vegetation types in coastal wetlands, which hinders our
in-depth understanding of the C sink function of coastal wetlands.
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We conducted an incubation experiment using 13C-labeled glucose as a substrate to
quantify the PE patterns of the different soil layers of two salt marshes dominated by S. salsa
and P. australis in the Yellow River Delta. We measured the soil carbon mineralization rate,
microbial community structure, and soil physicochemical properties of the two soil layers
for the two types of vegetation. We hypothesized that (1) FOM inputs lead to a positive
PE because microbial activity is often restricted by the stresses of the soil environment
of salt marshes [30]; (2) P. australis produces a higher PE than S. salsa because the soil
of P. australis stores a larger amount of substrate; and (3) there is a difference in the PEs
of the two soil layers, considering the differences in soil physicochemical properties and
microbial biomass.

2. Materials and Methods
2.1. Field Sites and Soil Sampling

This study was carried out in coastal salt marsh ecosystems in the Yellow River Delta
(37◦36′ N, 118◦57′ E). The local climate is a warm temperate and continental monsoon
climate, with an average annual precipitation of 560 mm and an average annual temperature
of 12.9 ◦C [31]. The dominant native species are Phragmites australis, Suaeda salsa, and
Tamarix chinensis. The dominant soil types are solonchaks and fluvisols based on the World
Reference Base for Soil Resources (WRB) [32].

In this study, we selected salt marshes dominated by P. australis and S. salsa as targets
to understand the response of PEs to FOM inputs because these two species are herbaceous
plants with shallow (mainly concentrated in 0–30 cm) root systems and they have distinct
soil characteristics, such as salinity [33]. Soil samples were collected in November 2020.
First, four plots (10 m × 10 m) were chosen randomly within each vegetation ecosystem.
Second, in each plot, we collected five soil cores (one in each corner and one in the center
of each plot) at two soil depths (0–10 cm and 20–30 cm) using a soil core sampler (20 cm
depth with a diameter of 5 cm). Finally, the soil samples originating from the same depth
in each plot were pooled into a representative sample. Therefore, there were four replicate
samples for each soil depth under each vegetation type. After removing visible gravel and
roots, each soil sample was divided into four subsamples using the quartering method.
One subsample was air-dried to measure basic physical and chemical properties, one
subsample was stored at 4 ◦C for the analysis of microbial biomass, one subsample was
stored at −80 ◦C for microbiological sequencing, and the last subsample was used for an
incubation experiment.

2.2. Laboratory Incubation

We conducted the incubation experiment by adding 13C-labeled glucose to the soils
from each layer and each vegetation type. The experimental design had two treatments, a
control (CK) and a glucose treatment (+G), and each treatment had four replications. First,
100 g of soil was put into a 1000 mL airtight amber jar and preincubated at a 60% water-
holding capacity (WHC) and 25 ◦C for 10 days. Then, we conducted a pre-experiment
with five glucose addition gradients to evaluate the appropriate amount of glucose to be
added to the soil. After the preincubation, each jar of the +G treatment was sprayed with
6.25 mL of glucose solution, which was a mixture of 3 g of 13C-labeled glucose (99 atom%
13C) mixed with 100 mL of deionized water. This solution was thoroughly mixed with the
soil. An equivalent amount of deionized water was added to the jars of the CK. The soil
moisture was maintained at a constant level by daily weighing during the entire period.

2.3. Gas Sampling and CO2 Concentration Measurements

Gas sampling was carried out 1, 2, 3, 4, 6, 8, 11, 14, 18, 22, 29, and 39 days after the
glucose addition. A 50 mL volume of gas was sampled from each jar with a syringe through
a three-way stopcock and then injected into an evacuated aluminum foil airbag (200 mL).
After each gas-sampling event, the caps were opened to ensure that the CO2 inside the
bottles was at the same level as the outside air. The CO2 concentration was measured
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using gas chromatography (Agilent 7890A, Santa Clara, CA, USA), and the 13C abundance
of CO2 in the gas samples was measured within 1 week using a gas stable isotope mass
spectrometer (Thermo Fisher MAT253, Waltham, MA, USA). The δ13C values were reported
in ‰ relative to the IAEA 13C standards, and the analytic precision was ±0.2‰.

2.4. Soil CO2 Mineralization Rate Calculation

The soil CO2 mineralization rate was calculated as follows:

F =
∆c
∆t

× 273 × M × V
(273 + T)× 22.4 × w

(1)

where F is the soil CO2 emission rate, ∆c
∆t is the change in the CO2 concentration per unit

time, M is the molar mass of carbon atoms, V is the space volume of the airtight amber jars,
W is the weight of dried soil in the culture bottle, and M is the incubation temperature.

Ctotal = ∑n
i=1(Fi × Di) (2)

where Ctotal is the cumulative amount of CO2 emissions, Fi is the average emission flux
of CO2 gas during two consecutive samplings, Di refers to the number of days between
sampling, and n refers to the number of sampling times.

2.5. Quantification of PEs

The proportion of CO2-C derived from the soil and the added glucose was calculated
using the following equation:

Cglucose = Ctotal ×
δtotal − δCK

δglucose − δCK
(3)

Csoil = Ctotal − Cglucose (4)

where δtotal and δCK are the δ13C values of the total CO2-C emissions from the glucose addi-
tion and CK treatments, respectively; δglucose is the δ13C value of the added glucose; Cglucose
is the amount of CO2-C emissions from the glucose source; Csoil is the amount of CO2-C
emissions from soil sources; and Ctotal represents the total amount of CO2-C emissions.

A PE was defined as the difference between the CO2 sourced from the soil with a
glucose addition and that sourced from the soil without a glucose addition:

PE = CO2−soil − CO2−CK (5)

where CO2−soil represents the amount of CO2 emitted from the +G treatment and CO2−CK
represents the amount of CO2 released from the CK.

2.6. Soil Physicochemical Analysis

The soil pH and salinity (electrical conductivity, EC) were determined for a soil:water
ratio of 1:5 (m:v). The soil particle size was measured using a laser particle size analyzer
(Malvern Master Sizer, London, UK) with a measurement accuracy of 3%. The soil total
carbon (TC), total nitrogen (TN), and total organic carbon (TOC) were determined using an
elemental analyzer (Vario MACRO cube Elementar Analysensysteme GmbH, Langensel-
bold, Germany) with a measurement accuracy of 0.5%. The soil dissolved organic carbon
(DOC) was extracted with 0.5 M K2SO4. The soil microbial biomass carbon (MBC) was
measured using the fumigation–extraction method [34]. The DOC and MBC were mea-
sured using the TOC analyzer (Shimadzu, TOC-VCPH, Kyoto, Japan) with a measurement
accuracy of 0.5%.
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2.7. Analysis of the Microbial Community

Soil DNA was extracted from 0.5 g of soil using a QIAmp PowerFecal DNA kit (Qi-
agen, #12830–50, Hilden, Germany). The DNA quality and quantity were verified using
electrophoresis on 1% agarose gels. We amplified soil-derived cDNA and DNA using
the primers 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGACTACHVGGGTWTC-
TAAT), targeting the hypervariable V4 region of the 16S ribosomal RNA gene. The purified
PCR product of each sample was then pooled in equimolar concentrations in a single tube,
and the purified amplicons were sequenced on an Illumina HiSeq2500 (Illumina, San Diego,
CA, USA) platform that generated 250 bp paired-end reads.

2.8. Statistical Analyses

A one-way analysis of variance (ANOVA) was applied to detect the differences in
the measurements between treatments, and the significance level was set to p < 0.05. The
statistical significance between the two treatments was based on an independent sample
t-test. The response ratio (r), which was computed as r = Ln (+G:CK), where +G and CK
are the values under the glucose addition and control conditions, respectively, was used
to quantify the extent of the effect of the glucose addition treatment on the soil physico-
chemical properties and the microbial community abundance. A correlation analysis was
performed using Pearson’s correlation analysis to explore the relationships between PEs
and the soil physicochemical properties. Nonmetric multidimensional scaling (NMDS)
based on Bray—Curtis distances was used to test the differences in the microbial communi-
ties between the glucose addition and CK treatments. Bootstrapping and statistical analyses
were performed in R (version 3.3.0 with the stats, nlme, ggplot2, and plyr packages).

3. Results
3.1. Initial Soil Physical and Chemical Properties

Table 1 shows the initial soil physical and chemical properties. S. salsa was observed as
having a higher salinity than P. australis, regardless of soil depth (p < 0.05), and the topsoil
layer had a higher salinity than the subsoil layer, regardless of vegetation type (p < 0.05),
while the pH of S. salsa was greater than that of P. australis (p < 0.05). S. salsa showed a
higher TC, but a lower TOC than P. australis, regardless of soil depth (p < 0.05). However,
there were no differences in the TOC and DOC between the topsoil and subsoil layers
under each vegetation type (p > 0.05). There was no difference in the MBC between the two
soil layers of S. salsa (p > 0.05), whereas the topsoil had a higher MBC than the subsoil in
P. australis (p < 0.05). The major composition of the soil for both vegetation types was silt,
and its proportion was as high as 80%. In addition, the soil from S. salsa had a higher clay
content than that from P. australis (p < 0.05).

Table 1. The initial values of the soil physicochemical properties of topsoil (0–10 cm) and subsoil
(20–30 cm) in S. salsa- and P. australis-dominated salt marshes.

Vegetation S. salsa P. australis

Soil Layer Topsoil Subsoil Topsoil Subsoil

EC (mS cm−1) 4.47 ± 0.18 a 2.27 ± 0.09 b 0.37 ± 0.01 c 0.33 ± 0.00 d
pH 8.07 ± 0.07 c 8.15 ± 0.03 c 8.76 ± 0.13 a 8.34 ± 0.08 b

TN (g kg−1) 0.30 ± 0.02 ab 0.26 ± 0.03 b 0.32 ± 0.02 a 0.31 ± 0.03 a
TC (g kg−1) 12.97 ± 0.01 c 12.97 ± 0.09 c 13.73 ± 0.15 a 13.49 ± 0.14 b

TOC (g kg−1) 1.18 ± 0.15 b 1.13 ± 0.09 b 1.61 ± 0.28 a 1.54 ± 0.13 a
DOC (mg kg−1) 18.35 ± 1.90 a 16.07 ± 2.12 ab 16.38 ± 0.85 ab 13.89 ± 1.58 b
MBC (mg kg−1) 9.90 ± 1.89 a 6.80 ± 1.32 ab 8.49 ± 2.53 a 4.40 ± 2.01 b

Clay (%) 6.32 ± 0.58 a 6.24 ± 0.52 a 4.03 ± 0.36 c 5.15 ± 0.73 b
Silt (%) 78.32 ± 4.59 a 80.61 ± 4.43 a 71.38 ± 3.45 b 81.70 ± 1.51 a

Sand (%) 15.36 ± 5.16 b 13.15 ± 444 b 24.58 ± 3.60 a 13.15 ± 1.26 b
Mean values ± SD are shown (n = 4). EC: electrical conductivity, TOC: total organic carbon, TC: total carbon, TN:
total nitrogen, DOC: dissolved organic carbon, MBC: microbial biomass carbon. The same lowercase letters in
each row indicate no significant difference (p > 0.05), whereas different lowercase letters in each row represent
significant differences (p < 0.05) (one-way ANOVA, Duncan’s multiple range test).
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3.2. Cumulative Soil CO2 Emissions

In this study, we added 18.75 mg of glucose to each soil sample, resulting in an in-
crease of 46.58% and 63.56% in the TOC content of the topsoil of S. salsa and P. australis,
respectively, and an increase of 48.70% and 68.37% in the TOC content of the subsoil of
S. salsa and P. australis, respectively. We stopped the experiment after 39 days of incu-
bation because we found that there was no significant difference in the rate of soil CO2
emissions between the two treatments under a given soil layer for both vegetation types
and assumed that the added glucose might have been consumed completely. During the
experimental period, the rate of soil CO2 emissions did not show obvious changes with
time in the soil layer of either S. salsa or P. australis in the control samples (Figure S1). With
the addition of glucose, the rate of soil CO2 emissions increased rapidly and reached a
maximum on the third day of incubation, and then gradually decreased with time. For
the control treatment, the cumulative soil CO2 emissions of S. salsa and P. australis were
13.96 ± 1.53 and 16.00 ± 1.30 mg C kg−1, respectively, in the topsoil and 8.09 ± 0.48 and
8.00 ± 0.72 mg C kg−1, respectively, in the subsoil (Figure 1). The addition of glucose sig-
nificantly increased the cumulative soil CO2 emissions compared to the control for both soil
layers of the two vegetation types (p < 0.05, Figure 1). The cumulative soil CO2 emissions
from the topsoil were significantly higher than those from the subsoil for both vegetation
types (p < 0.05). Furthermore, there were no significant differences in the cumulative soil
CO2 emissions between the two vegetation types for either of the soil layers in the control,
while under the glucose addition condition, the cumulative soil CO2 emissions of the two
vegetation types showed significant differences in the subsoil, but not the topsoil (Figure 1).
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emissions from the CK. The mean values ± SD are shown (n = 4). Different lowercase letters denote
significant differences in the cumulative CO2 emissions at the end of the incubation experiment under
each soil layer (one-way ANOVA, p < 0.05, Duncan’s multiple range test).

3.3. PEs of Different Soil Layers under Different Vegetation Types

We observed that, under the glucose addition treatment, the mineralization of glucose
contributed 65–67% of the total CO2 emissions from the two soil layers of both vegetation
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types (Figure 2a, Table S1). In the topsoil, there was no difference in CO2 emissions from
the glucose sources between the two vegetation types, while the CO2 emissions from the
glucose sources were higher in S. salsa than in P. australis in the subsoil (p < 0.05). The
addition of glucose significantly increased the mineralization of SOC, resulting in a positive
PE for both soil layers of the two vegetation types (Figure 2b). However, the effect of the
addition of glucose on the intensity of PEs varied with the vegetation type and soil layer.
There was no difference in the PE value of the topsoil between the two vegetation types,
while the PE value of S. salsa was significantly higher than that of P. australis in the subsoil
(p < 0.05, Figure 2b). Furthermore, we found that the PE value in the topsoil was significantly
higher than in the subsoil for both vegetation types (p < 0.05).
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two soil layers for S. salsa and P. australis (b). The mean values ± SD are shown (n = 4). Different
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Duncan’s multiple range test).

3.4. Soil Physical and Chemical Properties

S. salsa was observed as having a higher salinity than P. australis in both soil layers
(p < 0.05, Table 1); the addition of glucose significantly reduced the soil salinity (EC) of
the topsoil, but had no effect on the subsoil of both types of vegetation (Figure 3a). The
glucose addition group showed a higher TN than the control in S. salsa, but not in P. australis
(Figure 3b), and there was no difference in the TN between the two types of vegetation
for a given soil layer under the glucose addition treatment (p > 0.05, Figure 3b). We found
that the TC and TOC of S. salsa were significantly lower than those of P. australis in both
soil layers (p < 0.05, Figure 3c,d). The addition of glucose increased the content of DOC in
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the two soil layers of P. australis (p < 0.05), but only increased the DOC of the topsoil for S.
salsa (Figure 3e). In addition, the addition of glucose significantly increased the MBC of
S. salsa, but had no effect on P. australis. Meanwhile, there was no difference in the MBC
between the two vegetation types for a given soil layer under the glucose addition treatment
(p > 0.05, Figure 3f). When pooling all the data together, we found that the PE was positively
correlated with the initial EC, DOC, and MBC (p < 0.05, Figure 4).
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Figure 3. The final values of soil physicochemical properties in the control (CK) and glucose addition
treatment (+G) after the incubation. The mean values ± SD are shown (n = 4). Different letters
indicate significant differences between treatments in the same soil layer. (a): electrical conductivity
(EC), (b): soil total nitrogen (TN), (c): soil total carbon (TC), (d): soil total organic carbon (TOC),
(e): soil dissolved organic carbon (DOC), (f): soil microbial biomass carbon (MBC).
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Figure 4. Relationships between the PEs and the initial soil physiochemical properties (a–f). The
blue line represents the fitted ordinary least squares model, with the pink area corresponding to 95%
confidence intervals. A yellow circle with a square represents the topsoil of S. salsa, a green circle
with a square represents the topsoil of P. australis, a yellow circle with a cross represents the subsoil of
S. salsa, and a green circle with a cross represents the topsoil of P. australis.

3.5. Structure of Microbial Community

The soil bacterial α-diversity was measured using two indices: species richness (the
observed OTU numbers) and the Shannon diversity (Table 2). Glucose addition cultivation
significantly increased the species richness and Shannon diversity of the subsoil of S. salsa
and significantly reduced the two soil layers of P. australis (p < 0.05). Additionally, the
response ratio of richness and the Shannon index in P. australis after adding glucose were
much higher than those of S. salsa (p < 0.05).

Table 2. Species richness and Shannon diversity of microbial community as well as their response
ratio in glucose addition treatment (+G) relative to control (CK) at the end of experiment.

Richness Shannon

Vegetation Soil Layer Treatment Mean Response Ratio Mean Response Ratio

S. salsa Topsoil CK 1223.50 ± 432.26 f 2.2 ± 0.26 d
+G 1416.50 ± 449.22 ef 0.16 ± 0.10 a 2.60 ± 0.54 cd 0.15 ± 0.09 a

Subsoil CK 1769.67 ± 340.96 e 2.77 ± 0.39 c
+G 2345.50 ± 134.62 d 0.30 ± 0.21 a 3.77 ± 0.14 b 0.31 ± 0.16 a

P. australis Topsoil CK 6448.50 ± 64.26 a 7.33 ± 0.40 a
+G 4168.00 ± 246.97 b −0.44 ± 0.05 b 4.29 ± 0.02 bc −0.54 ± 0.11 b

Subsoil CK 6222.75 ± 197.79 a 7.08 ± 0.16 a
+G 3119.75 ± 41.94 c −0.69 ± 0.03 c 4.06 ± 0.05 b −0.55 ± 0.02 b

Mean values ± SD are shown (n = 4). Different letters in each column indicate significant differences between
treatments (one-way ANOVA, p < 0.05, Duncan’s multiple range test).

Nine phyla of bacteria were detected by filtering out fewer than 1% of the OTU
sequences in this study (Figure S3). For S. salsa, the addition of glucose did not affect
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the relative abundance of these nine phyla of bacteria in the topsoil (p > 0.05), but it did
significantly increase Bacteroidetes in the subsoil (p < 0.05, Figure S4). However, the addition
of glucose significantly increased Proteobacteria and Firmicutes, but decreased the others in
both soil layers of P. australis (p < 0.05). We classified the soil bacteria into r-strategy and
K-strategy taxa according to the reaction speed of the microorganisms [35–37] (Figure S4).
We found that the relative abundance of r-strategists was higher than that of K-strategists
in the two soil layers of both vegetation types. The addition of glucose had no effect on the
relative abundance of either type of strategist in S. salsa, while it significantly increased the
relative abundance of r-strategists and reduced the relative abundance of K-strategists in P.
australis (Figure 5a,b). In addition, S. salsa showed a higher and lower relative abundance
of r- and K-strategists than P. australis in the topsoil. However, there was no difference
between the two types of vegetation in the relative abundance of either type of strategist in
the subsoil. The addition of glucose had no effect on the ratio of r-strategists:K-strategists
(r:K) except in the subsoil of P. australis. Furthermore, S. salsa showed a higher r:K ratio
than P. australis in both soil layers (Figure 5c).
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significant differences between treatments in the same soil layer (one-way ANOVA, p < 0.05, Duncan‘s
multiple range test).

4. Discussion

The salt marshes in the Yellow River Delta are a young land that was formed less
than 150 years ago [38]. With the influence of tidal currents and river flow, there is a
clear gradient distribution of salt marsh species along the coastal zone in the Yellow River
Delta [39]. The soils of the salt marshes in this region are often characterized by a low
SOC content, but the high productivity of salt marshes indicates a large input of fresh
organic carbon via litterfall and root exudates each year [40], which may substantially
affect the microbial decomposition processes, and thus, the PEs of different soil layers
in different salt marshes. Our research showed that the input of exogenous carbon can
promote the mineralization of SOC, resulting in a positive PE in the two soil layers of S.
salsa and P. australis. The fresh carbon source brought by a glucose input can stimulate
microbial growth and nutrient exploitation to meet their growth needs [41,42], which was
confirmed by the correlation between the microbial biomass and the PE in our study. We
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found that there was no difference in the PEs between the two vegetation types in the
topsoil layer, while the PE of S. salsa was significantly higher than that of P. australis in the
subsoil layer. Furthermore, the topsoil layer showed a higher PE value than the subsoil
layer for both vegetation types. These results highlight that the intensity of PEs depends
on the vegetation type and the soil depth in these salt marshes.

4.1. The Dynamics of PEs under the Two Vegetation Types

Plant growth and the development of vegetation can affect the physicochemical char-
acteristics of soil, thus regulating plant–microbe interactions and ultimately affecting the
occurrence and intention of PEs [43]. In this study, although the PEs of the topsoil layer
did not show a significant difference between the two vegetation types, S. salsa exhibited a
higher PE value than P. australis in the subsoil layer. Similarly, Liu et al. [44] reported that
the transition of vegetation from meadow to forest significantly decreased the PE in Letzen-
berg, Germany, and suggested that the phosphorus availability and shifts in the microbial
community are important drivers of changes in PEs. Concerning the secondary vegetation
succession of natural vegetation from shrublands to forests on farmland in Qinling Moun-
tains, China, Chen et al. [45] found that the PE was generally higher in farmland than in
shrubland and forests and suggested that the soil properties, such as the pH and N content,
and the substrate quality regulate the variation in the PE during vegetation succession.
These results suggest that the vegetation type is a key factor in the regulation of PEs due to
their effect on a variety of abiotic and biotic factors. Indeed, when all the data were pooled
together, we found a positive relationship between PEs and the soil salinity, DOC, and
soil microbial biomass, which suggests that the soil physicochemical properties associated
with different vegetation types significantly affect the PE by regulating the soil microbial
biomass and activity in these coastal salt marshes. Furthermore, adding glucose resulted in
significant changes in the soil microbial community structure (Figure S7), which may be an
important factor responsible for the differences in PEs between the vegetation types.

Soil salinity is an important factor that influences the vegetation distribution and
growth of salt marshes [46,47]. In topsoil, S. salsa showed a higher salinity than P. australis,
indicating that the microorganisms in S. salsa faced greater environmental stress and a
greater inhibition of activity. The addition of FOM could have alleviated salt stress by
diluting the salt concentration and promoting the activity of microbes [48], which could
potentially lead to a greater positive response of the PE in S. salsa. Bastida et al. [43]
also found through a meta-analysis that salinity is an important indicator of PEs and
has a negative impact on PEs. However, there was no difference in the PEs between
the two vegetation types, indicating that other factors might have affected the response.
Furthermore, DOC is often considered the most labile portion of organic matter in soil,
and its concentration can directly reflect the substrate available for microorganisms [49].
In this study, no differences in the DOC or microbial biomass in the topsoil between the
two vegetation types were found, suggesting a similar response of microbial activity in the
topsoil layer of the two vegetation types. In addition to microbial activity, the structure of
the microbial community is also shaped by the environmental factors in salt marshes [50,51].
Previous studies have proposed that PEs are caused by competition between microbes
for energy and nutrients, with fast-growing r-strategists consuming FOM and indirectly
stimulating K-strategists to decompose native soil carbon [52,53]. R-strategists have a fast
growth rate and a rapid response to the available C and nutrient inputs and typically
flourish in environments enriched in labile C, whereas K-strategists are slow-growing and
more efficient with recalcitrant C with a lower availability [54,55]. In this study, we found
no significant responses in either r- or K-strategy microorganisms after the addition of
glucose to the topsoil layer of S. salsa, while the addition of glucose resulted in various
responses in the r-strategy microorganisms, but significantly decreased the K-strategy
microorganisms in P. australis (Figure 5). We speculated that the different responses of the
microbial community structure may partly be the reason for the lack of differences in the
PEs between the two vegetation types in the topsoil layer.
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In the subsoil layer, the addition of glucose significantly increased the microbial
biomass of S. salsa, but did not affect that of P. australis, which suggested that more mi-
crobes could have participated in soil carbon mineralization, leading to a higher PE in
S. salsa. Furthermore, previous studies have suggested that the responses of different
microbial species to added substrates depend on the quality and quantity of the added
substrates [56,57]. In the control, there were no significant differences in the carbon miner-
alization rate in the subsoil layer between the types of vegetation (Table S1). The addition
of glucose had no effect on the relative abundance of either r- or K-strategists in S. salsa, but
significantly increased the relative abundance of r-strategy microbes and decreased that
of K-strategists in P. australis, suggesting that the mineralization rate of native SOC in the
subsoil of S. salsa was higher than that of P. australis. Thus, by regulating the biomass and
structure of subsoil microorganisms, the addition of glucose leads to a significant difference
in the response degree of PEs in the subsoil layers of the two types of vegetation.

4.2. The Topsoil Layer Showed a Higher PE Than the Subsoil Layer in Salt Marshes

In this study, we found that the topsoil exhibited a higher PE value in response to the
glucose addition compared to the subsoil in both vegetation types, which suggests that
the SOC in the topsoil will turn more rapidly than that in the subsoil in response to FOM
inputs in these salt marshes. Similarly, Dai et al. [58] found that the PE value of topsoil,
with or without a straw addition, was higher than that of subsoil in conventional cultivated
soil in northeast China, which may be due to the higher soil C and N content in the topsoil.
However, our findings are in contrast to many previous studies showing that the subsoil
tends to produce a higher PE than the topsoil [59,60]. For example, Tian et al. [59] found
that the magnitude of the PE in the subsoil was about two times higher than that in the
topsoil after providing FOM inputs to a subtropical forest in China, which was associated
with a stronger increase in microbial activity in the subsoil. Meanwhile, we found that there
was a significant correlation between the PE and microbial biomass in the topsoil, while the
PE in the subsoil was positively correlated with the salinity and negatively correlated with
the TC and TOC content in the subsoil (Figure S6). Therefore, we suggest that the difference
in PEs between the two soil layers might be caused by differences in physicochemical
properties and microbial characteristics.

First, the initial salinity of the topsoil was significantly higher than that of the subsoil
in both types of vegetation. The addition of glucose may alleviate the salt stress of microbes
in the topsoil much more, which could promote microbial activity and the rate of SOM
mineralization, leading to a higher value of PE in the topsoil than in the subsoil for both
types of vegetation. Second, it is generally accepted that the quality of soil carbon controls
the amount of energy available for soil microorganisms and, in turn, the rate of soil carbon
mineralization [12]. In this study, there were no differences in the initial value of the TOC
and DOC between the two soil layers in both types of vegetation, while we found that
the DOC in the topsoil was significantly higher than that of the subsoil under the glucose
addition treatment at the end of the experiment (Figure S2) and there was a significant
correlation between the PE and the DOC, indicating a greater C source for microbial
utilization in the topsoil [61]. Third, although there was no difference in the microbial
biomass between the two soil layers in S. salsa, the topsoil showed a higher microbial
biomass than the subsoil in P. australis at the beginning of the experiment. Meanwhile, the
K-strategists in the topsoil were significantly more abundant than those in the subsoil in
P. australis (Figure S5). Furthermore, it was the topsoil, but not the subsoil, that showed a
significant correlation between the PE and the microbial biomass, which suggests that, after
the input of FOM into soils, microorganisms in the topsoil more quickly increased their
activity than in the subsoil, promoting SOC decomposition for the acquisition of energy
and nutrients and favoring the occurrence of PEs in the topsoil [62,63]. Overall, the input
of FOM has the potential to differentially alter the mineralization rate of native SOC in
different soil layers, which could fundamentally change the storage of SOC in different soil
layers of salt marshes.
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5. Conclusions

In summary, based on systematic measurements of PEs together with soil and micro-
bial properties, this study provides evidence that the input of FOM into soils can produce
a positive PE for native SOM mineralization in salt marshes, which could fundamentally
change SOM dynamics and lead to the loss of the previously sequestered soil C pool,
potentially affecting the function of salt marshes as a long-term C sink. The distinct dif-
ferences in PEs between the two soil layers and between the two vegetation types were
closely associated with the soil properties, such as the salinity and substrate availability,
and microbial traits (r- and K-strategists), suggesting that both the soil quality and the
microbial community structure and function co-regulate the PE intensity in coastal salt
marshes. Our findings provide a fundamental understanding of the response of the PEs of
native SOM mineralization in coastal salt marshes, and highlight that the dependence of
soil carbon metabolism and stability on PE mechanisms should be considered in Earth sys-
tem models to accurately predict the soil C dynamics of coastal wetlands under changing
environments. In addition, we suggest that further studies on the effects of an FOM input
on soil C cycling in coastal wetlands should pay close attention to the SOM composition
and quality as well as to changes in enzyme and microbial community structure, as our
work uncovered the complex mechanisms driving the response of PEs to FOM inputs in
coastal salt marshes. This study experimented using the laboratory incubation method, so
caution is also suggested when applying our conclusions in the field due to the occurrence
of artificial conditions relating to the use of incubation experiments.
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the control (CK) and glucose addition treatment (+G) in the topsoil (a) and subsoil (b) layers of
the two salt marshes. Figure S2. The final values of soil physicochemical properties in the glucose
addition treatment (+G) after the incubation. Figure S3. The relative abundances of different phyla of
bacteria in the soil. Figure S4. The response ratio of the relative abundance of dominant bacterial
groups at the phylum level at the end of the experiment. Figure S5. The relative abundance of
r-strategists (a) and K-strategists (b), and their ratio (r/K ratio) (c), in the topsoil and subsoil layers
for the two vegetation types under the glucose addition treatment. Figure S6. The Pearson correlation
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