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Abstract
Background and aims In recent decades, temperate her-
baceous wetlands have been widely experiencing shrub
encroachment. By now, little has been known about
whether such alteration in plant community would gen-
erate updated soil organic carbon (SOC) conservation
strategies, and thus alter SOC dynamics.
Methods To assess the temporal dynamics of SOC
stock and fractions after shrub encroachment into tem-
perate herbaceous wetlands, we measured floor litter
mass, fine root biomass, and SOC stock and fractions
(i.e. labile C pool I, labile C pool II, and recalcitrant C
pool) across the 0–50 cm soil profile in the open wet-
lands and shrub islands (Betula fruticose and Salix
floderusii) with different basal diameter sizes (small,

10 ~ 15 cm; medium, 15 ~ 20 cm; and large, 20 ~
30 cm) in the Sanjiang Plain of Northeast China.
Results Regardless of shrub species, SOC stock initially
decreased after shrub expansion, but gradually recov-
ered to the initial level of herbaceous wetlands. More-
over, SOC stock correlated positively with fine root
biomass, but showed no significant relationship with
floor litter mass. The responses of SOC fractions to
shrub expansion mainly occurred in the surface soils
(0–15 cm), despite a slight change in recalcitrant C pool
in 15–50 cm layer. In the surface soils, labile C pool
decreased substantially, whereas recalcitrant C pool and
recalcitrant index of SOC elevated with increasing shrub
sizes.
Conclusions Shrub encroachment can recover SOC
pool and enhance SOC recalcitrance in temperate her-
baceous wetlands, and altered fine root biomass would
account for shrub encroachment-induced SOC
dynamics.

Keywords Altered plant composition . Betula
expansion . Soil carbon fraction . Soil carbon stability .

Fine root biomass . Salix expansion

Introduction

Wetlands play an essential role in global carbon (C)
cycle, with a storage of 37% of global terrestrial or-
ganic C in only 4 ~ 6% of the earth’s land surface
(Roehm 2005). In wetlands, most organic C is stored
in the soil, and even a small change in soil organic C
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(SOC) could have a disproportional influence on the
terrestrial C cycle globally (Briggs et al. 2005; Cahoon
et al. 2012; Lett et al. 2004). However, this huge soil C
pool is vulnerable to land cover changes (Scharlemann
et al. 2014). In recent decades, temperate herbaceous
wetlands have been widely experiencing shrub en-
croachment as a result of global warming and human
activities such as drainage (Bart et al. 2016; Saintilan
and Rogers 2015), with Betula spp. and Salix spp.
being commonly expanded shrub species (Castro-
Morales et al. 2014; Favreau et al. 2019). By changing
litter inputs, root distribution, soil abiotic environment,
and decomposer community and activity (Cahoon et al.
2012; Cornelissen et al. 2007; McLaren et al. 2017;
Myers-Smith et al. 2011), shrub encroachment can
potentially pose a remarkable effect on SOC dynamics
and thus soil C sequestration potential in wetlands.

In temperature herbaceous wetlands, SOC accumu-
lation largely results from the imbalance between organ-
ic matter inputs and decomposition rates (Aerts et al.
1999; Bernal and Mitsch 2012; Fenner and Freeman
2020; Moore et al. 2007). Because of the substantial
differences in functional traits between expanded shrubs
and native herbaceous species (Cornelissen et al. 2007;
Fenner and Freeman 2020; Zhang et al. 2020), shrub
encroachment may change SOC characteristics in these
wetlands. First, this shift in plant community can in-
crease primary productivity and consequent organic
matter inputs to soils, and the magnitude may increase
with shrub size or coverage (Feng and Bao 2018;
McKinley and Blair 2008; Montané et al. 2010). Sec-
ond, shrub expansion can affect organic matter decom-
position by altering substrate quality, but the effect may
be species-specific (Cornelissen et al. 2007; Zhang et al.
2021). In addition, the intensified interspecific competi-
tion for resources between expanded shrubs and native
herbaceous species, as well as soil drying, can alter plant
root biomass allocation (Wang et al. 2016; Xie et al.
2008), which would cause a redistribution of root-
derived organic matter inputs across the soil profile.
Therefore, it is expected that shrub encroachment into
temperate herbaceous wetlands would potentially affect
SOC stock and its vertical distribution. However, the net
effect of this shift in plant composition on SOC dynam-
ics is still unclear due to the lack of empirical studies in
these wetlands.

Soil organic C pool is composed of both labile and
recalcitrant C fractions, and the long-term SOC storage
is regulated by the long-lived recalcitrant C fractions

(Trumbore and Czimczik 2008). Generally, SOC com-
position is related tightly to the characteristics of plant
litter including senesced organs and root exudates
(Trumbore and Czimczik 2008; Fenner and Freeman
2020). In temperate wetlands, shrub litter is often more
lignified and contains a higher concentration of second-
ary compounds such as polyphenols than herbaceous
litter (Cornelissen et al. 2007; Fenner and Freeman
2020; Zhang et al. 2020). Considering that mineral
contents are relatively low in wetland soils, especially
in the surface organic layer, the labile C fractions are
preferentially exhausted by the decomposer community,
and the recalcitrant C fractions tend to accumulate in
soils (Leifield et al. 2012; Sollins et al. 1996). Thus,
SOC pool would become biochemically-resistant to mi-
crobial decomposition following shrub expansion,
which is beneficial for SOC accumulation in temperate
herbaceous wetlands (Fenner and Freeman 2020). Un-
fortunately, the understanding of SOC recalcitrance re-
sponses to shrub encroachment remains limited in these
carbon-rich wetlands.

Here, we measured aboveground plant biomass,
floor litter mass, fine root biomass, soil bulk den-
sity, and SOC concentration and fractions in the
open wetlands and two shrub (Salix floderusii and
Betula fruticosa) islands with varying sizes in a
herbaceous-dominated wetland in the Sanjiang
Plain of Northeast China. The main objective of
this study was to assess the effects of shrub en-
croachment on SOC stock and fractions in temper-
ate herbaceous wetlands. We hypothesized that: (1)
SOC pool would increase with shrub size due to
the enhanced plant productivity and associated
plant litter inputs; and (2) because of the greater
concentrations of lignin and secondary compounds
in shrub litter in relative to herbaceous litter
(Fenner and Freeman 2020; Zhang et al. 2020),
soil labile C fractions would decrease, but soil
recalcitrant C fractions would increase with shrub
size.

Materials and methods

Study site

This study was performed in a freshwater wetland
(47°35′N, 133°31′E, 56 m a. s. l) with an area of about
150 ha, which is a part of a wetland reserve (~ 200 km2)
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in the Sanjiang Plain of northeast China. The Sanjiang
Plain is one of the largest freshwater wetlands in China,
and has a temperate continental monsoon climate. Mean
annual temperature is 3 °C, and mean annual precipita-
tion is 560 mm. During the snow-free season, monthly
mean water table in this wetland ranges from −14.6 cm
to 8.5 cm. According to the US soil taxonomy, the soil is
classified as an Inceptisol, and the parent material is
quaternary alluvial sediments. Herbaceous-dominated
wetlands are the main landscape in this region, and the
single dominant species is Deyeuxia angustifolia. Two
common deciduous shrubs, B. fruticose and
S. floderusii, have been encroaching into the herbaceous
wetlands as a result of intensive climate warming and
agricultural development in the past decades (Zhang
et al. 2021). The initial litter chemical properties of the
dominant graminoid species and two expanded shrubs
are shown in Tables S1 and S2. More detailed informa-
tion on this study site is provided in Zhang et al. (2014,
2021).

Sample collection and analyses

Because it is difficult to determine expanded shrub age,
we used the size of shrub basal diameter to assess the
temporal change in SOC pool and fractions after shrub
expansion. According to the distribution of shrub basal
diameter in this wetland, both B. fruticose and
S. floderusii islands were divided into three categories:
small (10 ~ 15 cm in diameter), medium (15 ~ 20 cm in
diameter), and large (20 ~ 30 cm in diameter) shrub
islands. At each category, four shrub islands per species
were randomly selected as replicates, and four corre-
sponding open wetlands (at least 5 m away from any
shrub canopy edge) were chosen as controls. The de-
tailed information about shrub basal diameter and height
in the selected shrub islands was detailed in Table 1. We
set up three 0.5 m × 0.5 m quadrats located on the
halfway between shrub base and canopy edge in each
shrub island (Fig. 1), and three corresponding quadrats
were randomly established in each replicate of the adja-
cent open wetlands. In the peak growing season (early
August) in 2014, we collected herbaceous aboveground
biomass and floor litter from three quadrats, mixed to
form a composite sample, oven-dried to constant
weight, and weighed. Subsequently, one soil core
(5 cm in diameter) per quadrat was collected at 0–15,
15–30, and 30–50 cm depths, and then three soil cores
per soil layer were mixed to determine SOC

concentration and fractions. In addition, we collected
soil cores (10 cm in diameter) at 0–15, 15–30, and 30–
50 cm depths to determine bulk density and fine root
biomass, respectively.

To determine soil bulk density, soil cores were oven-
dried at 105 °C until constant mass, and weighed. To
measure fine root biomass, soil cores were rinsed with
distilled water on a 0.5 mm sieve, and the living fine
roots (< 2 mm) were oven-dried at 65 °C to constant
weight, and weighed. In each replicate, soil bulk density
and fine root biomass were the mean values of three
quadrats. To determine SOC concentration and frac-
tions, soil samples were oven-dried at 65 °C after pick-
ing out plant roots and fauna with hand, ground (<
0.15 mm), and stored for chemical analyses. Soil organ-
ic C concentration was measured with the dry combus-
tion method on a multi N/C 2100 analyzer (Analytik
Jena, Germany). Given that the majority of SOC stored
in the organic horizon in the wetlands of the study
region (Zhang et al. 2008), we divided SOC into three
fractions with the two-step acid hydrolysis approach
(Rovira and Vallejo 2002): (1) Labile C pool I (LC I),
obtained by hydrolysis with 2.5 M H2SO4 at 105 °C for
30 min; (2) Labile C pool II (LC II), obtained by
hydrolysis with 13 M H2SO4 at room temperature over-
night, and then with 1 M H2SO4 at 105 °C for 3 h; and
(3) Recalcitrant C pool (RC), the unhydrolyzed residues.
Organic C concentration of LC I, LC II, and RC was
analyzed with the method described above. The LC I
pool comprises either plant- or microbial-derived non-
cellulosic polysaccharides, the LC II pool mainly con-
sists of cellulose, and the RC pool is primarily com-
prised of recalcitrant organic compounds such as lignin,
fats, waxes, and resins (Rovira and Vallejo 2002). The
recalcitrant index (RI, %) was expressed as the propor-
tion of RC in total SOC, and could indicate the degree of
biochemical recalcitrance (Rovira and Vallejo 2002,
2007).

Calculation and statistical analyses

Considering the effects of shrub expansion on soil
compactness, we used equivalent soil mass to calcu-
late SOC stock according to Lee et al. (2009) and Mao
et al. (2010). First, we calculated soil mass in the fixed
layer (Mi, Mg ha−1, i = 1, ..., n) using the following
formula:

Mi ¼ BDi � Ti � 100
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where BDi is the bulk density of the ith soil layer
(g cm−3), Di the thickness of ith soil layer (cm), and
100 is a unit conversion factor. Second, we calculated
SOC stock in the fixed layer (Ci, fixed, Mg ha−1) as
follows:

Ci;fixed ¼ Oi �Mi � 0:001

where Oi is the SOC concentration of ith soil layer
(mg g−1), and 0.001 is a unit conversion factor. Last,
we calculated the equivalent SOC stock (Cequiv, Mg
ha−1) in the fixed layer as follows:

Madd ¼ Mequiv−Mi

Cequiv ¼ Cfixed þ Obottom �Maddð Þ
where Mequiv is the equivalent soil mass in the fixed
layer, Madd is the additional soil mass that was used to
calculate Mequiv in the fixed layer, and Obottom is the
SOC concentration of Madd. In this study, we used the
largest Mi value in the 0–50 cm layer as the equivalent
mass (i.e. the value in the open wetlands), and used bulk
density and SOC concentration in the 30–50 cm layer to
calculate Madd and Cequiv.

Table 1 Shrub size, herbaceous aboveground biomass, floor litter mass, and fine root biomass in relation to shrub species and category in a
temperate herbaceous wetland of Northeast China

Category Shrub basal
diameter

Shrub
height

Herbaceous aboveground
biomass (g m−2)

Floor litter mass
(g m−2)

Fine root biomass (g m−2)

(cm) (m) 0–15 cm 15–30 cm 30–50 cm Total

B. fruticosa

Open – – 382(4)a 341(11)ab 239(6)b 53.7(1.8) 10.1(0.6)b 303(6)b

Small 13.0(0.7)c 1.87(0.02)c 351(8)a 363(7)a 190(8)b 57.7(2.0) 18.1(0.9)a 266(9)b

Medium 18.6(0.3)b 2.57(0.11)b 300(9)b 310(2)b 237(23)b 60.3(2.5) 21.1(1.8)a 319(23)b

Large 24.8(0.8)a 3.20(0.14)a 279(10)b 314(14)b 336(5)a 64.5(8.0) 20.5(1.9)a 420(9)a

S. floderusii

Open – – 374(5)a 346(12) 244(5)ab 53.9(2.7)b 10.8(0.7)b 308(3)b

Small 12.6(0.7)c 2.13(0.11)c 342(8)b 369(14) 200(5)b 56.3(4.2)ab 13.3(0.5)b 270(6)b

Me-
dium

18.5(0.3)b 2.81(0.08)b 317(2)bc 328(7) 270(23)a 60.2(4.2)ab 17.0(1.1)a 347(27)a

Large 24.4(0.8)a 3.43(0.08)a 310(8)c 354(11) 296(12)a 68.4(2.0)a 16.9(0.7)a 382(12)a

Mean values are given with the standard errors in parentheses (n = 4). The means with different letters are significantly different (P < 0.05,
n = 4) for the same shrub species

Fig. 1 Diagram showing the
locations of sampling quadrats in
shrub islands
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The data were analyzed statistically in R 4.0.2 (R
Core Team 2020) with the accepted significance level of
0.05. Data were tested for normality with the Shapiro–
Wilk test. Non-normal data were logarithmically trans-
formed before statistical analyses, but the raw untrans-
formed data were reported in figures and tables. Linear
mixed models in the “lmerTest” package were per-
formed to assess how bulk density, SOC concentration,
and recalcitrant index were affected by shrub species,
category, soil layer, and their interactions (as fixed ef-
fects), and the replicate (as a random effect). One-way
analysis of variance in the “multcomp” package, follow-
ed by Tukey’s (or Tamhane’s when equal variances not
assumed) multiple comparison test, was used to exam-
ine the effects of shrub category on herbaceous above-
ground biomass, floor litter mass, fine root biomass,
bulk density, SOC concentration and fractions, SOC
stock, and RI. Simple linear regression was performed
to reveal the relationship between SOC stock and floor
litter mass as well as fine root biomass.

Results

Herbaceous aboveground biomass, floor litter mass,
and fine root biomass

Both B. fruticosa and S. floderusii islands generally had
lower herbaceous aboveground biomass than open wet-
lands, and the magnitudes increased with shrub size
(Table 1). However, no significant difference in floor
litter mass was observed between shrub islands and
open wetlands (Table 1). In addition, fine root biomass
in each soil layer generally varied among categories for
both B. fruticosa and S. floderusii islands (Table 1).
Among the four categories, the large shrub islands had
highest fine root biomass in 0–15 cm soil layer
(Table 1). Regardless of shrub species, fine root biomass
generally increased with increasing shrub size at both
15–30 cm and 30–50 cm depths (Table 1). In the 0–
50 cm profile, only large B. fruticosa islands had higher
fine root biomass than the open wetlands, whereas both
medium and large S. floderusii islands had greater fine
root biomass than the open wetlands (Table 1).

Soil bulk density and organic C concentration and stock

Shrub species, category, and soil layer had significant
effects on soil bulk density, and the category effect

varied with soil layer (Table 2). For both B. fruticosa
and S. floderusii, large shrub islands had lower soil bulk
density than open wetlands in both 0–15 cm and 15–
30 cm soil layers, although no significant difference in
30–50 cm layer (Table 3).

Soil organic C concentration varied significantly with
shrub species, category, soil layer, and the interactions of
soil layer with shrub species and category (Table 2). In
both 0–15 cm and 30–50 cm layers, small B. fruticosa
islands had lower SOC concentration, whereas large
B. fruticosa islands generally had higher SOC concentra-
tion than open wetlands (Table 3). Similarly, SOC con-
centration in 0–15 cm layer was lower in the small
S. floderusii islands than in the open wetlands, despite
no significant difference between open wetlands and
S. floderusii islands with medium or large size (Table 3).
In 15–30 cm layer, SOC concentration was higher in the
large S. floderusii islands than in the open wetlands
(Table 3). In addition, SOC concentration did not differ
at 15–30 cm depth among B. fruticosa categories, and at
30–50 cm depth among S. floderusii categories (Table 3).

For both B. fruticosa and S. floderusii, SOC stock
varied significantly among categories (Fig. 2). Soil or-
ganic C stock was always lowest in the small category,
and gradually increased with increasing shrub basal
diameter (Fig. 2). No significant difference in SOC
stock was observed between open wetlands and large
shrub islands (Fig. 2). In the 0–50 cm soil layer, SOC
stock showed a positive relationship with fine root bio-
mass, but did not correlate significantly with floor litter
mass (Fig. 3).

Labile and recalcitrant C pools

Both LC I and LC II concentrations varied with shrub
species, category, soil layer, and the interaction between
category and soil layer (Table 2). Irrespective of shrub
species, small and medium shrub islands had the lowest
LC I and LC II in 0–15 cm soil layer among the four
categories (Fig. 4a and d). Moreover, LC I in 0–15 cm
soil layer was lower in the large shrub islands than in the
open wetlands (Fig. 4a and d). However, there was no
significant difference in LC I and LC II among the four
categories for any shrub islands in 15–30 cm and 30–50
soil layers (Fig. 4b, c, e, and f).

Shrub category and soil layer significantly interacted
to affect RC concentration and RI value (Table 2). In 0–
15 cm layer, both B. fruticosa and S. floderusii islands
generally had higher RC concentrations than open

351Plant Soil (2021) 464:347–357



wetlands, and the magnitudes increased with shrub size
(Fig. 4a and d). Accordingly, the RI value was higher in
the shrub islands than in the open wetlands in 0–15 cm
soil layer (Fig. 4a and d). Compared with open wetlands,
only large S. floderusii islands had higher RC concentra-
tion and RI value in 15–30 cm layer (Fig. 4b and e), and
only small B. fruticosa islands had lower RC concentra-
tion and RI value in 30–50 cm layer (Fig. 4c and f).

Discussion

Inconsistent with the first hypothesis, SOC stock initial-
ly decreased by 14.5 ~ 16.8% after shrub encroachment,

but gradually recovered to the initial level as the shrub
grew in this herbaceous-dominated wetland. In mesic
grasslands, shrub encroachment was observed to pro-
mote organic C accrual in soils (McKinley and Blair
2008; Montané et al. 2010), and the magnitude in-
creased with increasing shrub size (Feng and Bao
2018). Moreover, the positive relationship between
SOC stock and fine root biomass indicated that SOC
dynamics after shrub encroachment was primarily
caused by the altered amount of root litter inputs to soils.
Several studies also have pointed out that belowground
litter inputs contribute more than aboveground inputs to
soil C accrual in diverse ecosystems (e.g. Berhongaray
et al. 2018; Rasse et al. 2005; Sokol and Bradford 2018).

Table 2 Results (F-values) of linear mixed models indicating the effects of shrub species, category, soil layer, and their interactions on soil
organic C concentration, bulk density, soil organic C fractions, and recalcitrant index

Source df Bulk
density

Soil organic C
concentration

Labile C
I

Labile C
II

Recalcitrant
C

Recalcitrant
index

Shrub species 1 9.16** 20.9*** 23.5*** 13.7*** 0.323 ns 9.54**

Category 3 15.1*** 53.2*** 69.4*** 12.7*** 19.9*** 8.02***

Soil layer 2 734*** 1558*** 465*** 116*** 355*** 33.5***

Shrub species × Category 3 0.421 ns 0.391 ns 2.93* 0.619 ns 0.493 ns 0.716 ns

Shrub species × Soil layer 2 1.70 ns 17.9*** 2.39 ns 3.71* 5.15** 1.71 ns

Category × Soil layer 6 2.46* 15.6*** 52.5*** 3.57** 7.74*** 8.04***

Shrub specie × Category × Soil
layer

6 0.813 ns 0.111 ns 0.882 ns 1.78 ns 1.49 ns 2.61*

ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001

Table 3 Soil bulk density and organic C concentration in relation to shrub species and category in a temperate herbaceous wetland of
Northeast China

Category Bulk density (g cm−3) Organic C concentration (mg g−1)

0–15 cm 15–30 cm 30–50 cm 0–15 cm 15–30 cm 30–50 cm

B. fruticosa

Open 0.76(0.02)a 0.89(0.03)a 1.09(0.03) 130(3)b 85(3) 38(1)ab

Small 0.71(0.01)ab 0.87(0.02)a 1.11(0.01) 101(2)c 87(5) 29(2)c

Medium 0.72(0.02)ab 0.88(0.01)a 1.12(0.02) 119(4)b 88(3) 34(2)bc

Large 0.67(0.01)b 0.79(0.01)b 1.06(0.03) 144(3)a 99(5) 44(2)a

S. floderusii

Open 0.76(0.02)a 0.93(0.02)a 1.08(0.03) 127(3)ab 70(1)b 40(2)

Small 0.75(0.02)a 0.93(0.02)a 1.09(0.03) 97(5)c 73(2)ab 33(2)

Medium 0.75(0.01)a 0.92(0.02)a 1.13(0.02) 116(5)b 72(4)ab 39(3)

Large 0.67(0.02)b 0.84(0.01)b 1.11(0.01) 139(2)a 82(2)a 42(2)

Mean values are given with the standard errors in parentheses (n = 4). The means with different letters are significantly different (P < 0.05,
n = 4) for the same shrub species
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These findings imply that shrub encroachment can re-
cover SOC pool primarily via enhanced root litter in-
puts, and highlight that shrub size should be considered
to accurately assess the consequence of shrub encroach-
ment on SOC dynamic in temperate herbaceous wet-
lands. Given the greater primary productivity of shrubs
than herbs, such a shift in the growth form of dominant
species can enhance ecosystem C sink potential in tem-
perate wetlands.

Soil organic C dynamic is primarily controlled by the
balance between litter inputs to soils and C emission
from soils (Jackson et al. 2017; Lohila et al. 2011).
Given that floor litter mass and fine root biomass in
the small-size shrub islands were comparable with that

in the open wetlands, the initial decrease in soil C stock
could be primarily attributed to shrub encroachment-
induced soil C loss through the following mechanisms.
First, shrub encroachment into herbaceous wetlands
generally aggravates soil drying and enhances oxygen
diffusion (Bart et al. 2016; Saintilan and Rogers 2015),
thereby accelerating microbial mineralization of organic
C in the upper soil layer (Sulman et al. 2013). Second,
shrub encroachment increased the allocation of fine root
biomass toward deep soils, which could produce a prim-
ing effect on organic C mineralization by providing
labile organic C fractions via root exudates and turnover
(Cheng et al. 2013; Moore et al. 2020). In this study, the
initial decrease in SOC concentration at both 0–15 and

Fig. 2 Soil organic C stock in
relation to shrub species and
category in a temperate
herbaceous wetland of Northeast
China. The means (SE) with
different letters are significantly
different (P < 0.05, n = 4) for the
same shrub species

Fig. 3 Simple linear relationship
between soil organic C stock and
litter mass as well as fine root
biomass in both open wetlands
and shrub islands in a temperate
herbaceous wetland of Northeast
China
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30–50 cm depths as well as unchanged SOC concentra-
tion at 15–30 cm depth further confirmed these potential
mechanisms. As the shrubs grew, enhanced C loss from
soils would be offset by increased organic matter inputs
to soils, especially for fine root-derived organic matter.
Meanwhile, compared with herbaceous species, shrubs
often produce plant litter containing recalcitrant organic
compounds such as lignin and polyphenols (Tables S1
and S2), which would favor organic C accumulation in
soils through its inhibiting effect on microbial growth
and activity. Together, SOC stock eventually recovered
to the initial level of herbaceous wetlands in the large-
size shrub islands.

Soil labile C fractions decreased, and recalcitrant C
fractions increased only in 0–15 cm layer after shrub
encroachment (Fig. 4). Moreover, the response of recal-
citrant C fractions in the subsurface soils to shrub ex-
pansion varied with shrub species, despite unchanged
labile C fractions (Fig. 4). Thus, the results partly

supported the second hypothesis. In general, the bio-
chemical recalcitrance of organic C is tightly related to
plant trait identity (Ahmed et al. 2016). Compared with
herbaceous species, shrub litter was more lignified, and
contained higher concentrations of secondary com-
pounds such as total polyphenol and condensed tannins
in this wetland (Tables S1 and S2). Accordingly, shrub
encroachment could replenish SOC pool primarily by
altering the quantity of recalcitrant C fractions, especial-
ly in the surface soils. These observations imply that the
divergent responses of labile and recalcitrant C fractions
across soil profiles should be fully considered to assess
the consequence of shrub encroachment on SOC stabil-
ity in graminoid-dominated wetlands.

In wetlands, shrub encroachment is often associated
with soil drying and elevated oxygen availability in the
surface soils (Fenner and Freeman 2020). Accordingly,
this shift in plant composition can unlock soil enzyme
latch and enhance the activities of hydrolytic and

Fig. 4 Soil organic C fractions (labile C I, LC I; labile C II, LC II;
and recalcitrant C, RC) in relation to shrub species and category in
a temperate herbaceous wetland of Northeast China. The

recalcitrant indexes (RI) are shown in the inset graphs. The means
(SE) with different letters are significantly different (P < 0.05, n =
4) for the same shrub species
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oxidative enzymes, especially phenoloxidase activity
(Fenner and Freeman 2011, 2020). In the surface organ-
ic layer, labile C fractions is not associated as organo-
mineral complexes due to the relatively low mineral
content, and thus is susceptible to microbial degradation
(Leifield et al. 2012; Rovira and Vallejo 2002). More-
over, expanded shrubs produced more biochemically-
recalcitrant plant litter than herbaceous species
(Tables S1 and S2), which could protect organic C from
microbial attack, especially under aerobic conditions
(Fenner and Freeman 2020). Taking together, soil mi-
crobial decomposer could preferentially use the labile C
fractions, leading to a net loss of labile C after shrub
encroachment. Similarly, recalcitrant C accumulated in
surface soils because of the selective preservation
(Sollins et al. 1996), and the magnitude increased with
elevating shrub size. These findings suggest that shrub
encroachment will cause a shift of SOC accumulation
strategy from anaerobic protection to biochemical pro-
tection in the surface soils in the herbaceous-dominated
wetlands.

In the subsurface soils, the response of recalcitrant C
pool to shrub encroachment was species-specific in this
wetland. Compared with surface soils, SOC dynamics in
the subsurface soils are largely influenced by root litter
inputs rather than aboveground plant litter inputs
(Bernal et al. 2016). Thus, the different responses of soil
recalcitrant C pools in the subsurface soils would be
explained by the contrasting allocation patterns of fine
root biomass between S. floderusii and B. fruticosa
islands. At 15–30 cm depth, fine root biomass increased
only after S. floderusii encroachment in this wetland,
and the magnitudes increased with increasing shrub size
(Table 1). Moreover, S. floderusii produced fine roots
with relatively higher total polyphenols and condensed
tannins than the graminoid species (Table S2). Conse-
quently, soil recalcitrant C pool increased with shrub
size following S. floderusii expansion in this wetland.

In 30–50 cm soil layer, fine root biomass increased
with shrub size after B. fruticosa expansion. In the deep
soil layer, microbial growth and activity are often limit-
ed by fresh organic matter inputs (Lützow et al. 2006).
Consequently, the increased fine root biomass after
B. fruticosa expansion could stimulate microbial de-
composition of existing stabilized soil organic matter
(Cheng et al. 2013; Moore et al. 2020; Pausch et al.
2016), thereby decreasing the amount of recalcitrant C
in the 30–50 cm depth. As shrub grew, increased fine
root turnover could offset organic C loss, and

recalcitrant C accumulated in the deep soils. Therefore,
recalcitrant C pool initially decreased after B. fruticosa
encroachment, but gradually recovered to the level of
the open wetlands. These results indicate that altered
fine root biomass after shrub expansion would be an
overriding factor controlling the dynamics of SOC frac-
tions in deep soil in temperate herbaceous-dominated
wetlands.

In temperate wetlands, SOC dynamics are influenced
by a series of abiotic and biotic factors such as plant
litter inputs, water-logging and associated anaerobic
conditions, nutrient availability, and soil microbial com-
munity and activity (Aerts et al. 1999; Roehm 2005;
Bernal and Mitsch 2012; Fenner and Freeman 2020). In
this study, we compared the differences in amounts of
aboveground litter and fine roots among open wetlands
and shrub islands, and observed the important role of
fine root biomass in driving shrub expansion-induced
alterations of SOC stock in this temperate herbaceous
wetland. However, shrub expansion is often associated
with soil drying, altered microclimates, and soil micro-
bial growth and composition (Fenner and Freeman
2020; Zhang et al. 2021), which would exert a substan-
tial influence on SOC dynamics in the herbaceous wet-
lands. To fully understand the underlying mechanisms
causing these changes in SOC stock and fractions, fur-
ther studies should pay attention to the dynamics of
abiotic factors and soil microbial properties after shrub
expansion in temperate herbaceous wetlands.

Conclusions

In summary, SOC stock decreased initially after shrub
encroachment, but gradually recovered to the level of
open wetlands as the shrub grew. Moreover, the effects
of shrub expansion on SOC fractions occurred mainly in
the surface soils, despite a slight change in recalcitrant C
fractions in the subsurface soils. In the surface soils,
labile C fractions decreased dramatically, but recalci-
trant C fractions exhibited a pronounced increasing
trend after shrub encroachment. These results indicate
that, despite unchanged SOC stock, shrub encroachment
eventually enhanced SOC stability by increasing recal-
citrant C fractions. Thus, shrub encroachment would
mitigate warming- and drying-induced SOC loss mainly
via increased recalcitrant C pool in temperate
herbaceous-dominated wetlands.
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Compared with floor litter mass, the positive rela-
tionship between fine root biomass and SOC stock
indicates that fine root-derived organic matter may exert
a stronger influence on SOC dynamics than above-
ground litter inputs in this wetland. Moreover, altered
fine root biomass after shrub expansion would be a key
factor causing the changes in recalcitrant C pool in
subsurface soils in herbaceous-dominated wetlands. Un-
fortunately, we did not separate shrub roots from
graminoid roots, which could not discriminate the po-
tential source of organic C in subsurface soils. There-
fore, further studies regarding the effects of shrub en-
croachment on SOC dynamics should take fine roots
into special consideration, including species composi-
tion, the vertical pattern across soil profiles, root exu-
dates, and turnover rates in temperate herbaceous-
dominated wetlands.
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plementary material available at https://doi.org/10.1007/s11104-
021-04975-0.
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