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Abstract: Soil moisture is a major driving force of plant community succession in restored meadows. Existing studies mainly fo-
cus on diversity-productivity relationships. However, studies which determine the effects of soil moisture on the plant communi-
ty properties in restored meadows are lacking. In this study, we conducted a chronosequence analysis of the interactions between
soil water content variation and plant community properties in meadows following passive restoration (3-, 5-, 9-, 14-, 17-, 21-
year restoration) of abandoned farmlands on the Sanjiang Plain, China. Results showed that the plant community was character-
ized by ruderal plants in the initial year of succession, and then by perennial plants such as Calamagrostis angustifolia and Carex
spp. in older restored meadows. Similarity of restored community to target site increased across succession time whereas species
diversity gradually decreased. Plant height, coverage and biomass increased with restoration time, with plant density being the
exception. The community height, coverage and root/shoot ratio were positively related to the water content in the surface soil
layer (0-10 cm). Conversely, plant density was significantly and negatively related with soil moisture at 0-10 cm soil depth. Plant
diversity (Shannon index, Richness index and evenness) was closely correlated to soil water content at the soil depth of 0-10
cm. Our findings indicate that vegetation of cultivated meadows could be effectively restored by passive restoration. Change of
plant species diversity is an especially important response to hydrological recovery in restored meadows on the Sanjiang Plain.

Nomenclature: Editorial Committee of Flora of China (2004) for plants.

Introduction

Meadows and wetlands are characteristic ecosystems in
the Sanjiang Plain of China, which were greatly influenced by
anthropogenic disturbances, such as reclamation and drain-
age, during recent decades. Land use changes have resulted
in severe degradation of both the extent and quality of these
ecosystems (Huang et al. 2010). In order to reverse this trend,
a series of restoration measures have been carried out through
political and socioeconomic changes in the region to improve
regional environment since the end of the 20th century (Zhao
et al. 2008). Among these, converting cultivated farmlands
to wetlands is an important approach for wetland restoration
in the Sanjiang Plain (Li and Wang 2005). Afterwards, pas-
sive restoration was widely practiced in this region. However,
some existing works revealed that the responses of some de-
graded ecosystems to passive restoration are biased towards
the target (Toth 2010), presumably due to constraints im-
posed by changes in the loss of native species pools or shifts
in species dominance (Suding et al. 2004). Thus, there is an
urgent need to better understand the development of plant
communities and their maintaining mechanisms of restora-
tion succession.

It is well known that ecological restoration is the most
promising strategy to reestablish the ecological structure and
functions of degraded wetlands (Kirk et al. 2004, Matthews
et al. 2009), wherein hydrological changes play an impor-
tant role in maintaining biodiversity (Konar et al. 2013). A
wide range of studies have been employed to determine how
hydrologic regimes influence plant community structure in
wetland ecosystems (Ellison and Bedford 1995, Casanova
and Brock 2000, Baldwin et al. 2001, De Steven and Toner
2004, Johnson et al. 2004). In general, changes in species as-
semblage and response to hydrological recovery are difficult
to predict (Grootjans et al. 1996, Hardtle et al. 2005). It was
demonstrated that zonation and composition of plant commu-
nities in wet meadows are strongly related to the water regime
(Loheide and Gorelick 2007). Overall, soil moisture acts as the
primary constraint for plant communities in many terrestrial
ecosystems (Heisler-White et al. 2008), and influences plant
development and community structure. Thus, understanding
the relationship between vegetation community and soil water
conditions is essential for evaluating succession processes.

Although water regime determines vegetation types the
most (De Steven and Toner 2004), community types and spe-
cies composition often dynamically change with water-level
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fluctuations (De Steven et al. 2010). Plant communities tend to
be responsive to water regimes and adapt to dynamic change
more than communities linked with a relatively stable hydrol-
ogy (Toogood et al. 2008). Additionally, it is suggested that
uneven hydrological recovery hinders plant community re-
covery (Hedberg et al. 2012). Furthermore, little information
is available regarding how plant communities change along
with restoration succession. It was found that plant richness
and diversity were higher in early restored grasslands com-
pared to older ones (Deék et al. 2015). Also, species richness
in grasslands with increasing successional age is gradually
becoming more similar to that of the reference system (Valko
et al. 2017). However, environmental heterogeneity has con-
tradictory effects on species diversity during restoration suc-
cess (Ewing 2002, Biederman and Whisenant 2011). Thus,
effects of soil environment on temporal variations of vegeta-
tion in restored meadows need further investigation.

Better understanding of vegetative variations and the
effects of soil moisture on plant communities within spon-
taneously restored meadows is vital to achieve the ultimate
goal of ecological restoration. Here, we conducted research
in the restored meadows from abandoned arable fields on the
Sanjiang Plain, China. We aimed to test the following hypoth-
eses:

(1) After passive restoration, vegetation is generally charac-
terized by a wide range of ruderal plants and high species
diversity in the initial year, but later by perennial ones in suc-
cessive years along with a decrease in species diversity (Deadk
et al. 2015). Thus, we hypothesized that vegetation would be
characterized by ruderal plants with high species diversity in
early restored meadows and by perennial plants with lower
diversity in older ones.

(2) Hydrological recovery was widely reported as having a
determining role in plant species diversity (De Steven et al.
2010, Konar et al. 2013). We hypothesized that the increased
soil moisture could profoundly affect plant community prop-
erties and plant species diversity.

Materials and methods

Research area

The research area is located in Honghe Farmland of the
Sanjiang Plain, China (Fig. 1). In this area, the climate type
is temperate humid and semi-humid continental monsoon
climate. The average annual rainfall is 600 mm. The mean
annual temperature is 1.9°C. More than 70% of annual pre-
cipitation falls from June to September. The topography is
dominated by plains. Meadow soil, bog soil, white soil and
brown soil are dominant in this area. The main vegetation
types in this area are dominated by Calamagrostis angusti-

folia, Phragmites australis, Carex lasiocarpa, and C. appen-

diculata (Wang et al. 2000).

To prevent degradation and to restore the structure and
function of meadows and wetlands, a large area of farmlands
were abandoned for passive restoration over the past two
decades. To date, a chronosequence of restored meadows has
been established for passive restoration in Honghe Farmland.
There were six restored sites including 3-year (restored since
2014), 5-year (restored since 2012), 9-year (restored since
2008), 14-year (restored since 2003), 17-year (restored since
2000) and 21-year (restored since 1996) restoration (Figure
1). Additionally, a natural C. angustifolia meadow was se-
lected as a reference. Each of the abandoned farmlands was
cultivated since the 1980s, and corn-soybean rotation was the
main cropping practice. Before reclamation, all the restored
sites were typical C. angustifolia meadows. Passive restora-
tion was tentatively used for reverting farmlands to wetlands.
Presently, some of the restored sites are being converted to
meadows or wet meadows because of long term farming and
drainage during cultivation. All meadows in this study were
in close proximity and had similar environmental conditions.
Water levels in these meadows are regulated by groundwater
connections to precipitation as well as evapotranspiration.
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Figure 1. Location of research area and sampling design in this study. R1-6 and RM indicate 3-, 5-, 9-, 14-, 17-, 21-year restored and

reference meadows, respectively.
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Table 1. Plant species within three functional groups (forbs, grasses and sedges) in the restored and reference meadows.
Meadows
Functional
groups 3—yea‘r S—yea‘r 9—yea.r 14—yea_1r 1 7—yeqr 21 -year Reference
restoration restoration restoration restoration restoration restoration
Forbs Artemisia argyi  A. argyi Achillea A. dichotoma A. dichotoma  A. stolonifera A. dichotoma
A. scoparia A. stolonifera acuminate A. stolonifera A. stolonifera L. quinque- L. quinque-
A. stolonifera B. pilosa Anemone Iris laevigata F orientalis nervius nervius
Bidens pilosa Caltha palustris ~ dichotoma L. sibiricum L. quinque- L .thyrsiflora L. thyrsiflora
Chenopodium C. glaucum A. stolonifera L. quinque- nervius L. salicaria L. salicaria
glaucum H. erythro- Equisetum nervius L. lucidus S. salicifolia S. rosma-
Fragaria stictum arvense L. lucidus L. thyrsiflora Stachys rinifolia
orientalis Lagedium F. orientalis L .thyrsiflora L. salicaria baicalensis S. salicifolia
Gentiana scabra  sibiricum L. lucidus L. salicaria S. officinalis S. filicaulis S. baicalensis
Hypericum L. quinque- L. thyrsiflora S. officinalis S. oleraceus
longistylum nervius L. salicaria S. salicifolia Stellaria
Lathyrus L. lucidus Salix T. chinensis filicaulis
quinquenervius  Lysimachia rosmarinifolia
Lycopus lucidus  thyrsiflora Sanguisorba
Lythrum L. salicaria officinalis
salicaria P. lapathifolium  Spiraea
Polygonum P, persicaria salicifolia
lapathifolium Trollius
P. persicaria chinensis
Sonchus
oleraceus
Grasses C. angustifolia C. angustifolia  C. angustifolia  C. angustifolia  C. angustifolia C. angustifolia  C. angustifolia
C. epigeios E. crusgalli C. epigeios C. epigeios G. spiculosa G. spiculosa G. spiculosa
Echinochloa Glyceria G. spiculosa P. australis P, australis P, australis
crusgalli spiculosa P. australis
Phragmites P. australis
australis P. annua
Poa annua
Setaria viridis
Sedges C. appendiculata C. appendi- C. appendi- C. appendi- C. appendi- C. appendi-
culata culata culata culata culata

C. lasiocarpa

C. lasiocarpa

C. lasiocarpa

C. lasiocarpa

C. lasiocarpa

C. meyeriana

Data collection

On July 20, 2017, vegetation investigation was conducted
using quadrat survey method in the restored meadows. Three
sampling sites were chosen in each of the six restored mead-
ows. Three equal-sized transects of 100 m length and 20 m
width were established in each sampling site (Fig. 1). Within
each transect, 3 quadrats (1 m x 1 m) were selected randomly
along each transect (total 9 quadrats in each meadow). In each
quadrat, community height was measured using a ruler (20
plants were measured in each quadrat) and species composi-
tion was identified. Canopy coverage of the community was
estimated as surface covered in vertical projection by each
species and expressed as a percentage of the sampling sur-
face (Balata et al. 2004). Plant density was determined by
counting the number of individuals within each quadrat. All
green plants from the entire quadrat were cut at ground level,
and then collected. To determine belowground biomass, one
subquadrat (30 cm x 30 cm) was selected in each quadrat and
excavated at soil depth of 30 cm, dried and crushed to pass
through a 2-mm sieve for isolation of the largest number of
roots within each sample. Fine roots which remained in the
soil samples were further isolated by spreading the samples
in shallow trays and overfilling the trays with distilled water.
The outflow from the trays was allowed to pass through a 0.5

mm mesh sieve. All the aboveground parts and the isolated
roots were oven-dried at 65°C to constant weight.

To measure soil moisture, a soil auger was used to take
three soil samples for each depth of 0-10, 10-20, and 20-30
cm within each quadrat. Samples taken at each soil layer were
weighed. All soil samples were then oven-dried at 105 + 2°C
for over 24h and weighed.

Data analyses

To compare the similarity of species composition among
meadows (including restored and reference meadows), the
Jaccard Index was used. The similarity is determined as follows:

Jaccard similarity (J) = ¢/(n;+ ny+c)
where ¢ is the number of species common to both sites, n;
and n, = the number of species found only in site 1 and 2,
respectively.

Plant species diversity indexes were examined based on
vegetation data. Shannon diversity index (H), Richness index
(R) and Evenness index (E) were calculated as:

Shannon diversity index (H) = -2 p; log p;
Richness index (R) = (S—-1)/In N
Evenness index (E) = H/InS
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Table 2. Jaccard similarity of plant communities in restored and reference meadows.

Meadows S-yea'r 9-yea'r 14-yee'1r ! 7-yee'1r 21 “year Reference
restoration restoration restoration restoration restoration

3-year 0.25 0.17 0.17 0.18 0.15 0.11
restoration

S-year 0.18 0.20 0.19 0.18 0.14
restoration

O-year 0.28 027 0.24 0.22
restoration

14-year 0.26 0.24 0.23
restoration

17-year 0.26 0.24
restoration

21-year. 027
restoration

where p; is the density proportion of species i; S is the total
number of species observed in restored community; N is the
sum of individuals over all species.

Analysis of variance (ANOVA) was used to assess the
differences in community properties of restored meadows.
Multiple comparisons were carried out using the LSD test at
P < 0.05 level. Linear regressions were performed to iden-
tify the correlations between soil water content and commu-
nity properties, as well as plant diversity (Shannon index,
Richness index, Evenness index). Coefficient of determina-
tion (R) of linear regression at the P < 0.05 level was consid-
ered significant. All the statistical analyses were performed
using SPSS Version 16.0 (SPSS, Chicago, IL, USA).

Results

Plant community properties in the restored and reference
meadows

Plant species in the communities were divided into three
functional groups, forb, grass and sedge. Data of vegetation
composition showed the communities in the early stage of
natural succession were dominated by forbs (Table 1). There
were 14 forb species in the 3-year and 5-year restored mead-
ows, such as Artemisia spp., Bidens pilosa, Chenopodium
glaucum and other ruderal plants. As the successional age in-
creased, annual ruderal plants gradually disappeared, and the
community was progressively dominated by perennials such
as C. angustifolia, Carex spp. Likewise, the community in
the reference site was characterized by C. angustifolia, Carex
spp. and other perennials.

The Jaccard similarity of 3-year and 5-year restored
meadows was 0.25 (Table 2). The communities with shorter
succession ages had lower similarity to the reference mead-
ow. The similarity of the restored meadows to the reference
system increased in older restored meadows. Jaccard Index of
the 21-year restored meadow to the reference site was 0.27.

There are significant differences in the plant community
properties among restored meadows (Table 3). Plant height
was the lowest in the 3-year restored meadows, and reached
the highest level in 21-year old and reference ones. There
was no significant difference in plant height in meadows
with 5-, 9- and 14-year restoration. There was no significant

difference in coverage between 21-year restored and refer-
ence meadows. However, plant density in restored mead-
ows changed conversely, the highest level, 1714 plants per
square meter, was found in the 3-year restored meadow and
was relatively lower in the 21-year restored meadow. Also,
plant densities in 14-, 17-, 21-year restored and reference
meadows were similar. The aboveground biomass was the
highest in 21-year restored meadows, followed by those in
17- and 3-year restored meadows. The belowground bio-
masses were generally higher in older meadows, although
there was no significant difference in biomass among the 5-,
9- and 14-year restored meadows. The total biomass was the
lowest in the 3-year restored wetland and the highest in 21-
year restored meadows. Overall, the biomass of vegetation
in 21-year restored meadow exceeded that of the reference
meadow. Similarly, root/shoot ratios in restored meadows
gradually increased in older restored meadows.

The highest diversity was observed in the 3-year restored
community (Table 3). Shannon diversity index decreased sig-
nificantly in older meadows, being close to that of the refer-
ence site. The diversity indices of 21-year restored and refer-
ence meadow were similar. The Richness index was the high-
est in 3- and 5-year old meadows. The reference meadow had
the lowest Richness index compared to restored meadows.
Even though the Evenness index of the restored meadows de-
creased in older meadows, the value changed slightly. There
was no significant difference among 17-, 21-year restored and
reference meadows.

Relationships between community properties and soil
moisture

Correlation analyses showed that plant height, coverage
and root/shoot ratio were positively correlated with soil water
content at the soil depth of 0-10 cm (R = 0.76, 0.948 and
0.836, respectively), but there was no significant correlation
observed at the soil depth of 10-20 and 20-30 cm (Table 4).
There was a negative correlation between plant density and
soil water content at the soil depth of 0-10 cm (R =-0.968).

The Shannon diversity, Richness and Evenness showed
significant and negative linear correlations with soil water
content at the soil depth of 0-10 cm (R= —0.869, —0.841,
0.826, respectively, Fig. 2a, d and g). However, there was no
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Table 3. Means of plant community variables in the restored and reference meadows. Notes: Different letters indicate significant dif-

ferences in community properties among the meadows (P < 0.05).

Meadows
Community properties 3-year 5-year 9-year 14-year 17-year 21-year Reference
restoration restoration restoration restoration restoration restoration
Height (cm) 25.7a 43.3b 42.5b 42.4b 62.3c 86.2d 82.5d
Coverage (%) 38.3a 55.7b 65.7¢ 72.3¢ 81.5d 91.3¢ 86.3de
Density (No. m™) 1714d 1243¢ 931b 727a 579a 575a 722a
&b;ﬁi'gm”nd biomass 203.3be 166.3ab 161.4a 192.6ab 236.6¢ 397.9¢ 280.7d
?gez,‘f)gm““d biomass 219.4a 572ab 803.5b 795.4b 1624.2¢ 3656.4¢ 2643.6d
Total biomass (g m.z) 422 .6a 738.3ab 964.8b 988.1b 1860.8¢c 4054.2¢ 2924.3d
Root/shoot ratio I.la 3.6b Sbe 4.2b 6.9¢ 9.2d 9.4d
(S;;m“o“ diversity index 2.68¢ 2.57de 2.38¢d 23c 2.19bc 1.99ab 1.77a
Richness index (R) 2.43d 2.32d 2.09¢ 1.91bc 1.79b 1.73b 1.15a
Evenness index (E) 0.87¢c 0.87¢c 0.84bc 0.83bc 0.81abc 0.75a 0.77ab

Table 4. Correlations between community properties and soil moisture at different soil depth. * Correlation is significant at the 0.05

level (two-tailed). ™ Correlation is significant at the 0.01 level (two-tailed).

Soil water content (%)

0-10 cm 10-20 cm 20-30 cm
Height (cm) 0.76" 0.154 0.217
Coverage (%) 0.948™ 0.518 0.557
Density (No. m?) -0.968" -0.711 -0.725
Above-ground biomass (g m™?) 0.529 -0.198 0.090
Belowground biomass (g m?) 0.704 0.026 0.194
Total biomass (g m?) 0.695 0.012 0.188
Root/shoot ratio 0.836" 0.306 0.289

significant correlation between diversity and soil water con-
tent at other soil depths (10-20 cm and 20-40 cm).

Discussion

The conversion of arable lands into grasslands might
result in some constraints for ecological restoration because
of possible destruction of seed banks during cultivation and
changes of soil condition (Manchester et al. 1998). In this
study, the plant community of the abandoned arable lands
was characterized by ruderal plants gradually being suc-
ceeded by meadow and wet meadow species, such as grasses
and sedges, as restoration time passed. Simultaneously, high
diversity of plants was observed in early restored meadows,
which confirmed our first hypothesis. These results were sup-
ported by a former study where a perennial grass was more
dominant in later stages of restored grasslands compared to
recently restored ones (Dedk et al. 2015). This could likely
be explained by biotic filtering contributing to the diversity

changes in restored ecosystems (Kelemen et al. 2013). The
high variability of plant communities and the high number
of co-occurring species are probably due to random estab-
lishment processes provided not only by seed banks but also
by spatial dispersal (Dedk et al. 2015). High plant diversity
was likely also attributed to the undeveloped biotic interac-
tions and also the lack of late-successional competitors which
hindered the establishment of subordinate species by biotic
filtering (Wellstein et al. 2014).

A previous study showed that some species in natural wet-
lands never recovered, even in wetlands passively restored for
12 years (Mulhouse and Galatowitsch 2003). Furthermore, it
was difficult for vegetation of abandoned farmlands to return
to their original levels through natural succession even after
60 years or more (Stroh et al. 2012). However, results of the
increasing similarity between restored meadows and the ref-
erence site demonstrated that natural succession for roughly
two decades could form species composition and construct
community structure like that of the target community. This
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Figure 2. Relationships between soil water content in three soil depths (0-10 cm, 20-30 cm and 20-40 cm) and plant diversity (Shannon-
Winner index, richness index and evenness index). Lines show predicted values from the best significant regression model. The vertical
bars are standard errors of the means of diversity indices, and the horizontal bars are standard errors of the means of soil water content.
" Correlation is significant at the 0.05 level, ns indicates no significant correlation.

result was consistent with former studies which reported that
similarity between restored and reference sites increased with
the extension of restoration time (Vécrin et al. 2002, Guo et
al. 2017). Thus, high similarity of restored meadows to refer-
ence site in terms of species composition was considered as
restoration target.

In this study, the vegetation in the restored meadow after
21 years of restoration was more productive than vegetation
in meadows in early succession stage as well as the reference
site. Plant height, coverage, aboveground and belowground
biomass generally increased over time. This recovery pattern,
a linear increase and recovery of biomass, is also consistent
with vegetation recovery across a chronosequence of restored
wetlands in central Nebraska (Meyer et al. 2008). In addi-
tion, plants tended to allocate more biomass in belowground
than in aboveground parts across time. This result is in agree-
ment with the results obtained for restored wetlands (Mitsch
and Gosselink 2000). This phenomenon is explained by the
fact that allocating more biomass to belowground parts is
beneficial for resource use in changed environments during
natural succession (Mueller et al. 2013). Simultaneously, the
plant density in the community decreased across restoration
time, implying that there is inter- and intraspecific competi-
tion and density-dependent mortality when meadow species,
such as C. angustifolia and Carex spp, become dominant un-
der favorable water conditions. Moreover, a dense stand of
meadow and wet meadow plants can reduce access to light

for seedlings of other species, thus limiting plants density.
The development of these species would enhance their com-
petitiveness and resulted in an overall decrease of species
richness and diversity. Conversely, intensive competition for
nutrients could explain the increase in root biomass produc-
tion in older restored meadows.

The dynamic patterns of soil water provide essential
information to assess wetland restoration success (Li et al.
2011). Recovery of soil properties can provide the foundation
for the return of ecosystem function (Shaffer and Ernst 1999),
and soil water condition directly impacts spatial distribution
patterns of vegetation communities in restored ecosystems
(Li et al. 2011). We found that plant height, coverage, and
root/shoot ratio were significantly and positively related to
the surface soil water content (0-10 cm) in studied meadows
on the Sanjiang Plain, which support our second hypothesis.
This means that surface soil water content influenced not only
community properties, but also biomass allocation in above-
and belowground parts. This is consistent with a former study
in which biomass allocation was strongly influenced by water
conditions in riparian wetlands (Hefting et al. 2004). Also, it
was reported that plant species adapted to variation in the en-
vironment by capturing resources, such as water, to maximize
their growth rate (Bloom et al. 1985), partially accounting
for the critical effect of surface soil water content on plant
height. Our result is also confirmed in a related study in which
positive relationship was detected between soil water content
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and coverage in restored grasslands (Liu et al. 2015). These
positive interactions between water condition in surface soil
and plant community properties might be ascribed to the run-
off processes regulated by plant cover (Vasquez-Méndez et
al. 2010) and micro-environment reformed canopy coverage,
thus promoting plant growth (Bever 2003).

Notably, we found that plant diversity (Shannon index,
Richness index and Evenness index) were closely correlated
with soil water content at the soil depth of 0-10 cm, which fur-
ther confirmed our second hypothesis. The result is consistent
with a published result that the species richness of commu-
nity decreased with improvement of hydrological conditions
(Wang et al. 2010). This is also supported by another study re-
porting that species richness significantly decreased with soil
water content at the surface soil in alpine wetland ecosystem
(Wu et al. 2013). Nonetheless, this result is in contrast to the
previous study that plant diversity was positively correlated
to soil water content at the soil depth of 0-10 cm in semiarid
grassland (Wu et al. 2014). Soil water regime might explain
this divergence. Soil water determined the growth and rela-
tive superiority of dominant species, which are adaptable in
higher moisture habitats. Accordingly, the restored meadows
properly recovered their intrinsic hydrologic functions and
developed native plant communities. In turn, plant species di-
versity had positive effects on controlling surface runoff and
preventing the degradation of ecosystems (Wang 2004). Thus,
hydrology recovery is of importance in regulating plant com-
munity and species diversity in restored meadow ecosystems,
although plant species did not influence soil moisture in case
of soil saturation or flooding. The plant-soil feedbacks play
an important role in determining and potentially influencing
species coexistence in the restored meadows. Moreover, the
soil properties vary temporally and spatially during ecosys-
tem succession. Studies on soil nutrient heterogeneity modu-
lating plant community assembly across successional ages
should be further investigated.
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