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Abstract: The increasing presence of successful invasive plant species can have an impact on wetlands
capacity to store and release C. We have investigated the relationships between stocks of different soil
organic carbon (SOC) along the soil vertical profile and invasive plant success in a China wetland.
In stands dominated by the exotic invasive species Spartina alterniflora and the native invasive
Phragmites australis soil organic-carbon concentrations (SOC) were higher (12% and 9%, respectively)
than in plots of a native species, Cyperus malaccensis, whereas SOC content (g m−2) was 18% and
17% lower under P. australis than under S. alterniffolia and C. malaccensis, respectively. Soils under
both invasive species had the concentrations and contents of light-fraction organic carbon (LFOC),
light-fraction organic nitrogen (LFON) at 30–60 cm of soil depth and labile organic carbon (LOC)
concentrations at 0–10 cm higher than soils under native species. The invasive species had higher
total aboveground, total biomasses and lower shoot:root ratios than the native species. The success
of both invasive species was associated with higher growth rates and accumulation of nutrients
in biomass than in the native species and also accumulation of C in plant soil system. The stands
currently dominated by the invasive species were recently occupied by monospecific stands of the
native C. malaccensis, strongly suggesting that all or most of the current soil differences were due to
the invasions. Higher sand fraction in C. malaccensis community and higher clay fraction in P. australis
community relative to the native species, were correlated with higher soil N and P concentrations in
invaded stands. The results suggest that different vegetation cover with distinct shoot/root ratio can
change soil structure by favoring sedimentation of different particle size classes. Thus, despite both
invasive species have some common traits, the results also showed that different invasive species
with partially distinct impacts on soil and nutrient uses can succeed under the same conditions.
The traits conferring invasive success are thus not necessarily species-specific. A clear change in the
general accumulation of C, N and P in the plant-soil system was related to the invasive plant success
in this wetland areas.
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1. Introduction

The world contains an estimated 2011 Pg of soil [1]. The importance of soil as a carbon sink is
crucial for the ability of the earth to buffer the increasing levels of atmospheric CO2 as a consequence
of human activities [2–4]. Estuarine wetland soils, due to their location at the river-ocean interface,
have a large potential to act as sediment sinks for accumulating C [5–7]. Coastal wetlands in China
have a pivotal economic and environmental importance. These wetlands cover 5.80 × 104 km2 [8]
and provide many services and products [9,10] but several impacts in recent decades have threatened
this capacity. Increases in tropical storms and ocean levels have altered flooding intensities, which
together with increased pollution and nutrient loads have had impacts on sedimentary processes and
the capacity of wetlands to store and release C and nutrients [11–16].

Changes in land use and the success of invasive plant species have also had an impact on the
capacity of wetlands to store and release C [17,18]. Invasive plant species can promote different patterns
in plant-soil nutrient cycling and store than native species and thus change the capacity to accumulate
N and P in biomass and soil [10]. The impacts of invasive plant success on the concentrations
and stoichiometry of soil nutrients have been widely studied [16,19] and some general trends have
emerged [16,20,21]. The metadata analyses in terrestrial ecosystem have shown (data mostly from
not flooded ecosystems) that the impacts can differ and even be opposite depending on the natural
availability levels of soil nutrients and generally on the capacity of a site to sustain low or high plant
production in accordance with the soil and climatic conditions [16,20,21]. A recent metadata study has
shown that invasive plants were associated with higher N and P concentration and lower C:N ratio in
photosynthetic tissues and with higher soil C and N stocks and N, P and K availabilities in nutrient-poor
but not in nutrient-rich environments. The results of this study also suggest higher nutrient resorption
efficiencies in invasive than in native species in nutrient-poor environments but higher nutrient uptake
capacity in nutrient-rich sites related to higher growth rates of invasive species [22]. The impacts of
plant invasion and its relationships with C, N, P concentrations, contents and stoichiometry in flooded
ecosystems (permanent or temporally) as wetlands are not well known

The total content of soil organic carbon (SOC) changes over a long time scale. Changes in a
soil chronosequence from 50 to 2000 years have been clearly observed [23] but changes in short time
scales of few years or few decades are not easily discerned [23]. So, distinguishing between the
active-C fraction from the total SOC pool is important for assessing the effect of plant invasion on
soil C dynamics. Active C refers to the fraction of soil C that is strongly influenced by plants and
microorganisms and is highly susceptible to oxidation and decomposition [24,25]. Different separation
and extraction methods can separate active SOC into fractions of dissolved organic carbon (DOC),
labile organic carbon (LOC), light-fraction organic carbon (LFOC) and microbial biomass organic
carbon (MBC) [26]. These different forms of active SOC have different sensitivities to environmental
change [27] but few studies have examined the relationships between the different forms of active SOC
and changes in environmental parameters [28,29], especially soil properties. Active SOC is a major
source of CO2 and CH4 produced by microbes, so properly managing this pool of active C is important
for mitigating global climate change [30,31].

C:nutrient stoichiometry is a good indicator of changes in soil C dynamics in wetlands due to
changes in the environment. Stoichiometric data can provide decision makers with the necessary
information for developing effective methods to enhance the potential capacity of these ecosystems to
fix C and reduce the impact of the emissions of C-source greenhouse gases [32,33]. This information
could also improve our understanding of the impacts on the potential uses and regeneration capacity
of flooded wetlands by determining the C cycles and balances and the fertility of the soil.

Most available data most suggest that low costs of foliar construction and high phenotypic
plasticity in taking up available nutrients frequently contribute to alien success in nutrient-rich
environments [16,20,34], whereas most studies suggest that the success of invasive plants in
nutrient-poor soils depends on more conservative strategies such as a higher nutrient-use
efficiency [19–21], especially on short timescales [19]. Too many exceptions, however, prevent this
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question from being totally resolved [16]. The impacts of plant invasion on total soil C accumulation in
the various soil fractions and the further relationships of these impacts on C with other soil traits such
as C:N:P ratios are also unresolved questions [16]. Some studies have associated invasive plant success
with changes in the C:nutrient ratios and soil C, N and P contents but these relationships have not been
universally observed [16]. The relationships, particularly across soil depths, are thus not clear and
merit further study. Some studies have discussed soil C dynamics and nutrient stoichiometry [35,36]
but few have distinguished them at a fine scale in soil profiles. The relationships of species invasive
success with soil C and nutrient status has been mainly focused in the first soil cm [16]. However,
different soil textures and soil organic matter decomposition can produce accumulation of some
organic carbon fractions along soil deep layers [37,38]. We hypothesized that changes in soil C store
along soil profile could be related with different plant species. The knowledge of the variation of C
accumulation along the soil vertical profile and its causes is crucial for understanding the capacity of
wetlands to act as carbon sinks [39].

We aimed to determine whether the success of plant invasion at a site was based on a similar
strategy of C, N and P use irrespective of the species or whether different species could become
established in the same area and occupy a similar niche but have different impacts on soil C, N and
P contents. We investigated the relationships of different dominant tall-herb wetland communities
comprised of one native and two invasive species with the C contents of various soil fraction, soil N
and P contents and C:nutrient ratios along soil profiles.

2. Materials and Methods

2.1. Study Area

This study was conducted in the Shanyutan wetland (26◦01′46” N, 119◦37′31” E; Figure 1),
the largest tidal wetland (approximately 3120 ha) in the estuary of the Minjiang River (Fujian).
The climate in this region is relatively warm and wet with a mean annual temperature of 19.6 ◦C
and a mean annual precipitation of 1346 mm [40]. The region has a drop in precipitation only in
the November-December period with a total precipitation of 51.2 mm in this period. The lowest
temperature is in December. It belongs to the warm temperate climate according to Köppen Cfa
climate classification. The river has higher flow in summer and lower in winter but the water flow is
currently controlled by human management of the Shuikou reservoir. The soil surface is submerged
across the study site beneath 10–120 cm of water for 3–3.5 h during each tidal inundation. The soil
surfaces of the wetland are exposed at low tide but the soil remains flooded in some areas. The average
annual percentage of water by weight in the soil and the soil redox potential are 116% and 12.6 mV,
respectively. The average salinity of the tidal water between May and December 2007 was 4.2 ± 2.5 ‰.
Thus, we chose a very homogeneous area to make very likely that the soil differences were due to the
different species cover. Moreover, the bedrock is the same (granite) in all the studies area.

Cyperus malaccensis Lam., Phragmites australis (Cav.) Trin. Ex Steud. and Spartina alterniflora Loisel
are the three dominant species of plants in the wetland, typically found in the upper (mid to high)
portions of mudflats. C. malaccensis is native to the wetland, P. australis is native to China but not of the
wetland area and is considered a native invasive species by its expansion in new areas against other
native species, P. australis invaded this wetland more than 30 years ago S. alterniflora is an exotic plant
that invaded this wetland more than 10 years ago. The decomposition rates of their litter are in the
order S. alterniflora < P. australis < C. malaccensis [41]. Wetland soils in areas dominated by S. alterniflora
and P. australis generally have a lower pH and bulk density than do soils in areas dominated by C.
malaccensis [42]. All areas currently occupied by both invasive species were previously (10–30 years
ago) C. malaccensis grasslands. The success of two invasive species in areas previously dominated
by a native species supports the premise that differences in soil conditions are associated with the
invading species.
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2.2. Sample Collection and Measurements

Soil samples were collected in December 2009 in the Shanyutan wetland (Figure 1) from locations
dominated by C. malaccensis (native plant), S. alterniflora (invaded more than 10 years ago) and
P. australis (invaded more than 30 years ago). Three plots were randomly established in each community
and soil profiles (width, 1 m; length, 1 m; depth, 0.6 m) were excavated. The samples were collected
with a small sampler (length, 0.3 m; diameter, 0.1 m) from each of six soil layers (0–10, 10–20, 20–30,
30–40, 40–50 and 50–60 cm) at the center and both ends of the soil pits. These three samples from each
layer were bulked to form one sample per layer. A total of 54 soil samples (three communities × three
plots × six soil layers) were thus collected. The core samples were divided into two parts, with one
part unprocessed for the measurement of soil MBC and DOC and the other part air-dried and finely
powdered in a ball bill after the removal of all roots and visible plant remains for the determination
of total SOC, LFOC and LOC. Total SOC was determined by K2Cr2O7-H2SO4 digestion [43,44], DOC
by extracting the soils with deionized water (1:5 ratio) and measuring the liquid supernatant C
concentration using a TOC-V CPH total carbon analyzer (Shimadzu Scientific Instruments, Kyoto,
Japan), MBC by fumigation–extraction by 0.5 mol L−1 K2SO4 [45] and measuring the liquid supernatant
C concentration using a TOC-V CPH total carbon analyzer (Shimadzu Scientific Instruments, Kyoto,
Japan), LOC by digestion with 333 mM KMnO4, shake 1 h at 200 rpm, centrifuge 5 min at 2000× g and
liquid supernatant measurement using a UV-2450 spectrophotometer (Shimadzu Scientific Instruments,
Kyoto, Japan). LFOC was determined by 1.70 g mL−1 NaI separation, shaking 1 h at 200 rpm,
centrifuging 20 min at 1000× g, getting the float light LFOC, drying it 72 h at 60 ◦C [45] and measuring
with a Vario EL III Elemental Analyzer (Elementar Scientific Instruments, Hanau, Germany).

Bulk density was measured for the three bulked cores (5 cm diameter, 3 cm depth) collected from
each soil layer. Soil salinity, pH and particle-size distribution were measured by a DDS-307 salinity
meter (Boqu Scientific Instruments, Shanghai, China), an 868 pH meter (Orion Scientific Instruments,
Thermo Fisher Instruments, Waltham, MA, USA) and a Master Sizer 2000 Laser Particle Size Analyzer
(Malvern Scientific Instruments, Suffolk, UK), respectively. Soil water content was measured by drying
the soil at 105 ◦C to a constant weight [45] and total soil N concentration was determined by total
Kjeldahl digestion (Buchi Scientific Instruments, Flawil, Switzerland) and total soil P concentration
was determined by perchloric-acid digestion followed by ammonium-molybdate colorimetry and
measurement using a UV-2450 spectrophotometer (Shimadzu Scientific Instruments, Kyoto, Japan).

2.3. Statistical Analyses

We performed general linear models (GLM) with community composition as an independent
categorical variable, soil traits (pH and clay concentration) as independent continuous variables
and soil C fractions, N and P concentrations, contents and stoichiometric ratios as dependent
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continuous variables. We used Bonferroni post hoc tests to detect differences among different pair-wise
comparisons between species at different soil depth layers. We used Statistica 6.0 (StatSoft, Inc., Tulsa,
OK, USA) for the data analyses.

We also performed other multivariate statistical analyses. We determine the overall differences
in the changes of the soil C fractions, N and P concentrations, stoichiometric ratios, salinity, pH
and soil temperature in the species-specific plant communities using general discriminant analysis
(GDA), including the component of the variance due to the different soil layers as an independent
categorical variable. General discriminant analyses (GDA) consist of a supervised statistical algorithm
that derives an optimal separation between groups established a priori by maximizing between-group
variance while minimizing within-group variance [46]. GDA is thus an adequate tool for identifying
the variables most responsible for the differences among groups while controlling the component of
the variance due to other categorical variables. The GDAs were performed using Statistica 6.0 (StatSoft,
Inc., Tulsa, OK, USA).

We also performed structural equation modelling (SEM) to analyze the factors explaining the
maximum variability of the soil C fractions, N and P concentrations and stoichiometric ratios as
functions of the soil traits (pH and clay concentration) and taking into account the possible effect of
invasive plant success, using species factor as a dummy variable. This analysis separately compared
the soil of the native community with those of each of the invading communities and provided
information for the direct, indirect and total effects of the variables. We fitted the models using the R
sem package [47] and identified the minimum adequate model using the Akaike information criterion.
Standard errors and the significance level (P) of the direct, indirect and total effects were calculated by
bootstrapping (1200 repetitions) [48,49].

3. Results

3.1. Univariate Analyses

The concentrations of total SOC, LOC, MBC, LFOC, LFON, N and P tended to significantly
decrease with depth in the soil profile (Figures 2 and 3, Table 1). The LFOC:LFON concentration ratio
also tended to significantly decrease with depth (Figure 4, Table 1) but the SOC:P concentration ratio
was lowest between depths of 10 and 30 cm. Soil SOC:N and N:P concentration ratios had no clear
pattern of variation with soil depth. Average total contents (mg m−2) of DOC, MBC, LFOC, LFON, N
and P tended to significantly decrease with depth (Figures 5 and 6, Table 1), whereas total SOC and
LOC contents were lowest between 20 and 40 cm.

The native C. malaccensis community had more total soil (0–60 cm) SOC and N contents than the
P australis but not the S. alterniflora communities (Figure 7, Table 1) and more total P content than both
invaded communities. The soil of the P. australis community had the lowest SOC, N and P contents,
mainly due to the lower contents below 30 cm (Figures 2–6, Table 1), whereas the LFOC, MBC and
DOC were clearly higher in the topsoil than in the subsoil. The distribution of LFOC and LFON
along the soil profile was more homogeneous under the two invasive species than under the native C.
malaccensis (Table 2). Notably, the ratio for SOC is not different from 1 in the soils under any of the
three studied species (Table 2), showing a constant distribution of total C along the first 60 cm of soil.

SOC content was positively correlated with bulk density and N and P contents (Table 3). SOC
and LOC concentrations were positively correlated with N concentration and N:P ratio (Table 3) but
were not correlated with P concentration (Table 3). Of the C fractions, only LFOC concentrations and
contents were positively correlated with both N and P concentrations (Table 3). As expected, soil water
content was positively correlated with SOC concentrations, an effect associated with anoxic conditions
and slow rates of mineralization of soil matter (Table 3).

Soil water content did not differ among the soils of the three communities (Figure 8). pH and bulk
density were lower in the soils for both invasive species than the native species and bulk density was
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lower in the P. australis soil than the S. alterniflora soil. Soil salinity was highest in the P. australis soil,
followed by the C. malaccensis and S. alterniflora soils.Soils 2018, 2, x FOR PEER REVIEW  6 of 22 
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Figure 2. Mean ± SE (g kg−1 soil dry weight) SOC, LOC, DOC, MBC, LFOC and LFON concentrations
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different depths. Different letters indicate significant differences in the Bonferroni post-hoc tests
(p < 0.05) among the species communities.
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the soils of the Cyperus malaccensis, Spartina alterniflora and Phragmites australis communities at different
depths. Different letters indicate significant differences in the Bonferroni post-hoc tests (p < 0.05) among
the species communities.
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Figure 6. Mean± SE (g m−2 soil dry weight) N and P total contents in the soils of the Cyperus malaccensis,
Spartina alterniflora and Phragmites australis communities at different depths. Different letters indicate
significant differences in the Bonferroni post-hoc tests (p < 0.05) among the species communities.
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Figure 7. Mean± SE (g m−2 soil dry weight) SOC, LOC, DOC, MBC, LFOC, LFON, N and P contents in
the soils of the Cyperus malaccensis, Spartina alterniflora and Phragmites australis communities at different
depths. Different letters indicate significant differences in the Bonferroni post-hoc tests (p < 0.05) among
the species communities.
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Figure 8. Mean ± SE soil water content (%), pH, salinity (ms cm−1) and bulk density (g cm−3) in
the Cyperus malaccensis, Spartina alterniflora and Phragmites australis communities at different depths.
Different letters indicate significant differences in the Bonferroni post-hoc tests (p < 0.05) among the
species communities.
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Table 1. Levels (mean ± SE) of the variables in the general linear models, with species community and soil layer as independent variables and the soil stoichiometric
variables as dependent factors. We used Bonferroni post hoc test to detect differences among different pair-wise comparisons between species and soil depth layers.

Variable
Species Soil Layer (cm)

Species × Soil Layer
C. malaccensis S. alterniflora P. australis 0–10 10–20 20–30 30–40 40–50 50–60

SOC (g kg−1)
20.9 ± 0.5b 23.4 ± 1.2a 22.6 ± 0.5ab 26.6 ± 1.8a 22.9 ± 0.7b 19.3 ± 0.6c 20.3 ± 0.6c 21.9 ± 0.5bc 22.7 ± 0.4b

Not significant
p = 0.0097 p < 0.0001

LOC (g kg−1)
5.18 ± 0.19c 5.87 ± 0.28b 6.02 ± 0.31a 7.15 ± 0.46a 5.59 ± 0.43bc 5.10 ± 0.15bc 4.91 ± 0.24c 5.61 ± 0.27b 5.76 ± 0.23b

Not significant
p = 0.015 p < 0.0001

DOC (mg kg−1)
29.2 ± 4.7 46.2 ± 10.4 29.9 ± 2.4 56.2 ± 12.0 45.0 ± 10.7 31.3 ± 15.8 27.1 ± 3.1 26.5 ± 2.1 24.6 ± 2.9

Not significant
p = 0.12 p = 0.11

MBC (mg kg−1)
187 ± 41 293 ± 53 272 ± 29 472 ± 75a 182 ± 59b 302 ± 59ab 155 ± 24c 224 ± 48bc 168 ± 33c

Not significant
p = 0.077 p = 0.00017

LFOC (g kg−1)
1.01 ± 0.16b 1.81 ± 0.19a 1.73 ± 0.13a 2.65 ± 0.25a 1.81 ± 0.11b 1.12 ± 0.16c 1.05 ± 0.18c 1.20 ± 0.19c 1.27 ± 0.15c

Not significant
p < 0.0001 p < 0.0001

LFON (g kg−1)
0.050 ± 0.009b 0.077 ± 0.011ab 0.086 ± 0.009a 0.14 ± 0.02a 0.09 ± 0.007b 0.053 ± 0.007c 0.044 ± 0.008c 0.049 ± 0.008c 0.052 ± 0.006c

Not significant
p < 0.0001 p < 0.0001

LFOC:LFON ratio
21.7 ± 0.9b 24.8 ± 0.7a 21.0 ± 0.7b 20.0 ± 1.3 20.6 ± 1.2b 21.0 ± 0.8b 24.2 ± 1.3a 24.8 ± 1.0a 24.5 ± 0.7a

Not significant
p = 0.00027 p = 0.00025

Total N (g kg−1)
1.27 ± 0.05 1.36 ± 0.07 1.34 ± 0.06 1.74 ± 0.07a 1.37 ± 0.10b 1.19 ± 0.04b 1.23 ± 0.03b 1.18 ± 0.04b 1.23 ± 0.03b

Not significant
p = 0.23 p < 0.0001

Total P (g kg−1)
0.692 ± 0.018b 0.696 ± 0.015b 0.712 ± 0.027a 0.805 ± 0.015a 0.787 ± 0.017b 0.721 ± 0.009c 0.648 ± 0.015d 0.619 ± 0.009d 0.620 ± 0.017d

p = 0.0093
p < 0.0001 p < 0.0001

SOC:N ratio
16.7 ± 0.4 17.3 ± 0.5 17.5 ± 1.0 15.2 ± 0.4b 17.7 ± 1.9ab 16.5 ± 0.8ab 16.5 ± 0.3ab 18.6 ± 0.3a 18.5 ± 0.4ab

Not significant
p = 0.60 p = 0.078

SOC:P ratio
30.4 ± 0.8b 33.6 ± 1.3a 32.5 ± 1.4ab 33.1 ± 2.2ab 29.2 ± 1.3bc 26.8 ± 0.8c 31.4 ± 1.2b 35.5 ± 1.0a 36.9 ± 1.3a

p = 0.0074
p = 0.016 p < 0.0001

N:P ratio
1.83 ± 0.04 1.95 ± 0.07 1.91 ± 0.09 2.16 ± 0.08a 1.76 ± 0.14abc 1.64 ± 0.05c 1.90 ± 0.05ab 1.91 ± 0.06ab 2.00 ± 0.08ab

Not significant
p = 0.39 p = 0.0017

Total SOC (g m−2)
1591 ± 51a 1603 ± 51a 1319 ± 33b 1656 ± 97a 1432 ± 40abc 1366 ± 72b 1466 ± 60abc 1556 ± 78ab 1550 ± 42ab

p = 0.026
p < 0.0001 p = 0.00074

Total LOC (g m−2)
396 ± 15ab 404 ± 15a 351 ± 18b 442 ± 19a 351 ± 27b 363 ± 25b 360 ± 28b 394 ± 18ab 391 ± 14ab

p = 0.049
p = 0.019 p = 0.020

Total DOC (g m−2)
2.19 ± 0.34ab 3.10 ± 0.67a 1.75 ± 0.15b 3.51 ± 0.74a 2.81 ± 0.64ab 2.22 ± 1.17ab 1.96 ± 0.23b 1.90 ± 0.20b 1.71 ± 0.24b

Not significant
p = 0.32 p = 0.093
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Table 1. Cont.

Variable
Species Soil Layer (cm)

Species × Soil Layer
C. malaccensis S. alterniflora P. australis 0–10 10–20 20–30 30–40 40–50 50–60

Total MBC (g m−2)
14.2 ± 3.0 19.7 ± 3.2 15.7 ± 1.6 29.8 ± 5.0a 11.3 ± 2.6 20.0 ± 3.6ab 11.0 ± 1.6c 15.6 ± 3.5bc 11.4 ± 2.2c

Not significant
p = 0.23 p = 0.00073

Total LFOC (g m−2)
75.4 ± 11.6b 122 ± 9a 101 ± 7a 164 ± 13a 113 ± 6b 77.4 ± 10.5c 76.4 ± 13.1c 81.9 ± 12.7bc 83.6 ± 7.8bc

Not significant
p < 0.0001 p < 0.0001

Total LFON (g m−2)
3.69 ± 0.62b 5.12 ± 0.56a 5.05 ± 0.54a 8.54 ± 0.83a 5.62 ± 0.43b 3.63 ± 0.43bc 3.19 ± 0.54c 3.34 ± 0.51bc 3.41 ± 0.32bc

Not significant
p = 0.0078 p < 0.0001

Total N (g m−2)
96.4 ± 3.1a 93.3 ± 3.3a 77.9 ± 3.5b 108 ± 4.6a 86.1 ± 6.5ab 83.9 ± 5.0b 89.3 ± 4.9ab 83.3 ± 3.4b 84.2 ± 2.6b

Not significant
p < 0.0001 p < 0.0001

Total P (g m−2)
52.7 ± 1.3a 48.3 ± 1.4b 41.6 ± 1.6c 50.3 ± 1.7a 49.4 ± 1.4ab 51.1 ± 2.8a 47.5 ± 3.2bc 44.2 ± 2.7bc 42.6 ± 2.3c

p < 0.0001
p < 0.0001 p < 0.0001

Table 2. Ratios (Mean ± SE) of the total contents between the contents of the studied variables between topsoil and subsoil (0–30 cm/30–60 cm). Different letters in a
single row indicate significant differences in the post-hoc Bonferroni test (p < 0.05) among species.

Variable Ratios Species p-Value

0–30/30–60 cm C. malaccensis S. alternif lora P. australis

Total SOC 1.01 ± 0.03 0.95 ± 0.07 0.97 ± 0.04 p = 0.672
Total LOC 1.10 ± 0.06 0.91 ± 0.10 1.03 ± 0.11 p = 0.396
Total DOC 1.36 ± 0.32 1.90 ± 1.10 1.28 ± 0.26 p = 0.790
Total MBC 1.81 ± 0.39 1.69 ± 0.47 1.65 ± 0.11 p = 0.944
Total LFOC 2.52 ± 0.35a 1.23 ± 0.16b 1.27 ± 0.11b p = 0.013
Total LFON 2.99 ± 0.44a 1.46 ± 0.34b 1.64 ± 0.10b p = 0.031

Total N 1.20 ± 0.04 0.98 ± 0.03 1.08 ± 0.10 p = 0.159
Total P 1.16 ± 0.03b 0.95 ± 0.02c 1.31 ± 0.04a p < 0.001

SOC = soil organic carbon, DOC = dissolved organic carbon, LOC = labile organic carbon; LFOC = light-fraction organic carbon, LFON = light-fraction organic nitrogen; MBC = microbial
biomass organic carbon.
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Table 3. Pearson correlations among the soil and plant nutrients and nutrient ratios. Bonferroni correction of α inflation was applied.

Soil [N] Conc.
(g kg−1)

Soil [P] Conc.
(g kg−1) N:P Ratio

Water
Content (%) pH

Salinity
(ms cm−1) Clay (%) Silt (%) Sand (%)

Bulk Density
(g cm−3)

Soil N Content
(g m−2)

Soil P Content
(g m−2)

SOC (g kg−1)
R = 0.78

p < 0.0001
R = 0.30
p = 0.028

R = 0.66
p < 0.0001

R = 0.60
p < 0.0001

R = −0.35
p = 0.010

R = 0.091
p = 0.51

R = 0.16
p = 0.24

R = −0.39
p = 0.004

R = 0.10
p = 0.47

R = −0.49
p < 0.0001

R = 0.36
p = 0.008

R = −0.26
p = 0.059

LOC (g kg−1)
R = 0.74

p < 0.0001
R = 0.32
p = 0.020

R = 0.60
p < 0.0001

R = 0.47
p < 0.0001

R = −0.22
p = 0.10

R = 0.016
p = 0.91

R = 0.22
p = 0.11

R = −0.38
p = 0.005

R = 0.0050
p = 0.97

R = −0.41
p = 0.002

R = 0.38
p = 0.004

R = −0.17
p = 0.22

DOC (mg kg−1)
R = 0.24
p = 0.077

R = 0.23
p = 0.10

R = 0.092
p = 0.51

R = 0.20
p = 0.15

R = −0.26
p = 0.058

R = −0.12
p = 0.40

R = 0.075
p = 0.59

R = −0.22
p = 0.11

R = 0.084
p = 0.55

R = −0.15
p = 0.27

R = 0.10
p = 0.47

R = 0.012
p = 0.93

MBC (mg kg−1)
R = 0.35
p = 0.009

R = 0.30
p = 0.029

R = 0.17
p = 0.23

R = 0.30
p = 0.026

R = −0.15
p = 0.28

R = −0.25
p = 0.072

R = 0.15
p = 0.28

R = −0.22
p = 0.10

R = −0.024
p = 0.86

R = −0.32
p = 0.018

R = 0.096
p = 0.49

R = −0.095
p = 0.50

LFOC (g kg−1)
R = 0.77

p < 0.0001
R = 0.55

p < 0.0001
R = 0.48

p < 0.0001
R = 0.63

p < 0.0001
R = −0.45
p = 0.001

R = −0.027
p = 0.85

R = 0.28
p = 0.043

R = −0.44
p = 0.001

R = −0.019
p = 0.89

R = −0.53
p < 0.0001

R = 0.33
p = 0.015

R = −0.11
p = 0.44

LFON (g kg−1)
R = 0.75

p < 0.0001
R = 0.65

p < 0.0001
R = 0.39
p = 0.004

R = 0.63
p < 0.0001

R = −0.30
p = 0.027

R = 0.027
p = 0.85

R = 0.34
p = 0.011

R = −0.48
p < 0.0001

R = −0.079
p = 0.57

R = −0.50
p < 0.0001

R = 0.34
p = 0.013

R = −0.0095
p = 0.95

LFOC:LFON ratio R = −0.28
p = 0.037

R = −0.60
p < 0.0001

R = 0.11
p = 0.41

R = −0.22
p = 0.12

R = −0.17
p = 0.22

R = −0.21
p = 0.13

R = −0.33
p = 0.016

R = 0.24
p = 0.075

R = 0.27
p = 0.052

R = 0.18
p = 0.18

R = −0.14
p = 0.31

R = −0.27
p = 0.051

Total SOC (g m−2)
R = 0.32
p = 0.020

R = −0.032
p = 0.82

R = 0.34
p = 0.012

R = 0.28
p = 0.044

R = −0.11
p = 0.42

R = −0.27
p = 0.045

R = −0.098
p = 0.48

R = −0.20
p = 0.15

R = 0.32
p = 0.019

R = 0.52
p < 0.0001

R = 0.74
p < 0.0001

R = 0.46
p < 0.0001

Total LOC (g m−2)
R = 0.40
p = 0.003

R = 0.068
p = 0.63

R = 0.36
p = 0.008

R = 0.20
p = 0.14

R = −0.064
p = 0.65

R = −0.27
p = 0.045

R = −0.0074
p = 0.96

R = −0.21
p = 0.13

R = 0.20
p = 0.16

R = 0.38
p = 0.004

R = 0.70
p < 0.0001

R = 0.40
p = 0.003

Total DOC (g m−2)
R = 0.14
p = 0.32

R = 0.15
p = 0.27

R = 0.021
p = 0.88

R = 0.13
p = 0.36

R = −0.22
p = 0.12

R = −0.16
p = 0.25

R = 0.057
p = 0.69

R = −0.18
p = 0.19

R = 0.076
p = 0.59

R = 0.014
p = 0.92

R = 0.14
p = 0.33

R = 0.13
p = 0.40

Total MBC (g m−2)
R = 0.27
p = 0.050

R = 0.23
p = 0.10

R = 0.12
p = 0.39

R = 0.22
p = 0.11

R = −0.10
p = 0.45

R = −0.33
p = 0.015

R = 0.12
p = 0.39

R = −0.20
p = 0.14

R = 0.0013
p = 0.99

R = −0.13
p = 0.34

R = 0.18
p = 0.20

R = 0.037
p = 0.79

Total LFOC (g m−2)
R = 0.70

p < 0.0001
R = 0.50

p < 0.0001
R = 0.42
p = 0.001

R = 0.59
p < 0.0001

R = −0.46
p < 0.0001

R = −0.15
p = 0.28

R = 0.25
p = 0.066

R = −0.43
p = 0.001

R = 0.0041
p = 0.98

R = −0.29
p = 0.035

R = 0.47
p < 0.0001

R = 0.09
p = 0.52

Total LFON (g m−2)
R = 0.71

p < 0.0001
R = 0.64

p < 0.0001
R = 0.34
p = 0.011

R = 0.60
p < 0.0001

R = −0.30
p = 0.025

R = −0.063
p = 0.65

R = 0.33
p = 0.013

R = −0.48
p < 0.0001

R = −0.071
p = 0.61

R = −0.32
p = 0.018

R = 0.45
p = 0.001

R = 0.15
p = 0.26
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3.2. Multivariate Analyses

The GDA of all variables significantly separated the soils of the three plant communities (Figure 9,
Table 4). The soil of the native C. malaccensis community was mainly separated from those of the
two invasive species by its higher bulk density and SOC, N and P concentrations and lower salinity.
The GDA identified SOC concentration, bulk density and salinity as the most significant variables
explaining the differences between the soils (Table 5). This analysis showed that the soils under
P. australis had higher soil clay content and soil salinity and lower DOC, LOC and SOC than the soils
under the other two species, whereas the native species C. malaccensis had higher soil N, P and SOC
concentrations, soil bulk density and pH than the other two species (Figure 9).
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Figure 9. Biplots of the standardized canonical discriminate function coefficients for the first two roots
representing the soil variables as independent variables and the various grouping dependent factors
corresponding to the plant communities. Cm = Cyperus malaccensis community, Sa = Spartina alterniflora
community and Pa = Phragmites australis community.
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Table 4. Test statistics for squared Mahalanobis distances (M) among the plant communities, with soil
salinity; clay %; pH; bulk density; N, P, SOC, LOC, DOC, MBC, LFOC and LFON concentrations and
N:P, SOC:N and SOC:P concentration ratios as variables. Bold type indicates a significant effect of the
variable in the model (p < 0.05).

Species Spartina alterniflora Phragmites australis

Cyperus malaccensis
M = 40.2
F = 9.66

p < 0.0001

M = 23.2
F = 5.59

p < 0.0001

Spartina alterniflora
M = 52.9
F = 12.7

p < 0.0001

Table 5. Main effects of the variables in the GDA analysis. Statistics (Wilks’ λ and P) of the discriminant
functional analysis among the plant communities, with soil salinity, clay %, pH, bulk density, N, P,
SOC, LOC, DOC, MBC, LFOC and LFON concentrations and N:P, SOC:N and SOC:P concentration
ratios as variables. The soil layers were included as a controlling categorical independent variable.
Bold type indicates a significant effect of the variable in the model (p < 0.05).

Wilks’ λ p

LFOC:LFON ratio 0.993 0.90
SOC:N ratio 0.949 0.46
SOC:P ratio 0.823 0.054

N:P ratio 0.901 0.21
Water content (%) 0.996 0.95

pH 0.920 0.29
Salinity (ms cm−1) 0.585 0.0003

Clay (%) 0.536 0.00009
Bulk density (g cm−3) 0.809 0.042

Total SOC (g m−2) 0.762 0.017
Total LOC (g m−2) 0.906 0.23

Total DOC (mg m−2) 0.984 0.78
Total MBC (g m−2) 0.954 0.49
Total LFOC (g m−2) 0.853 0.093
Total LFON (g m−2) 0.966 0.59

Total N (g m−2) 0.877 0.14
Total P (g m−2) 0.952 0.48

Soil layers 0.526 0.025

The best SEM models comparing the native species with each of the invasive species indicated that
soil bulk density, total N content and salinity best associated the invasions with the changes in SOC
contents (Figure 9). A comparison of the soil data for C. malaccensis and P. australis communities
suggested that invasive success was associated with a decrease in SOC content by its negative
relationships with bulk density and N content of the C. malaccensis soil and not by a direct effect
(Figure 10A). S. alterniflora success had no significant effect on total SOC content but the SEM showed
that this invasive species had a negative effect on SOC content by its negative relationships with bulk
density and salinity (Figure 10B). This indirect negative effect was counteracted by a direct positive
effect to produce no total effect.
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Figure 10. Diagrams of the structural equation models that best explained the maximum variance of
the SOC content in comparing Cyperus malaccensis (native) versus Phragmites australis (invasive) (A) and
Cyperus malaccensis (native) versus Spartina alterniflora (invasive) (B) plant communities. Black and red
arrows indicate positive and negative relationships, respectively.

4. Discussion

4.1. Changes of Carbon Fractions and N and P along Soil Profile

SOC, LOC, DOC and MBC concentrations and contents showed a slight decrease along the first
30 cm of soil profile and more or less constant concentrations and contents from 30 cm to 60 cm of
soil depth. This pattern of decrease along the first 30 cm of soil depth was clearer in LFOC fraction.
The results showed a slight reduction of soil organic concentrations and contents along the first 60 cm
of soil profile. Only LFOC directly coming from leaf litter showed a clear decrease of contents in the
30–60 cm of soil depth with respect the first 30 cm of soil depth. The increase in the studied C:N ratios
(LFOC:LFON and SOC:N) showed a great capacity of these soils to accumulate carbon in deep soil
layers. Contrary to this result, most current studies show a decrease in C:N ratio with soil depth [50,51].
Thus, this interesting and particular result of these studied wetland soils is very probably related to
the continuous sediment loadings that these soils received and the anoxic conditions that prevent the
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fast and complete decomposition of the litter, which is continuously covered by new sediments and
progressively buried to deeper soil layers. A trend to uniform organic carbon contents along the vertical
soil profile in wetlands has been observed in soils receiving continuous loads of sediments [37,52],
which is related with the physical protection of soil organic carbon linked to sedimentation mainly in
seasonally-flooded wetlands [53].

The effect of invasive species on vertical profile was often significant for soil variables. The clearest
effect was for the higher concentrations and contents of LFOC and LFON at 30–60 cm of soil depth in
both invasive than in the native species. This could be related with the higher LOC concentrations
observed at 0–10 cm of soil depth also in both invasive species than in native ones, suggesting that
both invasive species produce more LOC, probably by litter fall, which is then accumulated in deeper
soil layers. The SOC content along soil profile was, however, similar between the native species and
the invasive S. alternifolia but lower in the invasive P. australis than in the other both species. The data
thus showed that the invasive effect on total soil C storing capacity would depend of the invasive
species. In this case, P. australis seems to be the species less adequate to confer to the wetlands system
a high capacity to act as C sink.

4.2. Relationships of Species Invasion with Soil C Concentrations and Contents

The invasive species had lower soil C concentrations, especially of the more labile organic-C
fractions and mainly below 30 cm. The total amounts of soil C per unit of soil surface, however, were
higher, with a trend of significantly higher total C accumulation in the soils of the native than the
invasive species. This difference between C concentration with C content per unit of soil surface was
related to the lower bulk density in the invasive than the native communities. Bulk density has been
positively correlated with organic C, N and P concentrations in similar wetland areas in the soils of
Carex sp. and P. australis communities [54]. Differences and changes in bulk density have also been
frequently associated with the success of invasive plant species [55–57].

These changes in soil texture can be associated with the changes in plant structure between
native and invasive species. A previous study reported higher total aboveground and total biomass
in invasive than native species. Mean shoot biomass was 643, 599 and 1845 g m−2 for the native
P. australis, C. malaccensis and the invasive S. alterniflora respectively [58]. Mean root biomass was
2322, 3168 and 2085 g m−2 for the native P. australis, C. malaccensis and the invasive S. alterniflora
respectively [58]. Mean shoot: root ratios were thus 0.26, 0.19 and 0.88 [58]. These differences in the
amount and distribution of biomass, with higher aboveground biomass in the invasive plants, may
underlie the changes in soil texture and thereby total C, N and P contents, as demonstrated by the SEM
analysis of total SOC content.

The C, N and P contents of biomass were not analyzed in this study but the much higher total
biomass of both invasive species strongly suggest that some of these decreases in soil C, N and P
contents were associated with increases in plant N and P contents from higher plant uptake and with
a higher accumulation of C in the biomass. All three species were tall-grass plants of similar age, so
the higher biomasses in the invasive species at the end of the growth period was likely due to higher
growth rates in both invasive species than in the native species. Higher growth rates together with a
decrease in soil N and P contents and the higher shoot:root biomass ratios of both invasive species
suggest that invasive success was associated with higher nutrient uptake, proportional allocation of
resources to aboveground biomass and growth rate. The data also strongly suggested that invasive
plant success was associated with a large shift of N and P from soil to plants and with a change in soil
C fractions from less to more labile forms in the invaded than the native stands.

This study did not determine whether the success of plant invasion in these wetlands involved
higher phenotypic plasticity in taking up the available nutrients, which is expected in nutrient-rich
sites [16,20,34], or involved more conservative strategies such as a higher nutrient-use efficiency, which
is generally expected in nutrient-poor sites [19–21]. The invasive species in our study had a mix of
properties between properties related to nutrient-rich sites with properties related to nutrient-poor sites.
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They had higher growth rates and shoot:root ratios, suggesting that the invasive species likely took up
more nutrients, consistent with nutrient-rich sites where higher nutrient uptake increases growth and
production [22]. The possible increase in the accumulation of nutrients in biomass and the decrease
in soil contents for the invasive species, however, also suggests a higher nutrient-use and resorption
efficiencies and also higher capacity for nutrient conservation in invasive species, consistent with
nutrient-poor sites. These trends have been also observed in other wetland areas of the same estuarine
region where C. malaccensis native communities have been invaded by Spartina alterniflora [59].

4.3. Similarities and Differences in the Impacts of Invasive Success between S. alterniflora and P. australis

The lower soil bulk densities in both invaded communities, relative to the native community,
were mainly related to the different impacts on soil texture. The percentage of clay in the soils
was in the order P. australis > C. malaccensis > S. alterniflora (37.6 ± 1.2, 34.2 ± 1.7 and 29.2 ± 1.1%,
respectively), the percentage of sand was in the order S. alterniflora > C. malaccensis > P. australis
(12.7 ± 0.9, 8.94 ± 1.03 and 6.18 ± 0.50%, respectively) but silt content did not differ significantly
among the three monospecific stands. The highest biomass and densest root system coupled with
the higher aboveground biomass of S. alterniflora was thus associated with the highest soil sand and
lowest clay contents. In contrast, the lowest biomass and least dense root system of P. australis was
associated with the highest clay and lowest sand contents. The success of both invasive species was
thus associated with decreases in bulk density and total soil C, N and P contents per unit of surface area
but these changes were associated with different changes in the soil textures for both invasive species.

These results suggest that the mechanisms underlying invasive plant success under the same
conditions can differ with species. S. alterniflora had much higher total and aboveground biomasses
than P. australis but also a higher root biomass and lower shoot:root ratio than P. australis. We were
unable to clearly discern if these soil textures differed prior to plant invasion but the differences
in biomass and in its distribution between aerial and root structures could be responsible for these
textural differences, at least in part. As in other studies reporting differences in soil bulk density and
elemental composition between invaded and native communities, the causes of these differences in
our study were unclear. The differences may have existed prior to invasion, which may have favored
alien success, or may be consequences of the invasion [60]. Anyway, previous studies on C. malaccensis
communities conducted in other areas of the same Estuary showed soils with similar texture and
nutrient contents those observed in C. malaccensis communities in the current study [59] suggesting
that plant invasion can be related with the observed shifts in soil conditions.

The stands currently dominated by both invasive species were recently occupied by monospecific
stands of the native C. malaccensis, strongly suggesting that all or most of the current soil differences
were due to the invading species. Moreover, the soil properties were fairly homogeneous within each
community but different between communities and the three communities were close to each other,
also consistent with the hypothesis that the observed soil differences were completely or partially
due to species invasion. This hypothesis is also reinforced by the fact that all the studied area has
the same bedrock type (granite) and the studied sites are very close. Changes in soil traits such as
SOC concentration [61], texture [62,63] and other soil variables [64] due to plant invasion have been
correlated with differences in plant biomass and/or shoot:root ratio between native and invasive
plants. In fact, soil properties such as texture can change in wetlands within 10 years, as observed in
other studies [40,65]. Some studies have observed changes in soil bulk density [66], C contents [67–70]
and several other traits [70,71] as a consequence of invasive plant success. The previously discussed
similar SOC values along the soil vertical profile suggesting that these wetlands are sinks of sediments
reinforce the idea that sites with different vegetation cover with different structure and shoot/root
ratio can change soil structure by favoring sedimentation of different particle size classes.

Independent of any soil differences prior to or a consequence of species invasion, both invasive
species differed in their requirements of and/or impacts on soil, indicating that different alien species
can succeed under the same or very similar ecological conditions. Our study is also consistent with
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previous studies observing differences in soil texture related to invasive plant success [39,65,66,72].
The evidence from many studies generally suggest that the differences in soils in invaded relative to
native communities are associated with the distinct structural and functional traits of the invasive
and native species, such as nutrient uptake, N2-fixing capacity, litter production, foliar resorption or
growth rate [73–75].

5. Conclusions

The invasive success of both species was associated with a decrease in soil bulk density and C
stocks in one of the invasive species (P. australis) but not the other (S. alterniflora). Both invasive species
had the concentrations and contents of LFOC and LFON at 30–60 cm of soil depth higher than native
species. This could be related with the higher LOC concentrations observed at 0–10 cm of soil depth
also in both invasive species than in native ones.

The invasive success of both species was associated with an increase in soil N and P concentrations
in some soil layers but also with a decrease in total N and P contents due to the lower bulk densities in
the soils of both invasive species relative to that in the soil of the native species.

The lower soil bulk densities for both invasive species were produced by different impacts on soil
texture, an effect likely due to the different total biomasses and shoot:root ratios in the two invasive
species. This result is very interesting, because it suggests that different invasive species with distinct
mechanisms in the use of nutrients and with different consequences on nutrient plant-soil cycles can
succeed under the same conditions. The traits conferring alien success are thus not necessarily specific
by a determined site and also not species-specific.

Thus, the higher accumulation of C in soil and C and nutrients in plant suggest that the success of
both invasive species was associated with higher growth rates and shoot:root ratios and likely with
higher capacities to take up nutrients, all of which are expected in nutrient-rich sites where a higher
nutrient uptake is used to increase growth and production. The possible increase in the accumulation
of nutrients in biomass in invasive species, however, also suggests a higher capacity for nutrient
conservation by retaining nutrients in plant-soil system.
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