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The purpose of this study was to evaluate if vegetation regulates soil biogeochemistry in
coastal salt marshes, here measured as element concentrations (43 elements) and
organic matter content of the soils. We selected seven sampling sites in Liao River
Delta, China, within each of which three areas existed in close proximity of each other,
characterized as ‘bare, unvegetated sediments’, ‘Phragmites australis marsh’, and
‘Suaeda heteroptera marsh’. We recorded sampling locations and measured soil
element concentrations, organic matter content, soil pH, soil salinity, soil water content,
and soail electrical conductivity. All but four of element concentrations of soils varied by
wetland type, and concentrations of 35 elements, and organic matter content increased
from bare, unvegetated sites to Phragmites marshes to Suaeda marshes. Redundancy
analysis (RDA) identified that organic matter content explained most variance. Organic
matter content was positively related with most elements including nutrients and metals,
negatively related with Sr, Ba and Na. However, further analysis of element concentrations
revealed significant differences also between Phragmites-dominated and Suaeda-
dominated sites, even though they did not differ significantly in organic matter content.
This information highlights the importance of vegetation in regulating soil element
composition and biogeochemical processes in coastal salt marshes.

Keywords: biogeochemistry, element concentrations, Phragmites australis, Suaeda heteroptera, coastal salt marsh

INTRODUCTION

Coastal salt marshes can cover large areas between marine and terrestrial environments and offer
important ecological and societal benefits (Webb et al., 2013). Salt marshes provide refuge and
nursery grounds for marine organisms, act as buffers against storms, sequester carbon, filter
sediments from water flowing through them, as well as plant nutrients and metals, thereby
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decreasing their inputs into more fragile ecosystems such as coral
reefs and seagrass beds (Valiela and Cole, 2002; McKee et al.,
2020). Salt marshes are usually vegetated by halophytes which
can tolerate periodic flooding and a wide range of salinities.
Halophytes make direct contribution to soil formation by
organic matter input (Graham and Mendelssohn, 2014; Wang
et al., 2017). Plant growth and root development regulate carbon
accumulation, metal mobility, and nutrient accumulation
(Loomis and Craft, 2010; Yu et al., 2016). Together with soil
burial, sorption, and organic matter accumulation this leads to
coastal wetlands being important sinks for nutrients and metals
(Elsey-Quirk et al., 2019). Gradients in oxidation and pH in the
rhizosphere of plants may change concentrations of nutrients,
metals and organic matter, and mobilize or immobilize elements
(Jacob and Otte, 2003; Jacob et al., 2011; Kissoon et al., 2011).

Element composition of soils is a good indicator of soil
biogeochemical process (Werkmeister et al., 2018; Zhu et al,
2019). Soil element composition is mainly affected by soil
pedogenesis, sediment inputs, climate characteristics, and
human activities. Former studies in soil elements mainly
focused on a particular process with few elements, e.g.,
bioaccumulation and phytoremediation of metals and nutrient
over-enrichment (Sun et al., 2015). However, little was known
about the soil element composition in salt marshes and about the
environmental conditions that affect its variation. Such
knowledge is very important for the understanding of the
chemical environment and biogeochemical processes in
wetlands, and affects how we protect and manage coastal salt
marshes (Otte et al., 1993; Mitsch and Gosselink, 2015).

Liao River Delta has the world’s largest coastal reed marsh
(Wang et al., 2016). Salt marsh vegetated by Suaeda heteroptera
is another main vegetation type (Tian et al, 2017). Former
studies concluded that vegetation influenced sedimentation on
wetland surface and showed a positive feedback on soil accretion
in Liao River Delta (Wang et al, 2017). Wetland plants can
absorb nutrients and metals and release them as they die (Sun
et al., 2015). Yet little is known about the general patterns of soil
element composition and roles of the vegetation in regulating soil
element composition in coastal salt marshes. This paper reports
extensive data on concentrations of 43 soil elements in coastal
salt marshes of the Liao River Delta, assesses the effects of
vegetation on soil element composition and biogeochemistry.
We hypothesized (1) that soil element composition and
environmental factors would differ significantly between bare,
unvegetated sediments, Phragmites australis marsh and Suaeda
heteroptera marsh and (2) that organic matter content would
strongly correlate with concentrations of most elements in soils,
as observed in inland freshwater wetlands in our previous studies
(Wang et al., 2019; Zhu et al., 2021).

MATERIALS AND METHODS
Study Area

The study area is located in Liao River Delta, northeastern China
(121°10-122°30'E, 40°30-41°30'N), where sediments are deposited

by Liao River. The Liao River Delta is adjacent to Bohai Sea with the
wetland area of over 1200 km®. The stand of Phragmites australis in
Liao River Delta covers over 800 km? and is the world’s largest reed
wetland (Brix et al., 2014; Wang et al., 2016). The famous Suaeda
heteroptera salt marsh referred to as “red beach”, is another main
vegetation type in the delta. The wetlands are very important
breeding ground for migration waterfowls including the red-
crowned crane (Ciconia boyciana) and the white-naped crane
(Grus vipio). The wetlands are designated as the Liao Estuary
National Natural Reserve since 1988 and became a Ramsar site
with international importance in 2005 (Tian et al, 2017). Mean
annual precipitation in the study area is 612 mm, and mean annual
temperature is 8.3°C (Wang et al., 2017).

Sample Collection

Seven sites were selected along the Liao River on September 15-
17, 2018 (Figure 1). These sites were all directly influenced by
both the river and wave activity. At each site, we sampled three
wetland types: bare, unvegetated sediments (‘bare’), Phragmites
australis marsh (‘Phrag’) and Suaeda heteroptera marsh
(‘Suaeda’) which were present next to each other at each site,
within 200 m. We assumed that the original soils, sediment
inputs, tidal fluctuation and regional climate of the three
vegetation types within each site were more similar to each
other than between sites, and the differences were due to changes
in vegetation. Three replicate samples with 10 cm soil depth were
collected in each vegetation site. Each sample was over 20 m
apart from each other. Longitude and latitude were recorded
GPS. Soil samples were stored in a cooler in 4°C.

Sample Analysis

Samples were first dried to a constant weight at 60°C. Samples were
then homogenized, and sieved with a mesh screen of 2-mm. We
determined (1) soil element concentrations, (2) soil organic matter
content, (3) soil salinity, (4) soil pH, (5) water content, and (6)
electrical conductivity. Element concentrations were measured by
ICP-MS analysis (NexION 350D, PerkinElmer, US). Total nitrogen
was determined by Kjeldahl method using a SKALAR SAN++
continuous flow analysis (Skalar, Netherlands). Organic matter
content was measured by dichromate oxidation and titration with
ferrous ammonium sulfate. Soil salinity, electrical conductivity and
pH were measured with a water-soil ratio of 5:1 by using a glass
electrode. Soil water content was measured as a ratio of water weight
to the weight of dried soil.

Data Analysis

The number of elements in this study were determined by which
elements can be detected by the ICP-MS equipment. Mean values of
concentration of 43 elements and five environmental factors (soil
organic matter content, salinity, pH, water content, electrical
conductivity) were calculated for bare, Phrag, and Suaeda. One-
way ANOVA and a subsequent Tukey’s test were used to analyse
the concentrations of 43 soil elements and the five environmental
factors between wetland types. Significance was set at a level of 0.05.
Data were log-transformed to meet normality and homogeneity
assumptions of ANOVA. Spearman correlation analysis was
performed to study the relationships of soil element concentration
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with organic matter content. The analysis was carried out in SPSS
17.0. Redundancy analysis (RDA) was conducted to study the
relationship between element concentrations (43 elements) and
five environmental variables (organic matter content, salinity, pH,
water content, and electrical conductivity) using CANOCO 5.0.
Environmental factors in the final model were selected by the
forward selection procedures with 499 permutations. Non-metric
multidimensional scaling (NMDS) in CANOCO 5.0 was performed
to study the similarities of element composition among the three
wetland types (bare, Phrag, and Suaeda).

RESULTS

Variation in Environmental Variables
Between Vegetation Types

The values of environmental variables and element concentrations
are presented in Table 1. Soil organic matter content (OM) in the
Phragmites marshes and Suaeda marshes was significantly higher
than in bare, unvegetated sites. The electrical conductivity (EC) and
soil salinity (SS) in the Suaeda marshes was significantly higher than
the Phragmites marshes and bare, unvegetated sites. The soil pH in
the bare, unvegetated sites was significantly higher than the Suaeda
marshes, while the soil water content (WC) in the bare, unvegetated
sites was significantly lower than the Suaeda marshes. Even though
the values for EC, pH and SS differed significantly, the ranges in
values were very small.

Variation in Element Concentrations of
Soils Between Vegetation Types

In total, 43 elements had detectable concentrations in the soils
(Table 1). Concentrations of Hg, K, S, and Se did not significantly

121°44'0"E

bare

121°46'0"E 121°48'0"E 121°50'0"E 121°52'0"E

Phrag

Suaeda

FIGURE 1 | Site Locations of the three wetland types: bare, unvegetated sediments (‘bare’), Phragmites australis marsh (‘Phrag’) and Suaeda heteroptera marsh

differ between types of vegetation. The concentrations of 15 soil
elements increased from bare, unvegetated sites to Phragmites
marshes to Suaeda marshes. The concentrations of 14 soil
elements in the Suaeda marshes were higher than the bare,
unvegetated sites and Phragmites marshes. The concentrations of
6 soil elements in the Suaeda marshes and Phragmites marshes were
higher than the bare, unvegetated sites. The concentration of Ba
decreased from bare, unvegetated sites to Phragmites to Suaeda
marshes. The concentrations of Na and Sr in the bare, unvegetated
sites were higher than the Phragmites and Suaeda marshes. The
concentration of Ca was lower in Phragmites marshes than the bare,
unvegetated sites and Suaeda marshes.

Relationships of Soil Element
Concentration With Environmental Factors
Redundancy analysis (RDA) showed that organic matter content
explained most variation in soil element concentrations (42.7%),
followed by soil electrical conductivity (7.5%), pH (3.0%), and
soil salinity (2.7%) (Figure 2; Table 2).

Organic matter content was positively related with most of
the elements (37 elements) including the macro-elements Ca, S,
N, P, Mg and most metals (Figure 2; Table 3). Organic matter
content was negatively related with Ba, Sr and Na. Two examples
were shown for N and Ba (Figure 3).

Similarity of Element Compositions Among
Wetland Types

The distribution of elements in soils was studied with NMDS
analysis (Figure 4). Almost all the bare, unvegetated sites were
distributed in the right quadrant, whereas almost all the Suaeda
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TABLE 1 | Mean + standard error of organic matter content (OM), electrical conductivity (EC), pH, soil salinity (SS), soil water content (WC) and concentrations of
elements in bare (B), Phrag (P) and Suaeda (S), and results of one-way ANOVA of variance and Turkey’s test (n=3).

Unit bare Phrag Suaeda P
Environmental Factors
oM % 0.88+0.04a 1.11+0.07b 1.12+0.04b 0.003
EC us/cm 2400+13a 2479+101a 2940+103b 0.002
pH - 8.50+0.04b 8.39+0.04ab 8.31+0.02a 0.004
SS %o 3.65+0.27a 3.43+0.21a 4.29+0.21b 0.026
WC - 0.35+0.01a 0.39+0.01ab 0.42+0.01b <0.001
Element concentrations, increasing (B<P<S)
Lu mg/kg 0.228+0.003a 0.240+0.003b 0.251+0.003c <0.001
Tm mg/kg 0.24+0.003a 0.25+0.003b 0.26+0.003c <0.001
Yb mg/kg 1.65+0.02a 1.63+0.02b 1.71+£0.02¢c <0.001
Element concentrations, increasing (B < P < §)
Al a/kg 58.21+0.83a 61.22+1.08ab 63.78+0.87b <0.001
As mg/kg 12.64+0.28a 12.90+0.28ab 13.69+0.25b 0.027
B mag/kg 29.77+1.10a 33.6+1.37ab 36.19+0.99b 0.001
Fe g/kg 25.50+0.75a 28.09+0.92ab 30.05+0.65b <0.001
Sn mg/kg 1.91+0.06a 2.08+0.06ab 2.24+0.05b 0.001
Cu mag/kg 12.60+0.36a 13.68+0.52ab 15.20+0.39b 0.001
Ce mg/kg 55.1+1.01a 57.3+1.04ab 60.4+0.89b 0.001
La mag/kg 28.23+0.50a 29.12+0.61ab 30.72+0.51b 0.008
Nd mg/kg 23.54+0.34a 24.71+0.39ab 25.92+0.33b <0.001
Sb mag/kg 0.86+0.02a 0.93+0.03ab 0.95+0.01b 0.006
Sm mg/kg 4.41+0.06a 4.61+0.07ab 4.86+0.06b <0.001
Ti a/kg 3.11+0.05a 3.22+0.04ab 3.28+0.03b 0.011
Element concentrations, increasing (B=P<S)
Co mg/kg 8.04+0.19a 8.31+0.25a 9.43+0.22b <0.001
Cr mg/kg 45.30+0.98a 47.08+1.14a 51.70+0.90b <0.001
Dy mg/kg 3.00+0.04a 3.14+0.05a 3.31+0.04b <0.001
Er mag/kg 1.67+0.02a 1.75+0.03a 1.84+0.02b <0.001
Eu mg/kg 0.96+0.01a 0.99+0.01a 1.03+0.01b <0.001
Gd mg/kg 4.02+0.07a 4.19+0.07a 4.42+0.05b <0.001
Ho mg/kg 0.58+0.01a 0.60+0.01a 0.64+0.01b <0.001
Mg g/kg 9.03+0.28a 9.54+0.32a 10.68+0.25b 0.001
Mn a/kg 0.52+0.01a 0.56+0.02a 0.63+0.02b <0.001
Ni mg/kg 22.22+0.54a 23.54+0.72a 26.00+0.59b 0.001
Pr mg/kg 6.20+0.09a 6.47+0.10a 6.79+0.09b <0.001
Tb mg/kg 0.54+0.01a 0.57+0.01a 0.60+0.01b <0.001
\ mg/kg 53.60+1.27a 56.16+1.52a 62.56+1.24b <0.001
Zn mag/kg 54.36+1.44a 57.97+1.74a 65.95+1.46b <0.001
Element concentrations, increasing (B<P=S)
Pb mag/kg 18.14+0.31a 19.30+0.36b 20.32+0.27b <0.001
Cd mg/kg 0.179+0.007a 0.208+0.008b 0.228+0.009b <0.001
Mo mg/kg 0.337+0.009a 0.392+0.012b 0.382+0.007b <0.001
N a/kg 0.25+0.01a 0.33+0.02b 0.33+0.01b <0.001
Y mg/kg 11.20+0.19a 12.22+0.28b 12.83+0.36b 0.001
P a/kg 0.47+0.01a 0.51+0.01b 0.53+0.01b <0.001
Element concentrations, decreasing (B > P > S)
Ba a/kg 0.58+0.005b 0.57+0.005ab 0.56+0.003a 0.002
Element concentrations, decreasing (B>P=S)
Na a/kg 21.84+0.23b 20.81+0.28a 20.79+0.22a 0.004
Sr a/kg 0.177+0.002b 0.164+0.002a 0.165+0.001a 0.005
Element concentrations, B>P<S
Ca a/kg 13.34+0.17b 12.25+0.21a 13.85+0.16b <0.001
Element concentrations, no significant variation (B=P=S)
Hg mg/kg 0.0032+0.0006 0.0035+0.0005 0.0048+0.0006 0.109
K a/kg 23.45+1.19 23.23+0.16 22.29+0.77 0.230
S g/kg 0.58+30.04 0.74+0.11 0.63+0.03 0.142
Se mag/kg 0.5655+0.002 0.053+0.002 0.059+0.002 0.123

Different letters indlicate significant differences in means (P< 0.05).
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FIGURE 2 | Ordination graph of redundancy analysis of element concentrations affected by environmental factors. OM, soil organic matter content; pH; EC,

TABLE 2 | Results of redundancy analysis (RDA) of element concentrations
constrained by environmental variables, OM, soil organic matter; SS, soil salinity;
pH and EC, electrical conductivity; determined by interactive forward selection
procedure with unrestricted permutation tests, combining all sites (21) and all
replications (3 for each site), therefore n=63.

Variables % of variation Contribution Pseudo-F P
explained (% of variation
explained)

OM 42.7 75.4 45.4 0.002
EC 7.5 13.3 9.0 0.002
pH 3.0 5.3 3.9 0.006
SS 2.7 4.9 3.4 0.018
Total 55.9 98.9

marsh sites were distributed in the left quadrant (Figure 4). The
Phragmites marsh sites were distributed across the entire NMDS
ordination graph (Figure 4).

DISCUSSION

Element Concentrations and Soil

Organic Matter

Organic matter content is found to be the most important factor
influencing element mobility and concentrations in freshwater
wetlands (Salomons and Forstner, 1984; Kissoon et al., 2015;
Yuan et al,, 2019; Wang et al., 2020). In our study, organic matter
content correlated positively with concentrations of most
elements including the nutrients of N, P and S (Figure 2;
Table 3), which is consistent with other studies in salt marshes

(Jokic et al., 2003; Sun et al., 2013; Yu et al., 2014; Qu et al., 2018)
and mangroves (Chen and Twilley, 1999; McKee et al., 2007). In
addition, similar with our study, sediments in Suaeda salt
marshes often show higher concentrations of metal elements
(e.g., Pb, Cu, Cr, Zn, Mg, Ni, Ca, Al, V, Ca, and Ni) due to the
enrichment of soil organic matter content and Fe-Mn oxides
(Williams et al., 1994; Graham and Mendelssohn, 2014). Coastal
wetlands had large amounts of Al and Fe, the oxides and
phosphates bind to several elements (Salomons and Forstner,
1984; Sun et al,, 2015). On the contrary, elements that bind with
soil organic matter content in a weak affinity usually are in soils
which contain much inorganic particles (Beesley et al., 2010).
Concentrations of such elements in soils decreased with the
increase of organic matter content (Wang et al., 2019). This
explains the negative relationships between organic matter
content and alkali metals Na, Ba and Sr (Figure 2).

Even though OM is recognized as the most important factor
influencing element concentrations in wetlands, there are striking
differences between studies in coastal and inland wetlands, which
is that in the coastal systems most metals correlate positively with
OM (e.g. Otte et al,, 1993; Wang et al., 2022), whereas in the inland
systems it is a negative relationship (e.g. Yellick et al., 2016; Zhu
et al,, 2021). This can be understood if we consider the origin of
the metals in those different systems. As Salomons and Forstner
(1984) already described in detail, metals in estuaries originate
from precipitation with sediments and organic matter. As a result,
metal concentrations, OM and fraction of small sedimentary
particles strongly correlate (Otte et al., 1993). However, metals
in inland wetlands do not originate from sedimentation processes,
but are derived from erosion of inorganic materials, in which the
metals are occluded (Salomons and Forstner, 1984; Gao et al.,
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TABLE 3 | Spearman correlation coefficients between organic matter content and element concentrations in all sites.

No significant correlations

Positive correlations

K 0.178 As 0.643* B 0.672* Ce 0.792* Dy 0.777* N 0.956**
Ti 0.214 Se 0.456* Mg 0.724* Pr 0.773* Ho 0.772* P 0.771*
Y 0.125 Mo 0.730* Cr 0.620* Ni 0.722* Zn 0.763* \ 0.639*
Negative correlations Cd 0.770* Al 0.711* Nd 0.768* Er 0.748* Co 0.685"
Na -0.361** Sn 0.676* S 0.422* Sm 0.756** ™ 0.752** Cu 0.785*
Ba -0.843* Sb 0.679* Ca 0.270* Eu 0.739* Yb 0.699*
Sr -0.700** Pb 0.800* Mn 0.684** Gd 0.797* Lu 0.723*
Hg 0.492** Fe 0.691* Tb 0.780* La 0.793*
Asterisks indicate significant differences: *P< 0.05, **P< 0.01.
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FIGURE 3 | Positive (N) and negative (Ba) correlations between elements and soil organic matter.

2018). In that case, as OM increases, the proportion of inorganic
matter per volume of soil decreases, as do the concentrations of
metals associated with that inorganic fraction (Werkmeister et al,,
2018; Zhu et al., 2021).

Element Concentrations, pH, EC and SS

Although pH, EC and SS were identified as statistically significant
factors in explaining variation in element concentrations, those
relationships likely have no real relevance in explaining spatial
variation of elements. This is because although there are numerical
differences, the ranges in values are very small. This is evident if the
correlation between Na, EC and SS is more closely examined. Na is
usually an important element in determining salinity, and usually
concentrations of Na increase with increasing salinity and electrical
conductivity. That is particularly evident if such gradients are
observed along the entire length of estuaries, from freshwater to
full seawater salinity (Salomons and Forstner, 1984; Du Laing et al.,
2009; Cloern et al., 2017). However, in this study, even though the
geographic range of the sampling sites was about 10 km, values for
pH, EC and SS varied very little. As a result, Na in our study
correlated slightly negatively with salinity, which was an artefact of
the narrow range of values. Therefore, although pH, EC and SS
varied significantly between vegetation sites and were identified as
significant environmental variables, the effects of those
environmental variables on metals distributions were insignificant

compared to the effects of OM, which varied strongly between types
of vegetation.

The Role of Vegetation in Regulating
Element Composition

Our study found relatively high organic matter and high
concentrations of most elements in Suaeda salt marshes, similar
with other studies in coastal salt marshes (Otte et al., 1993; Yu et al.,
2011), most likely due to biological processes (Schmidt et al., 2011).
Without vegetation (bare, unvegetated sites) we observed 0.88%
organic matter, but this was 1.11-1.12% in the Phragmites and
Suaeda marshes. Wetland plants make direct contribution to soil
formation by organic matter input (Baustian et al., 2012), which, as
discussed above, affects element distributions. Wetland plants can
absorb nutrients and metals and release them as they die
(Baldantoni et al., 2004). Plant growth, root development and
microbial processes regulate carbon accumulation, metal mobility,
and nutrient accumulation (Jacob and Otte, 2003; Pennings et al.,
2005; Loomis and Craft, 2010; Yu et al., 2016).

So, plants produce OM, which explains the higher levels of
OM compared to bare, unvegetated sites, but this has been
known for a very long time. The more important outcome of
this work, however, is that where no statistically significant
differences were found in OM between Phragmites and Suaeda
sites, many elements showed statistically different concentrations
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FIGURE 4 | Ordination graph of non-metric multidimensional scaling analysis using the Bray-Curtis coefficient of dissimilarity, based on mean values of element
concentrations in soils. Wetland types of bare, Phrag, and Suaeda are represented by white, black and red circles, respectively.

between sites dominated by Phragmites compared to Suaeda,
namely: Ca, Co, Cr, Dy, Er, Eu, Gd, Ho, Mg, Mn, Ni, Pr, Tb, V,
and Zn. This shows the power of multi-element analysis. It
highlights that it is the plants that are the most important
determinant of element distribution in estuarine sediments,
through their production of organic matter, but also through
the different ways in which different plant species interact with
their immediate environment.

CONCLUSIONS

This study evaluated the concentrations of 43 elements in soils
between three vegetation types in coastal salt marshes. We
confirmed that differences between plant species, and the very
presence of plants are the most important factors regulating
element concentrations. Salt marsh vegetation enhanced soil
organic matter accumulation, in turn increasing the
concentrations of most elements including metals and nutrients,
but different plant species do so differently. This information
highlights the importance of vegetation in regulating soil
element composition and biogeochemical processes in coastal
salt marshes. Understanding these processes is critical for
assessment of effects of sea level rise and anthropogenic
activities on coastal ecosystems and their biogeochemistry and
sustainable management of coastal wetlands.
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