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The work was conducted at La Pletera salt marsh (NE Spain) to investigate the potential for atmospheric carbon
capture of perennial Sarcocornia fruticosa (L.) Scott and annual Salicornia patula Duval Jouve and subsequent
carbon integration and storage into S. fruticosa and S. patula soils respectively, at 0-5 and 5-20 cm depth.
S. fruticosa amounts of aboveground (aC), belowground (bC) and litter (IC) carbon were 2300%, 350% and
3000% higher than S. patula according to the respective plant, root and litter biomass. This dramatic difference

Glomalin
Aggregate stability
Ecosystem service

was reflected in soil organic carbon (SOC) values, much higher in S. fruticosa soil at 0-5 cm depth with 17.07 +
5.83 g kg~ ! than S. patula soil with 5.89 + 1.68 g kg™, namely 189% increase. Similarly, SOC increased by 109%
in S. fruticosa soil at 5-20 cm depth. This perennial species can accumulate great amount of decaying debris at

surface, which would gradually decompose by microbial activity to increase the soil organic carbon stock.
Furthermore, the organic carbon incorporated is of better quality because contains higher fractions of glomalin, a
stable organic compound known for its important role in soil aggregate stability. In fact, glomalin related soil
protein (GRSP) was 292% and 182% higher in S. fruticosa than S. patula at the two depths respectively. By
contrast, the low amount and nature of decaying debris produced in S. patula are easily mineralized and lesser
organic carbon is consequently incorporated into soil. Lower SOC and GRSP affected the soil aggregate stability
(WSA) in the 0.25-2 mm and 2-5.6 mm aggregate fractions, considerably more detachable in S. patula soil.
Moreover, this soil exhibited the highest mineralization coefficient (Qm) at both depths, 125% and 175% higher
than S. fruticosa soil respectively, and a major sensitivity to carbon loss. The PCA further highlighted the ability
of S. fruticosa habitat to act as a carbon sink. Results may be valuable for salt marsh vegetation management
addressed to mitigate climate change and increase ecosystem services.

the terrestrial organic carbon is attributed to salt marshes (Lal, 2008),

1. Introduction

Salt marshes are important worldwide ecosystems with potential to
mitigate climate change for their relevant role in the global carbon cycle
(Mitsch et al., 2013). Climate change mitigation refers to efforts
addressed to reduce atmospheric carbon dioxide by plant photosynthetic
activity. Plant-soil interactions promote the transfer of assimilated C
from plants to soil microbial biomass enhancing the role of soil as po-
tential organic carbon sink (Chastain et al., 2018). About 20%-30% of
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but their importance is often disregarded (Bromberg Gedan et al., 2009).
Salt marshes are found predominantly along coastlines with temperate
climates and since many years have been gaining attention in soil carbon
sequestration studies (Howe et al., 2009; Gonzalez-Alcaraz et al., 2012).
They cover approximately less than 7% of the earth’s land surface and
have shown great ability to capture atmospheric carbon through halo-
phile vegetation (Cizkova et al., 2011; Chmura, 2013) and contribute to
carbon sequestration (Van de Broek et al., 2016). In the Mediterranean,
salt marshes are in danger because affected by erosive processes due to
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Abbreviations

aC aboveground biomass carbon
bC belowground biomass carbon
BSA bovine serum albumin

DBD dried bulk density

EC electrical conductivity

GRSP glomalin related soil protein
HSD honestly significant difference
IC litter carbon

MLRM  multiple linear regression model
NT total nitrogen

Qm mineralization coefficient
RPM revolution per minute

SCD soil carbon density

SCS soil carbon stock

SocC soil organic carbon

WSA water stable aggregates

scarce but high intensity rainfall and very dry summer (Caravaca et al.,
2005). Marsh vegetation may counteract surface erosion but its role is
uncertain in reducing lateral erosion caused by wave impact in tidal
marshes, resulting in removal of bank material (Marani et al., 2011).
These effects may even increase due to sea level rise and change in tidal
amplitudes in combination with reduced fluvial sediment supply
(Leuven et al., 2019). Salt marsh degradation may also occur by plant
competition induced by anthropic disturbance, ultimately causing bare
patches after native halophytes extinction (Macreadie et al., 2013). In
this regard, Deegan et al. (2012) found that fertilizers discharge in
coastal ecosystems cause dramatic nutrients enrichment, overwhelming
the marsh capacity to remove nitrogen, producing eutrophication and
contributing to accelerated salt marsh loss. Moreover, salt marshes have
gradually disappeared due to the increased value of land in the Medi-
terranean shoreline (Lefeuvre et al., 2003), which have favoured ur-
banization for tourism and lots of recreational activities (Spencer and
Harvey, 2012). When these ecosystems are degraded, the stored carbon
can be released and annual uptake of carbon dioxide ceases, thus moving
backwards positive effects on climate change (Mcleod et al., 2011;
Pendleton et al., 2012). Salt marshes need therefore to be protected as
important natural habitats for plants and wildlife, because they consti-
tute valuable food resources and provide many ecosystem services
which benefits are extended to human life (Barbier et al., 2011).
Plant/soil relationships are important in salt marshes because soil
properties and halophytes characteristics and distribution may drive
carbon incorporation to soil (Antisari et al., 2017). Several studies have
reported the importance of above and below biomass in soil carbon
accumulation (Tripathee and Schafer, 2015). Other studies have sepa-
rately quantified halophytes productivity to examine the relationships
between plant growth, decay, and biomass in concert with soil carbon
accumulation (Elsey-Quirk and Unger, 2018). Atmospheric carbon
deposition in tidal salt marshes may be enhanced by allochthonous
material (edaphic algae or dead wrack) related to sea level rise and
sediments and nutrients supply (Saintilan et al., 2013), whilst non-tidal
marshes in coastal lagoons with limited sediments supply may be
particularly vulnerable because of their reliance on in situ organic matter
production (Kirwan and Guntenspergen 2012). On the one hand, eco-
systems with low sediments supply may therefore only rely on autoch-
thonous plant carbon inputs (Craft et al., 2007) highlighting the
relevance of local vegetation in managing carbon dynamics (Unger
et al.,, 2016). On the other hand, Silvestri et al. (2018) suggested a
renewing dynamics of salt marsh surface elevation related to local scale
sediment input and output, balancing soil compaction and organic
matter decomposition.
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In the NE of Iberian Peninsula, residual brackish and hyperhaline salt
marshes are still present and are separated from the sea almost all the
year (Quintana, 2002). The isolation from surface freshwater and ma-
rine inputs define the characteristics of confined coastal lagoons alter-
nated with sweep of salt marsh soils which hydrology has been
thoroughly studied (Mencio et al., 2017). Some of the most abundant
plant communities of these ecosystems are mainly composed by Sarco-
cornia fruticosa (L.) Scott and by Salicornia patula Duval Jouve (Gesti,
2019). These two plant communities represent therefore an important
contribution to autochthonous carbon deposition and accumulation in
soils and deserve special attention in carbon sequestration studies at this
site.

The research work was conducted at La Pletera salt marsh with the
objective to elucidate the capacity of the perennial Sarcocornia fruticosa
(L.) Scott and annual Salicornia patula Duval Jouve to absorb atmo-
spheric carbon dioxide in above and belowground biomass and litter in
relation to their soil organic carbon content. We hypothesise that the
vegetation type can have a differential effect on patterns of soil organic
carbon dynamics which in turn may largely regulate other relevant soil
parameters such as glomalin and aggregate stability. As salt marsh areas
are often postulated as potential carbon sink, the work seeks to explore
the extent of contrasting plant communities to contribute to soil carbon
accumulation and storage, suggesting the possibility of salt marsh
management for improving atmospheric carbon capture.

2. Materials and methods
2.1. Study area

La Pletera salt marsh is located inside the Montgri, Medes Islands and
Baix Ter Natural Park (42° 01’ 03"N, 3° 11’ 29”E), Estartit city, NE Spain
(Fig. 1a and b). The site occupies an area of 7.5 ha and is included in
Natura 2000 Network. The climate in the region is temperate humid
with dry and hot summer. The annual average temperature is 16 °C with
an average maximum of 25 °C in summer and minimum of 10 °C in
winter. Average rainfall is about 590 mm year~! with higher rainfall
(around 200 mm) recorded in spring and autumn respectively. This
confined Mediterranean coastal ecosystem hosts a well-preserved area
with halophilic plant communities (Badosa et al., 2006). Two of the
most abundant plant species that can be found in these plant commu-
nities belong to the Chenopodiaceae family and are Sarcocornia fruticosa
(L.) Scott (hereafter S. fruticosa) and Salicornia patula Duval-Jouve
(hereafter S. patula). Both species dominate two of the habitats that
occupy the largest part of the Pletera but differ in physiological char-
acteristics. S. fruticosa is a perennial shrub with woody stems procum-
bent to erect reaching up to 1 m high (Scarton et al., 2002). It is
characterized by jointed branches with fleshy stems and a diffused root
system with large amount of ligneous tissues, it forms dense stands along
coasts with seasonally or permanently dry climate (Fig. 1c), and is
common in loamy soils of Mediterranean salt marshes (Ibanez et al.,
2000). S. patula is an annual small herbaceous plant with short erected
fleshy shoots and reduced root density, and generally shows low cover
percentage (Fig. 1d). It is mostly common in sandy soils of Mediterra-
nean salt marshes (Sajna et al., 2013) and often also occurs in the
clearings or on the edges of the areas colonized by the perennial glass-
worts. Below the two plant communities we find shallow soils
(approximately no more than 30 cm depth), showing evidence of aquic
conditions imposed by water table upwelling (Fig. 1e). The S. fruticosa
soil was classified as Typic Fluvaquent and the S. patula soil as Typic
Psammaquent (Soil Survey Staff, 2014). The A/C horizon development
is much clearer in the S. fruticosa soil while is indistinct in the S. patula
soil.

2.2. Plant and soil sampling

In each plant community five 100 x 100 cm plots were established at
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Fig. 1. Location of the Pletera salt marsh, Estartit city, Girona Province, SE Spain (a, b). Examples of S. fruticosa (c) and S. patula (d) habitats. Typical soil profile at La

Pletera (e).

random. Before soil sampling, the percent plant cover of each square
plot was established by registering the presence of vegetation in points
separated by 10 cm. Plant living biomass (stems and roots) and litter
from each plot of both S. fruticosa and S. patula were accurately sampled
and taken to the laboratory. The three parts (roots, stems and litter) were
thoroughly rinsed with tap water to remove any residual soil particles
and separated. All the plant material was oven dried at 70 °C until
constant weight. Samples were then prepared for subsequent analysis of
aboveground carbon (aC), belowground carbon (bC) and litter carbon

(1C) of S. fruticosa and S. patula communities, respectively, from now on
aC-S. fruticosa, bC-S. fruticosa, 1C-S. fruticosa and aC-S. patula, bC-
S. patula, 1C-S. patula.

Five composited soil samples were extracted with an Eijkelkamp
hand auger (Eijkelkamp Soil and Water Equipment, The Netherlands) in
each plot at 0-5 and 5-20 cm to have 25 samples at each depth. Soils
were named S. fruticosa soil and S. patula soil, respectively. In total, 100
soil samples were collected from the two plant communities. Samples
were then transferred to the laboratory, air dried and gently crushed,
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and a part was sieved at 0-2 mm mesh (fine earth fraction) for physical
and chemical analyses, that is: 50 samples at 0-5 cm and 50 samples at
5-20 cm depth. Another part was used for aggregate stability trials by
sieving the soils through 0.25-2 mm and 2-5.6 mm mesh to obtain 0-25-
2 mm and 2-5.6 mm aggregate fractions. That is: 100 samples at 0-5 cm
and 100 samples at 5-20 cm. Additionally, five composited fresh soil
samples were collected from each plot at the two depths, transported to
the laboratory, cleaned for roots and sticks and stored at 4 °C for bio-
logical analyses.

2.3. Plant and litter analyses

To estimate the carbon captured by S. fruticosa and S. patula com-
munities, the previously prepared plant material was homogenized with
an electric (150 W) stainless steel grinder (Taurus, Spain). Concretely for
S. patula the plant material of each fraction (roots, stems and litter) was
all homogenized. Conversely, since the collected samples (roots, stems
and litter) of S. fruticosa presented a remarkably higher amount of
biomass, it was homogenized the 25% of each fraction when the total
weight was higher than 80 g; the 50% when the weight was 15-80 g and
100% when the weight was lower than 15 g. After that, a part of each
homogenized material was further finely grounded (<50 pm) using a
ball mill (Mixer Mill MM 400, Retsch GmbH, Haan, Germany). Three
subsamples of 4 mg of each material were placed in tin capsules for
carbon analyses. Total carbon estimations were performed at the Uni-
versity of California (UC Davis, Stable Isotope Facility, Davis, USA)
using an elemental analyser (PDZ Europa ANCA-GSL, Sercon Ltd.,
Cheshire, UK) linked to a continuous flow isotope ratio mass spec-
trometer (PDZ Europa 20-20 IRMS, Sercon Ltd., Cheshire, UK) as re-
ported by Diaz-Guerra et al. (2018). The carbon stored in both the living
vegetation and litter (§C m~2) was quantified multiplying the carbon
concentration (mgC g~ 1) by its total weight and results were expressed
as g m~2 of aC-S. fruticosa, bC-S. fruticosa, 1C-S. fruticosa and aC-S. patula,
bC-S. patula, 1C-S. patula, respectively.

2.4. Soil analyses

The dried bulk density (DBD) was determined by using 5 x 5 cm
stainless steel cylinders (Forster, 1995; Setia et al., 2011) to extract
unaltered soil portions, then dried overnight at 105 °C and weighed at
0.01 g accuracy. DBD was calculated as follows:

DBD(g/epy =m | P1th

Where, DBD is the dried bulk density, m the mass of soil (g), r and h the
radius and height (cm) of stainless steel cylinder, respectively.

Particle size analysis was determined in 0-2 mm soil fraction by the
pipette method (Forster, 1995). The method of Kemper and Roseanu
(1986) was performed to measure the water stability of aggregates by
using the previously separated aggregates tested with the Wet Sieving
Apparatus of Eijkelkamp Soil and Water Equipment, The Netherlands.
Measurements were carried out as follows: aliquots of both 0.25-2 mm
and 2-5.6 mm aggregate fractions were moistened with distilled water
by capillary action, placed in 0.25 mm and 2 mm sieves respectively and
then subjected to vertical oscillatory sieving during 3 min in cups of
distilled water. Each immersion-emersion cycle lasted 3 s, with a total of
60 cycles during 3 min, causing disruption and detachment by the
dispersive forces of water. Survived aggregates were dried at 105 °C and
weighed with accuracy of 0.01 g. The stability of aggregates to water
(WSA) was calculated for each fraction and depth from the following
equation, taking into account the sand content:

(M(HJ) - MS)

WSA(%) = M, 1)

100

Where, M(a.5) is the mass of the resistant aggregates plus sand (g), M is
the mass of the sand fraction alone (g), and M; is the total mass of the soil
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sample (g).

The fine earth fraction (0-2 mm) was used to determine pH in 1:2.5
(w/v) soil water suspension and electrical conductivity (EC) on satu-
rated paste extracts by means of a Dyson pH-meter and a CON 510
conductivity meter respectively (Forster, 1995) of Dyson-Eutech In-
struments, Spain. Similarly, the soil organic carbon (SOC) was deter-
mined by the dichromate oxidation method (Walkley and Black 1934)
and total nitrogen (NT) according to the Kjeldhal method (Bremner and
Mulvaney, 1986).

Glomalin related soil protein (GRSP) was determined according to
Rillig (2004) by placing 1 g of the fine earth fraction and 8 ml of a 50 mM
trisodium citrate dihydrate solution at pH 8.0 in centrifuge tubs then
autoclaved at 121 °C for 60 min. After extraction, samples were
centrifuged at 5000 RPM for 15 min and the supernatant collected and
stored at 4 °C. Extractions were continued on the same samples until
pale-yellow supernatants were obtained indicating absence of glomalin
(Nichols and Wright, 2005). Extracts were pooled together and glomalin
quantified by the Bradford protein assay (Sigma Aldrich) with bovine
serum albumin (BSA) as the standard. The glomalin quantification is
based on the reaction of Coomassie Brilliant Blue (CBB) G-250 acidic
solution binding to the BSA protein thus altering the absorbance prop-
erties of the dye. A total of 0.04 ml of BSA standard solutions (0, 25, 50,
100, 200 pg mL™!) was added to a 2 ml of 1:4 (v/v) acidic solution. The
addition of protein results in a shift of the dye absorption from 465 to
595 nm, causing a visible colour change detected by spectrophotometric
measurements. Similarly, 0.04 mL of the glomalin-extracted solution
(containing the glycoprotein) was used to measure the unknown glo-
malin concentration of the soil samples. The assay is useful because the
extinction coefficient of the dye-albumin complex solution is constant
over a suitable concentration range (Bradford, 1976).

The respiration of the soil was determined according to Keith and
Wong (2006). 150 g of unaltered fresh soil samples collected at 0-5 and
5-20 cm depth were placed in 500 cm® glass jar containing porcelain
cups with 15 g of soda lime, previously oven dried at 105 °C and
weighed with the accuracy of 0.001 mg. Samples were then incubated
during 7 day at 25 °C at dark. After incubation soda lime was dried
overnight at 105 °C, cooled in a desiccator and weighed with the ac-
curacy of 0.001 mg. The method of Grogan (1998) was followed for the
appropriate correction for water formed during CO5 adsorption on soda
lime. Each mole of CO; is bound with soda lime together with a mole of
water, successively lost by oven drying. Dry mass increase before and
after exposure would therefore underestimate the CO, absorbed. The
correction factor takes into account that 44 g of CO3 reacts with 74 g of
Ca(OH), forming 100 g of CaCOs3 and 18 g of water. The weight increase
in soda lime is then 26 (i.e. 100-74), which gives the correction factor of
44/26 = 1.69 to be applied to the mass difference in order to obtain the
true value of CO, absorbed. Values were then expressed as mg CO5 g~}
day~!. Carbon of carbon dioxide (C-CO5) may be then calculated as
follows:

C—CO,=CO, x12/44

Where 12 and 44 are the molecular weights of carbon and carbon di-
oxide respectively.

Once obtained the C-CO; values the mineralization coefficient Qm of
soil organic carbon can be derived according to Dommergues (1960):

Om=C— CO,/SOC

Where SOC is the soil organic carbon.

The soil carbon density and carbon stocks were estimated according
to Chastain et al. (2018). For each soil-plant habitat the average soil
carbon stock (Mg SOC ha™!) were obtained by first measuring the soil
carbon density (SCD, g SOC cm™%) in the 0-5 and 5-20 cm depth as
follows:

SCD 450¢ en-3) =SOC /100 x DBD



M. Gispert et al.

SCD is the mass of carbon found in the two soil layers, SOC is the soil
organic carbon and DBD is the dried bulk density.

2.5. Data analysis

The program Statistics (Version 7.1, 2007, Statsoft Inc., Tulsa, OK,
USA) was used for data analysis. One way ANOVA and Tukey HSD post-
hoc test was tried to check significant data variability within and be-
tween the soil habitats along the two investigated depths.

Also, to establish the degree of variation of soil organic compounds
and structural stability, multiple regression equations were performed
by assessing the effect of the independent variables sand, silt+clay, DBD
and pH on SOC, GRSP, NT, CO;, Qm, WSA( 25.2) and WSA(2.56) as
dependent variables and the model was set as follows using data of 0-20
cm depth for each soil habitat:

Ysoc, Yorses Yars Yeo, s Yom Ywsa0.25-2); Ywsa—s.6) = Bo + B1Xsana + BoXsiteclay
+ B3 Xpsp + BaXpn

Which may be more clearly read by using the next array formulation:

Y 1 X Xi2 Xi3 X4
Y, 1 X1 X X3 Xo4
Y; 1 X3 X3 X33 X34
Yol =F| 1| +5 | Xa | +5 | Xo | 55| Xaz |y | Xua
Ys 1 Xs1 Xs» Xs3 Xs4
Ys 1 Xo1 X2 Xe3 Xea
Y; 1 X7 X7 X73 X4

Where Y, Yo, Y3, Y4, Ys, Y6 and Y7 represent SOC, GRSP, NT, CO2, Qm,
WSA (0.25.2) and WSA 2.5 ¢) respectively, the first subscript in X represents
the observation related to each dependent variable, the second subscript
in X each independent variable (sand, silt+clay, DBD and pH) respec-
tively and Bo, B1, P2, P3, P4 represent partial regression coefficients.

Moreover, principal component analysis (PCA) was carried out to
create a component structure with variables responsible for most of the
global variance of data. Scoring each component with associated vari-
ables and matching them with the soil habitats provided information
about the relationships between soils and variables to emphasize trends
of soil properties and carbon storage in the studied area.

Table 1
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3. Results
3.1. Plant and soil patterns

On average, the plant cover estimated through visual inspection of
the presence or absence of vegetation every 10 cm within each plot was
98% in S. fruticosa and 78% in S. patula. This was reflected in the mean
values of above, below and litter carbon (aC, bC and 1C) of the two plant
communities. The aC-S. fruticosa amounted to 1573.52 + 823.87 g m ™2,
i.e. 2285% higher than aC-S. patula with 65.98 + 7.18 g m™2. Similarly,
bC-S. fruticosa was 89.73 + 16.45 g m 2 against 19.91 + 7.39 g m 2 of
bC-S. patula, i.e. 350% higher. Therefore, the higher vegetation density
of S. fruticosa leads to enhanced CO5 capture with respect to S. patula.
The litter carbon (IC) followed the same trend and resulted 233.24 +
104.76 g m~2 in S. fruticosa, 3000% higher than I1C of S. patula with 7.53
+470¢g m2

The S. fruticosa soil had a loamy texture at 0-5 cm (44 + 7% sand, 43
+ 9% silt, 13 & 9% clay) and sandy loam at 5-20 cm (55 + 11% sand, 33
+ 7% silt, 7 + 3% clay). The S. patula soil texture was loamy sand all
along 0-20 cm depth (78 + 14% sand, 16 + 7% silt, 6 + 3% clay), and
textural values corroborated soil classification. Mean soil parameters of
the studied habitats are reported in Table 1. Average values of dried bulk
density (DBD) ranged between 1.27 and 1.35 g cm > and varied
significantly (p < 0.05) between depths within a same plant community,
and between the plant communities only at 0-5 cm depth. Soil pH was
moderately alkaline (7.92 + 8.57) and values were significant (p < 0.05)
within S. fruticosa soil at different depths and between S. fruticosa and
S. patula soils at 0-5 cm depth. Soil electrical conductivity (EC) showed
significant variation (p < 0.05) within each plant community at different
depths, but not at the same depth when comparing values of the two
plant communities (Table 1). Effectively, EC values were very similar
between S. fruticosa and S. patula soils at 0-5 cm (12.52 + 0.17 dS m™!
and 11.22 + 3.55dSm ') and at 5-20 cm (4.10 + 1.50 dS m™ ' and 4.47
+ 1.44 dS m™1). These values decreased by 68% and 61% respectively
from 0-5 to 5-20 cm in both soils probably indicating the presence of salt
efflorescences at soil surface during dry periods (Antisari et al., 2017).
Calcium carbonate content was rather constant along depths (10.35 +
3.39% and 10.23 + 1.69%) in both soils and was mainly composed by
residual shells and calcareous sandstone particles deposited in the study
area. Values of SOC, NT and GRSP varied significantly (p < 0.05) within
and between both S. fruticosa and S. patula soils at different depths

Relevant soil parameters determined at 0-5 and 5-20 cm depth in the investigated habitats at La Pletera salt marsh site. Significant variability is checked by one way

Anova. SE of the mean (n = 25) is given.

Soil DBD pH EC SOC NT GRSP WSA(0.25-2) WSA(2.5.6) CO» C-CO, Qm
(g cm™) (@m’)  (gkg™h (kgD  (@gkg) () (%) (gkg™  (gkg
S. fruticosa soil o. 1.27 + 7.92 + 12.52 + 17.07 + 0.78 £ 3.22 + 78.85 +8.03 87.16 + 0.50 + 0.13 £ 0.008 +
5 0.13 0.21 0.17 5.83 0.23 0.85 8.36 0.04 0.03 0.003
S. fruticosa soil 5. 1.34 + 8.40 + 4.10 + 6.64 + 0.29 + 0.62 + 43.10+9.88  29.41 + 0.08 + 0.02 + 0.004 +
20 0.28 0.66 1.50 2.33 0.11 0.20 7.96 0.02 0.01 0.002
ab ab ab ab ab ab ab ab ab ab ab
S. patula soil o5 1.31 + 8.47 + 11.22 + 5.89 + 0.40 + 0.82 + 55.28 + 45.83 + 0.38 + 0.11 + 0.018 +
0.14 0.16 3.55 1.68 0.13 0.12 11.30 17.72 0.05 0.02 0.005
S. patula soil s 59 1.35 + 8.57 + 4.47 + 3.17 + 0.19 + 0.22 + 33.66 + 15.63 + 0.11 + 0.03 + 0.011 +
0.18 0.42 1.44 1.10 0.06 0.08 11.67 8.28 0.04 0.01 0.004
ab aa ab ab ab ab ab ab ab ab ab
0-5 cm AB AB AA AB AB AB AB AB AB AB AB
5-20 cm AA AA AA AB AB AB AB AA AA AA AB

DBD: Dried bulk density; EC: Electrical conductivity; SOC: Soil organic carbon; NT: Total nitrogen; GRSP: Glomalin related soil protein; WSA g 25.2): Structural stability
of aggregates in the 0.25-2 mm aggregate fraction; WSA(2.56): Structural stability of aggregates in the 2-5.6 mm aggregate fraction; CO5: Carbon dioxide emission

potential; C-CO,: Carbon of carbon dioxide; Qm: Mineralization coefficient.

Different lower case letters indicate significant differences of soil parameters within each plant community at different depths; In the last rows capital letters indicate
significant differences of soil parameters between plant communities at each depth; Statistical difference estimated by Tukey HSD post-hoc test, p < 0.05.
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(Table 1). SOC, NT and GRSP values increased by 189%, 95% and 292%
at 0-5 cm depth and by 109%, 52% and 182% at 5-20 cm depth in
S. fruticosa soil with respect to S. patula soil. In the majority of the
analyzed parameters of both soils, significant decrease in the range of
38%-84% was detected at 5-20 cm depth. In particular SOC decreased
by 61% and 46% in S. fruticosa and S. patula soils, respectively (Table 1).
The water stability of aggregates (WSA) varied significantly (p < 0.05)
within depths in both aggregate fractions of S. fruticosa and S. patula
soils and between them at 0-5 c¢cm, but not at 5-20 c¢m in the 2-5.6 mm
fraction (Table 1). At 0-5 cm depth mean WSA values of S. fruticosa soil
increased by 43% and 90% in both 0.25-2 mm and 2-5.6 mm aggregate
fractions with respect to S. patula soil. At 5-20 cm depth WSA values of
both aggregate fractions were still higher in S. fruticosa (28% and 88%
respectively) than S. patula soil, suggesting that soil peds need appro-
priate amounts of organic aggregating agents to secure suitable struc-
tural stability.

4. Discussion

The values of aC, bC and 1C of S. fruticosa were in agreement with
field observations and largely exceeded those of S. patula. This picture
points out the relevant difference of primary production between the
two plant communities, and the role of photosynthetic uptake of at-
mospheric CO5 later on transferred to soils as organic carbon via mi-
crobial activity (Curco et al., 2002; Hopkins et al., 2014). The higher
vegetation density and copious decaying debris contributed to improve
by 120% the finer particles in S. fruticosa soil texture, justifying its
classification as Typic Fluvaquent, in contrast with sparser plant distri-
bution of S. patula which loamy sand soil was classified as Typic
Psammaquent (Soil Survey Staff, 2014). The variability of soil parame-
ters checked by one way Anova was somewhat more significant within
each plant community at different depths though relevant SOC, NT,
GRSP, WSA and Qm varied significantly between plant communities at
each depth. Indeed, SOC, NT and GRSP values were considerably high at
La Pletera salt marsh and particularly in S. fruticosa soil (Table 1). Other
authors have reported lower values of SOC, NT and glomalin in similar
ecosystems. Pei et al. (2019) recorded 2.30 + 0.17 g kg™! glomalin in
coastal wetlands inferring that glomalin content was significantly
affected by the vegetation types. WenYang et al. (2019), obtained 3.43
+ 0.33 g kg ! and 0.24 + 0.02 g kg ! of SOC and NT respectively in a
Chinese salt marsh mainly vegetated by Phragmites australis. In a Medi-
terranean salt marsh mainly covered by Arthrocnemum macrostachyum,
Halimione portulacoides, and Suaeda vera, Caravaca et al. (2005) recor-
ded SOC and TN values of 4.30 + 040 g kg! and 0.61 + 0.2 g kg™*
respectively. La Pletera salt marsh would thus deserve much attention
for its much higher soil carbon, nitrogen and glomalin content, which
also may imply added ecological values. Jobbdgy and Jackson (2000)
claimed a better understanding of the vertical distribution of SOC and
how vegetation may affect it along soil depth through patterns of allo-
cation. They showed that the relative distribution of SOC in the upper-
most 20 cm was 33%, 42%, and 50% in shrublands, grasslands and
forests respectively, but shrublands had a larger SOC distribution below
20 cm due to denser above and below biomass which may preserve more
organic carbon for longer. They even suggested site management
through shrub encroachment of grasslands or afforestation to achieve
carbon deep in the soil acting as a potential C sink. Hence, the allocation
of vegetation is important for SOC distribution and associated parame-
ters like NT and GRSP and ultimately soil aggregation and structural
stability. Other authors (Bai et al., 2016) observed a decreasing trend of
SOC distribution in deeper soil layers of salt marshes, suggesting that
vegetation type and plant cycling may affect distribution pattern of SOC.
In addition, they also reported that water content, texture, soil pH and
salinity explained about 80% of SOC variation in the top 20 cm and
20-100 cm of soil layers. On the one hand, the consistent vertical
decrease of values showed in Table 1 may warn on soil impoverishment
in such restricted depth difference. On the other hand, values reported in
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Table 1 enhance the importance of S. fruticosa vs. S. patula community
showing the former much higher soil carbon content (+65%), which
may be thoroughly beneficial to others soil properties. These differences
in soil carbon content would be closely related with the different type of
vegetation that dominates each soil. As commented above, S. fruticosa
forms dense banks of vegetation reaching up to 1.5 m high (Castroviejo,
1990) while areas dominated by S. patula are characterized by the
presence of spaced individuals of usually no more than 40 cm height
(Valdés and Castroviejo, 1990). This is in accordance with plant cover
results and with the remarkably higher amount of carbon observed in
the aboveground, litter and belowground biomass of S. fruticosa
compared with S. patula. Hence, S. fruticosa soil receives a remarkably
higher carbon input from vegetation compared with S. patula soil. In this
sense, the vegetal material reaching the soil, decomposing and then
contributing to the integration of organic carbon in the soil is mainly
roots and litter. Previously, it has been observed that roots and woody
stems of S. fruticosa, which represented the main fraction of the litter of
this species (Ibanez et al., 1999), decompose slow (Curco et al., 2002;
Scarton et al., 2002), favoring therefore the humification and soil inte-
gration of the organic carbon from vegetal material instead of their total
mineralization. Thus, S. fruticosa soil not only received a higher amount
of carbon from vegetation but also the chemical quality of the vegetal
material that reach the soil would guarantee the carbon incorporation
on it. These results agree with the positive correlation observed in the
case of S. fruticosa soil among the carbon of all the vegetal compartment
(aC, bC and IC) and SOC, GRSP and NT (Table 2). By contrast, the low
amount and nature of decaying debris produced in S. patula are easily
mineralized. The little contribution that the vegetation of S. patula has in
carbon incorporation to soil can be observed in the absence of significant
correlation among this parameter and aC, bC and 1C (Table 2).

As expected, at higher SOC and GRSP corresponded higher WSA in
the two analyzed aggregate fractions and WSA values were always
higher in S. fruticosa than S. patula soil (Table 1). Meanwhile, it was also
observed that WSA values in the 0.25-2 mm aggregate fraction
decreased by 45% and 39% with depth in both S. fruticosa and S. patula
soils and the decline was even higher (65% and 66%) in the 2-5.6 mm
aggregate fraction (Table 1). Independently of the expected difference in
WSA values between the two soils, it seems interesting to notice that the
WSA percent decrease (from 0-5 to 5-20 cm depth) in the 2-5.6 mm
fraction of S. fruticosa and S. patula soil is 32% and 40% respectively
higher than in the 0.25-2 mm fraction. As the agents responsible for
aggregate stability are mainly organic, and hence biological in origin
(Caravaca et al., 2005), the decrease was ascribed to the abrupt decline
of SOC (61% and 46%) and GRSP (80% and 76%) mainly affecting
coarser aggregates. In fact, previous research on soil aggregate stability
indicated that the reduction of soil organic carbon may affect coarser
aggregates which are generally detached into smaller aggregates where
SOC can be better protected (Oades, 1984). Some authors (Cerda, 1998;
Castellano et al., 2015) have reported that the type of litter and soil
organic matter stabilization may have great relevance on soil organic
carbon quality and quantity, thus influencing organo-mineral complexes
and ultimately soil structure stability. Also, Totsche et al. (2018) out-
lined that appropriate amounts of organic compounds may create a
stable soil crumb in which microaggregates may better withstand
dispersion forces of water and last for centuries.

Values of potential soil respiration demonstrated that at higher
organic carbon content corresponds higher CO, production thereby
increasing C-CO, (Table 1). In spite of this, S. patula soil had a much
higher mineralization coefficient Qm (ratio C-CO3/SOC) which was
125% and 175% higher than S. fruticosa soil at both depths respectively,
implying that the organic carbon pool considered a highly valued
ecosystem property (Schmidt et al., 2011), may be mostly labile and
easily mineralized in S. patula soil. Gasparri et al. (2016) reported that S.
patula occurs on sandy-loam soils in the clearings or on the edges of
areas colonized by stronger perennials, inferring that its annual char-
acteristics with typical small bush growth reduce litter formation and
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Table 2
Correlation matrixes for variables of S. fruticosa and S. patula soils mediated along the 0-20 cm depth (n = 50).
S. fruticosa Sand silt Clay DBD pH EC SOC GRSP NT WSA@as.  WSAe. CO, Qm aC bC
soil 2) 5.6)
Silt —0.78"
Clay -0.82" 0.77°
DBD 0.78" —0.84" —0.74°
pH 0.81" -0.85" —0.77° 0.55
EC -0.47  0.73° 0.79° 0.02 —0.09
SoC -0.83"  0.76" 0.85" -0.49  —0.94° 0.35
GRSP -0.92° 0.84" 0.82" —0.43  —0.95° 0.19 0.95°
NT —-0.85"  0.87" 0.80" -0.38 -0.93°  0.25 0.95¢ 0.96°
WSA.25.2) —0.91°  0.95° 0.90° -0.55 -0.47  —0.26 0.26 0.31 0.31
WSA(.s5.6) -0.97° 0.74° 0.77" —0.68"°  —0.84"  0.09 0.70° 0.74" 0.74" 0.77"
CO, —-0.88"  0.76" 0.69" -0.68"  —0.91° 0.7 0.87" 0.92° 0.84" 0.31 0.79"
Qm -0.75"  0.78" 0.72° -0.56 -0.88" —0.31 —0.94° -0.89” —0.92"° -0.25 —0.74° -0.81"
aC 0.11 -0.03  —0.09 -0.49 -0.83" —0.02 0.76" 0.82" 0.72° 0.46 0.76° 0.87" -0.77"
bC 0.17 —0.04 —0.15 —0.59 —0.93 —0.04 086" 0.94¢ 0.87" 0.39 0.78" 0.92° -0.87°  0.93°
Ic -0.12  0.19 0.07 -0.43  -0.71° —011  0.91° 089" 0.83° 0.52 0.60 0.85" -0.78" 0.81° 0.88"
S. patula soil Sand Silt Clay DBD pH EC SOC GRSP NT WSA(0.25-2) WSA25.6) CO, Qm aC bC
silt -0.70°
Clay -0.69° —0.75
DBD 0.72% —0.77°  -0.81"
pH 0.57 -0.44  —0.60  0.31
EC -0.88" 0.78" 0.81° -0.16  —0.69°
S0C —-0.65"  0.70° 0.68° -0.22  —0.94° 0.52
GRSP —0.90°  0.83" 0.87" —0.49 —0.54 0.08 0.63"
NT -0.72° 077" 0.82" —0.25  —0.90° 0.51 0.94¢ 0.49
WSA0.25.2) -0.81°  0.72° 0.80" -0.11  0.12 —-0.38  0.02 0.22 —-0.14
WSA2.5.6) -0.86"  0.80" 0.76° —-0.64° —0.47  0.01 0.56 0.94°  0.51 0.08
CO, -0.91”  0.80" 0.84° -0.03  —020 0.3 0.38 0.17 0.44 -0.28 0.23
Qm -0.72"  0.75° 0.73° 0.58 0.66" -0.18 —0.67"° —0.61 —0.60 0.27 —0.70" —-0.11
aC -0.15  0.19 0.11 -036 —061  —0.05 0.57 0.58 0.54 0.05 0.61 -0.30 —0.83"
bC 0.19 -0.15  —0.21 -0.42  -056 —0.15 0.58 0.70°  0.53 0.16 0.72° -0.18 -0.84" 0.97°
Ic 0.36 -0.22  0.10 -0.36 —0.44  —0.50 0.27 0.62 0.39 0.30 0.54 -0.46 —0.73" 059  0.69°

DBD: Dried bulk density; EC: Electrical conductivity; SOC: Soil organic carbon; NT: Total nitrogen; GRSP: Glomalin related soil protein; WSA g 25.2): Structural stability
of aggregates in the 0.25-2 mm aggregate fraction; WSA(2.56): Structural stability of aggregates in the 2-5.6 mm aggregate fraction; CO4: Carbon dioxide emission
potential (g kg~1); Qm: Mineralization coefficient; aC: Aboveground biomass carbon; bC: Belowground biomass carbon; 1C: Litter biomass carbon.

? p<0.05.
b p<0.01.
© p < 0.001.

organic matter incorporation to soil. Significant variability (p < 0.05) of
CO5 and Qm values was found within S. fruticosa and S. patula soils at
different depths and between them only at 0-5 cm depth.

Regardless the different content in SOC and GRSP between
S. fruticosa and S. patula soils both parameters were significantly
correlated (p < 0.001) in both soils at both depths (Fig. 2a and b), as
formerly reported by Caravaca et al. (2005), stating that glomalin may
be produced also in soils with high salinity such as salt marshes. Other
authors working on different types of soil also found significant re-
lationships between SOC and GRSP (Rillig et al., 2001; Schindler et al.,
2007; Emran et al., 2012). GRSP has been defined as an important part
of stable soil organic carbon (Gispert et al., 2013; Vlcek and Pohanka,
2020) and Gispert et al. (2018) found significant correlation of this
major carbon pool with hardly mineralizable carbon compounds
determined by pyrolysis-GC. Yet, Fokom et al. (2012) reported that
GRSP plays an important role in the maintenance of soil structure and
fertility. Its contribution to the stability of soil aggregates was early
reported by Rillig (2004), inferring that dynamic processes of structure
stability intensify the role of GRSP as a soil component to store recal-
citrant organic carbon in microsites, thus enhancing soil carbon
sequestration. In S. fruticosa soil, mean data of WSA( 252 mm) and
WSA(2-5.6 mm) at 0-5 and 5-20 cm depth plotted against GRSP showed
significant fits (r = 0.83, p < 0.01 and r = 0.97, p < 0.001 respectively)
as can be seen in Fig. 3a, strengthening the role of glomalin in soil
aggregate stability especially at high GRSP values. Different pictures
were shown for S. patula soil with lower GRSP values and, consequently,
lower WSA in the two aggregate fractions. When WSA was plotted
against GRSP, the two regression lines of the 0.25-2 and 2-5.6 mm

aggregate fractions had r = 0.66, p < 0.05 and r = 0.52, p not significant
respectively (Fig. 3b), and did neither indicate clear WSA difference
between fractions nor depths, revealing much weaker soil structural
stability in S. patula soil.

Two correlation matrices were tried by using both S. fruticosa and
S. patula mean soil values along 0-20 cm depth and significant corre-
lations among relevant soil parameters were marked at p < 0.05, p <
0.01 and p < 0.001 respectively (Table 2). In general, S. fruticosa soil
showed higher correlation coefficients as to indicate stronger relation-
ships between the studied parameters. In this soil, sand showed a sig-
nificant positive correlation with DBD and pH (p < 0.01), probably
related to potential conditions for surface crust and seal formation.
Conversely, sand, DBD and pH were negatively and significantly
correlated with silt, clay, SOC, GRSP, NT, WSA(,25.2), WSA(2.5,6) CO2
and Qm (Table 2), suggesting possible impaired effects on these pa-
rameters (Wang et al., 2017; Bai et al., 2016). In addition, pH had high
negative significant correlations with aC-S.fruticosa (<0.01), bC-S.fruti-
cosa (p < 0.001) and 1C-S.fruticosa ((p < 0.05), probably indicating that
increasing alkalinity may affect abundant growth of succulent
S. fruticosa (Redondo-Gomez et al., 2006). SOC, GRSP and NT were
positively correlated with CO», aC-S.fruticosa, bC-S. fruticosa and 1C-S.
fruticosa, but negatively correlated with Qm (Table 2). This trend may
recall the primary production of plants, increasing the amount of carbon
recycled through the soil from above, belowground and litter inputs,
later on depleted by mineralization processes (Cross and Sohi, 2011).
According to Schmidt et al. (2011) the persistence of organic matter in
soil should be more strictly related to a favorable environment than to
itself biochemical properties, probably strengthening the assumption
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Fig. 2. Linear regression equations of SOC plotted against GRSP for S. fruticosa soil (a) and S. patula soil (b) at the two investigated depths (0-5 cm and 5-20 cm) at

La Pletera salt marsh.

that S. fruticosa habitat is much more suitable for carbon storage. In this
habitat, biomass carbon (aC, bC, 1C) was reciprocally and significantly
correlated and showed significant positive correlations (p < 0.01, p <
0.001, p < 0.01 respectively) with CO; and significant negative corre-
lation with Qm (Table 2).

Surprisingly, only the larger aggregate fraction of S. fruticosa soil was
correlated with SOC, GRSP and NT. As SOC formation and stabilization
dynamics is a complex biophysical process, it was reasonable to assume
that larger amount of fresh SOC may be first deposited in larger aggre-
gates and subsequently stored in smaller ones. An et al. (2010), found
that the narrow range of C:N ratio in micro-aggregates indicates that soil
organic carbon in micro-aggregates is more stable than that in the
macro-aggregates. Correlation patterns were somewhat similar in
S. patula soil for sand and DBD though they were weaker or no signifi-
cant for pH (Table 2). As above GRSP was correlated with WSA and Qm

negatively correlated with aC, bC, 1C. Due to its phenological and
physiological characteristics the S. patula habitat, common in many salt
marshes, might affect a proper development of the edaphic layer thereby
affecting the carbon storage capacity. In both soils the electrical con-
ductivity (EC) did neither show correlations with parameters associated
with organic carbon dynamics, nor with aggregate stability (Table 2).
Nonetheless, Baustian et al. (2017) found negative significant relation-
ships between salinity of surface waters and soil organic carbon accu-
mulation rates in tidal marshes whilst Qu et al. (2018) stated that
salinity may greatly inhibit carbon decomposition rates.

4.1. Multiple linear regression models

Multiple linear regression models (MLRMs) were established using
mean values of both depths simultaneously for each soil to evaluate how
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Fig. 3. Linear regression equations of GRSP plotted against WSA for both aggregate fractions of S. fruticosa soil (a) and S. patula soil (b) at the two investi-

gated depths.

sand, silt+clay, DBD and pH influence the dependent variables SOC,
GRSP, NT, CO3, Qm, WSA (g 25.2) and WSA(s.5 ¢) and multiple correlation
coefficients (R) were obtained. Results are shown in Table 3.

In S. fruticosa soil and S. patula soil, the multiple correlation co-
efficients (R) were 0.95, 0.96, 0.97, 0.95, 0.46, 0.92, 0.93 and 0.72,
0.66, 0.68, 0.71, 0.41, 0.46, 0.71 for SOC, GRSP, NT, CO2, Qm, WSA ¢ 25
2y and WSA(2 5 6 respectively. Moreover, the MLRMs outputs show the
standardized regression coefficients () which dimensions, (marked in
bold in Table 3), allow envisaging the claimed contribution of each in-
dependent variable in the prediction of the dependent variable.
Accordingly, for S. fruticosa soil pH resulted negatively correlated and
was the most relevant predictor of SOC (p < 0.001), GRSP (p < 0.01), NT
(p < 0.01), COy (p < 0.05), WSA(0‘25,2 mm) (p < 0.05), and WSA(2,5.6 mm)
(p < 0.05), accounting for 91%, 92%, 93%, 91%, 85%, and 86% of their
variability (RZ), but Qm (Table 3). This may probably indicate that
further increase in soil reaction may counteract SOC, NT and GRSP gain

in these soil habitats (Bai et al., 2016) and likely points at reduction of
soil porosity and gas circulation into soil by influencing carbon dioxide
and both classes of aggregate stability (Tisdall and Oades, 1982; Gar-
cia-Orenes et al., 2005). Moreover, GRSP and WSA(»_5 6 mm) were posi-
tively correlated with silt+clay (p < 0.05), matching 92% of variability
with pH (Table 3), and suggesting a favorable effect of finer particles to
both secure soil aggregation and organic carbon protection (Hontoria
et al., 2016). On average, the multiple correlation coefficients (R) for
S. patula soil were in a range of 30-40% lower indicating lower fits
between variables. In this soil DBD resulted the highest negatively
correlated predictor for GRSP (p < 0.05), NT (p < 0.05), CO2 (p < 0.05)
and WSA(2.56 mm) (p < 0.05), and accounted for 43%,46%, 50% and
48% of their variability (Table 3), whilst pH accounted for 52% of SOC
variability (p < 0.05). On the one hand, soil bulk density (the mass of
soil per unit volume) has been reported as a component affecting carbon
pool and aggregation especially in sandy textures (Throop et al., 2012).
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Table 3
Multiple linear regression models (MLRMs) showing the standardized regression
coefficient f (marked in bold) as predictors of each dependent variable.

MLRMs MCCs Predictor R?
®)

For S. fruticosa soil

Ysoc = 288.16-21.40Xppp- 0.95 pH 0.91
19.93Xp,1+3.29XGi1t - clay-0-88sand

Yersp = 43.02-4.03X 5~ 0.96 pH, 0.92
2.68Xppp+0.12Xjit+ clay-0.17Xsand silt+clay

Ynr = 5.93-0.88X,1-0.38Xppp+0.11 X1t ¢ clay- 0.97 pH 0.93
0.03Xsanq

Yco, = 5.02-2.15Xppp-0.49Xpu+0.09Xi1c 4 clay 0.95 pH 0.91
*0~02Xsand

Yom = -0.07-0.04Xppp-0.03Xp+0.02Xsite 4 clay- 0.46 - 0.21
0.01Xsand

Ywsa 0.25-2 = 206.31-55.50Xppp- 0.92 pH 0.85
55.44X,11+20.29XGi1¢ 1 clay-3.07Xsand

Ywsa 2.5.6 = 649.14-85.79Xppp- 0.93 pH, 0.86
73.03X,5+12.50Xi1¢ 4 clay-0-98Xsand silt+clay

For S. patula soil

Ysoc = 74.07-8.13Xpu-5.40Xppp+0.22Xi1t 4 clay- 0.72 pH 0.52
0.08Xsand

Yorsp = 9.16-6.53Xppp-3.42Xpi+0.44X i1 clay- 0.66 DBD 0.43
0.11Xsand

Ynr = 3.27-2.24Xppp-0.53X,1-+0.13Xj1¢ ¢ clay- 0.68 DBD 0.46
0.02Xsand

Yco, = 4.61-2.05Xppp-0.33X,1+0.05XGi1tf clay 0.71 DBD 0.50
—0.01Xsand

Yom = -0.01-0.03Xppp-0.03X,14-0.01Xsi1¢ 4 clay- 0.41 - 0.17
0.01Xsand

Ywsa 0.25.2 = 340.08-223.02Xppp- 0.46 - 0.21
17.44X,11+7.45Xsi1t 4 clay-3-07Xsand

Ywsa 2.5.6 = 808.17-91.21Xpgp- 0.71 DBD 0.50

13.63Xp11-+4.30X il clay-1-54Xsand

MLRMs: Multiple linear regression models; MCCs:
coefficients.

Multiple correlation

On the other hand, soil pH and texture may explain variation in carbon
content (Bai et al., 2016). Linear regression equations already
announced the importance of physical (sand, silt, clay, DBD) and
chemical (pH) parameters in the dynamics of relevant soil properties
under both S. fruticosa and S. patula communities.

4.2. Soil carbon stock, glomalin and carbon dioxide

The soil carbon density (SCD) was calculated to obtain the soil car-
bon stock (SCS), expressed in Mg ha™! of each soil habitat at 0-5 and
5-20 cm depth, taking into account the different thickness of the two soil
layers. S. fruticosa soil showed 10.88 + 3.70 Mg ha~! of SCS in the 0-5
cm layer, 181% higher than S. patula soil, which showed 3.87 +1.10 Mg
ha~! (Table 4). In the same layer, GRSP in S. fruticosa soil was even
higher increasing by 279% that of S. patula soil, overbearing as accu-
mulator of potentially stable organic compounds. However, GRSP stock

Table 4
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values were 2-8 times lower when compared to data found for mid-
mountain shrub or prairie soils of NE Spain (Gispert et al., 2017). Tre-
seder and Turner (2007) reported on possible effects of plant biomass,
biomass allocation and litter quantity and quality on GRSP concentra-
tions. It is known that GRSP is produced by arbuscular mycorrhizal fungi
(AMF) in symbiosis with the majority of land plants (Gadkar and Rillig,
2006; Six et al., 2006), and that AMF may form symbioses with 82% of
halophites (Evelin et al., 2009), which may imply that salinity slightly
affects GRSP production. In fact, Zhang et al. (2017) reported that
variation of EC had little effect on GRSP concentration, though finding
negative correlations between GRSP and soil salinity. They had EC
values in a range of 0.04-1.81 dS m™! and GRSP values in a range of
0.70-4.30 g kg™ L. It is therefore reasonable to assume that much higher
EC values such that we found (12.52 4+ 0.17 dS m'inS. fruticosa soil
and 11.22 dS m™! in S. patula soil) might decrease GRSP content. Our
GRSP values were 3.22 + 0.85 g kg™! and 0.82 + 0.12 g kg™! in
S. fruticosa and S. patula soils, respectively. Kohler et al. (2010) indicated
that the dispersive action of soluble salts may disrupt stable aggregates
and induce release of older GRSP stocks. These numbers strengthen the
importance of studies addressed to establish the relationships between
plant species and carbon stocks in salt marshes (Kohler et al., 2017). As
stated by Lovelock et al. (2004), GRSP may represent a large fraction of
stable SOC. Although its composition is still partially unknown it has a
relevant role by enriching the soil humic fraction and it is thought to
enrich the stable organic carbon pool of soils (Gillespie et al., 2011). At
higher SCS content in S. fruticosa soil corresponded higher potential CO,
production which was 24% higher than S. patula soil but almost irrele-
vant if considering the much higher SCS in S. fruticosa soil (Table 4). In
fact, the carbon loss potential of S. patula soil, calculated as CO2/SCS
ratio, increased by 162% with respect to S. fruticosa soil strengthening its
poor ability to store carbon in soil. Also GRSP/SCS ratio was favorable to
S. fruticosa soil outlining a clear capability for carbon storage (Table 4).
SCS, GRSP and CO5 decreased substantially at 5-20 cm depth consid-
ering the larger soil thickness analyzed. Nonetheless, SCS and GRSP
were 107% and 175% higher in S. fruticosa soil than S. patula soil,
indicating that in the first 20 cm soil carbon compounds are prevalently
enriched in the S. fruticosa plant community. Conversely, CO» produc-
tion increased by 38% in S. patula soil, enhancing the value of hardly
mineralizable organic carbon in S. fruticosa carbon richer habitat
(Table 4). The GRSP/SCS ratios at 5-20 cm were 9.32% and 6.98% for
S. fruticosa and S. patula soils respectively, whilst CO2/SCS were 1.20%
and 3.42% for the same soils suggesting a similar trend as above.
Lovelock et al. (2004) found higher GRSP/SCS ratios varying from 27 to
42% in tropical soils and Qiang et al. (2018) found lower values close to
5% in subtropical mangroves, which would enhance the importance of
S. fruticosa vegetation to soil organic matter stabilization and stable
organic carbon input in La Pletera soil. By contrast, S. patula soil showed
the highest contribution to carbon loss, on average 168% more than
S. fruticosa soil all along the investigated depth.

Mean values for S. fruticosa and S. patula soils of soil bulk density (DBD) and soil organic carbon (SOC) to obtain soil carbon density (SCD), soil carbon stock (SCS), and
glomalin (GRSP) and carbon dioxide (CO,) ratios to SCS at 0-5 and 5-20 cm depth in soil habitats at La Pletera salt marsh site.

Soil DBD SoC SCD Scs GRSP GRSP/SCS CO, C0,/SCS
(gem™3) (gkg™ (gem™3) (Mg ha™1) (Mg ha™1) (%) (Mg ha™) (%)

0-5 cm depth

S. fruticosa soil 1.27 + 0.13 17.07 + 5.83 2.17 + 0.39 10.88 + 3.70 2.05 + 0.54 18.84 0.31 £ 0.02 2.47

S. patula soil 1.31 +0.14 5.89 + 1.68 0.77 + 0.19 3.87 + 1.10 0.54 + 0.08 13.95 0.25 + 0.03 6.46

5-20 cm depth

S. fruticosa soil 1.34 + 0.28 6.64 + 2.33 0.89 + 0.21 13.31 + 4.66 1.24 + 0.41 9.32 0.16 + 0.02 1.20

S. patula soil 1.35 + 0.19 3.17 + 1.10 0.43 +0.14 6.44 + 2.22 0.45 + 0.17 6.98 0.22 + 0.04 3.42

DBD: Dried bulk density; SOC: Soil organic carbon; SCD: Soil carbon density; SCS: Soil carbon stock; GRSP: Glomalin related soil protein; GRSP/SPS: Percent ratio of
glomalin related soil protein to soil carbon stock; CO,: Potential carbon dioxide emission determined by soil respiration trials; CO,/SCA: Percent ratio of carbon dioxide

emission to soil carbon stock.
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4.3. Principal components analysis

The principal component analysis (PCA) was run by using mean data
of 0-20 cm depth simultaneously for both soil habitats. A two compo-
nents structure was obtained explaining the 75.92% of the total variance
into variables. Indeed, PCA analysis is used to rank the analyzed vari-
ables and check those with higher percent weight of variance (Paniagua
et al., 1999). Several authors (Doran and Parking, 1994; Paniagua et al.,
1999; Shukla et al., 2006; Gispert et al., 2018) have proposed to rename
the PCA components according to the associated variables and their
significance into the investigated habitats. A graphical view of variables
and habitats jointly may be observed in Fig. 4. The first component
explaining 55.25% of the total variance into variables was named
“carbon reserve and aggregation” because exhibited the most relevant
variables related to soil carbon dynamics and structural stability of ag-
gregates. Among others, this component had positive loadings on SOC
(0.85), GRSP (0.93), WSA(2_5.6 mm) (0.95), and negative loadings on DBD
(—0.81) and pH (—0.76). The total variance explained by the second
component was 20.67% (63% less than the first component). Positive
loads were on aC (0.67) and bC (0.79) and negative loads on Qm (—0.62)
and IC (-0.75) and was named “carbon input and output”, suggesting
organic matter turnover from above, below and litter carbon to pro-
gressive carbon incorporation into soil through processes of humifica-
tion and mineralization carried out by microbial biomass activity. In
Fig. 4 the “carbon reserve and aggregation” component is positively
related with the most relevant soil properties of S. fruticosa soil and may
be counteracted by pH and DBD mostly associated with S. patula soil.
Similar findings arisen from the multiple regression models (MLRMs)
when the independent variables pH and DBD were negatively correlated
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with the most relevant variables in both soils.

These results were also supported by matching components and
associated variables with soil habitats in order to score the contribution
of each soil habitat to variables grouped in each component (Fig. 5).
Positive and negative values of the PCA scoring method may be inter-
preted as positive and negative contributions to a given component,
namely a reliable indication of how each soil habitat may enrich or
impoverish carbon stocks and also other soil properties. A first obser-
vation of Fig. 5 outlines the decreasing trend of the factor “carbon
reserve and aggregation” from S. fruticosa soil to S. patula soil. The
regression line for this component (p < 0.05) corroborates this tendency.
Moreover, the percent scores for S. fruticosa soil are all positive contri-
bution to this component whilst S. patula soil shows all negative con-
tributions, further indicating the poor role of this soil in the maintenance
of sound soil properties. The scores for the second component “carbon
input and output” were mainly positive for S. fruticosa soil, probably
suggesting a fluctuating carbon dynamics, adequate to maintain a bal-
ance between nutrient inputs and soil structure stability (Gispert et al.,
2018). By contrast, the S. patula soil scores were all negative even for the
second component. This soil showed highest mineralization coefficient
(Qm) with respect to SOC content, advising that less organic soils with
weaker structure may be subjected to higher mineralization (Lal, 2005).

5. Conclusion

Both S. fruticosa and S. patula soils showed a proper growing dy-
namics with different primary production due to perennial or annual
lifecycle respectively. Results suggested that S. fruticosa habitat allows a
more conservative carbon dynamics which is unlikely to occur in
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Fig. 4. PCA ordination plot describing the most relevant variables positioned in the “carbon reserve and aggregation” component explaining the 55.25% of the total
variance into variables and the “carbon input and output” component explaining 20.67% of the total variance into variables.
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Fig. 5. The PCA scoring of components and related variables for each soil habitat: soil under S. fruticosa (SFs) and under S. patula (SPs). The bold regression line
attests the preponderant role of SFs in the “carbon reserve and aggregation” component.

S. patula which is believed to renew its carbon stock year by year.
Accordingly, soil properties under S. patula were much less favoured and
affected soil organic carbon protection into aggregate microsites and
consequent preservation from mineralization processes. S. fruticosa soil
formed a soil profile with a differentiated organic horizon which granted
more consistent soil physical and chemical properties, higher glomalin
production and soil structural stability which in turn may enhance
carbon storage in soil and reduce carbon loss via CO,. Even though the
results of this work refer to soil properties and carbon dynamics at local
scale, data illustrate contrasting ability of two different plant commu-
nities for organic carbon assimilation and may be valuable to abroad
audience as a tool of comparison among soil type and vegetation species
common in many salt marsh areas of the Mediterranean region. In the
salt marsh area of La Pletera (NE Spain) efforts have been made to
preserve this environment for its high ecosystem service. Data proved
that marsh areas may give relevant contributions to carbon storage ca-
pacity increasing their ecological and societal value. Moreover, data
appointed to Sarcocornia fruticosa L. (Scott) role with respect to Sali-
cornia patula Duval Jouve in soil carbon accumulation and preservation
with explicit indication that this habitat should be carefully protected.
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