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ABSTRACT

In saltmarsh soils, humic acids (HA) are involved in geochemically important redox processes. The electron
donating capacity (EDC) of HA depends on their molecular structure, but also reflects the intensity of biological
reduction in tidal environments. We examined twelve soils in three saltmarshes located along a geographical
gradient and applied a specific sequential extraction procedure for the isolation of HA fractions bound (BHA) or
not (FHA) to the mineral matrix by Ca2* bridges, and investigated the relationships of their properties, in
particular their EDC, with the biogeochemical characteristics of the soils. Spectroscopic assessment was carried
out by UV-vis, FTIR and '*C NMR, quantification and characterization of radicals was performed by electron
paramagnetic resonance (EPR) spectroscopy. The EDC was determined by using the 2,2'-azinobis-(3-ethyl-
benzothiazolinesulfonic acid) (ABTS) decolorization assay and experimental data were fitted to a biphasic model
to calculate the contributions of the fast and slow reactions to electron transfer. The results confirmed that the
two HA fractions possess different structural characteristics and that BHA present higher EDC values compared to
FHA. The EDC of both fractions is strongly related to the geochemical characteristics of soils, and represents an
easily measured and highly informative parameter to understand mechanisms affecting redox processes in

transitional environments.

1. Introduction

Natural saltmarshes are among the most productive ecosystems of
the Earth (Mitsch and Hernandez, 2013) and are important interfaces
between terrestrial and marine environments, playing a key role in the
global carbon (C) cycle (Chmura et al., 2003). In hydromorphic soils of
tidal environments, C cycling and the accumulation of soil organic
matter (SOM) are closely related to soil redox conditions, which depend
on the length of average daily submergence time (hydroperiod) and the
intensity of biological activity (Rabenhorst and Needelman, 2016).

Humic acids (HA), the major refractory components of SOM (Ste-
venson, 1982), are increasingly being recognized to play many crucial
active roles in saltmarshes, regulating geochemical fluxes of elements
from land to sea (Steinberg, 2013). Humic acids are redox active SOM
components that can be reduced by facultative anaerobic bacteria,
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which use them as terminal electron acceptors during anaerobic respi-
ration (Keller et al., 2009; Kliipflel et al., 2014; Lovley et al., 1996). They
act as electron shuttles, passing on electrons to iron oxides favoring their
reductive dissolution and, therefore, regulating the iron cycle (Bauer
and Kappler, 2009; Voelker et al., 1997). Humic acids also mediate
electron transfer to organic (e.g., halogenated hydrocarbons) and inor-
ganic (e.g., As, Hg) pollutants (Kappler and Haderlein, 2003).

In saltmarsh soils, the redox state of HA is relevant to geochemical
redox processes (Valenzuela et al., 2019) and can be conveniently
described by their electron donating capacity (EDC), defined as the ca-
pacity of a unit weight of a mixture of compounds to donate electrons.
The EDC can provide information on the degree of involvement of HA in
bacterial anaerobic respiration and in determining the buffering ca-
pacity of soils towards redox changes caused by fluctuating water levels
and tides, but so far has never been systematically considered in
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environmental studies.

The EDC of HA depends mainly on the structural presence of
phenolic and quinone groups, which act as major reducible moieties
(Senesi and Steelink, 1989; Nurmi and Tratnyek, 2002; Ratasuk and
Nanny, 2007; Struyk and Sposito, 2001) and varies with their origin
(Aeschbacher et al., 2012; Ferreira et al., 2013). Many polyphenols
display oxidation reactions that do not allow the measurement of a
proper endpoint and pose difficulties in the electrochemical or spec-
trophotometric determination of their EDC. A recent kinetic study has
allowed the validation of the applicability of the 2,2'-azinobis-(3-e-
thylbenzothiazolinesulfonic acid) (ABTS) decolorization assay to
determine the EDC of HA under environmentally meaningful conditions
(Bravo et al., 2022), highlighting the concomitant occurrence of a fast
and a slow electron transfer mechanisms.

Soil HA are commonly extracted using 0.5 M sodium hydroxide
(NaOH) solutions, which solubilizes HA by causing the ionization of
acidic functional groups, thereby increasing their molecular polarity and
solubility. However, even concentrated NaOH solutions cannot solubi-
lize HA when these are bound to mineral surfaces by cationic bridges.
Conversely, alkaline pyrophosphate (Na4P»0;) solutions are able to
destabilize the Ca®" bridges and extract this fraction (De Nobili et al.,
2008). A subsequent extraction with this mildly chelating agent allows
the isolation of a fraction of HA possessing different environmental
characteristics (Olk, 2006; Olk et al., 2019).

The HA extracted by NaOH (herewith called free HA, FHA) are less
physically protected by the mineral phase of the soil, reflecting more
recent and local inputs of organic matter. On the other hand, HA
extracted by Na4sP207 solutions (herewith called bound HA, BHA), are
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attached to solid mineral surfaces and may be eventually transported by
river water together with the suspended silt and clay particles to which
they are adsorbed. In a previous work, Bravo et al. (2020) demonstrated
that in lagoon sediments in equilibrium with calcium carbonate (CaCOs3)
saturated waters, BHA display stronger and conservative terrestrial
characteristics (e.g., higher aromaticity) compared to the FHA.

In this work we examined the redox and geochemical properties of
FHA and BHA extracted from saltmarsh soils located at different
elevation above the mean sea level (a.m.s.l.) and at different distances
from the open sea. The aims of this study were to quantify the EDC of HA
in saltmarshes in order to: (i) study how the EDC of HA of soils under
similar submergence regimes may be affected by their chemo-physical
properties and (ii) investigate the relationships of HA and their EDC
with the geochemical characteristics and micromorphology of saltmarsh
soils. To achieve our goal, we characterized HA with 13C NMR, FTIR and
EPR spectroscopy. We also determined the EDC of HA at acidic and
neutral pH by using the ABTS decolorization assay and analyzed the
kinetics of electron transfer with a biphasic model.

2. Material and methods
2.1. Study area and soil sampling

The Marano and Grado Lagoon (Italy) is located in the northern part
of the Adriatic Sea. It extends for 35 km from the Tagliamento to the
Isonzo River mouths, with an average width of 5 km covering a total
area of ~ 160 km?. Tides are semi-diurnal, with a mean range of 0.65 m
and spring and neap ranges of 1.05 m and 0.22 m. For a detailed
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Fig. 1. Geographical location of the Marano and Grado Lagoon, of the three examined saltmarshes (a) and of the sampled soils within each saltmarsh (b-d).



description of the lagoon and its saltmarshes, the reader may refer to
Fontolan et al. (2012).

Three saltmarshes located in the western sector of the lagoon
(Fig. 1a) were considered in this study: 1) a high saltmarsh known as
Allacciante di Marano (AM), which fringes the mainland and receives
significant freshwater inputs from nearby river estuaries; 2) a low salt-
marsh called Allacciante di San Andrea (ASA), located in the central part
of the lagoon; 3) a back-barrier saltmarsh named Barena di Martignano
(BM), with a dominant marine input. Within each saltmarsh, four
sampling points were chosen (Fig. 1b-d), following a transect with
decreasing elevation above the mean sea level. Geographical co-
ordinates and the dominant plant species of the sampling points are
reported in Table S1 (Supporting Information).

At each sampling point, three undisturbed soil cores (diameter 12
cm, depth 20 cm) were collected in PVC tubes. Both ends of the tubes
were immediately sealed to preserve the soil water content and avoid
contact with air. Cores were transported to the laboratory within a few
hours. Here, the upper 2-10 cm of each core (corresponding to the A
horizon, where accumulation of organic matter and HA occurs) were
separated and pH and redox potential (E;) measurements were imme-
diately carried out under nitrogen atmosphere. The sampling was car-
ried out in summer (May-July), during low tides within semi-diurnal
tide periods.

2.2. Analysis of soils

Soil pH and E;, were measured in 1:2.5 soil/water suspensions using a
Basic 20 (Crison) pH-meter after calibrating the pH and Pt electrodes
with appropriate standard solutions. Soil texture (percentage of sand,
silt and clay) was determined by the hydrometer method (Bouyoucos,
1962).

Total organic carbon (Corg) and total nitrogen (Nyo) contents of bulk
soils and extracted HA were determined using an Elemental Analyzer
(Costech Instruments Elemental Combustion System). Carbonates were
removed by reaction with 1 M HCI (Nieuwenhuize et al., 1994). Carbon
stable isotope compositions of SOM (613CSOM) and HA fractions (613CHA)
were measured with an Isotope Ratio Mass Spectrometer (Thermo Sci-
entific Delta V Advantage) coupled with an Elemental Analyzer (Costech
Instruments Elemental Combustion System). Caffeine IAEA 600 and L-
glutamic acid USGS 40 were used as certified reference materials for the
calibration of raw 5'3C values. Calibrated 5'3C values are expressed in
parts per mil (%o) versus the international reference Vienna-Pee Dee
Belemnite (V-PDB).

All solutions used in the analyses were prepared using high purity
water (18 MQ resistivity, Milli-Q Corp.).

2.3. Extraction and characterization of HA

Extraction of HA was carried out under Ny flux, first with 0.5 M
NaOH (free HA, FHA) for 1 h and then with 0.1 M Na4P507 plus 0.1 M
NaOH (bound HA, BHA) for another hour (De Nobili et al., 2008). Soil
extracts were centrifuged (14000 rpm for 20 min) and supernatants
were filtered using 0.2 pm cellulose filters. Free and bound HA were
precipitated at pH 1 with 6 M HCI, separated by centrifugation, dialyzed
against ultrapure water (until Cl free), frozen and then freeze-dried.

UV-vis spectra of HA were recorded after dissolving HA in phosphate
buffer (0.1 M, pH 7.0) using a Cary Varian Spectrophotometer in 1 cm
quartz cuvettes over a wavelength interval from 220 to 700 nm at a scan
rate 60 nm min L.

The Fourier-transform infrared (FTIR) spectra of the fully protonated
acid form of freeze-dried HA were recorded with a FT-IR Spectrum 100
(PerkinElmer) spectrometer equipped with a universal ATR (attenuated
total reflectance) sampling device containing a diamond/ZnSe crystal.
The spectra were recorded at room temperature in transmission mode
over a wavenumber interval from 4000 to 500 cm ' (64 scans at a
resolution of 4 cm’l), and are reported in the figures in absorbance

units. A background spectrum of air was scanned under the same
instrumental conditions before each series of measurements.

The solid-state cross-polarization magic angle spinning (CPMAS)
carbon-13 nuclear magnetic resonance (13C NMR) spectra of HA were
obtained with an Advance III HD (Bruker) spectrometer operating at
400 MHz. HA samples were packed into a zirconium oxide rotor (5-mm
internal diameter). Other instrumental parameters were: contact time 1
ms, delay time 1 s, spinning speed of 10 KHz and 8192 scans for each
sample. The structural assignment of different chemical shift regions
was performed according to Knicker and Liidemann (1995). Therefore,
each spectrum was divided into the following regions: alkyl C (0-45
ppm), N-alkyl/methoxyl C (45-60 ppm), O-alkyl C (60-110 ppm), aro-
matic C (110-160 ppm), carboxyl and peptide carbonyl C (160-185
ppm) and carbonyl C (185-245 ppm). The relative 3¢ intensity distri-
bution was quantified by integration of each chemical shift region.

The electron paramagnetic resonance (EPR) spectra were measured
using a Bruker EMX EPR spectrometer operating at the X-band (9.5
GHz). About 40 mg of sample (equivalent to approx. 10 mm in height)
were placed in a 3.5 mm quartz tube. Each sample was analyzed at room
temperature in triplicate. Other instrumental parameters were: center
field 3410 G, sweep width 160 G, sweep time 60 s, microwave power 0.2
mW, modulation amplitude 1 G, and receiver gain 10*. The number of
scans varied from 1 to 9 as a function of the signal to noise ratio of each
sample. The microwave power of 0.2 mW was chosen after performing
the power saturation curve in one representative sample (Fig. S1).
Quantification of the semiquinone-type free radical (SFR) was per-
formed by the secondary standard method, using Cr(II)MgO (g =
1.9797) as a paramagnetic marker (permanently placed in the resonance
cavity) calibrated with strong pitch reference (Bruker) of known free
radical content (Martin-Neto et al., 2001). The SFR content is given in
spins gHA'1 x 10'7. To calculate areas, linewidth (AH) and the spectro-
scopic splitting factor (g), the spectra were simulated using a double
Lorentzian fit.

The fast and slow electron donating capacity (EDCg,st and EDCgjoy,
respectively) of HA were determined at pH 4.8 (0.1 M citrate buffer) and
pH 7.0 (0.1 M phosphate buffer) using the ABTS decolorization assay, as
described in Bravo et al. (2022). A detailed description of the procedure
is reported in Text S1.

2.4. Statistics

All measurements were made in triplicate and reported in tables and
figures as mean value + standard deviation of the mean (SD). Differ-
ences between treatments were considered significant at p < 0.05.
Regression analysis, test of significance of the correlation coefficient,
and analysis of parallelism were carried out using the software R (Miller
and Miller, 2010). Data were then investigated using heat maps in R
studio (“gplots” package, R version 4.0.3). Euclidean distances and the
complete linkage method were applied for the hierarchical clustering of
variables. Variables were previously scaled using the Z-score function:
within each variable, values were normalized by subtracting the mean
and dividing by the standard deviation.

3. Results
3.1. Soil and soil organic matter characteristics

The examined samples cover a complete range of textural classes
spanning from sandy to clayey soils (Fig. S2); their chemo-physical
characteristics are summarized in Table S1. The soils of the saltmarsh
located nearer to the mainland (AM) present the highest content of finest
mineral particles, with mud (silt plus clay) contents ranging from 60 to
70 % and a mean clay content of 40 + 7 %. In the central saltmarsh
(ASA), soil texture is more homogeneous and all samples are classified as
loamy sandy clay soils (mean silt and clay contents of 17 + 3 and 26 + 4
%, respectively). The soils of the outer saltmarsh (BM) present a



prevalence of coarsest particles (mean sand content of 77 + 12 %) and
the sand content reaches up to 91 % in the BM1 soil.

In all saltmarshes, because of the accumulation of carbonatic silty
and sandy particles, the soil pH range is restricted and varies from
neutral to weakly alkaline (mean value of 7.5 + 0.3), with no significant
differences among saltmarshes. Indeed, the CaCOj3 content is relatively
high in all soils and increases from the AM (mean value of 34.1 £+ 1.5 %)
towards the BM (mean value of 68.7 + 14.5 %) saltmarsh. Intermediate
contents are found in soils of the ASA saltmarsh (mean value of 43.7 +
1.6 %).

The three saltmarshes are subject to regular inundation during high
tides: yearly average daily hydroperiod (calculated according to Pelle-
grini et al. 2019) is inversely correlated to soil elevation (R? = 0.99, p <
0.001; Fig. S3). As a consequence, soil redox conditions vary from sub-
oxic (E, = 88 + 12 mV in AM2) to strongly anoxic (Ey, = -367 + 36 mV in
ASA4). Soil Ej, values correlate positively with soil elevation R?= 0.60,
p < 0.01) and, albeit not significantly, with clay and Coy contents
(Fig. S4).

The amount of Cog in soils decreases from the AM (mean value of
50.7 + 6.6 mg g~ ') towards the BM (mean value of 6.2 + 1.9 mg g™ 1)
saltmarsh, likely reflecting the positive effect of physical protection
linked to a higher content of clay on C sequestration in soil (R? = 0.80, p
< 0.001; Fig. S5a and Table S1). The C,, correlates with soil total ni-
trogen (Nyoy), yielding a C/N ratio of 12 (R* = 0.99, p < 0.001; Fig. S5b).
However, SOM is well differentiated along the geochemical gradient,

with less negative 5'°C values and lower C/N ratios towards the sea. The
B3¢ depletion is stronger in the AM saltmarsh (mean value of 51%C =
-25.2 + 0.3 %o) with values typical of terrestrial SOM (-Xia et al., 2020)
and is coupled to a higher average C/N (11.6 + 0.5). This reflects both
the geographical gradient, i.e. more terrestrial-derived organic C in AM,
and the absence of plant communities dominated by C4 plants, which
are instead present in the other saltmarshes (ASA4 and BM3 sampling
points). The SOM of the outmost saltmarsh BM has a mean value of 53¢
=-21.7 £+ 2.2 %o, whereas the average C/N ratio decreases to 8.3 + 0.9
and, unlike the other two saltmarshes, SOM C/N values are strongly
correlated to 8'3C (R2 =0.96, p < 0.001). Contrary to what could have
been expected (Duarte et al., 2018), the gradual increase in 513C of SOM
registered from the AM towards the BM saltmarsh does not simply
reflect changes in the isotopic composition of C inputs from the domi-
nant plant cover of soils. In fact, soils with the same vegetation cover but
belonging to different saltmarshes, such as AM3 and ASA2 (both under
Sarcocornia fruticosa) or AM4 and ASA (both under Puccinellia festuci-
formis), display significantly different isotopic values (5'3C values of
—24.8 + 0.2 %o vs. 18.9 + 0.2 %o and —25.3 + 0.2 %o vs. —21.4 + 0.3 %e,
respectively). The observed differences can be explained with an in-
crease in C inputs of marine origin (algae and sea weeds) during storms
in the outer saltmarsh. This hypothesis is coherent with the decreasing
trend of the SOM C/N ratios along the geographical gradient.
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Fig. 2. (a) Free HA (FHA, empty bars) and bound HA (BHA, filled bars) content and FHA/BHA ratios (in parenthesis) in the soils of the three saltmarshes (from the
innermost to the outermost: AM blue, ASA green, BM red). (b) Linear relationships between FHA (empty circles) and BHA (filled circles) contents and the corre-
sponding soil Cq, values. (c) Linear regression models of C/N ratios of FHA and BHA versus their corresponding SOM C/N values. (d) Linear regression models of
513C values of FHA and BHA versus their corresponding SOM §'°C values. Grey diagonal is a 1:1 line.



3.2. HA quantification and composition

The proportions of Corg present in soil as either FHA or BHA are re-
ported in Fig. 2a. Both fractions show a decreasing trend from the
innermost part of the lagoon (AM saltmarsh, 2.95 =+ 0.64 mg g~ and
5.78 & 1.29 mg g+ for FHA and BHA, respectively) towards the barrier
island (BM saltmarsh, 0.24 + 0.31 mg g~! and 0.72 + 0.81 mg g~ for
FHA and BHA, respectively). However, in all soils, the amount of Cog in
the BHA pool is larger than that in the FHA pool, with an overall mean
FHA/BHA ratio of 0.43 + 0.15. This result is due to the amounts of FHA
and BHA which are strongly correlated with soil accumulation of Corg
(R? = 0.88, p < 0.001 for FHA and R?> = 0.87, p < 0.001 for BHA),
although slope of the regression line is significantly steeper for BHA
(Fig. 2b).

The C/N ratios of both FHA and BHA also exhibit a decreasing trend
from the mainland towards the back-barrier saltmarsh, as observed for
the whole SOM values (Fig. 2¢). No significant differences in elemental C
content are observed between the two fractions (mean value of 49.4 +
2.8 % and 51.7 + 2.2 % for FHA and BHA, respectively), whereas BHA
contain less N than FHA (mean value of 7.2 + 1.2 % and 5.1 + 8.3 % for
FHA and BHA, respectively) and the C/N ratios of BHA are, on average,
about 50% higher than those of FHA from the same soil samples
(Fig. 2¢).

The 8'3C values of FHA and BHA strictly follow the trend shown by
SOM and fall on the same linear regression model, close to a 1:1 rela-
tionship of 5'3Cpa versus 8'3Cgom, for both FHA and BHA (Fig. 2d).

3.3. UV-vis spectroscopic parameters

The specific absorbance of all HA (Fig. S6), decreases at longer
wavelengths, exhibiting a typical behavior (MacCarthy and Rice, 1985).
Spectra of FHA are characterized by an absorbance shoulder at 270-280
nm, related to the overlapping absorbance of unsaturated chromophores
(n — * electronic transitions, Chin et al., 1994; Peuravuori and Pihlaja,
1997), and a smaller shoulder at about 320 nm. Filip et al. (1988)
observed similar spectral features in HA extracted from saltmarshes
dominated by Spartina alterniflora and attributed these features to lignin
structures, but in our case they were not limited to sites where Spartina
maritima was the main cover. The same features were present, but less
evident, in the spectra of BHA.

Specific UV absorbances at 254 nm (SUVAgs4), commonly used to
compare HA of different origin and as an index of aromaticity (Roccaro
et al., 2015), are reported in Table 1. At all stations the SUVA3s54 values
of FHA and BHA are positively correlated (R? = 0.89, p < 0.001, inset in
Fig. S6) and the average values of each saltmarsh decrease from the AM
to the BM saltmarsh.

Table 1

3.4. FTIR spectra of HA

Average FTIR spectra of FHA and BHA from each saltmarsh are re-
ported in Fig. 3a, whereas single spectra are reported in Fig. S7. All FTIR
spectra of FHA and BHA exhibit the typical HA bands (Senesi and Lof-
fredo, 1999) and namely: a broad adsorption around 3280 cm ™!
(H-bonded OH and N-H stretching), a composite band at 2700-3000
em ™! comprising the twin peaks at 2920 and 2850 cm™! (respectively
asymmetric and symmetric aliphatic C-H stretching), 1720 cm ™! (C=0
stretching of carboxyls), 1640-1630 em ! (C = C vibrations in aromatic
rings, H-bonded C = O stretching of quinone and/or conjugated ketone
and amide groups (amide I band), 1515 em™! (aromatic ring breathing,
amide II band), 1400-1440 cm™! (O-H deformation, CH, and CH3
bending, C-O stretching of phenolic OH, antisymmetric stretching of
aryl esters), 1250 cm ! (C-0 stretching and OH deformation of COOH,
C-O stretching of aryl-esters). Absorption bands around 1150 cm™* and
1030 cm™! can be assigned to C-O and C-C stretching vibrations of
pyranose rings in algal polysaccharides and to alcoholic C-O-H groups.
The 1030 cm™! band, increases continuously with the distance from the
mainland in BHA, but reaches maximum intensity in FHA from the BM
back-barrier saltmarsh soils. The relative intensities of these bands vary
and display a somewhat regular trend for FHA. The aliphatic bands at
2700-3000 and 1400-1440 cm ™! are weaker in FHA and increase in
strength from nearshore AM to the barrier island (BM). Besides, the
1720 cm ™! band of C = O stretching in COOH is more intense in the BHA
extracted from the barrier island (BM), whereas the 1640 cm~! band of
the AM saltmarsh shifts to 1632 and 1628 cm ™! in FHA of the ASA and
BM saltmarshes. This band and the 1514 cm ™! band, typically connected
to amides, display a maximum intensity in FHA from the ASA saltmarsh.
A more intense absorption in the region typical of CH; stretching vi-
brations (2700-3000 cm ™) is displayed by BHA, indicating a stronger
hydrophobic nature. At the same time, amide I and II bands are less
pronounced in BHA. Apart from the HA extracted from the ASA salt-
marsh, BHA do not seem to be affected by either the frequency and
length of inundation or the vegetation type and display a much lower
structural variability than FHA (Fig. S7).

3.5. 13¢ NMr

Solid state *C NMR spectra (Fig. 3b) complement the structure
assessment from FTIR. All *C NMR spectra exhibit the same peaks re-
ported for HA extracted from other saltmarsh soils (Santin et al., 2008,
2009; Ferreira et al., 2013; Zhang et al., 2014). However, differences in
peak intensities are observed among saltmarshes and for different types
of HA.

In all samples, the alkyl C (0-45 ppm) region is the most abundant,
displaying comparable values (range of 30.6-44.3 %) to those already

Spectroscopic parameters from UV-vis and EPR spectroscopy of free HA (FHA) and bound (BHA) in the examined saltmarsh soils: specific UV absorbance at 254 nm
(SUVA,s4), semiquinone-type free radical (SFR) content, linewidth (AH) and spectroscopic splitting factor (g). Numbers in parenthesis represent standard deviations

(n=23).
Station FHA BHA
SUVAsss SFR AH g SUVAsss SFR AH g
Lmg !em™! spins gya! x 10'7 G Lmg !em™! spins gya! x 10Y7 G
AM1 2.70 (0.13) 3.48 (0.18) 9.10 2.00487 3.21 (0.15) 4.05 (0.25) 7.19 2.00434
AM2 3.07 (0.09) 3.57 (0.16) 8.99 2.00486 4.05 (0.20) 4.60 (0.24) 7.12 2.00437
AM3 1.43 (0.06) 1.00 (0.07) 8.50 2.00443 2.02 (0.13) 2.49 (0.11) 7.12 2.00422
AM4 2.15 (0.11) 2.37 (0.09) 8.48 2.00424 2.55 (0.09) 2.83 (0.12) 6.91 2.00424
ASA1 0.85 (0.04) 0.68 (0.05) 8.53 2.00474 2.02 (0.10) 1.91 (0.09) 7.48 2.00428
ASA2 0.83 (0.04) 0.75 (0.04) 8.62 2.00462 1.71 (0.07) 1.75 (0.06) 7.51 2.0043
ASA3 2.38 (0.10) 3.23 (0.15) 9.52 2.00461 3.09 (0.13) 3.43 (0.18) 7.51 2.00475
ASA4 1.28 (0.07) 1.17 (0.09) 8.76 2.00482 2.37 (0.12) 2.18 (0.13) 6.58 2.00429
BM1 1.58 (0.07) 1.73 (0.07) 9.44 2.00480 2.78 (0.11) 3.67 (0.17) 7.60 2.00487
BM2 1.59 (0.06) 2.23 (0.12) 8.74 2.00463 2.74 (0.15) 3.45 (0.20) 7.20 2.00462
BM3 0.65 (0.04) 0.50 (0.07) 7.97 2.00482 1.58 (0.08) 3.06 (0.13) 7.19 2.0047
BM4 0.64 (0.05) 0.48 (0.03) 8.72 2.00470 1.49 (0.09) 2.12 (0.09) 6.92 2.0046
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Fig. 3. Average FTIR (a) and 13C NMR (b) spectra of free HA and bound HA extracted from the soils of the three saltmarshes (from the innermost to the outermost:
AM, ASA and BM). Each spectrum was computationally obtained by averaging the individual spectra of the HA extracted in each saltmarsh.

reported for HA in similar environments (Santin et al., 2009; Ferreira
et al., 2013). The contribution of alkyl C is larger in BHA than in FHA,
due to the presence of a more intense peak at 30 ppm, typical of the
internal methylene C in long alkyl chains (Preston, 1996). In FHA, the
presence of two secondary peaks at 25 and 20 ppm, from short chain
alkyl structures, such as methyl groups in hemicelluloses or peptide
structures is also evident (Knicker, 2000). In BHA these peaks are pre-
sent only as shoulders of the 30 ppm peak. Coherently with their larger N
content, the signal at 55 pm reveals an important contribution of
protein-like and methoxy compounds in FHA. The carbohydrate C
groups (O-alkyl C) of FHA (73 and 102 ppm) show a decreasing trend in
FHA from the AM to the BM saltmarsh, whereas in BHA the values are
more homogeneous. In the aromatic region (110-160 ppm), the 115 and
130 ppm signals (attributed to lignin C, Kogel-Knabner, 2002) are
related with the double signal in the range 145-155 ppm, which may be
attributed to phenolic C in lignin structures. These signals are poorly
defined in both the HA fractions of the BM saltmarsh, suggesting a
relatively lower structural contribution of lignin and tannins. The well-
defined signal at 173 ppm, attributed to carboxyl groups (like hemi-
celluloses and fatty acids; Kogel-Knabner, 1997), is more intense in FHA
compared to BHA.

3.6. EPR

A representative EPR spectrum of both free and bound HA is reported
in Fig. S8. Each spectrum shows the signal of the organic radicals present
in the sample and the signal of the secondary standard. In all EPR
spectra, the g value varied from 2.004 to 2.005, displaying typical values
of oxygen-centered radical species such as semiquinones and methox-
ybenzenes (Cheshire and Senesi, 1998; Martin-Neto et al., 1998; Wata-
nabe et al., 2005). Information associated to the relaxation time of free
radical signals is provided by the linewidth (AH) values, that can be
affected by structural aspects of HA molecules. No significant differences
were found among the three saltmarshes, whereas in all samples the AH
values of the FHA (average of 8.79 + 0.45 G) are about 20 % higher than

those of the corresponding BHA (7.22 + 0.30 G, see Table 1). This result
suggests that the radicals are better stabilized in BHA and radical species
have a longer relaxation lifetime, indicated by smaller linewidth. The
average SFR content of BHA (range 1.75-4.60 spins gHA'1 x 10'7) is
coherent with this observation, being about 60 % larger than that of FHA
(range 0.50-3.48 spins gua' x 10'7) and displays lower variability
within each saltmarsh (Fig. S9a). The largest contents are found in the
BHA and FHA of the AM saltmarsh (2.60 + 1.20 and 3.50 + 1.00 spins
gua! x 107 for FHA and BHA, respectively), which is the sampling site
nearest to the mainland. Similar values were measured in HA extracted
from a Spanish salt marsh soil (Ferreira et al., 2013). In both fractions,
the SFR content is highly related to the SUVAys54 (Fig. S9b) and therefore
to the aromaticity of HA molecules (R? = 0.95, p < 0.001 for FHA and
R? = 0.73, p < 0.001 for BHA). These results agree with those reported
by Chen et al. (1977) and Martin-Neto et al. (1998), that showed that the
SFR content increases with the degree of humification.

3.7. EDC of HA

At both acidic and neutral pH, the time course of the reaction of the
HA with the radical ABTS®" (followed monitoring the A734 over time,
Fig. S10) is similar to the trends reported in the literature (Bravo et al.,
2022; Walpen et al., 2020), being characterized by an initial steep
decrease in absorbance followed by a slower exponential decline.

In all samples, the EDCg,g values obtained at pH 7.0 are higher
(50-60 %) than those obtained at pH 4.8 (Fig. S11a). In fact, more redox
active phenolic groups are dissociated at higher pH and, consequently,
more prone to transfer electrons (Stone, 1987; Lee and von Gunten,
2010). At the same time, the molecular or supramolecular conformation
of HA is more expanded, because of charge repulsion effects, thus
electron transfer from reactive groups is favored (Hosse and Wilkinson,
2001). The EDCg,g values of FHA and BHA are positively correlated,
both at acidic (R? = 0.73, p < 0.001) and neutral pH [®?=0.87, p<
0.001) (Fig. S11b). In addition, BHA show higher EDCg, values (about
20 %) compared to FHA, probably due to their higher molecular



complexity (Xiao et al., 2019) (Fig. 4a). The slow EDC component
(EDCgow) ranges between 0.95 and 1.11 mmole. gHA'l, with no signifi-
cant differences among FHA and BHA or among HA from different sites.

Since fast processes are more relevant to support electron transfer for
biological reactions occurring in soils, and considering the neutral pH of
the soils examined in this study, the EDCg,s measured at pH 7.0 repre-
sents the best proxy to quantify the potential exhibited by HA to transfer
electrons to other reducible soil components. The EDCg, values of FHA
(Fig. 4a) follow a decreasing trend moving from the AM saltmarsh (mean
values of 0.77 + 0.10 mmole. gHA'l) to the BM saltmarsh soils (mean
value of 0.55 + 0.07 mmole. gHA'l). HA from the ASA saltmarsh show
intermediate values (mean value of 0.64 + 0.13 mmole. gHA'l). BHA
partly reflect the trend observed for FHA with HA from the AM soils
showing the highest values (0.99 + 0.13 mmol,. gHA'l).

Klein et al. (2018) suggested that the EDC determination of HA with
the ABTS decolorization assay should be carried out at acidic pH, in
order to avoid errors associated with the decay of the radical at neutral
pH and enable the reaction to proceed for 10 h in order to achieve a
steady state. In this work, we measured EDC at pH 7 because kinetic
analysis showed that the reaction occurs through two concomitant
mechanisms: a fast reaction that achieves 95% completeness within 0.5
min and a slow reaction that requires hours to reach comparable near
equilibrium conditions. Measurements were also performed at pH 4.8 to
check whether this allowed a better reproducibility or resulted in better
defined relationships with structural and environmental parameters.
EDC measured at pH 4.8 and at pH 7 were highly correlated (R? = 0.72,
p < 0.001).

4. Discussion
4.1. Geochemical signatures

Chemical properties of HA are well differentiated based on HA type
(FHA vs. BHA), but also shaped by geographical gradients and organic
inputs (autochthonous vs. allochthonous, terrestrial vs. marine). Site-
specific factors alter the HA properties and challenge the comprehen-
sive overview of the state of HA in this transitional environment. In
order to gather together the data collected on soil and HA properties
along the mainland-open sea geographical transect, results were further
organized in heat maps, highlighting site or HA type (Fig. 5).

The heat map of soil and SOM characteristics (Fig. 5a) allows to
visualize coherent geographical and morphological trends among and
within the three saltmarshes examined in this study. For most charac-
teristics, the effect of the saltmarsh location (e.g., distance from main-
land) prevails over the effect of micromorphology which affects the
hydroperiod and the local soil Ey. The Ej, is the parameter that shows the
lowest connection with other soil characteristics, possibly because of the
many independent factors that concur to its determination (e.g.,
including vegetation type).

The fraction of SOM stabilized in the soils as HA (FHA + BHA) is, on
average, only 8.1 % of the Cog in AM saltmarsh and C sequestration in
the form of HA is even lower in soils of ASA and BM saltmarshes (5.3 and
4.0 %, respectively). Their importance in this transitional environment,
where CaCOs saturated freshwater inputs inhibit transport of dissolved
HA from the mainland, lies more in their role in geochemical processes
than in their contribution to C sequestration. The heat map (Fig. 5a)
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Fig. 4. (a) Box plots of the fast electron donating capacities (EDC,g) measured at pH 7.0 of free HA (FHA) and bound HA (BHA) extracted from the three different
saltmarshes (from the innermost to the outermost: AM, ASA and BM). The line within the box marks the median and the boundaries of the box indicate the 25th and
75th percentiles. (b, ¢) Linear correlations between EDCy,g; and semiquinone-type free radicals (SFR) in FHA (empty circles) and BHA (filled circles).
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Fig. 5. Heat maps of (a) soil properties and (b) free HA (FHA) and bound HA
(BHA) characteristics in the different soils of the three saltmarshes (from the
innermost to the outermost: AM, ASA and BM). Variables were normalized
using the Z-score function. Selected soil variables are: soil E;, carbon stable
isotope composition (83Cgom), FHA/BHA ratio, average hydroperiod, soil C/N
ratio, carbonate content (CaCOs), clay content and total organic carbon (Corg).
Selected HA features are: carbon stable isotope composition of HA (5'3Chp),
EDCfast, EDCgow, specific UV absorbance at 254 nm (SUVAys4), semiquinone-
free radical (SFR) content, linewidth (AH) and C/N ratio of HA.

highlights that FHA contribution to the HA pool (based on FHA/BHA
ratio) is related to soil hydroperiod and SOM C/N ratios. In fact,
reducing conditions in flooded soils hinder humification and increase
the relative abundance of fulvic acids (Sheudzhen and Gutorova, 2020).
Moreover, despite most of HA properties (e.g., EDCy,g values) seem
related to the combined effect of HA type and sampling site location
(Fig. 5b), the analysis highlights that the two HA fractions are well
differentiated based on some specific chemical characteristics, in
particular their C/N ratios, that are highly dependent on HA nature. The
low energy depositional environment seems to be an important factor
for accumulation of HA in these soils, coherently with the fact that Corg
accumulation is also governed by their clay content (Fig. S12).

The C/N ratios of both FHA and BHA decrease significantly from the
innermost to the outermost sector of the lagoon, similarly to the trend
observed in sediments from the same lagoon (Bravo et al., 2020). The
lowest C/N ratios found in FHA from soils nearest to the open sea may
reflect a strong input from algal materials stranded by waves and storms.
The C/N ratios of BHA are higher than those of FHA extracted from the
same soils, but contrary to what occurs in sediments, chemical features
suggest a more pronounced local origin. During accretion of

saltmarshes, HA formed in terrestrial soils and bound to fine silt and clay
particles, transported in suspension by tidal currents, may deposit on
saltmarshes particularly during spring tides, when both the input from
rivers and the submergence time culminate (Zhou et al., 2006).
Allochthonous BHA of terrestrial origin may partly contribute to
differentiate HA structures in these soils, as they do in sediments.
However, in soils, in situ humification and fractionation caused by
higher hydrophobicity of BHA is likely to provide a much stronger
contribution (Ferronato et al., 2019). This is confirmed by SUVAgys4
values, which are higher for BHA (Table 1). At the same time, C/N
values tend to increase linearly with the mean height above sea level in
the transition from the mainland to the open sea, both in SOM and in
FHA, whereas the trend is less significant for BHA.

Overall, the SUVAgs4 values are significantly lower than those pre-
viously found in sediments of the same lagoon (Bravo et al., 2020), thus
indicating a lower aromatic character of saltmarsh HA. This is opposite
to the expectations based on in situ C inputs which infers a lower
aromaticity due to contribution from non-vascular plants (algae), but
coherent with the lowest deposition of suspended allochthonous organic
materials of terrestrial origin on emerged soils.

Unlike sediments, soil HA reflect more strongly the contributions
from the halophile vegetation inhabiting the saltmarsh and their char-
acteristic depend on the elevation of the soil above sea level. This is more
evident in FHA, whereas BHA also show evidence of a substantial
contribution from terrestrial sedimentary materials. In general, our re-
sults point to a compositional variability along the mainland-sea tran-
sect represented by the three saltmarshes, which is consistent with
previous results obtained from lagoon sediments (Bravo et al. 2020).

The 13C NMR spectra show that BHA display stronger signals in the
aliphatic region (0-110 ppm) with a particular intense signal at about
30 ppm, which can be attributed to C in methylene groups. This lowers
the Arom/Alkyl ratios of BHA. Conversely, carboxyl groups are more
abundant in FHA and N-alkyl/O-alkyl and aromatic-C/alkyl-C ratios
decrease from AM towards BM saltmarshes. Similarly, methoxyl groups
in FHA decrease with distance from the mainland.

4.2. EDC of HA

The reaction between HA and the radical ABTS®" exhibits a biphasic
kinetics driven by two concomitant mechanisms (Fig. S10), consisting of
a fast and a slow electron transfer process (Bravo et al. 2022). Appli-
cation of the bi-phasic model to the time trend of the reaction with
ABTS®" resulted in a very good fitting of experimental data for all
samples. Besides, it revealed that the slow reaction mechanism does not
differentiate the HA, but is either a contribution from a highly conserved
feature or artifactually produced by auto-regeneration of ABTS radicals
(Osman et al., 2006). A similar non-equilibrium transfer reaction trend
was also observed for some polyphenols and ascribed to reproduction of
reducible OH moieties by oxidative polymerization (Hotta et al., 2002).

On the contrary, the millimoles of electrons transferred per gram of
HA through the fast reaction decreases from the innermost to the
outermost saltmarsh soils and, although the difference between FHA and
BHA is not significant, the EDCg,g; displays a significant difference be-
tween AM and BM HA in both fractions. The electrons transferred during
the first 0.5 min represent from 35 to 50% of the total amount trans-
ferred in 12 h.

Radicals in HA are thought to be very reactive in redox reactions
(Senesi et al., 1977; Oniki and Takahama, 1994) and actually the EDCgg
of HA showed a linear correlation with SFR concentration (Fig. 4b, c).
The EDC also correlated strongly (RZ = 0.80, p < 0.01) with the average
area of aromatic C signals measured by '3C NMR of BHA in the three
saltmarshes, whereas a less strong relationship was found with FHA.
Considering that absorption at 254 nm is not only caused by carboxy
phenols (Baes and Bloom, 1990), but also by aromatic amino acids, it is
possible that these groups may additionally contribute to the electron
donating capacity of HA.



4.3. Environmental implications of EDC measurements

In principle, the EDC of HA should directly reflect the intensity of
reduction in soil, however in this work no relationship was found be-
tween the fast or the slow EDC of HA and soil Eh, neither at pH 4.8 nor at
pH 7. This indicates that other factors concur in determining the state of
reduction of HA: for instance, HA in low lying soils may be fully reduced,
but if their maximum electron accepting capacity is low (low density of
redox active moieties per gram of HA) they could have reached full
reduction at higher Eh values and not be able to accept more electrons.
This would limit their capacity to fully reflect the redox state of the soil.
Another factor might be the presence/contact with electron accepting
mineral soil components, like iron oxides. HA are known to act as
electron shuttles and their EDC therefore reflects not only the intensity
of reduction, but also the ease with which electrons are passed onto iron
oxides, which may depend on spatial constraints (e.g. inequalities in
distribution caused by the presence of iron depletions and iron crusts).

The chemical speciation and mobility of redox-sensitive elements
(like Fe, Mn, As, Hg) is influenced by redox processes in which HA are
involved (Bauer and Kappler, 2009). These processes of HA are
ecologically important in tidal environments, where soils are subject to
recurring 12 h cycles of flooding and drainage (Lee et al., 2019). Under
anaerobic conditions, the reduction of HA facilitates the oxidation of
organic substrates trough anaerobic respiration, especially if regenera-
tion of the original redox state is achieved by shuttling electrons to Fe
(I11) and Mn(IV) oxides. HA can mediate the reduction of metal oxides
that cannot be directly achieved by bacteria (Zachara et al., 1998) and
do not necessarily have to be abundant to play a key role as electron
acceptors.

The hydroperiod varies greatly within soils of the same saltmarsh,
depending on soil elevation, and affects the soil redox potential. Redox
chemistry of Fe and Mn, and accumulation/uptake of potentially toxic
metals (PTM) in saltmarsh plants are therefore affected. Here, HA can
compete in the root iron plaque formation, by reducing Fe(IIl) back to Fe
an.

In the Marano Lagoon, saltmarshes and bottom sediments are widely
contaminated by mercury (Hg) (Acquavita et al., 2012), displaying
values higher than the regional background (0.13 + 0.04 mg kg~},
Covelli et al., 2006). In the surface soil horizon of a saltmarsh closed to
the AM site, Covelli et al. (2017) reported Hg contents between 2.57 and
4.70 mg kg~!. The mobility of Hg in tidal environments depends on
several biogeochemical processes, in which HA play an important role
(Ravichandran, 2004). In fact, HA have been demonstrated to be
involved in both complexation (Chiasson-Gould et al., 2014) and
reduction (Jiang et al., 2014) of Hg. Alberts et al. (1974) demonstrated
that free radicals in HA are directly involved in Hg reduction. Conse-
quently, the EDC of HA could be a key factor governing the fate of Hg in
polluted soils and sediments. Jiang et al. (2014) reported that, in addi-
tion to temperature and light exposure, HA significantly increase Hg(0)
production and SOM with higher aromatic character was found to
display higher EDC values and more rapid kinetics towards Hg(II)
reduction (Jiang et al. 2020). Nevertheless, globally rising temperatures
are expected to alter the ability of HA to participate in critical redox
processes by decreasing their EDC (LaCroix et al., 2021), thus reducing
HA ability to contain Hg toxicity in coastal soils.

5. Conclusions

The exhaustive characterization of SOM and HA in twelve tidal soils
in three saltmarshes with different sedimentary and transformation
processes shows that geographical location and elevation are main
players influencing the chemical and structural characteristics of SOM.
Humic acids faithfully reflect the composition of SOM, but display
peculiar features that confirm their distinctive nature.

The results obtained in this work confirmed the importance of aro-
matic structure of HA and showed that bound HA (BHA) present higher

EDC values compared to free HA (FHA). However, the actual measured
fast transfer component of EDC of both FHA and BHA is largely related to
the geochemical characteristics of soils (i.e. soil texture and terrestrial/
marine inputs), which is therefore relevant to understand the redox
processes in transitional environments.
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