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Mangrove forests provide critical soil-related ecosystem services (ES), including carbon sequestration,
contaminant retention, and nutrient cycling—all closely linked to soil health. However, land-use
change and pollution increasingly threaten mangrove soils, compromising their functionality and ES
provision. To reverse these impacts, effective strategies must begin with robust assessments of soil
health using key indicators that also reflect ecosystem functions. Despite their importance, soil health
indexing methods for mangroves remain underdeveloped. This study proposes a soil health index (SHI)
for mangrove ecosystems, applied in northeastern Brazil across degraded, restoring (9 and 13 years),
and mature forests. We assessed variables linked to biogeochemical processes governing carbon
dynamics (soil texture, soil organic carbon - SOC, pseudo-total Fe), contaminant immobilization
(exchangeable, carbonate-bound, oxyhydroxide-bound, and pyritic Fe, redox potential, and pH), and
nutrient cycling (B-glucosidase, acid phosphatase, and available phosphorus). SHI was constructed
using a minimal dataset selected via principal component analysis. Mature mangroves showed the
highest SHI values (0.99 + 0.03), while degraded sites had the lowest (0.25 +0.01). Replanted areas
displayed intermediate SHI values (0.37 +0.01 at 9 years; 0.52 +0.02 at 13 years), indicating graduval
recovery. ES provision estimates followed the same trend. The SHI effectively captured soil health
changes across degradation and restoration gradients and is a promising tool to inform decision-
makers, support conservation planning, and communicate complex data in accessible formats. This
approach strengthens links between science, restoration action, and ecosystem service outcomes.

Keywords Blue carbon, Contaminants sink, Nutrient cycling, Coastal ecosystems management, Mangrove
restoration

Soil health is the capacity of soil to function as a living system that sustains plants, animals and humans and
links soil science to decision-making'. In mangroves, soil health denotes the ability of geochemically unique
soils to maintain below-ground processes such as long-term organic-carbon retention, efficient nutrient cycling
and geochemical attenuation of contaminants*’. Because these functions occur under waterlogged, redox-
dynamic conditions, informative indicators must be sensitive to the geochemical environment in these soils, in
addition to conventional physical and chemical attributes*-®. However, to date, most soil health indexes (SHI)
were designed for well-aerated agricultural soils and therefore underrepresent these controls in blue carbon
ecosystems, particularly mangroves. Globally, studies explicitly addressing soil health in mangrove ecosystems
remain scarce. A recent review of over 8,000 mangrove soil papers found only about 4% addressing SH and
fewer than 40 linking it to ecosystem services’. Research is concentrated mainly in India and Southeast Asia,
where efforts focus on coastal soil degradation, microbial community dynamics, and plant-microbe interactions
that support soil functionality under saline conditions®®. Other works examine land-use conversion effects,
such as mangrove-to-paddy transformations, on microbial and enzymatic indicators'®!!. However, most studies
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emphasize isolated attributes rather than integrative soil health frameworks. No studies to date have assessed
soil health in mangrove ecosystems in Brazil, underscoring a significant regional knowledge gap and the need
for tailored approaches to these geochemically unique soils that may be useful for conservation or restoration
actions.

Restoration of Blue Carbon ecosystems is widely promoted as a Natural Climate Solution (NCS) because
these coastal wetlands store large quantities of organic carbon, primarily within their soils'?"°. In mangroves,
soil-carbon accumulation reflects high primary production and tidal trapping of sediments together with
hydrological and geochemical constraints on decomposition™'®~'8, Prolonged waterlogging limits O, diffusion
and shifts microbial metabolism toward dissimilatory iron and sulfate reduction, pathways with lower energy
yield than aerobic respiration that slow mineralization and favor organic-matter retention*-2!. These pathways
have lower energy yield than aerobic respiration, slow mineralization and favor the retention of organic
matter within the soil profile?>?. As a result, soils commonly account for ~ 50-90% of total ecosystem carbon
in mangroves, with stocks that can match or exceed those reported for many boreal and tropical forests?»2°.
Additionally, end-products of iron and sulfate reduction also influence nutrient cycling and promote iron sulfide
formation (e.g., pyrite) that can immobilize trace metals®26-28.

Despite this functional importance, large areas of tropical and subtropical shorelines have lost, or degraded
mangrove cover mainly due to aquaculture, urban expansion and agriculture?=*2. In this context, management
needs to both expand reforestation and evaluate ecosystem services through explicit identification and
quantification. Evidence indicates that reforestation can contribute to the recovery of several services—coastal
protection from flooding and storms, provision of nursery habitat and erosion control—yet the extent to which
restoration and rehabilitation re-establish soil functions, and the regulating services that depend on them,
remains insufficiently quantified®**-3>. The outcomes are sensitive to site conditions and management choices,
reinforcing the need for soil-based diagnostics to support local decisions.

Multivariate soil-quality indices derived from principal component analysis (PCA) or related approaches
compress multiple measurements into a single score that can be tracked across sites and time*. While such
indices are established in agriculture, direct transfer to mangroves is limited because standard formulations omit
variables that are central to tidally flooded soils (e.g., Eh, iron geochemistry) responsive to anoxia and salinity.
A recent adaptation of an agricultural framework to young mangrove plantings demonstrated that a composite
index is feasible but did not include these redox-sensitive variables and did not evaluate predictive relationships
with specific services?. Consequently, there is a methodological gap between the recognized need to monitor
soil-based drivers of Blue Carbon and the tools used to guide restoration practice.

In recent years, advances in environmental monitoring and restoration assessment tools have expanded
the ability to evaluate mangrove condition through vegetation and landscape indicators®’-%0. However,
approaches capable of quantifying belowground functionality remain scarce, even though soils regulate most
of the biogeochemical processes that sustain ecosystem services>’. Developing indices that translate soil
processes into practical measures is therefore essential to complement existing monitoring tools and improve
restoration diagnostics*!. Here we address this gap by assessing soil-health recovery with variables related to the
biogeochemical control of carbon, inorganic contaminants and nutrients, and by evaluating a soil-health index
tailored to mangroves as a decision-support metric. We test the hypothesis that provision of key services—carbon
sequestration and contaminant immobilization and nutrient cycling — is positively associated with soil health,
and that mangrove restoration can shift soils along this trajectory. Specifically, we assembled a variable set that
includes geochemical data alongside conventional physical and chemical properties to construct a composite
index using PCA across a 9-13-year restoration chronosequence in an estuarine setting in Northeast Brazil.

Materials and methods

Study site description and soil sampling

The study was conducted in the Cocd River estuary (3°46'25.04” S; 38°26’9.66” W), located in the state of
Ceard, in Brazil’s Northeast region. The study area is subjected to a semi-arid climate with influences from the
Intertropical Convergence Zone, characterizing a seasonal distribution of rainfall (i.e., a dry period from June to
December and a rainy period from January to May). The average annual precipitation is less than 900 mm, and
the average annual temperature is 27 °C. Additionally, the region is characterized by the predominance of trade
winds from the northeast and southeast. The estuary experiences a diurnal tidal regime with tide amplitudes
ranging from 0.75 to 3.25 m. Moreover, the coastal morpho dynamics in the region has a greater tendency to
erosion and are predominantly modified by the tides, wind direction and intensity, and waves moving in N and
NNE directions which can cause local erosive events that results in damage to the urban buildings*>**.

The coastal zone of the region is classified as a straight, sandy coast with dunes, lagoons, and salt flats. These
features originated from the Barreiras Formation, which is mainly composed of sedimentary rocks from the
Tertiary-Quaternary period®’. In the Cocé River estuary (Fig. 1), the presence of beach sandstones of fluvio-
marine origin is also observed, cemented by the precipitation of calcium carbonate due to differences in
freshwater and saltwater saturation®*.

Undisturbed soil samples were collected in 2021, from mangrove areas with different ages of replanting (9
and 13 years old), which were compared to adjacent mature and degraded mangroves (Fig. 1). The selection of
soil sampling locations was based on the area’s historical context and land-use trajectory. This ensured that each
scenario (degraded, restoring for 9 and 13 years old, and mature forests) represented a distinct ecological and
restoration stage. The region was previously deforested and degraded mostly due to urban expansion. However,
since 2006, the Coc6 River estuary has been designated as a conservation area under the Environmental
Protection Area of Sabiaguaba, initiating reforestation efforts. Despite the creation of the protection area, the
region is marked by the process of coastal zone artificialization due to urbanization in the surrounding areas,
leading to severe consequences for sedimentary balance*®. There is a horizontal and low verticalization that is
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Fig. 1. Overview of the study area in the Cocé River estuary, Ceard, Northeast Brazil. The figure illustrates
the locations of the 9- and 13-years-old replanted mangroves compared to degraded and pristine mangroves.
The satellite images point out the transformation over time, emphasizing the differences between the 9-year-
old and 13-year-old areas in 2014 (six years after the replanting began) and 2023. The x and y axes represent
geographical coordinates. Images © 2024 Google Earth, © Google Maps.
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not planned, surrounding the region with a set of family residences or developments consisting of houses and
apartments®.

The mangrove reforestation activities were a collaborative effort involving public and private initiatives,
coordinated by NGOs, and carried out by volunteers. Their main objectives included environmental education,
ecosystem restoration, and support for local ecotourism. Seedlings were prepared from locally collected
propagules and then transplanted to designated areas for reforestation.

The classification of mangrove sites into degraded, replanted (with 9- and 13-years-old), and mature was
based on vegetation structure, land-use history, and degree of ecological recovery. All plots were located within
the Sabiaguaba Environmental Protection Area, approximately 100 m apart from one another. The mature
mangrove represents a well-developed forest, undisturbed for at least three decades, covering about 13,000 m?
and composed mainly of Avicennia germinans (L.) L., Laguncularia racemosa (L.) C.E, and Rhizophora mangle L.
The replanted sites, aged 9 and 13 years, were established through community-based initiatives using Rhizophora
mangle L. propagules in previously deforested areas. These areas, measuring approximately 3,500 and 1,000 m?,
respectively, exhibit developing canopy structure, partial litter cover, and improved hydrological connectivity
compared to the degraded zone. The degraded mangrove, covering roughly 1,000 m? lacks vegetation due to
prior deforestation and hydrological alteration.

The soil sampling was carried out during low tide in each mangrove scenario using short transects of
approximately 40 m, with one sample taken every 10 m, totaling four samples per scenario. The soil collection
was performed using polyvinyl chloride (PVC) tubes (50 mm in diameter and 50 cm in height), prewashed with
10% HC, and attached to a stainless-steel auger specifically designed for waterlogged soils*6~*%. The PVC tubes
were carefully inserted into the soil to obtain intact cores and then hermetically sealed to prevent chemical
or biological alterations. Samples were transported vertically in thermal boxes at approximately 4 °C to the
laboratory, following standard procedures for carbon quantification in coastal environments.

In the laboratory, each soil core was sectioned into four depth intervals: 0-10, 10-20, 20-30, and 30-40 cm.
These subsamples were therefore treated as replicates, and their values were averaged to represent the overall
condition of each sampling site.

Determination of soil parameters (indicators) for health index

The soil pH and Eh values were acquired in situ using portable meters (HANNA, model HI98121, Hanna
Instruments, Woonsocket, RI, USA). The pH meter featured a glass electrode and was calibrated beforehand
with standard solutions (pH values of 4 and 7). Eh values were determined using a platinum electrode previously
validated with a control solution (HI7021M 240 mV, 25 °C, ORP test solution).

Undisturbed soil cores, collected with minimal compaction, were employed for soil bulk density (BD)
determination. The cores were weighed wet and then dried at 60 °C until a constant weight was achieved, a
procedure used to avoid organic matter loss. Soil BD was calculated using the mass of oven-dried soil solids and
the total soil volume (depth and tube diameter).

In the laboratory, soil organic carbon (SOC) was quantified using a Flash Elemental analyzer (Thermo
Fisher Flash HT 2000; Thermo Scientific™) coupled to a Thermo Fisher Delta V (Thermo Scientific™). For
SOC determination, collected samples were previously acidified with 1 mol L~ ! HCl to eliminate carbonates?.
Subsequently, samples were dried at 45 °C until a constant weight was attained and then weighed for SOC
determination. The soil carbon stocks (SCS) were determined from SOC using the equation SCS = 2 SOC, x BD;
X thigl;ness of the layer (), using values of BD, SOC, and the thickness of each analyzed soil layer in the studied
areas®.

A sequential iron extraction method, integrating techniques proposed by Tessier, Campbell, and Bisson*’,
Huerta-Diaz and Morse®®, and Fortin et al.>!, was employed for the determination of six operationally distinct
fractions (Table 1). For the sequential iron analysis, sub-samples were collected from the central part of the moist
samples, avoiding the use of external portions exposed to the atmosphere, which may have oxidized free forms of
iron®2. This approach facilitates the calculation of the degree of pyritization (DOP), determining the percentage
of iron in the FeEX, FeCA, FeFR, FeLP, and FeCR fractions (Table 1) incorporated into the pyritic fraction in
relation to the pseudo-total iron (pseudo-total Fe), represented by the sum of the six determined fractions™.
The extraction solutions sequentially from FeEX to FeCR fractions were pre-purged with N, flow under heating
to remove oxygen and prevent the oxidation of reduced forms of iron and sulfur®2. Furthermore, iron content
in each extract was quantified using inductively coupled plasma - optical emission spectrometry, and reference
standard solutions were employed, with iron concentrations recovered exceeding 90%.

Fraction Abbreviation | Extracting solution

Exchangeable iron FeEX MgCl, 1 mol L' (pH 7.0)

Carbonate-associated iron FeCA NaOAc 1 mol L'! (pH 5.0)

Ferrihydrite-associated iron FeFR Hydroxylamine 0.04 mol L™ + acetic acid 25% at 30 °C

Lepidocrocite-associated iron FeLP Hydroxylamine 0.04 mol L™! + acetic acid 25% at 96 °C

Hematite and goethite-associated iron | FeCR 20 ml sodium citrate 0.25 mol L! + sodium bicarbonate 0.11 mol L™ with 3 g sodium dithionite at 75 °C
Pyritic iron FePY Concentrated HNO, after pretreatment with concentrated H,SO, and 10 mol L™ HF

Table 1. Description of the iron fractionation analysis according to Tessier et al.®®, Huerta-Diaz and Morse™°,
and Fortin et al.’!.
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Soil particle size distribution (i.e., sand, silt, and clay contents) was determined using the pipette method®*
after pretreatment with hydrogen peroxide (30% solution) to remove soil organic carbon, followed by mechanical
(agitation for 12 h) and chemical dispersions (0.15 mol L™ ! sodium hexametaphosphate and 1 mol L™ ! sodium
hydroxide).

Available phosphorus (available-P) was determined through extraction with Mehlich-3°°, and its concentration
was quantified by colorimetry at 880 nm. Acid phosphatase was determined according to the method of Tabatabai
and Bremner™, using (p)-nitrophenyl phosphate as a substrate and reported as pg p-nitrophenol produced g~ !
soil h™ 1. B-Glucosidase activity was estimated using mM p-nitrophenol-B-D-glucopyranoside as the substrate®.

The selected analytical parameters consider the determination of physicochemical factors that characterize
the environment and its geochemical functioning, such as redox conditions, metabolic pathways for iron and
sulfate reduction, contaminant immobilization, nutrient cycling, and carbon accumulation capacity.

355

Determination of soil health index (SHI)

The SHI was determined following the procedure adopted by Faridah-Hanum et al.*!, where a minimal set of
data was selected through multivariate analyses. Principal Component Analysis (PCA) was utilized to select
appropriate indicators and as a method to extract weighting factors®~%’. For interpretation, two principal
components explaining over 50% of the data variance were employed. Furthermore, only factors with eigenvalues
> 1.0 in atleast 5% of the data variation were considered®*. The retained factors were then subjected to varimax
rotation, a statistical procedure to simplify the data structure by clarifying the relationship between variables
and factors®!. This rotation enhances interpretability by making each variable more strongly associated with
one specific factor. In each principal component, the selected variables were those for which the factor with the
highest squared cosine was obtained. The rotated factor loadings (see Supplementary Material) of the selected
attributes were used in calculating the relative weights of attributes in the SHI, as per the equation:

Fi P + Fo Py

W= Q2T aPy) + (00 FaPyy) W

where, W;: relative weight of the attribute in the i-th variable composing the SHI; F1; and Fa;: eigenvalues
of the principal components; P;: rotated factor loading of the attribute in the i-th variable; Pj: rotated factor
loading of the attribute in the j-th variable; i and j: indices for variables; n: number of variables involved in the
PCA.

After selecting the indicators, the values were normalized through relative standardization (linear
transformation)®? to be included in the SHI, transforming them into indicator scores (.S) ranging from 0 to
16364 The indicators were ranked in ascending or descending order, where the highest value could be considered
detrimental or beneficial, respectively. For indicators assumed as “more is better;” each observation was divided
by the highest observed value, with the highest value considered a score of 1. For indicators considered “less is
better;” the lowest observed value (in the numerator) was divided by each observation (in the denominator),
so that the lowest value received a score of 1. For those indicators where neither higher nor lower is better
(“optimal”), observations were scored as “more is better” up to a limit (i.e., the highest observed value in the
mature mangrove for the respective variable) and then scored as “less is better” when above this established
limit®. Thus, the SHI was determined by the equation:

SHI :Z j:l(WZ x Si) (2)

where, SHI: is a number between 0 and 1; W;: corresponding weight to the i-th parameter, a number between
0and 1;and S;: score of the i-th indicator defined using PCA results, a number between 0 and 1. In the model,
higher indices indicate better soil quality or better soil function performance.

Estimate of ecosystem services provision

For representation of ecosystem services, specific soil attributes were used as proxies for climate regulation,
nutrient cycling, and contaminant immobilization services. The SOC, pseudo-total Fe, and clay contents were
chosen to represent organic carbon sequestration, reflecting Climate Regulation. The FeFR, FeLP, FeCR, and FePY
content, were chosen to represent contaminant immobilization, as many contaminants, (e.g., heavy metals), can
precipitate with pyrite and iron oxyhydroxides, thus turn into immobilized?®6>¢. Additionally, available P, and
the enzymes acid phosphatase and B-glucosidase were chosen to represent nutrient cycling as they respond to
the release and availability of phosphorus and microbial activity associated with the mineralization of nutrients
derived from organic matter. These services represent ecosystem services related to regulation, such as carbon
sequestration and contaminant immobilization, as well as support services, including nutrient cycling.

To estimate the ecosystem services, all data were initially normalized on a scale from 0 to 1. This normalization
was done by linear transformation, adjusting the data based on the maximum values of the selected variables.
Subsequently, the mean values of the normalized data for each scenario studied were calculated and then
summed o represent the different ecosystem services for each scenario and further normalized on a scale from
0 to 1. After normalization, the values representing the ecosystem services were presented in a bar chart.

Statistical analysis

All statistical analyses were performed using XLSTAT software v.2014.5.03 at a 5% significance level (p <0.05).
The Shapiro-Wilk test was initially applied to assess the normality of the data. As most variables did not meet
the assumptions of normal distribution, an expected outcome for environmental datasets, the Kruskal-Wallis
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non-parametric test was employed to evaluate differences among the four mangrove conditions (degraded, 9-
and 13-year-old reforested, and mature forests). When significant differences were detected, multiple pairwise
comparisons were conducted using Dunn’s test. In addition, variables selected for the PCA, described in Sect. 2.3,
were subjected to Spearman’s rank correlation analysis (p <0.05) to identify associations among soil attributes
and to support the construction of the SHI (Table S1). All figures were generated using SigmaPlot software v.11.0
and subsequently refined for color adjustments using Paint. NET v.5.1.9.

Results

Soil indicators in the degraded, replanted, and mature mangroves

The physicochemical parameters (ie., pH and Eh) indicated the occurrence of suboxic conditions, with
significant differences among sites (Table 2). The highest Eh values were observed in the 9-year-old mangrove
(p<0.001), while the degraded, 13-year-old, and mature stands did not show significant differences. Regarding
pH, the highest values (p =0.007) occurred in the 13-year-old and mature mangroves, followed by the 9-year-old
site, with the lowest value recorded in the degraded area (Table 2).

Most iron fractions showed significant variation along the restoration gradient (p<0.001; Table 2).
Exchangeable Fe (FeEX) varied slightly (p<0.001), whereas carbonate-associated Fe (FeCA) decreased
markedly in the replanted stands before increasing again in the mature mangrove (p=0.0032). Ferrihydrite-
and lepidocrocite-associated pools (FeFR and FeLP) increased progressively with restoration age (p <0.001 and
p=0.0007, respectively), each increasing nearly fourfold from degraded to mature soils. Crystalline Fe (FeCR)
and pyritic Fe (FePY) also increased sharply toward mature conditions (p <0.001), leading to significantly higher
pseudo-total Fe and degree of pyritization (DOP) in the mature forest (p <0.001; Table 2).

Soil organic carbon (SOC) and soil carbon stocks (SCS) increased significantly along the chronosequence
(p<0.0001 and p=0.0056, respectively), evidencing rapid belowground carbon accumulation after replanting
(Table 2). Textural fractions also differed among sites (p<0.0001): clay and silt contents increased toward
mature mangroves, while sand declined substantially. Available phosphorus rose modestly but significantly
(p=0.0050), and B-glucosidase activity followed a comparable pattern (p=0.0202). Acid phosphatase did not
differ significantly across sites (p=0.1530).

Soil health index (SHI) indicators using PCA analysis

The PCA indicates that the two selected components account for 58% of the total data variance (eigenvalues PC1
and PC2: 8.6298 and 1.7765, respectively). PCI is primarily composed of variables such as FeEX, FeFR, FeLP,
FeCR, FePY, DOP, pseudo-total Fe, SOC, clay, silt, sand, and available P, explaining 48% of the data variance
(Fig. 2A). PC2 comprises pH and B-glucosidase variables, explaining 10% of the data variance (Fig. 2A).
Mature mangrove areas and the 13-years-old replanted area were more influenced by higher contents of FeEX,
FeI'R, FeLP, FeCR, FePY, DOP, pseudo-total Te, SOC, SCS, clay, silt, pH, and available P, along with higher p-
glucosidase activity and lower acid phosphatase activity (Fig. 2A). On the other hand, the degraded mangrove

Variable Unit Degraded 9-year-old 13-year-old Mature

Eh mV 179.7+15.5a 109.0+42.3b 179.8 £35a 156.3 £59.8a

pH 6.4+0.8¢c 7.1+£0.2ab 7.2%0.3a 7.1+£0.3a

FeEX 112+ 1.1c 7.9+3.7cb 15.5+3.1ab 21+6.4a

FeCA 71.6+13.4a 43.2+20.8b 35.8+10b 60 +47.8ab
FeFR 174.1+36.3¢ 358+ 182.6bc 521.6+246.8ab 718.6+367.9a
FeLP mg kg™! 694.4+104.7b 1,665.8+890.7b 2,017.5+682.3a 1,812.2+514b
FeCR 216.7+48.7b 1,021.7+759a 1,802.8+667.1a 1,313+342.7a
FePY 53.9+27.4c 221.1+130.7bc 534+451.1b 5,375.2+2465.4a
Pseudo-total Fe 1,235.4+177.5¢ | 3,234.5+1768.7bc | 5,072.3+1,698.1b | 9,042.8 +3256.2a
DOP . 4.6+1.8b 8.8+8.3b 10.3+7.2b 53.3+19.6a
SOC * 0.6+0.1¢c 1.0+ 0.6bc 2.1+1.4ab 4.8+2.5a

SCS Mg Cha 44.5+34.8b 77.7+37.7ab 92.4+29.3a 115.7+61a

Clay 3.7+1.0c 14.3+7.5b 24.2+8.3b 42+5a

Silt % 1.8+1.2b 5.6+4.6b 12.7+8.9b 28.4+4.9a

Sand 94.1+1.3a 80.3+11.7ab 63.4+16.3b 28.8+8.8¢c
Available P mg kg! 194.1+48.8¢ 244.4+70.9ab 303.4+102.7a 318.4+106.1a
B-glucosidase 14.2+3.8b 19.1+£2.5a 19.2+3a 19.5+4.4a

Acid phosphatase Hg PNP ¢! soil ™! 145.9+62.8b 198.3+35.4a 209.4+55.8a 189.6 +35.6a

Table 2. Soil variables assessed in the replanted mangroves compared to the mature and degraded mangroves.
Different lowercase letters indicate significant differences according to the Kruskal-Wallis test followed by
dunn’s post-hoc comparison at p <0.05. Eh: redox potential; FeEX: exchangeable iron; FeCA: carbonate-
associated iron; FeFR: ferrihydrite-associated iron; FeLP: lepidocrocite-associated iron; FeCR: hematite and
goethite-associated iron; FePY: pyritic iron; DOP: degree of iron pyritization; SOC: soil organic carbon; SCS:
soil carbon stocks.
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Fig. 2. (A) Principal component analysis (PCA) results for soil variables in degraded, 9-years-old replanted,
13-years-old replanted, and mature mangrove areas. (B) The PCA results submitted to varimax rotation

to appropriately select variables composing the SHI. Eh: redox potential; FeEX: exchangeable iron; FeCA:
carbonate-associated iron; FeFR: ferrihydrite-associated iron; FeLP: lepidocrocite-associated iron; FeCR:
hematite and goethite-associated iron; FePY: pyritic iron; DOP: degree of iron pyritization; SOC: soil organic
carbon; SCS: soil carbon stocks.

was more strongly influenced by higher Eh values and FeCA and sand contents, while the 9-years-old replanted
area was influenced by lower Eh values and FeCA content (Fig. 2B).

After varimax rotation, PC1 accounted for 39% of the total data variance, while PC2 accounted for 10%,
explaining a total of 47% of the variation (Fig. 2B). Thus, the variables selected as indicators for the SHI are
those composing PC1, including FeEX, FeFR, FePY, DOP, pseudo-total Fe, SOC, clay, silt, sand, and available P
(squared cosines: 0.664, 0.438, 0.779, 0.698, 0.744, 0.638, 0.792, 0.781, 0.808, and 0.251, respectively), and those
composing the PC2 which includes Eh, pH, and acid phosphatase (squared cosines: 0.521, 0.388, and 0.356,
respectively).

Among the selected variables, FePY, sand, clay, silt, FeEX, DOP, pseudo-total Fe, and SOC had higher weights
(0.103, 0.100, 0.098, 0.098, 0.097, 0.097, 0.097, and 0.090, respectively), while FeFR, available P, Eh, pH, and acid
phosphatase had weights of 0.076, 0.056, 0.036, 0.030, and 0.022, respectively (Fig. 3). The SHI revealed a clear
gradient of ecosystem functioning across the mangrove conditions. Soils in the mature mangrove displayed
the highest SHI values (0.99£0.03; p-value <0.001), indicating near-optimal functioning (Fig. 3). In contrast,
degraded mangrove soils exhibited the lowest values (0.25+0.01), functioning at only a quarter of their potential.
Restoration efforts showed a positive effect on soil health, with improvements depending on the time since
replanting (Fig. 3). After 9 years of restoration, soil functioning reached 37% of its potential (SHI=0.37 +£0.01),
showing no significant difference from the degraded site. However, after 13 years, restored soils reached 52% of
their capacity (SHI=0.52+0.02), significantly higher than the degraded area and approaching values observed
in mature mangroves (Fig. 3). These results underscore the gradual recovery of soil functioning through
restoration, though long-term efforts are needed to achieve full ecosystem recovery.

Estimate of ecosystem services provided in degraded, replanted, and mature mangroves
After normalizing the data, the mature mangrove exhibited the highest estimation (values close to or equal
to 1) for providing ecosystem services related to regulation (i.e., contaminant immobilization and carbon
sequestration) and support (i.e., nutrient cycling). Conversely, the degraded mangrove showed the lowest service
estimates with normalized values of 0.2 for contaminant immobilization, 0.1 for carbon sequestration, and 0.7
for nutrient cycling, indicating a reduced capacity to provide the assessed regulation and support services. In the
replanted mangroves, the results indicate a gradual effect in the provision of ecosystem services as the mangrove
develops. The normalized estimates for contaminant immobilization were 0.5 and 0.8 in the 9- and 13-years-old
replanted areas, respectively. For carbon sequestration, the values were 0.3 (9-years-old) and 0.5 (13-years-old),
while for nutrient cycling, they were 0.8 (9-years-old) and 1.0 (13-years-old; Fig. 4).

Discussion

Edaphic features controlling soil quality and ecosystem functionating

Our findings indicate that mangrove replanting was effective in restoring soil parameter contents (Table 2) that
string the soil quality and ecosystem’s functionating for contaminant immobilization, carbon sequestration, and
nutrient cycling (Fig. 2). These results corroborate a previous conducted in the same location which reported
that mangrove development increased soil carbon and minerals present in fine particles (e.g., iron minerals),
contributing to enhanced SCS and contaminant retention capacity? Indeed, the vector directions in the PCA
revealed that variables such as FeEX, FeFR, FeLP, FeCR, FePY, DOP, pseudo-total Fe, SOC, clay, silt, available
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Fig. 3. Soil quality index (SHI) results for degraded, 9-years-old replanted, 13-years-old replanted, and mature
mangrove areas. The bars represent the sum of individual SHI values for each selected variable. The differences
between SHI values for each studied area were assessed using the Kruskal-Wallis followed by Dunn’s post-hoc
comparison at p <0.05. FeEX: exchangeable iron; FeFR: ferrihydrite-associated iron; FePY: pyritic iron; DOP:
degree of iron pyritization; SOC: soil organic carbon; Eh: redox potential.
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Fig. 4. Illustrative scheme of the estimation of regulating and supporting ecosystem services provided by
mangroves in different scenarios (i.e., degradation, replanting, and mature conditions). The bars represent
normalized data from the following soil variables: FeFR (ferrihydrite-associated iron), FeLP (lepidocrocite-
associated iron), FeCR (hematite and goethite-associated iron), and FePY (pyritic iron) contents for
contaminant immobilization; SOC (soil organic carbon), pseudo-total Fe, and clay contents for carbon
sequestration; and available P, and the activity of enzymes acid phosphatase and B-glucosidase for nutrient
cycling.

P, acid phosphatase, and p-glucosidase exerted a greater influence on mature mangrove soil, with replanted
mangroves gradually being affected by these variables compared to degraded mangroves (Fig. 2).

In mangrove soils subject to redox variation and prevailing suboxic conditions, as observed in this study (Table
2), the coupled C-Fe dynamics plays a key role in carbon sequestration and contaminant immobilization®”%.
Under suboxic conditions, iron reduction (present in iron oxyhydroxides) and sulfate reduction mediated by
anaerobic bacteria are the primary pathways of soil organic decomposition®%*7°. These low decomposition rate
pathways favor the soil carbon accumulation from vegetation’!”>. Additionally, the end product of iron and
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sulfate reduction reactions is the formation of pyrite, which can co-precipitate with heavy metals, promoting
contaminants retention?®’4+7>. Indeed, the contents of FeFR, FeLP, FeCR, FePY, pseudo-total Fe, SOC, and SCS
were significantly higher in replanted mangroves compared to degraded (Table 2) enhancing the soil quality
(Fig. 3) associated with capacity to carbon storage and contaminants retention.

Additionally, the contents of available P and the activity of the enzymes B-glucosidase and acid phosphatase
were significantly higher in replanted mangroves compared to degraded (Table 2) reflecting in a higher soil quality
(Fig. 3) associated with nutrient cycling. These results point out the role of vegetation in providing available
P76 and the increased microbial activity influencing nutrient availability’””® in replanted mangrove soils. It is
noteworthy that in the degraded area (no vegetation), phosphorus input may come from anthropogenic sources
surrounding the study area?, and lower acid phosphatase activity implies that phosphorus in the soil is more
solubilized and bioavailable’” and may be exported to adjacent mangroves3®8!. On the other hand, that higher
values of acid phosphatase indicate that, despite being present in higher contents, phosphorus is less bioavailable
to plants and is retained in the soil mineral fractions®>-34. Furthermore, the higher activity of the enzyme f-
glucosidase in replanted mangroves, similar to mature mangroves, indicates the restoration of microbial activity
involved in soil organic matter decomposition and, ultimately, nutrient mineralization in the soil®>-%.

In this context, as the mangrove develops the restoration of ecosystem functions associated with specific soil
variables is reflected in the SHI (Fig. 3) formulated by PCA (Fig. 2). Mangrove soils exhibit unique characteristics
influenced by factors such as redox potential, tidal influence, vegetation composition, fauna activity, and mineral
composition. By selecting specific variables that capture these features, the SHI is formulated to the distinctive
nature of scenarios and promote a more effective understanding of the functioning of the ecosystem*!:%,
Previous studies emphasize the importance of considering various components, including those related to the
mangrove forest, soil, surrounding marine ecosystem, hydrology, and socio-economic factors, to formulate a
comprehensive quality index>39-1.

Soil health index as a feasible tool for assessing mangrove status and provision of ecosystem
services

In mangrove ecosystems, SHI may be a tool for transmitting knowledge in a viable way and to help assess the
impact of human activities, guide sustainable resource use, and plan conservation strategies>*>?>. Accordingly,
the SHI contributes to conveying complex information to a broader audience (e.g., decision-makers and
communities whose livelihoods depend on the mangrove forests)**4. Indeed, previous studies have reported
that simplifying scientific data into quality indexes facilitates effective communication and collaboration among
stakeholders®*?>%. Our findings reveal that monitoring specific variables related to ecosystem services (e.g.,
carbon sequestration, nutrient cycling) and formulating an SHI provides a scientific foundation for implementing
regulations and initiatives that support ecosystem health, its conservation, and restoration initiatives.

The formulation of quality indexes has been applied on different frontiers. For instance, in Brazil, Alkalay et
al.”” developed a clean-coast index to measure plastic debris as a beach cleanliness indicator which the authors
suggest as a tool for the “Clean Coast” program—a new, long-term approach to cleaner beaches and facilitating
an increase in public awareness. Duarte et al.”® aimed to develop a multi-level biological index for diagnosing
threats to mangrove areas which may be an effective tool for evaluating mangrove conservation statuses and
encourage environmental institutions to prioritize adequate actions.

In our study, the SHI in the different scenarios investigated (Fig. 3) reflects the provision of ecosystem services
related to regulation (i.e., contaminant immobilization and carbon sequestration) and support (i.e., nutrient
cycling; Fig. 4) based on variables governing the geochemical functioning of mangroves (Fig. 2). The ecosystem
services provided by mangrove forests vary spatially and thus can influence where to prioritize mangrove
protection and restoration that can help bolster local benefits communities while promoting carbon sequestration
to meet climate goals®. However, previous studies report that in many communities, the perception of regulation
and support services (e.g., nutrient cycling) is less evident compared to provisioning services'®*1°!. Afonso et
al.!%2 reported that mangrove ecosystems as perceived by the local communities can guide conservation efforts
by targeting specific threats such as over-exploitation, pollution, or habitat degradation. Moreover, the more
inclusive decision-making processes concerning conservation and reforestation planning of mangrove forests
may be better targeted when ecosystem services are recognized and estimated!%%1%4,

This study provides an initial framework for assessing soil health in mangrove ecosystems; however, some
limitations should be acknowledged. The SHI proposed here is based on a single temporal sampling, which
constrains its ability to capture short-term fluctuations in soil properties driven by tidal dynamics'®1%” and
seasonal rainfall®. Future studies should include temporal monitoring adjusted to local climatic conditions to
strengthen SHI as a long-term tool for ecosystem assessment. Moreover, geoenvironmental factors such as land
use, geology, and climate must be considered in large-scale applications to ensure that SHI comparisons are made
among environmentally compatible sites’. Integrating SHI into predictive models such as InVEST!%1% could
further enhance its capacity to forecast changes in ecosystem services under different restoration or management
scenarios. In Brazil, the implementation of SHI-based assessments could support national blue carbon initiatives
and mangrove restoration programs by offering a soil-based metric of functional recovery.

Conclusions

We developed a mangrove-specific Soil Health Index (SHI) that integrates redox-sensitive, biological, and
physical-chemical attributes into a single operational metric. The SHI distinguished contrasting site conditions
and tracked recovery in restored stands, with mature mangroves operating near full capacity (0.99+0.03),
degraded sites at only a quarter of that capacity (0.25+0.01), and replanted stands showing progressive recovery
from 0.37+0.01 after 9 years to 0.52+£0.02 after 13 years. These results demonstrate the sensitivity of SHI to
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capture restoration trajectories and their implications for ecosystem services such as carbon sequestration,
contaminant retention, and nutrient cycling.

By integrating key indicators of soil functioning, SHI provides a compact and reproducible way to summarize
ecosystem health that is directly relevant to both science and management. While future calibration across
different hydro-geomorphic contexts will be necessary to test its robustness, the index already offers a transparent
measure that complements vegetation-based assessments. Beyond its technical merits, SHI represents a valuable
communication tool, translating complex scientific data into accessible information that can support decision-
making, foster collaboration among stakeholders, and guide conservation and reforestation strategies. In this
sense, SHI contributes not only to advancing scientific understanding of mangrove soils but also to strengthening
the link between ecological processes, ecosystem services, and societal benefits.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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