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Abstract

Background Soil contamination with metal(loid)s and organic pollutants creates environmental and health con-
cerns, driving the need for sustainable remediation strategies. Organic amendments can mitigate contamination
effects, enhancing soil quality, and potentially increasing biomass production; however, their long-term influence
remains an open question. In a five-year field experiment at a former wood-preservation site, this study evaluates

the effects of five organic amendments—fresh pig manure (PM), biodigested pig manure (PD), compost (C), compost
pellets (Pt), and green waste compost (G)—on Cu-contaminated soils. Here, we evaluated their impacts on physico-
chemical soil properties, metal bioavailability, microbial community structure, plant growth and soil fertility.

Results All amendments led to an overall soil improvement, including enhanced physico-chemical properties,
increased enzyme activities. The amendments promoted the concentration of soil 16S bacterial genes and improved
the yield of winter barley cultivated in the plots. The most abundant phyla detected across soil samples were Actino-
bacteriota, Proteobacteria, and Firmicutes, with Bacillus, Streptomyces, and Bradyrhizobium among the dominant genera.
Compost-based amendments at 5% w/w addition rate (C5 and Pt5) showed the most promising results, significantly
increasing soil carbon, nitrogen, and phosphorus contents, while reducing bioavailability of Cd, Ni, Pb, and Zn com-
pared with untreated control plots (p<0.01). A decrease in Cu availability was observed but it was not significant. The
Pt5 soils exhibited the highest 16S rRNA gene copy number (p <0.01). Both compost and compost pellets amend-
ments enriched microbial communities associated with soil quality and plant yield, leading to significant improve-
ments in soil fertility and barley yield (+200% on average).

Conclusion This integrative approach identified organic amendments, notably compost and pelleted compost,
that effectively contribute to soil remediation from multiple perspectives: chemical properties (pH, organic content,
nutrients), reduction of bioavailable soil Cd and Zn, enzyme activities, microbial abundance and diversity (16S rRNA),
and winter barley yield. The study evidenced signature biomarkers characteristic of healthy soils (Paenibacillus, Lysini-
bacillus, and Agromyces) and polluted soils (Candidatus Solibacter and Mycobacterium). Our findings support the use
of compost (raw and pelleted) as a balanced approach for phyto-managing metal-contaminated soils, reducing 1 M
NH,NOs-extractable soil Cd and Zn while enhancing microbial activity and soil fertility.
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Soil contamination with metal(loid)s and persistent while also enabling their use for the production of non-
organic pollutants (POPs) poses significant threats to  food crops [7-12].

soil health, compromises environmental quality, and Current remediation strategies for metal(loid)-polluted
creates pollutant pathways that finally endanger human  soils include excavation, soil washing, and landfill dis-
health [1-4]. Anthropogenic activities, including agri- posal. Although these methods can effectively address
cultural, urban, and industrial processes, are primary small, localized contamination, they often lead to the
sources of soil pollution. Among these, the wood pro- irreversible removal or destruction of the soil, exac-
cessing industry has massively employed compounds erbating environmental impacts in the affected areas
such as Cu, Zn and Hg-based salts for wood preserva-  [4]. These remediation approaches, focused on reduc-
tion for decades. The uncontrolled release of chemicalsis  ing pollutant linkages and associated risks to acceptable
a significant driver of soil contamination, impairing soil ~ levels, are increasingly seen as unsustainable, particu-
fertility and ecological functionality [5, 6]. Thus, manage- larly given the EU Soil Deal’s priority of preserving soils
ment approaches that reduce environmental pollution, as a slowly renewable natural resource, and its empha-
and restore fertility and ecological functionality of con- sis on adopting more sustainable management prac-
taminated soils are considered a sustainable option for tices [11, 12]. Consequently, there is an urgent need for
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sustainable approaches that restore soil health while
minimizing environmental harm. Moreover, the grow-
ing demand of biomass for existing and new production
processes is rising clean land-use conflicts between non-
food and food crops. The possible use of contaminated
soils for the cultivation of industrial/non-food crops
offers both environmental benefits and new economic
opportunities for site managers and farmers [13-15].
A promising alternative involves the combined use of
appropriate plant species or plant assemblages along with
soil microbes, eventually enhanced by organic and inor-
ganic amendments. These amendments are key players in
reacting with excess metal(loid)s through mechanisms,
such as ion exchange, complexation, precipitation, and
microbial interactions, thereby reducing pollutant mobil-
ity and bioavailability in the soil [16—19].

The cultivation of metal(loid)-excluding plants miti-
gates pollutants and allows the use of contaminated
soils for either crop or biomass production [20-23].
Plants influence microbial growth and activity through
rhizodeposition, accelerate the decomposition of soil
organic matter (SOM), promote nutrient mineralization,
and enhance humification [24-26]. SOM itself is piv-
otal in mitigating excessive metal exposure. Its compo-
nents, such as humic and fulvic acids, possess high cation
exchange capacity (CEC) and form chelate compounds
with metal ions, reducing their bioavailability without
altering their total soil concentrations [27-29].

The incorporation of soil amendments that decrease
metal solubility further enhances immobilization pro-
cesses [30-33]. A variety of low-cost organic materi-
als and industrial by-products have been proposed as
effective amendments. These include manure, fly ash,
leaf mold, moss peat, green algae, biosolids, Fe/Mn
compounds, such as iron grit and drinking water treat-
ment sludge, and biochars. Various organic materials not
only immobilize metals, but also improve the chemical
and physical properties of soil by increasing SOM con-
tent, enhancing soil fertility, and reducing living organ-
isms’ exposure to pollutants and their toxicity [34—36].
In addition to immobilization, amendments enhance soil
structure, pH, and nutrient availability, providing critical
support for long-term soil health and productivity [37].

Despite the demonstrated efficacy of organic amend-
ments in reducing pollutant bioavailability, limited
research has examined their long-term impacts on
microbial functionality and ecological restoration in
highly contaminated soils. To address this gap, our study,
conducted within the INTENSE (EU Era-Net Facce Sur-
plus) project, evaluates the influence of various organic
amendments incorporated into contaminated soils of
field plots at a former wood preservation site after five
years of phytomanagement. This work also focuses on
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present state of the contaminated field in comparison
with the situation analysed at the beginning of phyto-
management. We analysed soil and microbial indica-
tors—including soil physical and chemical properties,
enzyme activities, bacterial abundance, and community
composition—alongside with barley yield traits. We
hypothesized that organic amendments reduce metal
bioavailability while enhancing microbial activity and
barley plant growth providing a sustainable remediation
strategy.

Materials and methods

Experimental site

The site is a former wood preservation facility located in
Saint-Médard d’Eyrans, Gironde, Southwestern France
(N 44°43.35, W 00°30.94’), characterized by a temperate
Atlantic climate. The site spans approximately 10 ha and
includes natural attenuation areas with plant communi-
ties dominated by Agrostis capillaris, Rumex acetosella,
Senecio inaequidens, Populus nigra, Salix caprea, and
Cytisus scoparius [38].

Anthropogenic topsoils at the site have developed on
an alluvial sandy soil classified as Fluvisol, Eutric Gley-
sols [39]. The soil texture is predominantly sandy (85.8%
sand, 8.3% silt, and 5.9% clay) with a pH of 7, low organic
matter content (1.6%), a C/N ratio of 17.2, and a low CEC
(3.5 cmol kg?).

The site has sustained industrial activity since 1846,
initially linked to the construction of a railway line [40].
Subsequently, the site was used for wood preservation,
leading to heavy contamination of the topsoil. The wood
preservation processes initially involved creosote treat-
ment, followed by Cu-based compounds (1913-1980)
and chromated copper arsenate (1980-2006). These
activities resulted in Cu concentrations in the topsoil
ranging from 65 to 1460 mg kg!, leading to Cu phyto-
toxicity [40]. Other metal(loid)s such as As (9.8 mg kg™),
Zn (46 mg kg™!), and Cr (23 mg kg™) were found at back-
ground levels [38, 40].

Polycyclic aromatic hydrocarbons (PAHs) were also
detected in the soil, with a ZPAH value of 21 mg kg™ dry
weight. This included fluoranthene (2.9 mg kg), pyrene
(2.8 mg kg!), and benzo[b]fluoranthene (3.4 mg kg™)
[41]. However, individual PAH levels were below guide-
line values for residential use [42].

Experimental design

The field trial (around 49 m?), labelled as sub-site F1 [38],
comprised 25 randomized plots (1 mXx1 m, with a spac-
ing of 20 cm between plots) was established in March
2017 [17]. Five organic amendments were evaluated:
fresh pig manure (PM), biodigested pig manure (PD),
compost (C), compost pellets (Pt) produced from spent
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mushroom substrate, biogas digestate, and straw, and
green waste compost (G) (Table S1). All amendments
were applied at a 2.3% w/w rate (PM2, PD2, C2, Pt2, and
G2), while compost (C) and compost pellets (Pt) were
also applied at a higher 5% w/w rate (C5 and Pt5). Each
amendment was applied in triplicate across the plots and
four plots were left untreated as control treatment [17].

Since 2017, the plots were cultivated with a succes-
sion of crops, including spring barley, sunflower, tobacco,
and broad beans (as a winter crop). In October 2020,
winter barley (Hordeum vulgare L. cv. Séduction) was
sown in all plots (15 cm distance between each row). To
ensure adequate plant nutrition, all plots were fertilized
with an inorganic N-P-K-(SO,) fertilizer ((NF U 42-001,
15%—15%—15%+ (5.5%), Amaltis, F-79206 Parthenay,
France) at 40 kg N-NH,NO, 40 kg P,O;, 40 kg K,O, and
14.6 kg SO, per ha at three key growth stages: tillering,
stem elongation, and flag leaf emergence of the winter
barley, as detailed in Mench et al. [17].

Soil sampling and analyses

Topsoil (0-11 cm) samples were collected in October
2021 after the cultivation of winter barley using a sam-
pling cylinder. Three samples per plot were collected and
pooled to form a composite sample weighing 1.4 kg. The
composite soil samples were split into subsamples: fresh
soil samples were immediately sieved at 4 mm and then
kept at 4 °C to measure microbiological and biochemical
parameters; air-dried soil samples were sieved at 2 mm
(nylon mesh) and then ground to 250 um (agate mortar)
when required, for determining main chemical physico-
chemical properties using standard methods [43]. Metal
concentrations were analysed by firstly calcination of
organic matter at 450 °C, followed by wet digestion in a
mixture of HF and HCIO,, and a final recovery in HNO;.
Elemental quantification was done using inductively cou-
pled plasma/atomic emission spectroscopy (ICP-AES, for
Cu, Ni and Zn) and ICP-MS (Cd and Pb). Extractable soil
metals (1 M NH,NO;-extractable) were determined fol-
lowing Gryschko et al., [44] and used as a proxy of avail-
able soil metals. Exchangeable bases were extracted by
0.1 N ammonium acetate (pH 7) and analysed according
to Sharma et al. [45].

Soil microbial biomass was estimated by determin-
ing the content of adenosyne triphosphate with the
method of Ciardi and Nannipieri [46], whereas the soil
respiration rate was measured by the rate of CO, evo-
lution determined with the titration method of Ander-
son and Domsch [47], using 20 g of soil placed in sealed
glass jars for 3 d at 25 °C in the dark, in the presence of
1 M NaOH. After 7 days of incubation, the NaOH was
added with 0.75 N BaCl, and phenolphthalein indicator,
and then the solution was titrated against 0.1 M HClL
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Enzyme activities were determined using standard meth-
ods outlined in the literature. Alkaline and acid phos-
phomonoesterase activities were measured following
the method of Tabatabai and Bremner [48]. Arylesterase
activity was quantified based on Zornoza et al. [49], and
the B-glucosidase activity was determined according to
Tabatabai [50]. Urease activity was measured following
Nannipieri et al. [51], while protease activity was assessed
using N-benzoyl-amide as substrate, according to Ladd
and Butler [52].

Total DNA extraction and microbial analysis

Total DNA extraction and qPCR analysis

For DNA extraction, 250 mg of each homogenised soil
sample was sampled and air-dried at room tempera-
ture for 48 h. Total soil DNA was extracted using the
DNeasy PowerSoil Pro Kit (Qiagen, Germany), following
the manufacturer’s protocol. Purified nucleic acid con-
centrations were quantified using a Qubit 3.0 fluorom-
eter (Thermo Fisher Scientific, California) with the Qubit
1xdsDNA High Sensitivity Assay Kit (Thermo Fisher
Scientific, California).

The abundance of the 16S bacterial DNA was ana-
lysed using quantitative PCR (qPCR) on a QuantStudio
12 K-Flex apparatus (Termo Fisher Scientifc, Califor-
nia). The 16S primers and reaction mix are described in
Maretto et al. [53]. Gene copy numbers of the 16S rRNA
gene were calculated using the Ct (Cycle threshold) value,
following the method outlined by Zanardo et al. [54].

16S metabarcoding and bioinformartic analysis

For library preparation, the hypervariable regions (V2,
V3, V4, V6-7, V8, and V9) of the 16 s rRNA gene were
amplified using the 16S Ion Metagenomics Kit (Thermo
Fisher Scientific, California). The amplification program
included an initial denaturation at 95 °C for 10 min, fol-
lowed by 25 cycles of 30 s at 95 °C, 30 s at the annealing
temperature, and 20 s at 72 °C, concluding with a final
1-min hold at 72 °C. Post-PCR, libraries were cleaned and
normalized to a concentration of 30 ng p~*. Barcode liga-
tion was performed using the Ion XpressPlus Fragment
Library Kit and the Ion Xpress Barcode Kit (Thermo
Fisher Scientific, California). Each sample was ligated
with a distinctive barcode. An additional amplification
step was carried out with the following program: 5 min
95 °C, 7 cycles of 155 95 °C, 15 s 58 °C, and 1 min 70 °C,
with final storage at 4 °C. Amplified libraries were quanti-
fied using the Qubit 3.0 Fluorometer with the 1 xdsDNA
High Sensitivity Assay Kit (Thermo Fisher Scientific,
California). Libraries were pooled to a final concentration
of 100 pM and processed according to the manufactur-
er’s instructions using the Ion 520 and Ion 530 Kit—-OT2
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400 bp (Thermo Fisher Scientific, California). Sequenc-
ing was conducted on the Ion GeneStudio S5 System
(Thermo Fisher Scientific, California).

Raw sequencing reads were processed to remove
primer pairs using the MetagenomicsPP plugin from
ThermoFisher Plugin site [55]. Subsequent analysis
was performed with QIIME2 v2021.4 [56]. The “qiime
dada2 plugin” was employed to denoising and obtain-
ing high-quality reads, which were clustered into
amplicon sequencing variants (ASVs) using the SILVA
SSU v138.1 database as a taxonomic reference [57].
ASVs occurring fewer than four times were excluded,
and the data were normalized using total sum scaling
(TSS) to ensure comparability of sequencing depth
among samples.

Alpha diversity metrics, species composition, beta
diversity and all statistical analysis for microbiota dif-
ferences were carried out using the microeco package
(v1.44.0) in R software [58]. Alpha diversity metric was
calculated using Chaol, Shannon, and Simpson indexes,
and the statistically significant differences were high-
lighted according to the ANOVA test (p<0.01). Beta
diversity was analysed through Principal Coordinate
Analysis (PCoA) based on the Bray—Curtis distances,
followed by Permutational MANOVA (PERMANOVA)
to assess statistical significance in sample clustering
(p<0.05). Linear Discriminant Analysis Effect Size
(LEfSe) with an LDA score threshold of 7.0 was per-
formed to identify metagenomic biomarkers at the
genus level [59], using the microeco package (v1.44.0)
in R software. Moreover, to decipher the differences
between soil treatments in the microbial communities,
we performed a differential abundance analysis using
the ANOVA test (p <0.05), at phylum and genus level.

Finally, functional predictions of microbial com-
munities were performed using FAPROTAX (Func-
tional Annotation of Prokaryotic Taxa [60] with default
parameters and TSS normalisation to infer ecological
processes at the genus level), then statistically different
functional groups between soil treatments and control
were assessed with Kruskall-Wallis test (p <0.05) using
the microeco package (v1.44.0) in R software.

Plant yield traits

The maximum shoot length of barley plants was meas-
ured at three key growth stages: the VI leaf expansion
stage, during stem elongation, and immediately prior
to harvest in mid-June. At harvest, stems were care-
fully brushed to remove soil particles. For each row,
straw and ears were separated, placed into paper bags,
and oven-dried at 50 °C until a constant weight was
achieved. Subsequently, the dry weight (DW) yields
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of ears, straw, and grains, was recorded. In addition,
the thousand-grain weight (TGW) was determined to
assess grain size.

Statistical analyses

The data are expressed as the mean * standard deviation
(SD) for three replicates in the case of amended plots and
four replicates for untreated control plots.

An one-way analysis of variance (ANOVA) was con-
ducted to determine significant differences among treat-
ments. Differences were considered significant when
p<0.01 in the case of physico-chemical soil properties,
enzyme activity, soil DNA quantification; and when
p<0.05 in the case of microbial diversity and yield traits.
When ANOVA indicated significance, Fisher’s Protected
Least Significant Difference (PLSD) test was applied as a
post hoc analysis to identify specific pairwise differences
among groups. To ensure the robustness of the results,
assumptions of normality and homoscedasticity were
evaluated using the Shapiro—Wilk test and Levene’s test,
respectively. Nonparametric tests (e.g., Kruskal-Wallis)
were applied when these assumptions were not met.

Correlation analyses were carried out to explore rela-
tionships between plant yield traits, soil physico-chemical
parameters, and microbial diversity. These correlations
were visualized using correlation heatmaps generated in
R software with the SRplot package [61].

Results
Effects of organic amendments on soil physico-chemical
properties and metal availability (Table 1)
The soil pH value ranged from 6.36 in the PM2 soils to
7.04 in the C5 soils, with significant differences observed
in the C5, Pt2, and Pt5 soils relative to the PM2 ones.
Soil CEC varied between 3.86 cmol kg™! in the untreated
(Unt) soils and 8.05 cmol kg™ in the Pt2 soils; however,
these differences were not statistically significant. The
available phosphorus (Olsen-P) concentration ranged
from 36 mg kg~! in the Unt and C2 soils to 51 mg kg™ in
the Pt5 ones, with a significant 42% difference. Organic
carbon (C) content (in g kg™!) showed significant vari-
ation among treatments, ranging from 10.8 in the Unt
soils to 20 in the C5 (+85%) and Pt5 soils. The total soil
nitrogen (N) followed a similar trend, increasing signifi-
cantly under Pt5 (+104%) and C5 (+103%) treatments
compared to the Unt one, with values ranging from
0.76 g kg™! (Unt) to 1.47 g kg™! (Pt5). Despite these vari-
ations, the C/N ratio remained relatively stable across
treatments, with values ranging narrowly from 13.45 to
14.37, with no significant differences.

Total soil concentrations of Co, Cu, Ni, and Zn did
not significantly differ among treatments, and showed
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Table 1 Selected chemical properties of topsoil (0-11 cm soil depth)
Soil Soil treatments
parameters

Unt c2 c5 G2 Pt2 Pt5 PM2 PD2
pH water 6.50+0.1 bc 6.73+0.1 bc 7.04+0.1 ab 6.60+0.2 bc 6.96+0.1 ab 6.92+0.1ab 636+0.1¢ 6.47+0.02 bc
CEC (cmol* 3.86+0.7 a 565+16a 729+06a 503+16a 805+20a 780+15a 536+18a 436+02a
kg™
P-Olsen (mg 3655+19b 3635+30b 46.71+23ab 36.86+6.6ab 3891+45ab 51.05+6.7a 4230+29ab 41.10+38ab
kg™
Organic C (g 1080+10b 15.18+52ab 2006+17a 1456+43ab 1789+471ab 2001+41a 1730+43ab 13.27+2.1ab
kg™
Total N (g 0.76+0.1b 1.12+03ab 146+0.1a 1.04+0.3 ab 1.29+02ab 147+03a 126+03ab 0.92+0.1 ab
kg™
C/N 1424+05a 1345+10a 13.70£02a 13.96+05a 13.76+06a 1357+02a 1368+08a 1437+0.2a
Total Co (mg 158+04a 151+02a 167+£02a 1.70+02a 1.71+0.1a 157+0.1a 194+05a 1.74+03a
kg™")
Total Cu (mg 956.27+2819a 1061.13+£481.8a 117490+£379.2 1002.57+£59.5a 1110.70+162.9a 97897 +247.5a84510+£3362 1191.03+£3258
kg™ a a a
Total Ni (mg 5.10+£0.7a 499+02a 548+05a 522+08a 548+0.1a 579+05a 553+0.7a 528+02a
kg™
Total Zn (mg 4868+73a 60.85+203a 5887+63a 56.11+177a 7185+138a 66.15+147a 6730+£192a 56.25+23a
kg™
Extractable Cd 1153+54a 506+3.0ab 1.83+04Db 7.57+0.5 ab 3.53+09ab 231+01b 717+£10ab 9.06+0.2a
(g kg™
Extractable Cu 1804+17.7a 6.10+3.1a 889+52a 845+32a 6.12+09a 712+25a 582+38a 15.13+65a
(mgkg™
Extractable Ni  39.23+21.8ab 13.85+4.1ab 684+25b 2838+10.8ab 741+16b 724+35b 3887+106 4514+96a
(Mg kg™ ab
Extractable Pb  2162+136ab  1225+129ab239+02b 17.37+10.7 ab 7.73+79ab 329+12ab 1633+64ab 2264+11.1a
(Mg kg™
Extractable Zn 330+1.8a 1.09+05ab 025+0.1b 226+1.1ab 0.67+04 ab 036+02b 3.13+10a 363+03a
(mgkg™)
Exchangeable 336+08a 340+£0.74a 196+09a 455+37a 280+08a 298+08a 3.07+05a 311+£08a
Al (mmol*
kg™
Exchangeable 3.07+0.7a 497+15a 683+04a 420+15a 731£19a 733+1.7a 441+18a 347+0.1a
Ca (cmol*
kg™")
Exchangeable 473062 473£13a <5 707+51a 453+09a 46+t10a <5 443+0.7 a
Fe (umol*
kg™
Exchangeable 0.24+0.03 a 0.19£0.02a 021+001a 0.26+£0.05a 0.22+005a 0.20£0.05a 0.23+0.02a 0.23+005a
K (cmol* kg™)
Exchangeable 0.02+0.03 a 0.24+0.05a 026+001a 0.32+0.1a 0.30+0.1a 0.30+£0.04a 040+0.03a 0.27+0.02a
Mg (cmol*
kg™
Exchangeable 790+5.1a 483+08a 467+1.1a 71+28a 690+2.1a 440+07a 947+45a 680+38a
Mn (mg kg™")

Values are expressed as mean +standard deviation (n=3; Unt: n=4); Unt: untreated soil; C2: 2.3% w/w of compost; C5: 5% w/w of compost; G2: 2.3% w/w of green
waste compost; Pt2: 2.3% w/w of compost pellets; Pt5: 5% w/w of compost pellets; PD2: 2.3% w/w of digested pig manure; PM2: 2.3% w/w of pig manure. Different

letters indicate statistically significant difference according to the ANOVA test (p<0.01)

the following concentration ranges (in mg kg™'): Co
(1.51-1.94), Cu (845-1191 mg kg™'), Ni (5.0-5.8), and
Zn (48.7-71.8). Differently, the availability of Cd and
Zn were significantly reduced in the C5 and Pt5 soils
as compared to the Unt ones (— 84% and — 78% for Cd,
— 93% and — 90% for Zn, respectively). Extractable Ni

levels were significantly lower in the C5, Pt2, and Pt5
soils as compared to the PD2 soils (— 85%, — 84%, and
— 84%, respectively). In addition, the C5 treatment sig-
nificantly reduced extractable Pb concentrations as com-
pared to the PD2 one (— 89%). No significant differences
in extractable Cu concentrations were observed among



Chiodi et al. Chem. Biol. Technol. Agric. (2025) 12:87

treatments. The amendments did not significantly affect
the exchangeable bases (Al, Ca, Fe, K, Mg, and Mn).

Principal component analysis (PCA) revealed distinct
clustering of C2, Pt2, C5, and Pt5 soils from the Unt
ones, characterized by high loadings of organic C, CEC,
exchangeable Ca, and extractable Cd, Zn, Ni, and Pb.
PC1 accounted for 41.1% of the total variability (Figure
S1).

Effects of organic amendments on soil physico-chemical
properties and metal availability over a 5-year period

As part of the INTENSE (EU Era-Net Facce Surplus) pro-
ject, the effects of soil amendments were initially evalu-
ated in 2017 [17] and re-assessed in this study after a
five-year period.

Compared to year 1, soil pH in year 5 showed a slight
general decrease, most pronounced in the G2 soils
(—11%). Soil CEC levels remained relatively stable,
increasing by 29% and 31% in the Unt and PM2 soils,
respectively, while decreasing by 22% in the PD2 soil over
the five-year period. Available soil P (Olsen-P) remained
unchanged in the Unt soils between years 1 and 5,
whereas it decreased in all treated soils, ranging from
—29% in G2 to —65% in C5. Soil organic C and total N
contents were similar in year 5 compared to year 1 across
all amended plots, while the Unt soils exhibited increases
in organic C and total N (+50%) (Table S2).

The total concentrations of Co, Cu, Ni, and Zn
remained stable in year 5 compared to year 1, with only
minor fluctuations (Table S2). In contrast, extractable
soil Cd greatly increased (+107% on average) in year 5
as compared to year 1 across all soils. Extractable soil Cu
decreased by 52% on average in all amended soils, except
for the PD2 one (+116%). Extractable soil Zn levels
showed a marked increase across all amended soils after
five years (almost+800% on average) (Table S2).

Effect of organic amendments on soil microbial biomass,
soil respiration and soil enzyme activity
Soil microbial biomass showed a significant increase
in the C5 (+25%), Pt5 (+26%), and PM2 (424%) soils
compared to Unt (Fig. 1A). Soil respiration increased in
all amended soil compared to Unt soil, with the highest
increment found in the C5 soil (+116%) (Fig. 1B).
Activity of enzymes involved in C, P, and S minerali-
zation was significanlty increased by the amendments.
The C5 treatment significantly enhanced the activ-
ity of acid phosphomonoesterase (+67%) as compared
to Unt. Alkaline phosphomonoesterase activity was
significantly higher in the Pt2 and PD2 soils, increas-
ing by 51.9% and 53.5%, respectively, compared to the
Unt soils (Fig. 1C,D). All the amendments significantly
stimulated B-glucosidase activity, with increases ranging
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from+109% (PM2) and+203% (PD2) compared to the
Unt soils (Fig. 1E). Arylsulfatase activity was significantly
increased by all treatments from 187% (C5) to 275%
(PM2) (Fig. 1F). Similarly, arylesterase activity was signif-
icantly elevated in response to C2, C5, G2, Pt2, Pt5, and
PM2 treatments, with increases ranging from +62% (Pt5)
to+200% (PM2) (Fig. 1G).

The impact of the amendments on enzymes involved
in N mineralization was less pronounced. Nevertheless,
protease and urease activities were significantly increased
by the PD2 treatment, showing remarkable enhance-
ments of 547% and 120%, respectively. Additionally, pro-
taese activity significantly peaked (+217%) in the Pt5
soils compared to the Unt ones (Fig. 1H,I).

Total soil DNA, microbial community dynamics

and functional group in response to soil amendments

The total soil DNA content was significantly higher in
Pt5 soils, showing a 452% increase as compared to all
other soils, including the untreated (Unt) ones (Table S3).
Similarly, qPCR analysis targeting the 16S rRNA gene
revealed a 545% increase in bacterial gene copy numbers
in Pt5 soils relative to Unt soils (Fig. 2).

Metabarcoding of the 16S rRNA gene yielded 6,152,607
reads, with an average read length of 229 bp and a mean
of 236,638 + 34,729 raw reads per sample. After quality
filtering, 2,108,042 reads were retained and clustered into
81,656 amplicon sequence variants (ASVs). Taxonomic
classification identified 26 phyla, 74 classes, 195 orders,
330 families, and 759 genera across all soil samples.

Alpha-diversity was assessed using the Chaol (rich-
ness), Shannon (diversity), and Simpson (evenness)
indexes. No significant differences were observed in the
amended soils compared to the untreated (Unt) across
the three indices (Fig. 3). As for differences among
treated soils, Chaol index was significantly higher in
the C2 soils than in the G2 ones (Fig. 3A) and Shannon
index was significantly enhanced in the Pt2 and C2 soils
as compared with the PM2 soils (Fig. 3B). The Simpson
index indicated high diversity across all soils, with most
microbial communities being relatively even. However,
PM2 soils showed significantly lower diversity, suggest-
ing dominance by fewer species and reduced evenness.
(Fig. 3C).

Principal coordinate analysis (PCoA) based on the ASV
taxonomy highlighted significant differences in the struc-
ture of bacterial communities between the Unt soils and
the C5, Pt2, and Pt5 soils (Fig. 4), as confirmed by PER-
MANOVA (Figure S5).

Relative abundance analysis evidenced that three
phyla—Actinobacteriota (32%), Proteobacteria (29%) and
Firmicutes (15%)—accounted for approximately 80% of
the total bacterial community. Other phyla with notable
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a abundance included Acidobacteria (6%), Chloroflexi
(4.8%) and Planctomycetoa (3.1%) (Fig. 5A). Actinobacte-
riota were significantly more abundant in the Unt soils as
& 26%05] compared to the C2, C5, Pt2, Pt5, PM2, and PD2 ones,
g ab ab while Firmicutes were significantly more abundant in the
c ab C2, C5, Pt2, Pt5, and PM2-soils than in the Unt soils. Dif-
g ab ferences in the abundance of other phyla were not statis-
2 1e+05] ab tically significant (Table S4).
% At genus level, the most abundant taxa included Bacil-
© b lus (4.3%), Streptomyces (4%), Bradyrhizobium (3.7%),
Sphingominas (3.2%), MND1 (3.2%), 67—14 (2.8%), Acidi-
06400 L i bacter (2.1%), Nocardioides (2%), KD4-96 (2%), and Blas-
& & Gz Pz P5 Phz Pz UNT tococcus (1.5%) (Fig. 5B). Among these, Bacillus was
Fig. 2. 165 gene copies number as resulting from qPCR analysis. significantly more abundant in the Pt5 soils compared
Different letters indicate statistically significant difference according to the PM2 ones, while MNDI was significantly more
to the ANOVA test (p<0.01) abundant in the Pt5, Pt2, G2, and C5 soils than in the

Unt soils. Other genera did not show significant changes
(Table S4).
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by treatment groups

Linear discriminant analysis (LDA) identified genus-
level biomarkers specific to each treatment. The treat-
ments with the highest number of biomarker microbial
groups were C2 and Pt5 (Fig. 6). Key biomarker groups
for each treatment were Paenibacillus, Lysinibacillus,
and Thermobacillus for C2; IS-44, Agromyces, Desul-
fofarcimen for C5; S0134 and Laceyella for G2; 67-14,
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Vicinamibacteraceae and Rhodomicrobium for Pt2; Lim-
nochordaceae, Ureibacillus, and CCD24 for Pt5; Clostrid-
ium, Candidatus Solibacter and Turicibacter for PD2;
Planifilum, Oceanobacillus, and Saccharopolyspora for
PM2; and Mycobacterium, Conexibacter and Jatrophi-
habitans for Unt. Among these genera, Paenibacillus,
Lysinibacillus, and Ureibacillus were significantly more
abundant in the Pt5, Pt2, C5, and C2 soils than in the
Unt soils. Conversely, Mycobacterium, Conexibacter and
Jatrophihabitans were significantly less abundant in all
amended soils as compared to the Unt ones (Table S4).

According to FAPROTAX functional annotations,
dominant bacterial functional groups were associated
with chemoheterotrophy, and aerobic chemoheterotro-
phy (Fig. 7A). Aerobic chemoheterotrophy processes
were significantly lower in the C5, Pt2, and Pt5 soils than
in the Unt ones (Fig. 7A). Other dominant bacterial func-
tional groups were associated with nitrification and aero-
bic ammonia oxidation (Fig. 7B). These processes were
significantly promoted in the C2, C5, and Pt5 soils com-
pared to the Unt ones (Fig. 7B).

Plant yield in response to soil amendments

The dry weight (DW) grain yield of winter barley
increased significantly in the C5, Pt2, and Pt5 plots as
compared to the Unt plots, with increases of by 239%,
219%, and 307%, respectively (Fig. 8A). Similarly, the
straw DW yield of winter barley was significantly higher
in the Pt2 and Pt5 plots than in the Unt plots, with
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increases of 172% and 176%, respectively (Fig. 8B). Fur-
thermore, the total shoot DW yield of barley from the Pt5
plots was significantly higher (4225%) than that from the
Unt plots (Fig. 8C). The one-thousand grain DW yield
significantly increased under the C2, Pt2, C5, Pt5, and G2
treatments as compared to the Unt one, with an average
increase of 34% (Fig. 8D). Overall, the 5% compost appli-
cation rate exerted a sustained positive effect on winter
barley growth during the fifth year of the trial.

Pearson’s correlation analyses

Pearson’s correlation coefficients were calculated to
assess relationships among soil properties (pH, CEC,
available P, organic C, total N, and extractable metals—
Cd, Cu, Ni, Pb, and Zn), microbial communities, enzyme
activities, and barley yield traits (grain, straw, ear, and
1000-grain DW yields). Given such correlations, enzyme
activities involved in C, P, and S mineralization signifi-
cantly correlated positively with soil CEC, available P
(Olsen-P), total N and organic C contents. The strongest
correlation occurred between acid phosphomonoester-
ase activity and available P (R=0.84) (Fig. 9A). Con-
versely, extractable soil metals negatively affected enzyme
activities. In particular, 1 M NH,NO;-extractable soil
Cu had the strongest negative correlation with ary-
lesterase (R=— 0.67). Enzyme activities involved in N

=

o
o
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o
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Fig. 6 LEfSe analysis highlighting the different genera biomarkers among the eight groups (LDA score threshold of 7.0 was set for discriminative
features)

mineralization (i.e. urease and protease) did not display
significant correlation with soil properties (Fig. 9A).

Correlations were also analysed between the most
abundant biomarker genera identified through LEfSe,
yield traits (grain, straw, ear, and 1000-grain DW
yields), and soil properties (pH, CEC, available P,
organic C, total N, and extractable metals—Cd, Cu,
Ni, Pb, and Zn) (Fig. 9B). Accordingly, bacterial gen-
era positively correlated with yields were also positively
correlated with beneficial soil properties (higher pH,
CEC, available P, organic C, and total N) and negatively
correlated with extractable soil metals. Conversely, bac-
terial taxa negatively correlated with yields and ben-
eficial soil features showed positive correlations with
extractable soil metals.

Biomarker groups specific to the C2 (Paeniba-
cillus, Lysinibacillus, and Thermobacillus), C5 (IS-
44, Agromyces, and Desulfofarcimen), Pt2 (67-14,
Vicinamibacteraceae, and Rhodomicrobium), and Pt5
soils (Limnochordaceae, Ureibacillus, and CCD24)
positively correlated with yields, soil pH value, soil
CEC, organic C, total N, and available P and nega-
tively correlated with extractable metals (p<0.01)
(Fig. 9B). Conversely, biomarker groups specific to the
G2 soils (50134 and Laceyella) and PM2 soils (Planifi-
lum, Oceanobacillus, and Saccharopolyspora) displayed
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and control (Kruskall-Wallis test, p <0.05)

weak and inconsistent correlations with soil param-
eters (Fig. 9B). Finally, biomarker groups from the PD2
soils (Clostridium, Candidatus Solibacter, and Turici-
bacter) and Unt soils (Mycobacterium, Conexibacter,
and Jatrophihabitans) were negatively correlated with
yields and soil properties but positively correlated with
extractable metals (Fig. 9B).

Discussion
Soil represents a reservoir of nutrients necessary for crop
development, with its physical and chemical properties
being pivotal in determining plant growth and productiv-
ity. Soil pH, nutrient availability, and organic matter con-
tent are key indicators of soil fertility and its capacity to
sustain crop production.

Here, soil properties of field plots initially measured in
2017 [17] were re-evaluated five years later to monitor
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(See figure on next page.)

Fig. 9 Correlation plots. The activity of the enzymes acid and alkaline phosphomonoesterase, arylesterase, B-glucosidase, arylsulfatase, protease,
and urease, were correlated with selected soil properties (pH, CEC, available P, organic C, total N), and extractable Cu, Zn, Cd, Ni, and Pb (A). Yield
traits (grain, straw, ear, and 1000-grain dry weight), selected soil properties (pH, CEC, available P, organic C, total N), and extractable Cu, Zn, Cd,

Cr, Ni, and Pb, were correlated with the three most abundant biomarkers detected by LEfSe analysis for each treatment. Along the top, the three
categories of parameters (yield traits, soil properties, and enzyme activities) are listed. On the left, the treatments with corresponding biomarkers
(C2,C5,G2, P2, P5, PD2, PM2, and Unt) are shown. Treatments with biomarkers positively correlated with yield are highlighted in green (C2, C5, P2,
and P5), while those negatively correlated are highlighted in red (PD2 and Unt) (B). Each coloured box displays Pearson’s correlation coefficient

for a pair of compounds. Red colour shapes indicate negative correlations, blue colour shapes indicate positive correlations, and the R value for each

comparison is shown (p<0.01, Pearson index)

the effect of the amendments on soil physico-chemi-
cal properties. The comparison of key soil properties
between year 1 and the present evaluation showed a
slight acidification of all soils, although the values were
consistent with those observed in year 1. The acidic pH
(5.8) of the PM2 soil reflected the inherent acidity of the
pig manure, which contained less calcium compared
to compost (C) and compost pellets (Pt) [17]. Despite
the amendments, soil pH remained slightly lower than
that of the same uncontaminated French fluvisol series,
which averages around 7.4 [62]; dolomite addition could

therefore be considered to counteract the gradual top-
soil acidification. The stability of CEC over the time indi-
cated that the treatments effectively preserved soil CEC,
as previously reported for soils of the same French flu-
visol series [62]. The decline in available soil P (Olsen-
P) across all treatments was likely attributable to crop
uptake, given that H,PO,", the bioavailable form of phos-
phorus, is actively utilized by plants. This interpretation
is supported by the strong positive correlation between
available P content and acid phosphomonoesterase activ-
ity (Fig. 9A). Furthermore, while P is typically considered
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an element with low mobility, the sandy texture soil (>80) low and that recultivation likely enhanced soil C and N
[17] may have contributed to P leaching over time. The through rhizodeposition and root residue incorporation.
increase in soil organic C and total N in the Unt soils sug- ~ Additionally, cereals such as barley are known to produce
gests that the initial content of these elements was very  relatively high amounts of phytoliths, playing a key role
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in carbon sequestration, particularly in poor, sandy soils
[63]. Organic C and total N levels in the amended soils
reached values typical of uncontaminated French sandy
soils [40, 64, 65] and French fluvisol [62]. Notably, the
C/N ratio remained satisfying in both year 1 and year
5, suggesting limited mineralization tendencies in the
amended soils (C/N > 10) [66]. Overall, these results indi-
cated a permanent increase of soil chemical fertility.

Similarly to year 1, total soil Cu largely exceeded
the background values for French sandy soils (3.2—
8.4 mg kg™!) in all plots [17, 40, 64, 65]. Total soil Ni
remained within background values for French sandy
soils [40, 64, 65]. Total soil Zn remained relatively low,
slightly exceeding the background values for French
sandy soils (max 48 mg kg™!) in all the amended plots
but remained within the range in the untreated plots
[17, 40, 64, 65].

The increase in extractable soil Cd is likely explained
by the slight soil acidification over time. Notably, the
lowest increase was observed in the C5 and Pt5 soils,
which maintained neutral pH levels, thereby keeping
extractable Cd consistently lower than in the Unt soils
after five years [17]. Additional Cd inputs over time
from the applied NPK fertilizer cannot be excluded. Its
Cd concentration inherited from phosphate production
is unknown. However, since July 22, 2022, the Euro-
pean Union has banned all inorganic fertilizers with
a cadmium content in excess of 60 mg Cd kg™'. Based
on this maximum permitted concentration, our ferti-
lization rate and a soil mass of 3000 Mg ha™' (topsoil
0-30 cm), the potential increase in soil Cd would be up
to 0.0024 mg kg™! year™ (without considering potential
removals through plant uptake and leaching). Total Cu
concentrations remained stable across all plots between
year 1 and year 5, but extractable soil Cu decreased,
following a quadratic curve related to soil pH (Figure
S2), a trend often reported in the literature. The well-
known sorption of Cu by organic matter may also have
played a role [17]. Extractable soil Zn increased sub-
stantially in all soils, likely driven by the slight acidifica-
tion observed over time, similar to the trend seen for
Cd [17]. Overall, Pt5 and C5 were effective in dimin-
ishing extractable Cd, Ni, Pb and Zn in year 5. These
findings highlight the capacity of organic amendments,
notably such compost at 5% w/w addition rate, to miti-
gate the effects of certain metals, considering a reduced
extractable fraction, while contributing to improved
soil quality over time. Organic amendments contribute
to the in situ immobilization of heavy metals in soil by
altering their chemical forms and reducing their mobil-
ity and bioavailability. This is achieved through several
mechanisms, including complexation with functional
groups, pH increase that promotes metal precipitation,
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and enhanced cation exchange capacity that improves
metal adsorption [67]. Similar results have been
reported in long-term studies showing that compost-
based amendments significantly reduce the extractable
fraction of heavy metals by promoting their stabiliza-
tion in less bioavailable forms [68, 69].

To further evaluate the impact of soil amendments, key
soil biochemical parameters were assessed at year 5, pro-
viding insights into microbial activity, nutrient cycling,
and overall soil health.

The observed increase in microbial biomass and soil
respiration across all treatments indicates a positive
impact of soil amendments on the microbial ecosystem in
metal-contaminated soils. Microbial biomass, a sensitive
indicator of soil health under metal stress, increased sug-
gesting improved conditions for microbial growth [70].
The concurrent rise in soil respiration reflects enhanced
microbial metabolic activity. These findings demonstrate
the efficacy of soil amendments in alleviating microbial
stress in contaminated soils [71]. The improvements
are likely attributable to reduced metal bioavailability
(e.g. extractable soil Cu), nutrient supplementation, and
enhanced soil physical properties, implying that amend-
ments mitigated excessive exposure to metals inducing
toxicity and promoted microbial vitality.

Changes in soil enzyme activity were analysed as indi-
cators of potential improvements in soil quality and
functionality. The increased activity of acid phosphomo-
noesterase in the C5 and Pt5 soils can be attributed to the
P content in these amendments, the highest (6.3 g kg™’
DW) among the tested amendments (Table S1). It is
well-documented that elevated levels of N, P, and C in
the soil enhance phosphatase activity, particularly acid
phosphomonoesterase [72]. This is consistent with the
positive correlation between acid phosphomonoester-
ase activity and soil P, C, and N contents (Fig. 9A). For
the Pt5 soils, although the amendment provided similar
amounts of C, N, and P as C5, acid phosphomonoester-
ase activity was lower than in the C5 soils as pellets split
and decomposed more slowly (some particles remaining
visible). Although not statistically different from the Unt
soil, this activity did not significantly differ from that of
the C5 soils (Fig. 1C). Alkaline phosphomonoesterase
activity, in contrast, was strongly inhibited by elevated
levels of extractable soil Cu (Fig. 9A). This finding aligns
with the previous research demonstrating the inhibitory
effects of Cu on this activity [73]. Arylsulfatase activity
was negatively correlated with S content in the amend-
ments, although this correlation was weak [17]. This
finding agreed with studies showing that arylsulfatase
production is stimulated in soils where S is a limiting fac-
tor, as microorganisms respond to nutrient deficiencies
by increasing enzyme synthesis.
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Overall, the activity of all tested enzymes was positively
influenced by key soil properties such as higher pH, CEC,
available P, and organic C and N contents. Conversely,
enzyme activity was negatively affected by elevated levels
of extractable soil Cu (Fig. 9A). These results emphasize
the role of enzymes as sensitive indicators of soil health,
reflecting the microbial processes that drive nutrient
cycling and availability. The enhancement of enzyme
activity across amended plots highlights the beneficial
effects of organic amendments on microbial functioning
and nutrient cycling.

No significant differences in soil bacterial abundance
were evidenced between amended and unamended plots
(Fig. 3). This result was unexpected, as organic amend-
ments are generally associated with increased soil taxo-
nomic and functional diversity [74]. Interestingly, soil
bacterial abundance and 16S rRNA gene copy numbers
showed opposite behaviour. Nutrient-rich amendments
(C5 and Pt5) led to reduced bacterial abundance but the
highest 16S gene copy numbers (Figs. 2, 3), while una-
mended plots exhibited a reverse behaviour, confirming
what showed by soil microbial biomass analysis (Fig. 1A).
This pattern may reflect the improved physico-chemi-
cal properties associated with C5 and Pt5 treatments,
which likely favour the proliferation of specific microbial
populations [75]. Conversely, the harsher conditions in
unamended plots may increase selection pressure, pro-
moting greater microbial diversity but reducing total bac-
terial counts [76].

Unamended plots also exhibited higher variability
among replicates, likely due to their inherent heteroge-
neity, whereas amended plots were more homogeneous.
Notably, the C5 and Pt5 treatments, which contained
the highest C content, stimulated significant vegetation
growth, potentially contributing to the elevated 16S bac-
terial DNA determined in these soils. PCoA analysis fur-
ther supported these findings, as C5 and Pt5 treatments,
which had lower microbial diversity than Pt2 and C2,
were more distinct from unamended plots (Fig. 4).

Actinobacteriota and Proteobacteria emerged as the
most abundant phyla across all soil samples (Fig. 5A),
which is consistent with the previous studies [75, 77, 78].
Actinobacteriota are known to dominate soil microbiota
and are highly adaptable to extreme conditions [79]. Their
prevalence in the Unt soils likely reflects their ability to
thrive in harsh, nutrient-poor environments. Proteobac-
teria, also prominent across all soil samples (Fig. 5A), are
key players in C, N, and S cycles and are well-adapted to
nutrient-rich or contaminated conditions. Their toler-
ance to high metal concentrations and ability to utilize
diverse carbon and nitrogen sources likely explains their
abundance in these soils [78].
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At the genus level, Bacillus, Streptomyces and
Bradyrhizobium were the most abundant across soil
samples (Fig. 5B). Bacillus, a plant growth-promoting
microbe, contributes to P solubilization and shows
potential for metal bioremediation [74, 78, 80]. Its role
in enhancing plant growth in Cu-contaminated soils [81]
highlights its applicability in bioremediation strategies
for toxic environments [82]. Streptomyces, recognized for
improving soil fertility and nutrient availability [74, 83,
84], displayed reduced abundance in amended plots. This
decrease may result from competition with faster-grow-
ing copiotrophic bacteria in nutrient-rich conditions,
as suggested by Miralles et al. [77]. Over time, as easily
decomposable organic matter is depleted, Streptomyces
may re-emerge due to their ability to degrade recalcitrant
substrates and produce antibiotics [85]. Further studies
with additional data points are needed to confirm this
hypothesis. Bradyrhizobium, typically associated with N
fixation in legumes [86], was unexpectedly detected. Its
presence could be linked to past wood industry activities,
as it may have played a role in wood decay [87], to broad
bean crops (Vicia faba) prior to barley cultivation, and
patches of Cytisus scoparius and Lotus corniculatus pre-
sent before the experiment setup.

The LEfSe analysis identified amendments that were
most effective and beneficial based on the biomarkers
detected and their correlations with various soil param-
eters (Fig. 6). Bacterial genera biomarkers associated
with the soils amended by compost and compost pel-
lets showed consistent positive correlations with crop
yield and favourable soil properties, while displaying
negative correlations with extractable metals. In contrast,
biomarkers from the G2, PD2, and PM2 soils exhibited
weaker correlations with these parameters. An exception
was Candidatus Solibacter (PD2), displaying a strong
negative correlation with yield (grain, straw, total, and
one thousand grain DW) and positive soil properties,
alongside a positive correlation with extractable metals
(Cd, Cu, Ni, Pb, Zn). Biomarkers identified in the Unt
soils were negatively correlated with yield and beneficial
soil properties, while positively correlated with extract-
able metals.

Paenibacillus and Lysinibacillus emerged as signa-
ture genera in the C2 soils. Paenibacillus, a key plant
growth-promoting rhizobacteria (PGPR), is notable
for its N fixation capabilities. It promotes plant growth
through P solubilization, production of indole-3-acetic
acid (IAA), and secretion of siderophores that enhance
iron acquisition [88, 89]. Additionally, P polymyxa pro-
duces hydrolytic enzymes, cell-wall-degrading enzymes,
and antimicrobial compounds, including lipopeptides,
fusaricidins, and polymyxins, contributing significantly
to plant health and protection [90]. Species within the
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Lysinibacillus genus have shown significant potential
for metal remediation and are gaining attention as plant
growth-promoting agents and biocontrol alternatives to
agrochemicals [91, 92].

The genera IS-44, Agromyces, and Desulfofarcimen
evidenced in the C5 soils also represent biomarkers of
healthy soils. Notably, Agromyces has been reported for
its dual role as a plant-growth promoter and an indicator
of soil health [93, 94].

In the Pt2 soil, the genus 67-14 displayed contrasting
behaviour, being typically associated with environments
low in total organic carbon (TOC) and primarily linked
to autotrophic carbon dioxide fixation [95], while Vicina-
mibacteraceae, first described in 2018 [96], was identified
as an indicator of xenobiotic compound degradation and
a contributor to carbon transformation processes [97,
98].

The genera Limnochordaceae and Ureibacillus,
detected in the Pt5 soils, are associated with cellulose
degradation. Both have been reported for their roles in
cellulose enzymatic hydrolysis and humification, as well
lignin degradation [99, 100].

Limited information is available regarding the agri-
cultural roles of biomarkers found in the Unt soils. For
instance, Mycobacterium is widely recognized for its
association with human and animal diseases [101], while
Conexibacter has been reported as particularly abundant
in metal-polluted soils [102].

The functional profiling of soil microbial communities
using FAPROTAX provided insight into the ecological
processes potentially influenced by organic amendments.
Chemoheterotrophy and aerobic chemoheterotrophy
were the most prevalent functional groups, consistent
with microbial communities in carbon-rich environ-
ments [103]. Interestingly, these functions were signifi-
cantly reduced in the C5, Pt2, and Pt5 soils compared to
the untreated (Unt) control, suggesting a shift from gen-
eralized carbon degradation towards more specialized
functions. Indeed, processes related to nitrification and
aerobic ammonia oxidation were significantly enhanced
in the C2, C5, and Pt5 soils, likely reflecting increased
nitrogen availability and a more active nitrogen cycle due
to compost input. These results align with previous stud-
ies reporting that organic amendments can restructure
microbial communities towards functions linked with
nutrient cycling and plant growth promotion [104, 105].
The observed functional shifts further support the role
of compost-based amendments in improving soil fertil-
ity through enhanced microbial activity and functional
diversity, particularly under metal stress conditions.

Overall, the Pt5 and C5 treatments created the most
favourable conditions for soil health, characterized by
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a high abundance of genera positively correlated with
barley yield, nutrient-rich soil properties (C, N, and P
contents), and reduced metal extractability. These treat-
ments particularly enriched biomarkers associated with
cellulose degradation and soil health promotion. From a
microbiome perspective, the least effective treatment in
fostering a microbial community associated with yield
and soil quality was PD2, as it showed weaker correla-
tions with beneficial soil parameters and a stronger asso-
ciation with extractable metals.

Barley plants cultivated at the site, both spring and
winter varieties, exhibited limited heavy metal uptake,
particularly for Cu, consistent with a metal-excluder
behavior reported in cereals under similar conditions
[106, 107]. This suggests a low risk of metal accumu-
lation in grain, supporting the safe use of crops pro-
duced on the treated plots. The treatments with the
raw compost and compost pellets were effective in
increasing winter barley yield, especially when supply
at the 5% addition rate (Fig. 8, Supplementary Table 2).
Only barley grown on the PD2 plots showed a decrease
in the total DW vyield. In year 5, straw DW yield was
approximately 50% lower in Pt5 and C5 (winter barley)
as compared to year 1 (spring barley), but 60% higher,
on average, in Pt2 and C2 over the same period [17].
Nonetheless, the 5% addition rate and pressing of com-
post (C5 and Pt5) showed a sustained positive effect,
delivering the highest yields by year 5 despite a gradual
decrease over time.

Conclusions

This study assessed the effects of various organic amend-
ments and phytomanagement on health and productiv-
ity of Cu-contaminated soils over a five-year period. The
results underscore the effectiveness of specific treat-
ments, particularly compost (C5) and compost pellets
(Pt5) at the 5% addition rate, in enhancing soil quality
and crop vyield. These treatments stabilized critical soil
parameters, including pH, CEC, and P availability, which
are essential for sustainable cropping, improved nutrient
cycling, and reduced the bioavailability of excess metals.
In particular, the use of compost-based treatments con-
tributed to lowering Cu mobility over time, confirming
their potential for risk mitigation in moderately contami-
nated soils. The Pt5 and C5 treatments also enriched the
soil with beneficial bacterial genera that were positively
correlated with winter barley yield and nutrient-rich
soil properties. Overall, the C5, Pt5, and Pt2 treatments
significantly increased winter barley yield. The five-
year benefits of C5 and Pt5 highlight the enduring posi-
tive impact these amendments can have on soil health
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and crop productivity. These findings demonstrate that
organic amendments, when appropriately selected, can
enhance soil fertility, foster sustainable farming practices,
and mitigate the effects of soil contamination, thereby
promoting crop sustainability even under environmental
stress.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540538-025-00810-1.

[ Additional file 1. }

Author contributions

Conceptualization, CC, GZ, PS, LG, NO, GR, and MM; Formal analysis, CC, GZ
and PC; Funding acquisition, PS, and MM; Methodology, CC, GZ, PS, LG, NO,
GR, and MM; Writing—original draft, CC and GZ; Writing—review and editing
PS, GR and MM; providing amendments, AS, TP, WS, and BR. All authors have
read and agreed to the published version of the manuscript.

Author information

Dr. M. Mench, Dr. N. Oustriére and G. Renella were members of the COST
Action PlantMetals (https://plantmetals.eu/plantmetals-home.html). Dr. M.
Mench is a member of the INRAE Ecotox network (https://eng-ecotox.hub.
inraefr/).

Funding

Open access funding provided by Universita degli Studi di Padova. The
INTENSE project was funded by the ERA-NET FACCE SURPLUS Cofund (http://
faccesurplus.org/about-facce-surplus/), formed by the European Commission
and a partnership of 15 countries in the frame of the Joint Programming Initia-
tive on Agriculture, Food Security and Climate Change (FACCE-JPI), Europe
Union's Horizon 2020 Research and Innovative programme under grant agree-
ment No 652615. The BioFoodonMars project (https://projects.au.dk/faccesur-
plus/research-projects-3rd-call/biofoodonmars/,https://biofoodonmars.com/)
under the ERA-NET FACCE SURPLUS Cofund 3rd call (https://projects.au.dk/
faccesurplus/research-projects-3rd-call/) allowed to maintain this field trial.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Agronomy, Food, Natural Resources, Animals and Environ-
ment (DAFNAE), University of Padua, Viale Dell'Universita 16, 35020 Legnaro,
Italy. 2Department Civil, Environmental, Architectural Engineering and Math-
ematics (DICATAM), University of Brescia, Via Branze 43, 25123 Brescia,

Italy. *Univ. Bordeaux, INRAE, BIOGECO, Allée Geoffroy St Hilaire, CS 50023,
33615 Pessac, France. 4N\BIO—Norwegian Institute of Bioeconomy Research,
Seerheim, Klepp Stasjon, Norway. *Institute of Agriculture, Warsaw University
of Life Sciences, 02-787 Warsaw, Poland.

Received: 17 March 2025 Accepted: 19 June 2025
Published online: 01 July 2025

Page 17 of 20

References

1. Briffa J, Sinagra E, Blundell R. Heavy metal pollution in the environment
and their toxicological effects on humans. Heliyon. 2020;6(9): e04691.
https://doi.org/10.1016/j.heliyon.2020.e04691.

2. Hou D, O'Connor D, Igalavithana AD, Alessi DS, Luo J, Tsang DCW, et al.
Metal contamination and bioremediation of agricultural soils for food
safety and sustainability. Nat Rev Earth Environ. 2020;1:366-81. https://
doi.org/10.1038/543017-020-0061-y.

3. Feng H, Cheng J. Whole-process risk management of soil amendments
for remediation of heavy metals in agricultural soil—a review. Int J
Environ Res Public Health. 2023;20:1869. https://doi.org/10.3390/ijerp
h20031869.

4. Sanchez-Castro |, Molina L, Prieto-Ferndndez MA, Segura A. Past, pre-
sent and future trends in the remediation of heavy-metal contaminated
soil—remediation techniques applied in real soil-contamination events.
Heliyon. 2023;9(6): €16692. https://doi.org/10.1016/j.heliyon.2023.
e16692.

5. Nielsen SS, Petersen LR, Kjeldsen P, Jakobsen R. Amendment of arsenic
and chromium polluted soil from wood preservation by iron residues
from water treatment. Chemosphere. 2011;84(4):383-9. https://doi.org/
10.1016/j.chemosphere.2011.03.069.

6. Meena RK. Hazardous effect of chemical wood preservatives on
environmental conditions, ecological biodiversity and human being
and its alternatives through different botanicals: a review. Environ Ecol.
2022;40(3):1137-43.

7. Cundy A, Bardos P, Puschenreiter M, et al. Brownfields to green fields:
realising wider benefits from practical contaminant phytomanagement
strategies. J Environ Manage. 2016;184:67-77. https://doi.org/10.1016/].
jenvman.2016.03.028.

8. Von Cossel M, Lewandowski |, Elbersen B, et al. Marginal agricultural
land low-input systems for biomass production. Energies. 2019;12:3123.
https://doi.org/10.3390/en12163123.

9. Bardos RP, Thomas HF, Smith JWN, et al. Sustainability assessment
framework and indicators developed by SuRF-UK for land remediation
option appraisal. Remediation. 2020;31:5-27. https://doi.org/10.1002/
rem.21668.

10. Johnson C, Ruiz Sierra A, Dettmer J, Sidiropoulou K, Zicmane E, Canalis
A, Llorente P, Paiano P, Mengal P, Puzzolo V. The bio-based industries
joint undertaking as a catalyst for a green transition in Europe under
the European Green Deal. EFB Bioeconomy J. 2021;1: 100014. https://
doi.org/10.1016/j.bioeco.2021.100014.

11. Montanarella L, Panagos P. Soil security for the European Union. Soil
Secur. 2021;4: 100009. https://doi.org/10.1016/j.s0isec.2021.100009.

12. Montanarella L, Panagos P. The relevance of sustainable soil manage-
ment within the European Green Deal. Land Use Policy. 2021;100:
104950. https://doi.org/10.1016/j.landusepol.2020.104950.

13. Mellor P, Lord RA, Jodo E, Thomas R, Hursthouse A. Identifying
non-agricultural marginal lands as a route to sustainable bioenergy
provision—a review and holistic definition. Renew Sust Energ Rev.
2021;135:110220. https://doi.org/10.1016/j.rser.2020.110220.

14.  Schroder P, Beckers B, Daniels S, et al. Intensify production, transform
biomass to energy and novel goods and protect soils in Europe—a
vision how to mobilize marginal lands. Sci Total Environ. 2018,616—
617:1101-23. https://doi.org/10.1016/j.scitotenv.2017.10.209.

15.  Schroder P Mench M, Povilaitis V, Rineau F, Rutkowska B, Schloter M,
Szulc W, Zydelis R, Loit E. Relaunch cropping on marginal soils by incor-
porating amendments and beneficial trace elements in an interdiscipli-
nary approach. Sci Total Environ. 2022;803: 149844. https://doi.org/10.
1016/j.scitotenv.2021.149844.

16. Nguyen Quoc TN, Nejad ZD, Jung MC. Effect of commercial amend-
ments on immobilization of arsenic, copper, and zinc in contaminated
soil: comprehensive assessing to plant uptake combined with a micro-
bial community approach. Minerals. 2021;11:1143. https://doi.org/10.
3390/min11101143.

17. Mench M, Matin S, Szulc W, Rutkowska B, Persson T, Seebg A, et al. Field
assessment of organic amendments and spring barley to phytomanage
a Cu/PAH-contaminated soil. Environ Geochem Hlth. 2023;45:19-39.
https://doi.org/10.1007/510653-022-01269-x.

18. Wang L, Rinklebe J, Tack FMG, Hou D. A review of green remedia-
tion strategies for heavy metal contaminated soil. Soil Use Manage.
2021,37:936-63. https://doi.org/10.1111/sum.12717.


https://doi.org/10.1186/s40538-025-00810-1
https://doi.org/10.1186/s40538-025-00810-1
https://plantmetals.eu/plantmetals-home.html
https://eng-ecotox.hub.inrae.fr/
https://eng-ecotox.hub.inrae.fr/
http://faccesurplus.org/about-facce-surplus/
http://faccesurplus.org/about-facce-surplus/
https://projects.au.dk/faccesurplus/research-projects-3rd-call/biofoodonmars/
https://projects.au.dk/faccesurplus/research-projects-3rd-call/biofoodonmars/
https://biofoodonmars.com/
https://projects.au.dk/faccesurplus/research-projects-3rd-call/
https://projects.au.dk/faccesurplus/research-projects-3rd-call/
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1038/s43017-020-0061-y
https://doi.org/10.1038/s43017-020-0061-y
https://doi.org/10.3390/ijerph20031869
https://doi.org/10.3390/ijerph20031869
https://doi.org/10.1016/j.heliyon.2023.e16692
https://doi.org/10.1016/j.heliyon.2023.e16692
https://doi.org/10.1016/j.chemosphere.2011.03.069
https://doi.org/10.1016/j.chemosphere.2011.03.069
https://doi.org/10.1016/j.jenvman.2016.03.028
https://doi.org/10.1016/j.jenvman.2016.03.028
https://doi.org/10.3390/en12163123
https://doi.org/10.1002/rem.21668
https://doi.org/10.1002/rem.21668
https://doi.org/10.1016/j.bioeco.2021.100014
https://doi.org/10.1016/j.bioeco.2021.100014
https://doi.org/10.1016/j.soisec.2021.100009
https://doi.org/10.1016/j.landusepol.2020.104950
https://doi.org/10.1016/j.rser.2020.110220
https://doi.org/10.1016/j.scitotenv.2017.10.209
https://doi.org/10.1016/j.scitotenv.2021.149844
https://doi.org/10.1016/j.scitotenv.2021.149844
https://doi.org/10.3390/min11101143
https://doi.org/10.3390/min11101143
https://doi.org/10.1007/s10653-022-01269-x
https://doi.org/10.1111/sum.12717

Chiodi et al. Chem. Biol. Technol. Agric.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

(2025) 12:87

Michalak I, Warchot J. Remediation of soil contaminated with heavy
metals by immobilization with organic and inorganic amendments. In:
Shah MP, editor. Modern Approaches in Waste Bioremediation. Cham:
Springer; 2023. https://doi.org/10.1007/978-3-031-24086-7_10.

Raveau R, Fontaine J, Hijri M, Lounes-Hadj SA. The aromatic plant

clary sage shaped bacterial communities in the roots and in the trace
element-contaminated soil more than mycorrhizal inoculation—a two-
year monitoring field trial. Front Microbiol. 2020;11: 586050. https://doi.
0rg/10.3389/fmicb.2020.586050.

Chalot M, Girardclos O, Ciadamidaro L, Zappelini C, Yung L, Durand

A, et al. Poplar rotation coppice at a trace element-contaminated
phytomanagement site: a 10-year study revealing biomass production,
element export and impact on extractable elements. Sci Total Environ.
2020;699: 134260. https://doi.org/10.1016/j.scitotenv.2019.134260.
Edgar VN, Fabidn FL, Mario PCJ, lleana VR. Coupling plant biomass
derived from phytoremediation of potential toxic-metal-polluted soils
to bioenergy production and high-value by-products—a review. Appl
Sci. 2021;11(7):2982. https://doi.org/10.3390/app11072982.

Moreira H, Pereira SIA, Mench M, Garbisu C, Kidd P, Castro P. Phytoman-
agement of metal(loid)-contaminated soils: options, efficiency and
value. Front Environ Sci. 2021;9: 661423. https://doi.org/10.3389/fenvs.
2021.661423.

Burges A, Fievet V, Oustriere N, Epelde L, Garbisu C, Becerril JM, et al.
Long-term phytomanagement with compost and a sunflower-tobacco
rotation influences the structural microbial diversity of a Cu-contami-
nated soil. Sci Total Environ. 2020;700: 134529. https://doi.org/10.1016/j.
scitotenv.2019.134529.

Naylor D, McClure R, Jansson J. Trends in microbial community com-
position and function by soil depth. Microorganisms. 2022;10(3):540.
https://doi.org/10.3390/microorganisms10030540.

Epelde L, Urionabarrenetxea E, Anza ML, Castro PML, Mench M, Moreira
HG, et al. Long-term effects of phytomanagement with Populus sp. on
soil biodiversity. Final Conference PhySUDOE, March 30-31, Vitoria-
Gasteiz, Spain; 2023.

Noll MR. Trace elements in terrestrial environments: biogeochemistry,
bioavailability, and risks of metals. J Environ Qual. 2003;32(1):374.

Luo XS, Yu S, Li XD. The mobility, bicavailability, and human bioacces-
sibility of trace metals in urban soils of Hong Kong. Appl Geochem.
2012;27(5):995-1004. https://doi.org/10.1016/j.apgeochem.2011.07.
001.

Hazrati S, Farahbakhsh M, Heydarpoor G, Besalatpour AA. Mitigation in
availability and toxicity of multi-metal contaminated soil by combining
soil washing and organic amendments stabilization. Ecotox Environ
Safe. 2020,201: 110807. https://doi.org/10.1016/j.ecoenv.2020.110807.
Kinniburgh DG, van Riemsdijk WH, Koopal LK, Borkovec M, Benedetti
MF, Avena MJ. lon binding to natural organic matter: competition,
heterogeneity, stoichiometry and thermodynamic consistency. Colloid
Surface A. 1999;151(1-2):147-66. https://doi.org/10.1016/S0927-
7757(98)00637-2.

De Tender AC, Debode J, Vandecasteele B, D'Hose T, Cremelie P, Haege-
man A, et al. Biological, physicochemical and plant health responses in
lettuce and strawberry in soil or peat amended with biochar. Appl Soil
Ecol. 2016;107:1-12. https://doi.org/10.1016/j.aps0il.2016.05.001.
Sharma RK, Archana G. Cadmium minimization in food crops by cad-
mium resistant plant growth promoting rhizobacteria. Appl Soil Ecol.
2016;107:66-78. https://doi.org/10.1016/j.apsoil.2016.05.009.
Kwiatkowska-Malina J. Functions of organic matter in polluted soils: the
effect of organic amendments on phytoavailability of heavy metals.
Appl Soil Ecol. 2018;123:542-5. https://doi.org/10.1016/j.apsoil.2017.06.
021.

Chaney RL, Reeves PG, Ryan JA, et al. An improved understanding of
soil Cd risk to humans and low-cost methods to phytoextract Cd from
contaminated soils to prevent soil Cd risks. Biometals. 2004;17:549-53.
https://doi.org/10.1023/B:BIOM.0000045737.85738.cf.

Wu X, Liu P, Wegner CE, Luo Y, Xiao KQ, Cui Z, et al. Deciphering micro-
bial mechanisms underlying soil organic carbon storage in a wheat-
maize rotation system. Sci Total Environ. 2021,788: 147798. https://doi.
org/10.1016/j.scitotenv.2021.147798.

Shu X, He J, Zhou Z, Xia L, Hu Y, Zhang Y, et al. Organic amendments
enhance soil microbial diversity, microbial functionality and crop yields:

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Page 18 of 20

a meta-analysis. Sci Total Environ. 2022;829: 154627. https://doi.org/10.
1016/j.scitotenv.2022.154627.

Hu X, Huang X, Zhao H, Liu F, Wang L, Zhao X, et al. Possibility of using
modified fly ash and organic fertilizers for remediation of heavy-metal-
contaminated soils. J Clean Prod. 2021,284: 124713. https://doi.org/10.
1016/jjclepro.2020.124713.

Bes C, Mench M, Aulen M, Gasté H, Taberly J. Spatial variation of plant
communities and shoot Cu concentrations of plant species at a timber
treatment site. Plant Soil. 2010;330:267-80. https://doi.org/10.1007/
$11104-009-0198-4.

Food and Agriculture Organization of the United Nations. World refer-
ence base for soil resources 2014: international soil classification system
for naming soils and creating legends for soil maps. Update 2015.
Rome: FAQ; 2015. Available from: https://www.fao.org/3/i3794en/13794
en.pdf.

Mench M, Bes C. Assessment of the ecotoxicity of topsoils from a wood
treatment site. Pedosphere. 2009;19:143-55. https://doi.org/10.1016/
$1002-0160(09)60104-1.

Jones S, Bardos P, Kidd PS, Mench M, de Leij F, Hutchings T, et al.
Biochar and compost amendments enhance copper immobilisation
and support plant growth in a contaminated soil. J Environ Manage.
2016;171:101-12. https://doi.org/10.1016/jjenvman.2016.01.024.
Environment Canada. Canadian environmental quality guidelines: car-
cinogenic and other polycyclic aromatic hydrocarbons (environmental
and human health effects). Scientific Criteria Document (revised); 2010.
216 p. ISBN 978-1-896997-94-0. Available from: https://ccme.ca/en/res/
2010-pah-csgg-scd-1445-en.pdf.

Laboratoire d’Analyses des sols INRAE CATALOGUE ANALYTIQUE GEN-
ERAL 2024. https://las.hautsdefrance.hub.inrae fr/content/download/
3545/370387version=1.

Gryschko R, Kuhnle R, Terytze K, Breuer J, Stahr K. Soil extraction of read-
ily soluble heavy metals and As with 1T M NH,NO;-solution—evaluation
of DIN 19730 (6 pp). J Soils Sediments. 2005;5:101-6. https://doi.org/10.
1065/j552004.10.119.

Sharma VAK, Krishnan D, Budhihal SL. Laboratory methods. Nagpur,
India: National Bureau of Soil Survey and Land Use of Planning; 1987.
Ciardi C, Nannipieri P. A comparison of methods for measuring ATP in
soil. Soil Biol Biochem. 1990;22(5):725-7.

Anderson JPR, Domsch KH. A physiological method for the quantita-
tive measurement of microbial biomass in soils. Soil Biol Biochem.
1978;10(3):215-21. https://doi.org/10.1016/0038-0717(78)90099-8.
Tabatabai MA, Bremner JM. Use of p-nitrophenyl phosphate for assay of
soil phosphatase activity. Soil Biol Biochem. 1969;1:301-7.

Zornoza R, Landi L, Nannipieri P, Renella G. A protocol for the assay of
arylesterase activity in soil. Soil Biol Biochem. 2009;41:659-66. https://
doi.org/10.1016/j.50ilbio.2008.10.020.

Tabatabai MA. Soil enzymes. In: Page AL, Miller RH, Keeney DR, editors.
Methods of Soil Analysis, Part 2. Madison, WI: American Society of
Agronomy; 1982.

Nannipieri P, Ceccanti B, Cervelli S, Sequi P. Use of 0-1 m pyrophosphate
to extract urease from a podzol. Soil Biol Biochem. 1974,6(6):359-62.
Ladd JN, Butler JHA. Short-term assays of soil proteolytic enzyme activi-
ties using proteins and dipeptide derivatives as substrates. Soil Biol
Biochem. 1972;4(1):19-30.

Maretto L, Deb S, Ravi S, et al. 165 metabarcoding, total soil DNA con-
tent, and functional bacterial genes quantification to characterize soils
under long-term organic and conventional farming systems. Chem Biol
Technol Agric. 2023. https://doi.org/10.1186/540538-023-00450-3.
Zanardo M, Rosselli R, Meneghesso A, Sablok G, Stevanato P, Altissimo
A, et al. Dynamics of soil prokaryotes catalyzing nitrification and denitri-
fication in response to different fertilizers in a greenhouse experiment
with Cynodon dactylon. Eur J Soil Biol. 2016;76:83-91. https://doi.org/10.
1016/j.ej50bi.2016.08.002.

Maki KA, Wolff B, Varuzza L, Green SJ, Barb JJ. Multi-amplicon micro-
biome data analysis pipelines for mixed orientation sequences using
QIIME2: assessing reference database, variable region and pre-process-
ing bias in classification of mock bacterial community samples. PLoS
ONE. 2023;18(1): €0280293. https://doi.org/10.1371/journal.pone.02802
93.

Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, et al. Reproduc-
ible, interactive, scalable and extensible microbiome data science using


https://doi.org/10.1007/978-3-031-24086-7_10
https://doi.org/10.3389/fmicb.2020.586050
https://doi.org/10.3389/fmicb.2020.586050
https://doi.org/10.1016/j.scitotenv.2019.134260
https://doi.org/10.3390/app11072982
https://doi.org/10.3389/fenvs.2021.661423
https://doi.org/10.3389/fenvs.2021.661423
https://doi.org/10.1016/j.scitotenv.2019.134529
https://doi.org/10.1016/j.scitotenv.2019.134529
https://doi.org/10.3390/microorganisms10030540
https://doi.org/10.1016/j.apgeochem.2011.07.001
https://doi.org/10.1016/j.apgeochem.2011.07.001
https://doi.org/10.1016/j.ecoenv.2020.110807
https://doi.org/10.1016/S0927-7757(98)00637-2
https://doi.org/10.1016/S0927-7757(98)00637-2
https://doi.org/10.1016/j.apsoil.2016.05.001
https://doi.org/10.1016/j.apsoil.2016.05.009
https://doi.org/10.1016/j.apsoil.2017.06.021
https://doi.org/10.1016/j.apsoil.2017.06.021
https://doi.org/10.1023/B:BIOM.0000045737.85738.cf
https://doi.org/10.1016/j.scitotenv.2021.147798
https://doi.org/10.1016/j.scitotenv.2021.147798
https://doi.org/10.1016/j.scitotenv.2022.154627
https://doi.org/10.1016/j.scitotenv.2022.154627
https://doi.org/10.1016/j.jclepro.2020.124713
https://doi.org/10.1016/j.jclepro.2020.124713
https://doi.org/10.1007/s11104-009-0198-4
https://doi.org/10.1007/s11104-009-0198-4
https://www.fao.org/3/i3794en/I3794en.pdf
https://www.fao.org/3/i3794en/I3794en.pdf
https://doi.org/10.1016/S1002-0160(09)60104-1
https://doi.org/10.1016/S1002-0160(09)60104-1
https://doi.org/10.1016/j.jenvman.2016.01.024
https://ccme.ca/en/res/2010-pah-csqg-scd-1445-en.pdf
https://ccme.ca/en/res/2010-pah-csqg-scd-1445-en.pdf
https://las.hautsdefrance.hub.inrae.fr/content/download/3545/37038?version=1
https://las.hautsdefrance.hub.inrae.fr/content/download/3545/37038?version=1
https://doi.org/10.1065/jss2004.10.119
https://doi.org/10.1065/jss2004.10.119
https://doi.org/10.1016/0038-0717(78)90099-8
https://doi.org/10.1016/j.soilbio.2008.10.020
https://doi.org/10.1016/j.soilbio.2008.10.020
https://doi.org/10.1186/s40538-023-00450-3
https://doi.org/10.1016/j.ejsobi.2016.08.002
https://doi.org/10.1016/j.ejsobi.2016.08.002
https://doi.org/10.1371/journal.pone.0280293
https://doi.org/10.1371/journal.pone.0280293

Chiodi et al. Chem. Biol. Technol. Agric.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

(2025) 12:87

QIIME 2. Nat Biotechnol. 2019;37(8):852-7. https://doi.org/10.1038/
$41587-019-0209-9.

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res. 2013;41(D1):D590-6. https://doi.
0rg/10.1093/nar/gks1219.

Chi L, Yaoming C, Xiangzhen L, Minjie Y. microeco: an R package for
data mining in microbial community ecology. FEMS Microbiol Ecol.
2021,97(2):hiaa255. https://doi.org/10.1093/femsec/fiaa255.

Segata N, Izard J, Waldron L, et al. Metagenomic biomarker discov-
ery and explanation. Genome Biol. 2011. https://doi.org/10.1186/
gb-2011-12-6-r60.

Louca S, Parfrey LW, Dobeli M. Decoupling function and taxonomy in
the global ocean microbiome. Science. 2016,353:1272-7. https://doi.
org/10.1126/science.aaf4507.

. Tang D, Chen M, Huang X, Zhang G, Zeng L, et al. SRplot: a free online

platform for data visualization and graphing. PLoS ONE. 2023;18(11):
€0294236. https://doi.org/10.1371/journal.pone.0294236.

Richer de Forges A. Base de données du Référentiel Régional
Pédologique du département de la Gironde a 1/250 000. Portail Data
INRAE; 2020. https://doi.org/10.15454/6BX5D7.

Rutkowska B, Schroder P, Mench M, Rineau F, Szulc W, Szulc W,
Poberezny J, Tiideberg K, Niedziriski T, Loit E. Role of phytolith occluded
carbon of cereal plants for climate change mitigation. J Water Land
Dev. 2024,60:50-8. https://doi.org/10.24425/jwld.2023.148459.

Baize D. Teneurs totales en éléments traces métalliques dans les sols
(France). INRA Editions; 1997. p. 410.I1SBN 978-2-7380-0747-6.

Saby NPA, Thioulouse J, Jolivet CC, Ratié C, Boulonne L, Bispo A,

et al. Multivariate analysis of the spatial patterns of 8 trace elements
using the French soil monitoring network data. Sci Total Environ.
2009;407(21):5644-52. https://doi.org/10.1016/j.scitotenv.2009.07.002.
Brust GE. Management strategies for organic vegetable fertility. In:
Biswas D, Micallef SA, editors. Safety and practice for organic food.
Academic Press; 2019. p. 193-212. https://doi.org/10.1016/8978-0-12-
812060-6.00009-X.

Gao J,Han H, Gao C, Wang Y, Dong B, Xu Z. Organic amendments for

in situ immobilization of heavy metals in soil: a review. Chemosphere.
2023;335: 139088. https://doi.org/10.1016/j.chemosphere.2023.139088.
Jano$ P, Vavrova J, Herzogova L, Pilafova V. Effects of inorganic and
organic amendments on the mobility (leachability) of heavy met-

als in contaminated soil: a sequential extraction study. Geoderma.
2010;15:3-4. https://doi.org/10.1016/j.geoderma.2010.08.009.

Venegas A, Rigol A, Vidal M. Changes in heavy metal extractability
from contaminated soils remediated with organic waste or biochar.
Geoderma. 2016;279:132-40. https://doi.org/10.1016/j.geoderma.2016.
06.010.

Ye S, Zeng G, Wu H, et al. Biological technologies for the remediation of
co-contaminated soil. Crit Rev Biotechnol. 2017,37(8):1062-76. https://
doi.org/10.1080/07388551.2017.1304357.

Xian'Y, Wang M, Chen W. Quantitative assessment on soil enzyme

activities of heavy metal contaminated soils with various soil properties.

Chemosphere. 2015;139:604-8. https://doi.org/10.1016/j.chemosphere.
2014.12.060.

Zheng MM, Wang C, Li WX, Guo L, Cai ZJ, Wang BR, et al. Changes of
acid and alkaline phosphatase activities in long-term chemical fertiliza-
tion are driven by the similar soil properties and associated microbial
community composition in acidic soil. Eur J Soil Biol. 2021;104: 103312.
https://doi.org/10.1016/j.ejs0bi.2021.103312.

Wang Z, Ma W, Yang J, Kang Y, Park Y. Effects of Cu?* on alkaline
phosphatase from Macrobrachium rosenbergii. Int J Biol Macromol.
2018;117:116-23. https://doi.org/10.1016/jijbiomac.2018.05.165.
Zhang Y, Cheng Z, Li Q, et al. Responses of rhizosphere bacterial com-
munities in newly reclaimed mudflat paddies to rice genotype and
nitrogen fertilizer rate. Environ Sci Pollut Res. 2023;30:38761-74. https.//
doi.org/10.1007/511356-022-25020-2.

Siles JA, De la Rosa JM, Gonzalez-Pérez JA, Fernandez-Pérez V, Garcia-
Diaz C, Moreno JL, et al. Long-term restoration with organic amend-
ments is clearer evidenced by soil organic matter composition than

by changes in microbial taxonomy and functionality. Appl Soil Ecol.
2024;198:105383. https://doi.org/10.1016/j.aps0il.2024.105383.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

Page 19 of 20

Bastida F, Torres IF, Moreno JL, Baldrian P, Ondono S, Ruiz-Navarro A,

et al. The active microbial diversity drives ecosystem multifunctionality
and is physiologically related to carbon availability in Mediterranean
semi-arid soils. Mol Ecol. 2016;25:4660-73. https://doi.org/10.1111/mec.
13783.

Miralles |, Ortega R, Comeau AM. Functional and taxonomic effects of
organic amendments on the restoration of semiarid quarry soils. mSys-
tems. 2021,6:e00752-e821. https://doi.org/10.1128/mSystems.00752-21.
Xu'S, Zhang W, Goodwin PH, Wang Y, Zheng SJ, Li X. Effect of cover
crop on soil fertility and bacterial diversity in a banana plantation in
southwestern China. Soil Till Res. 2024;240: 106092. https://doi.org/10.
1016/j.5till.2024.106092.

Boubekri K, Soumare A, Mardad |, Lyamlouli K, Ouhdouch Y, Hafidi M,

et al. Multifunctional role of Actinobacteria in agricultural production
sustainability: a review. Microbiol Res. 2022;261: 127059. https://doi.org/
10.1016/j.micres.2022.127059.

Ma H, Wei M, Wang Z, Hou S, Li X, Xu H. Bioremediation of cadmium-
polluted soil using a novel cadmium-immobilizing plant growth-
promoting strain Bacillus sp TZ5 loaded on biochar. J Hazard Mater.
2020;388: 122065. https://doi.org/10.1016/jjhazmat.2020.122065.

JuW, Jin X, Liu L, Shen G, Zhao W, Duan C, et al. Rhizobacteria inocula-
tion benefits nutrient availability for phytostabilization in copper
contaminated soil: drivers from bacterial community structures in
rhizosphere. Appl Soil Ecol. 2020;150: 103450. https://doi.org/10.1016/j.
apsoil.2019.103450.

Pattnaik S, Dash D, Mohapatra S, Pattnaik M, Marandi AK, Das S, et al.
Improvement of rice plant productivity by native Cr(VI) reducing and
plant growth promoting soil bacteria Enterobacter cloacae. Chemos-
phere. 2020;240: 124895. https://doi.org/10.1016/j.chemosphere.2019.
124895.

Maestro-Gaitan I, Granado-Rodriguez S, Redondo-Nieto M, Battaglia A,
Poza-Viejo L, Matias J, et al. Unveiling changes in rhizosphere-associ-
ated bacteria linked to the genotype and water stress in quinoa. Microb
Biotechnol. 2023;16:2326-44. https://doi.org/10.1111/1751-7915.14337.
LiuY, Xie M, Xue T, Sui X, Sun H, Li C, et al. Short-term continuous crop-
ping leads to a decline in rhizosphere soil fertility by modulating the
perilla root exudates. Rhizosphere. 2024;32: 100966. https://doi.org/10.
1016/j.rhisph.2024.100966.

Bontemps C, Toussaint M, Revol P, Hotel L, Jeanbille M, Uroz S, et al.
Taxonomic and functional diversity of Streptomyces in a forest soil. FEMS
Microbiol Lett. 2013;342(2):157-67. https://doi.org/10.1111/1574-6968.
12126.

Ormeno-Orrillo E, Martinez-Romero E. A genomotaxonomy view of the
Bradyrhizobium genus. Front Microbiol. 2019;10:1334. https://doi.org/
10.3389/fmicb.2019.01334.

Lee MR, Oberle B, Olivas W, Young DF, Zanne AE. Wood construction
more strongly shapes deadwood microbial communities than spatial
location over 5 years of decay. Environ Microbiol. 2020;22:4702-17.
https://doi.org/10.1111/1462-2920.15212.

Goswami D, Dhandhukia P, Thakker JN, et al. Expanding the horizons
for the use of Paenibacillus species as PGPR for sustainable agriculture.
In: Islam MT, Rahman M, Pandey P, et al,, editors. Bacilli and agrobio-
technology. Cham: Springer International Publishing; 2016. p. 281-307.
https://doi.org/10.1007/978-3-319-44409-3_12.

Grady EN, MacDonald J, Liu L, et al. Current knowledge and perspec-
tives of Paenibacillus: a review. Microb Cell Fact. 2016;15:203. https://doi.
0rg/10.1186/512934-016-0603-7.

Pandey AK, Barbetti MJ, Lamichhane JR. Paenibacillus polymyxa. Trends
Microbiol. 2023;31(6):657-9. https://doi.org/10.1016/j.tim.2022.11.010.
Ahsan N, Shimizu M. Lysinibacillus species: their potential as effective
bioremediation, biostimulant, and biocontrol agents. Rev Agric Sci.
2021;9:103-16. https://doi.org/10.7831/ras.9.0_103.

Gupta A, Siwach C, Mishra VK. Revolutionizing remediation: unveiling
the power of Lysinibacillus sp. in tackling heavy metal stress. Sustain
Chem Environ. 2024. https://doi.org/10.1016/j.scenv.2024.100156.
Wang R, Zhang H, Sun L, et al. Microbial community composition is
related to soil biological and chemical properties and bacterial wilt out-
break. Sci Rep. 2017;7:343. https://doi.org/10.1038/541598-017-00472-6.
Kaari M, Manikkam R, Annamalai KK, Joseph J. Actinobacteria as a source
of biofertilizer/biocontrol agents for bio-organic agriculture. J Appl
Microbiol. 2023. https://doi.org/10.1093/jambio/Ixac047.


https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/femsec/fiaa255
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1126/science.aaf4507
https://doi.org/10.1371/journal.pone.0294236
https://doi.org/10.15454/6BX5D7
https://doi.org/10.24425/jwld.2023.148459
https://doi.org/10.1016/j.scitotenv.2009.07.002
https://doi.org/10.1016/B978-0-12-812060-6.00009-X
https://doi.org/10.1016/B978-0-12-812060-6.00009-X
https://doi.org/10.1016/j.chemosphere.2023.139088
https://doi.org/10.1016/j.geoderma.2010.08.009
https://doi.org/10.1016/j.geoderma.2016.06.010
https://doi.org/10.1016/j.geoderma.2016.06.010
https://doi.org/10.1080/07388551.2017.1304357
https://doi.org/10.1080/07388551.2017.1304357
https://doi.org/10.1016/j.chemosphere.2014.12.060
https://doi.org/10.1016/j.chemosphere.2014.12.060
https://doi.org/10.1016/j.ejsobi.2021.103312
https://doi.org/10.1016/j.ijbiomac.2018.05.165
https://doi.org/10.1007/s11356-022-25020-2
https://doi.org/10.1007/s11356-022-25020-2
https://doi.org/10.1016/j.apsoil.2024.105383
https://doi.org/10.1111/mec.13783
https://doi.org/10.1111/mec.13783
https://doi.org/10.1128/mSystems.00752-21
https://doi.org/10.1016/j.still.2024.106092
https://doi.org/10.1016/j.still.2024.106092
https://doi.org/10.1016/j.micres.2022.127059
https://doi.org/10.1016/j.micres.2022.127059
https://doi.org/10.1016/j.jhazmat.2020.122065
https://doi.org/10.1016/j.apsoil.2019.103450
https://doi.org/10.1016/j.apsoil.2019.103450
https://doi.org/10.1016/j.chemosphere.2019.124895
https://doi.org/10.1016/j.chemosphere.2019.124895
https://doi.org/10.1111/1751-7915.14337
https://doi.org/10.1016/j.rhisph.2024.100966
https://doi.org/10.1016/j.rhisph.2024.100966
https://doi.org/10.1111/1574-6968.12126
https://doi.org/10.1111/1574-6968.12126
https://doi.org/10.3389/fmicb.2019.01334
https://doi.org/10.3389/fmicb.2019.01334
https://doi.org/10.1111/1462-2920.15212
https://doi.org/10.1007/978-3-319-44409-3_12
https://doi.org/10.1186/s12934-016-0603-7
https://doi.org/10.1186/s12934-016-0603-7
https://doi.org/10.1016/j.tim.2022.11.010
https://doi.org/10.7831/ras.9.0_103
https://doi.org/10.1016/j.scenv.2024.100156
https://doi.org/10.1038/s41598-017-00472-6
https://doi.org/10.1093/jambio/lxac047

Chiodi et al. Chem. Biol. Technol. Agric. (2025) 12:87

95.

96.

97.

98.

99.

100.

101.

104.

105.

106.

107.

LiY,Hu J, Ruan Y, Wu Q, Yue Y, Li Z. Soil properties and rhizosphere
microbes community structure reveal nitrogen uptake preferences and
nitrogen use efficiency of two ecotypes of Paphiopedilum micranthum.
Agriculture. 2024;14:1909. https://doi.org/10.3390/agriculture14111909.
Huber KJ, Overmann J. Vicinimibacteraceae fam. nov., the first described
family within the subdivision 6 Acidobacteria. Int J Syst Evol Microbiol.
2018;68(7):2331-4. https://doi.org/10.1099/ijsem.0.002841.

Ye Y, Peng C, Zhu D, Yang R, Deng L, Wang T, et al. Identification of
sulfamethazine degraders in swine farm-impacted river and farmland:
a comparative study of aerobic and anaerobic environments. Sci Total
Environ. 2024;912: 169299. https://doi.org/10.1016/j.scitotenv.2023.
169299.

Rincén-Molina Cl, Martinez-Romero E, Manzano-Gémez LA, Rincon-
Rosales R. Growth Promotion of Guava "Pear” (Psidium guajava cv.) by
Sinorhizobium mexicanum in Southern Mexican Agricultural Fields.
Sustainability. 2022;14:12391. https://doi.org/10.3390/su141912391.

Lu M, Qin K, Zhang F, Qin F, Feng Q, Guo R. Novel ferrous disulfide
loaded palygorskite composites as additives in lignocellulosic

waste composting for improving humification. J Environ Chem Eng.
2024;12(1): 111697. https://doi.org/10.1016/jjece.2023.111697.

LiW, Gao X, Fan R, Gai J, Li G, Luo W, et al. Cornstalks regulate bacterial
dynamics to benefit organic humification in food waste digestate
composting. Environ Technol Innov. 2025. https://doi.org/10.1016/j.eti.
2025.104044.

Walsh CM, Gebert MJ, DelgadoBaquerizo M, Maestre FT, Fierer N. A
global survey of mycobacterial diversity in soil. Appl Environ Microbiol.
2019;85:201180-e1219. https://doi.org/10.1128/AEM.01180-19.

Salam LB, Obayori OS, llori MO, et al. Effects of cadmium perturbation
on the microbial community structure and heavy metal resistome of

a tropical agricultural soil. Bioresour Bioprocess. 2020;7:25. https://doi.
0rg/10.1186/540643-020-00314-w.

Sun R, Song C, Sun Y, Wang Q, Liu H, Wang J. Agricultural soil organic
matters and microbiome are shaped by management and hedgerows.
Agronomy. 2020;10(9):1316. https://doi.org/10.3390/agronomy 10
091316.

Yan X, Wang J, Hu X, Yu B, Gao B, Li Z, Liu X. Contrasting effects of micro-
bial fertiliser and organic fertiliser on soil bacterial community in coal
mine dump of Inner Mongolia. Chem Ecol. 2021;37(4):384-98. https.//
doi.org/10.1080/02757540.2021.1886283.

Guo L, Nie Z, Zhou J, Zhang S, An F, Zhang L, Toth T, Yang F, Wang Z.
Effects of different organic amendments on soil improvement, bacterial
composition, and functional diversity in saline-sodic soil. Agronomy.
2022;12(10):2294. https://doi.org/10.3390/agronomy 12102294,

Bes C, Mench M. Remediation of copper-contaminated topsoils from a
wood treatment facility using in situ stabilisation. Environ Pollut. 2008.
https://doi.org/10.1016/j.envpol.2008.04.006.

Quintela-Sabaris C, Marchand L, Kidd PS, et al. Assessing phytotoxic-

ity of trace element-contaminated soils phytomanaged with gentle
remediation options at ten European field trials. Sci Total Environ.
2017;599-600:1388-98. https://doi.org/10.1016/jscitotenv.2017.04.187.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 20 of 20


https://doi.org/10.3390/agriculture14111909
https://doi.org/10.1099/ijsem.0.002841
https://doi.org/10.1016/j.scitotenv.2023.169299
https://doi.org/10.1016/j.scitotenv.2023.169299
https://doi.org/10.3390/su141912391
https://doi.org/10.1016/j.jece.2023.111697
https://doi.org/10.1016/j.eti.2025.104044
https://doi.org/10.1016/j.eti.2025.104044
https://doi.org/10.1128/AEM.01180-19
https://doi.org/10.1186/s40643-020-00314-w
https://doi.org/10.1186/s40643-020-00314-w
https://doi.org/10.3390/agronomy10091316
https://doi.org/10.3390/agronomy10091316
https://doi.org/10.1080/02757540.2021.1886283
https://doi.org/10.1080/02757540.2021.1886283
https://doi.org/10.3390/agronomy12102294
https://doi.org/10.1016/j.envpol.2008.04.006
https://doi.org/10.1016/j.scitotenv.2017.04.187

	Organic amendments influence soil properties, soil microbial diversity, and winter barley traits in a five-year field trial with contaminated soils at a former wood preservation site
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Materials and methods
	Experimental site
	Experimental design
	Soil sampling and analyses
	Total DNA extraction and microbial analysis
	Total DNA extraction and qPCR analysis
	16S metabarcoding and bioinformartic analysis

	Plant yield traits
	Statistical analyses

	Results
	Effects of organic amendments on soil physico-chemical properties and metal availability (Table 1)
	Effects of organic amendments on soil physico-chemical properties and metal availability over a 5-year period
	Effect of organic amendments on soil microbial biomass, soil respiration and soil enzyme activity
	Total soil DNA, microbial community dynamics and functional group in response to soil amendments
	Plant yield in response to soil amendments
	Pearson’s correlation analyses

	Discussion
	Conclusions
	References


