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Mulching in lowland hay
meadows drives an adaptive
convergence of above- and
below-ground traits reducing
plasticity and improving
biomass: A possible tool for
enhancing phytoremediation

Michele Dalle Fratte1* , Antonio Montagnoli 1, Simone Anelli2,
Stefano Armiraglio3, Peter Beatrice1, Alex Ceriani1,
Elia Lipreri3, Alessio Miali 1, Paolo Nastasio2

and Bruno Enrico Leone Cerabolini1

1Department of Biotechnologies and Life Sciences (DBSV), University of Insubria, Varese, Italy,
2Ente Regionale per i Serivizi all’Agricoltura e alle Foreste della Lombardia (ERSAF), Milan, Italy,
3Municipality of Brescia - Museum of Natural Sciences, Brescia, Italy
We aimed to understand the effect of mulching (i.e., cutting and leaving the

crushed biomass to decompose in situ) on above- and below-ground plant

functional traits and whether this practicemay be a potential tool for enhancing

the phytoremediation of lowland hay meadows. To this aim, we evaluated at

the community level seven years of mulching application in a PCBs and HMs

soil-polluted Site of National Interest (SIN Brescia-Caffaro) through the analysis

of the floristic composition and the above- and below-ground plant traits. We

found that the abandonment of agricultural activities led to a marked increase

in the soil organic carbon and pH, and the over-imposed mulching additionally

induced a slight increase in soil nutrients. Mulching favored the establishment

of a productive plant community characterized by a more conservative-

resource strategy, a higher biomass development, and lower plasticity

through an adaptative convergence between above- and below-ground

organs. In particular, the analysis of the root depth distribution highlighted

the key role of roots living in the upper soil layer (10 cm). Mulching did not show

a significant effect on plant species known to be effective in terms of PCB

phytoremediation. However, the mulching application appears to be a

promising tool for enhancing the root web that functions as the backbone

for the proliferation of microbes devoted to organic contaminants’ degradation

and selects a two-fold number of plant species known to be metal-tolerant.
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However, besides these potential positive effects of the mulching application,

favoring species with a higher biomass development, in the long term, may lead

to a biodiversity reduction and thus to potential consequences also on the

diversity of native species important for the phytoremediation.
KEYWORDS

fine-root traits, functional traits, global plant spectrum, heavy metals, leaf economics
spectrum, phytoremediation, PCB, root economics spectrum
1 Introduction

Phytoremediation is the use of plants to remediate pollutants

in contaminated soil, water, and air. It encompasses several

methods for contaminant degradation, removal, or

immobilization (Mackova et al., 2010). In the last 30 years,

many examples described plant species accumulating and/or

metabolizing organic xenobiotics, (see Mackova et al., 2010 and

references therein). Despite having lots of information about the

use of plants for phytoremediation purposes, much work is still

necessary to forecast all aspects of its beneficial application

(McCutcheon and Schnoor, 2003; Macek et al., 2004; Mackova

et al., 2010), especially for recalcitrant soil contaminants such as

persistent organic pollutants (POPs) and heavy metals (HMs).

Regarding phytoremediation, the rhizosphere is of particular

relevance since it hosts microbial communities with different

metabolism that depend on the chemicals released from plant

roots (McNear, 2013; Reinhold-Hurek et al., 2015). However,

field testing is still needed to extend the theoretical knowledge

and the practical experience learned from model plants to native

plant communities.

Many hydrophobic organic compounds, including PCBs,

although banned since the 1970s, are priority soil contaminants

because of their toxicity and tendency to persist in soils/

sediments and to escape biological degradation (Passatore

et al., 2014). Therefore, PCBs phytoremediation has attracted

increasing attention (Mackova et al., 2009; Mackova et al., 2010;

Vergani et al., 2017; Jiang et al., 2022). At the same time, the

problem of HMs’ pollution is becoming more and more severe

with increasing industrialization even because, unlike organic

substances, HMs are completely non-biodegradable (Mackova

et al., 2010; Ali et al., 2013). Several investigations have shown

that PCBs and HMs can be translocated from soil to various

parts of the plants and can accumulate in higher concentrations

in particular tissues than in others. Plants can uptake HMs from

the soil through plant roots and translocate them to shoots

(Tangahu et al., 2011; Ali et al., 2013). Conversely, plants can

accumulate PCBs from the soil into the roots (Mackova et al.,

2009; Terzaghi et al., 2019; Terzaghi et al., 2020) and from air
02
into leaves even if the roots-to-leaves transfer is generally limited

by the high hydrophobicity of these chemicals (Collins et al.,

2006). However, the sorption of metalloids, metals, and organic

compounds, is also controlled by the soil organic matter

(Cornelissen et al., 2005; Branzini and Zubillaga, 2012). The

application of carbon-rich charcoal-like materials such as

biochar and activated carbon has been proposed, for example,

as a tool for the in-situ stabilization of organic contaminants in

soils (Beesley et al., 2011; Denyes et al., 2013). However, the

relative increase in soil carbon fractions due to charcoal-like

materials amendment can vary depending on the environmental

conditions (Chagas et al., 2022). It is, therefore, necessary to test

other methods for increasing soil organic matter based on

material collected in situ and less affected by the multiple

local factors.

Mulching has been used since the 1990s as a low-cost

alternative to grazing or conventional mowing for abandoned

grasslands maintenance (Masǩová et al., 2009). The method

consists in cutting the above-ground biomass and crushing the

clippings into pieces several centimeters long that are left on the

site to decompose and release a large proportion of their mineral

nutrient content (Gaisler et al., 2004; Doležal et al., 2011; Metsoja

et al., 2012). There have been several studies dealing with the

effects of mulching on grasslands/meadows (Gaisler et al., 2019;

and references therein), but only a few of these were conducted

over a long period (Moog et al., 2002; Masǩová et al., 2009;

Römermann et al., 2009; Gaisler et al., 2013; Oelmann et al.,

2017; Gaisler et al., 2019). Although mulching can represent an

alternative way of increasing soil carbon content in grassland

soils (Jordán et al., 2010), it has never been considered a potential

tool for enhancing phytoremediation in contaminated areas.

Indeed, compared to traditional management practices (i.e.,

grazing and/or mowing), mulching leaves above-ground

biomass to decompose in situ and thus can be beneficial in

two ways: for the phytoremediation of soil contaminants and to

avoid the problem of the disposal of the contaminated biomass.

However, it is not still clear whether alternative management

treatments in grasslands, such as mulching, can lead to changes

in floristic and functional composition.
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Although mulching can have similar effects to traditional

management on the floristic composition due to the removal of

taller plants and prevention of succession (Pavlů et al., 2016;

Gaisler et al., 2019), there is contrasting evidence about its

impact on species richness (Moog et al., 2002; Masǩová et al.,

2009; Doležal et al., 2011; Gaisler et al., 2013; Gaisler et al., 2019).

Also, its effect on the above- and below-ground plant

community structure and functions represented by plant

functional traits can be much different (Kahmen et al., 2002;

Kahmen and Poschlod, 2008; Römermann et al., 2009; Doležal

et al., 2011; Gaisler et al., 2019). Plant functional traits are key

features of individual organisms related to their fitness and

responses to environmental conditions (Dalle Fratte et al.,

2019b) and are indeed strongly related to management

measures (De Bello et al., 2010; Lavorel et al., 2011). In

herbaceous plant communit ies , management types

characterized by intermediate levels of disturbance can

facilitate average levels of competitiveness, stress tolerance and

ruderality, while an excessive productivity load can lead to more

competitive communities (Grime, 2006a; Cerabolini et al., 2016).

A slight increase in competitive and acquisitive plants with

mulching treatment has been observed (Moog et al., 2002;

Römermann et al., 2009; Doležal et al., 2011). Since mulching

has been associated with higher soil nutrient levels (Oelmann

et al., 2017) the development of more productive plant

communities is reasonable, but this may negatively affect

species richness (Grime, 2006a; Pierce, 2014).

Differences in land use types and management are essential

for plant rooting (Ravenek et al., 2016; Tasser et al., 2021), but a

complete evaluation of the effects of mulching on above- and

below-ground plant traits (e.g., fine-root traits) coordination

remain poorly characterized. Crucially, there is still no

information concerning the effects of mulching on below-

ground plant functional traits. Mowing and fertilization, which

can be considered the two main factors of mulching, have been

applied separately, but only the fertilization resulted in a

considerable root traits shift (Leuschner et al., 2013). The

increment of soil organic matter due to mulching treatment

may reduce the survival of individual roots, increasing the fine-

root turnover rate (Pritchard et al., 2010), resulting in a general

suppression of fine-root length independently of the diameter

class considered (Simiele et al., 2022). Trait-based approaches

emerged in the last decades to address different ecological

questions from the individual to plant-community level (Dıáz

et al., 2016; Bruelheide et al., 2018). However, a complete

understanding of the trade-offs between above- and below-

ground functional traits is difficult to reach (Carmona et al.,

2021; De la Riva et al., 2021; Weigelt et al., 2021), also because

root traits remain poorly investigated (Kattge et al., 2020).

Specifically, Carmona et al. (2021) pointed out that the trade-

offs between above-ground and fine-root traits seem decoupled.

Indeed, their coordination may strongly influence plant

competition, community structure, and plant-environment
Frontiers in Plant Science 03
interactions (Tumber-Dávila et al., 2022). In particular, the

more productive niche imposed by mulching may drive a

functional convergence of plant traits (Grime, 2006b), and this

should involve both above- and below-ground traits. Thus, it

becomes crucial to investigate these two components of plant

communities to get a full view of the adaptative ways of plant

communities to changes in environmental features due to global

changes or different management regimes.

Following the imposed abandonment in the 1990s of

agricultural areas in the Site of National Interest (SIN)

Brescia-Caffaro (Northern Italy) due to soil contamination by

organic and inorganic pollutants, mulching has recently been

introduced as a potential tool for phytoremediation of soil

contaminants. In this study we focused on the effects of

mulching on above- and below-ground traits of these

communities, and we hypothesized that: 1) mulching favors

the establishment of plant communities typical of stable hay

meadows, 2) mulching drives the selection of a more productive

plant community by reducing the species richness, 3) mulching

led to an adaptative convergence between above- and below-

ground traits at the plant community level, 4) mulching can

select plant species that are metal-tolerant and/or active in PCB

degradation. To test our multiple hypothesis, we analyzed the

floristic-vegetation composition, above- and below-ground

biomass, and community-level leaves and fine-root traits of

the plant communities of the abandoned agricultural areas,

and we compared their values between areas subject to

mowing and mulching and areas subject to traditional mowing.
2 Methods

2.1 Study site and plot selection

We carried out this study in the agricultural areas of the Site

of National Interest (SIN) Brescia-Caffaro, Northern Italy (45°

32.365’ N, 10° 11.123’ E), a site heavily contaminated by the

polluted exhaust water of the factory, which was used for more

than 50 years for irrigation (Di Guardo et al., 2020). The Caffaro

factory was one of the larger PCB producers in Europe until

1984. In that year, the surrounding areas were found to be

heavily contaminated by PCBs of more than 80 congeners,

including PCB 209, the decachlorinated PCB at concentrations

in the order of tens of mg kg-1 of total PCBs (Terzaghi et al.,

2019), but also PCDDs, PCDFs, DDT and its isomers, metalloids

and HMs (e.g., As up to 79 mg Kg-1, Hg up to 4 mg Kg-1, and Pb

up to 447 mg Kg-1) exceeding the threshold concentration of

contamination (Di Guardo et al., 2017). Therefore, the

agricultural activity on the site has been banned for the last

four decades. Since 2014, mowing and mulching have been

introduced every 3 to 4 times a year. The cut biomass is then

crushed into pieces 5 – 10 cm long and left in place to favor the

coverage of herbaceous species capable of developing
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rhizosphere degradation processes while preventing the

settlement of woody plant species.

Within the same pedologic unit, we selected two sampling

areas corresponding to the control (NM; no mulching) and

mulching-treated (MU) areas (Figure 1). These soils are deep

silty loam with a poor skeleton in the topsoil, typical of coarse

limestone floods (Fluventic Hapludolls; Soil Survey Staff, 2014).

In 2014 they were characterized by greater cation exchange

capacity (CEC) in the upper part (0 – 40 cm), pH values falling

within the range 7.6 – 7.8, and almost stable up to 100 cm depth,

with higher soil organic carbon (SOC), total soil nitrogen and

sulfur content (respectively, Ntot and Stot) in the upper 10 cm

compared to the depth 60 – 100 cm. Soil calcium and

magnesium content (Ca and Mg) showed higher values in the

first 30 cm depth and lower values at greater depth, while soil

iron and potassium content (Fe and K) were almost stable along

the depth (Table 1 and Supplementary Figure 1). The maximum

concentration of organic contaminants in the soils of the study
Frontiers in Plant Science 04
site is usually within the first 40 cm of soil (Di Guardo

et al., 2020).

Both NM and MU areas had an extension of about 1.1 ha

(Figure 1). The NM area was characterized by the mowing

practices carried out regularly over the years, which implies

the removal of cut material. Before mulching treatment (2014),

the study site was homogeneously characterized by

synanthropic and ruderal vegetation. This vegetation type

was related to the cultivation abandonment that started in

the 1980s. The SIN agricultural area has a plain surface with a

negligible elevation difference, less than 70 cm for the study

site (Figure 1). Indeed, we focused on a single field of the study

site to avoid any potential bias due to the legacy of different

past agricultural activities. Moreover, the spatial distribution

of NM and MU areas has been based on the ongoing

management activities established by the responsible

organization (ERSAF – Ente Regionale per i servizi

all’Agricoltura e alle Foreste, Lombardia).
B

C

A

FIGURE 1

Location of the National Relevance Site (SIN) Brescia-Caffaro in Northern Italy (A) with a detail of the contaminated agricultural areas (B), and of
the control (NM; no mulching) and mulching-treated (MU) areas sampled within the study site (C). Crosses indicates the location of the
vegetation sampling points, and circles indicate the location of the soil sampling points: pink, soil sampled each 10 cm layer up to 100 cm depth
in 2014, light blue, mixed homogeneous soil sampled up to 40 cm in 2014 and 2020.
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2.2 Sampling and data collection

2.2.1 Experimental design and floristic-
vegetation analysis

During the 2021 within each area (NM and MU), five points

were randomly selected for vegetation analysis, using a

minimum distance of 20 m from each other and an internal

buffer of 10 m to avoid any disturbances due to edge effects. Each

point corresponds to the center of a 4 x 4 m squared plot for a

total of ten floristic-vegetation relevés (five in the NM and five in

the MU areas). The coverage of all vascular plant species was

determined by visual estimation and recorded directly on a

percentage scale. The plant species evaluated for their

phytoremediation capability of PCB-contaminated soils

(Vergani et al., 2017) and known as metal-tolerant (Landolt

et al., 2010) were listed for each relevé.

The nomenclature used for plant species is based on the

most recent checklist of the native and alien vascular plants of

Italy (Bartolucci et al., 2018; Galasso et al., 2018). Within each

plot, a 2 x 2 m core area was selected and divided into 16

subplots of 50 x 50 cm to measure the biomass. Two of these

subplots were randomly selected for a total of 20 biomass

samples (ten in the NM and ten in the MU areas). The

floristic-vegetation relevés and the biomass sampling were

carried out on the same days (24 and 25 June 2021),

coinciding with the estimated peak biomass. In the center of

each subplot, we then sampled 10 cm soil cores (diameter and

height of 4 and 10 cm, respectively), reaching a depth of 40 cm

using a motor-driven core drill. We selected a depth of 10 cm

interval because this is the standard unit for sampling root

biomass considering depth increments (e.g., Fort et al., 2013;

Freschet et al., 2021a; Baronti et al., 2022).

2.2.2 Above-ground traits analysis
For each species, leaf functional traits representative of the

plant size and economics (i.e., leaf area, LA; leaf dry matter

content, LDMC; specific leaf area, SLA; leaf nitrogen content,

LNC) were obtained from the authors’ datasets (FIFTH and

LIFTH, see Cerabolini et al., 2010; Dalle Fratte et al., 2021)

accessible through the TRY database (Kattge et al., 2020, https://

www.trydb.org: see datasets n. 227, 228, 229, 371, 372 and the

forthcoming 467). Above-ground standing crop and litter (Al-

Mufti et al., 1977) were sampled in the whole 50 x 50 cm subplot

using an electric lawn mower and oven dried (70°C for 24 h) to

obtain the above-ground dry weight (AGDW).

2.2.3 Below-ground traits analysis
The soil cores were immediately stowed in a portable

refrigerator and then stored in the laboratory at 4°C until their

analysis. Each sample of soil cores was placed in a nylon bag (400

mm mesh) closed at one end with a zip tie; each nylon bag was

inserted into the washing machine drum and automatically
T
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washed with cold water to let the soil sieve out so that only roots

and stones remained within the nylon bag (adapted from

Benjamin and Nielsen, 2004). Within each washed nylon bag,

all the fine-root material was separated from the rest (organic

and mineral fraction of the soil and stone materials) using

tweezers and a stereomicroscope.

The root samples were immersed in water in order to avoid

drying and consequent shrinkage and scanned at a resolution of

800 dpi with a calibrated scanner coupled with a transparency

unit (Epson Expression 10,000 XL). We estimated the below-

ground dry weight (BGDW) of each 10 cm soil layer by drying it

in an oven at 70°C for 24 h. Finally, the scanned images were

analyzed with WinRhizo Pro V. 2007d software (Regent

Instruments Inc., Quebec, Canada) to obtain morphological

data such as root length (RL) and mean root diameter (MRD),

as well as RL in each diameter class of 0.1 mm interval.

2.2.4 Soil chemical analysis
In 2014 and 2020 we also analyzed soil characteristics such

as pH, SOC and Ntot in the upper 40 cm of soil in 11 points

distributed within each sampling area (five in the NM and six in

the MU areas) (Figure 1). We sampled soil cores up to a depth of

40 cm; the entire length was mixed and used for the

chemical analysis.
2.3 Data analysis

To determine the mulching effect on the floristic

composition of plant communities we calculated the indicator

species for each of the two groups of relevés (NM vs. MU areas)

using the “multipatt” function of the “indicspecies” R package

(De Cáceres and Legendre, 2009); we applied the correlation

index based on abundance data (r.g) which is more sensitive to

the local ecological context.

For each soil depth layer (0 - 10, 10 - 20, 20 - 30, and 30 -

40 cm) we calculated the following root traits: below-ground dry

weight (BGDW), mean root diameter (MRD), root length (RL),

specific root length (SRL), and fine-root percentage (FRP). The

FRP was calculated as the percentage of RL with a diameter <

0.1 mm (Fort et al., 2013); SRL was calculated by dividing the RL

by BGDW (Ostonen et al., 2007; Pérez-Harguindeguy et al.,

2013; Montagnoli et al., 2019). For each root trait and class of

soil depth, we first calculated the average value between the two

subplots, and we then summarized the same traits at the plot-

level (0 - 40 cm) as following: RL and BGDW were summed

among all soil depth layers, while SRL, MRD and FRP were

calculated as the average value among all soil depth layers. The

same procedure was also used to calculate the total RL in each

class of diameter.

For each relevé we calculated the community weighted mean

(CWM) of leaf traits, using as weight the estimated percentage

coverage of each species. To estimate the AGDW of each plot we
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also calculated the average value between the two subplots. The

total biomass for each plot was calculated as the sum of the

AGDW and BGDW of each plot. In each of the two groups of

relevés (NM vs. MU areas) we then analyzed the relations

between biodiversity (i.e., species richness) and productivity

(i.e., total biomass) fitting a generalized linear model (GLM)

by means of the function “glm” of the “stats” base R package. We

compared the community-level traits (both above- and below-

ground) between NM and MU areas by means of the

Wilcoxon test.

A redundancy analysis (RDA) was performed to determine

the relations between community-level explanatory variables

(i.e., CWM of leaf traits and community-level root traits,

above- and below-ground biomass) that resulted to have a

significant effect on the previous analysis and floristic

composition of plant communities. For this aim, we used the

function “rda” of the “vegan” R package (Oksanen et al., 2022).

Before RDA, data were scaled to unit variance. We tested the

significance of each constrained axis independently through a

permutation test based on 999 randomizations of the rows of the

environmental matrix to preserve the correlation between

environmental variables (De Bello et al., 2021).

We then compared the differences of soil physico-chemical

properties along depth (3 points in 2014) and between NM and

MU (12 points in 2014 vs. 2020) by means of the Dunn’s test

multiple comparisons using the function “dunn.test” of the

package “dunn.test” (Dinno, 2017). The same analysis was also

used to compare root traits in relation to soil depth.

All the analyses were done using the R software (R Core

Team, 2021).
3 Results

3.1 Floristic composition and vegetation
structure

Considering all the relevés we found a total of 38 vascular

plant species, 27 in the NM area and 33 in the MU area (Table 2).

The indicator plant species of the MU area were Arrhenatherum

elatius, Sorghum halepense, Galium mollugo, and Convolvulus

sepium, while indicator species in the control area were Daucus

carota, Trifolium pratense, and Achillea roseoalba (Table 2). The

analyzed relevés did not highlight native plant species known for

their significance in conservation or exotic plant species

belonging to the regional blacklist of invasive alien species (LR

10/2008 and subsequent updates).

We found 25 metal-tolerant species and seven species of

particular interest for the phyto-rhizoremediation of PCB-

contaminated soils (Table 2). Among the metal-tolerant

species, three were exclusive (i.e., present in a single area only)

of the NM area, and seven of the MU area. Indicator plant

species recognized as metal-tolerant for the NM area were
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Daucus carota and Trifolium pratense, and for the MU area were

Arrhenatherum elatius, Convolvulus sepium, and Galium

mollugo (Table 2). For both NM and MU areas, the remaining

plant species had low frequency (< 2%) or scarce coverage (<
Frontiers in Plant Science 07
5%) and were not exclusive to one specific area (e.g., Lolium

perenne, Holcus lanatus; Table 2). The species of interest for

phyto-rhizoremediation were two in the NM area (Daucus

carota and Trifolium pratense) and two in the MU area
TABLE 2 Synoptic table of the frequency and average coverage of the species in the 10 floristic-vegetation relevés carried out in the control (no-
mulching; NM) and mulching-treated (MU) areas.

Indicator
species

Frequency
(%)

Coverage
(%)

Phyto-
rhizoremediation

Metal
tolerant

Species name NM MU NM MU

Daucus carota L. Dau_car ** (NM) 100 100 52 6 p m

Trifolium pratense L. subsp. pratense Tri_pra * (NM) 100 80 20 4 p m

Achillea roseoalba Ehrend. Ach_ros * (NM) 100 60 20 3

Avena barbata Pott ex Link Ave_bar 80 . 1 .

Myosotis arvensis (L.) Hill subsp. arvensis Myo_arv 40 . 1 . m

Picris hieracioides L. subsp. hieracioides Pic_hie 20 . 1 .

Trifolium repens L. Tri_rep 20 . 1 . m

Trifolium campestre Schreb. Tri_cam 20 . 1 . m

Arrhenatherum elatius (L.) P.Beauv. ex J.Presl & C.Presl
subsp. elatius

Arr_ela * (MU) 100 100 44 73 m

Sorghum halepense (L.) Pers. Sor_hal ** (MU) 100 100 10 40

Galium mollugo L. Gal_mol ** (MU) 100 100 2 10 m

Convolvulus sepium L. Con_sep ** (MU) . 100 . 10 m

Medicago lupulina L. Med_lup . 60 . 1 p m

Vicia sativa L. Vic_sat . 40 . 1

Verbena officinalis L. Ver_off . 40 . 2

Rumex crispus L. Rum_cri . 40 . 1 p m

Rumex acetosa L. subsp. acetosa Rum_ace . 40 . 1 m

Veronica persica Poir. Ver_per . 40 . 1 m

Clematis vitalba L. Cle_vit . 40 . 1 m

Hypericum perfoliatum L. Hyp_per . 20 . 2

Taraxacum F.H.Wigg. sect. Taraxacum Tar_off . 20 . 1 m

Lathyrus sp. Lat_sp. . 20 . 1

Erigeron annuus (L.) Desf. Eri_ann 100 80 6 2 m

Cerastium brachypetalum Desp. ex Pers. subsp.
brachypetalum

Cer_bra 100 80 1 1 m

Lotus corniculatus L. subsp. corniculatus Lot_cor 80 100 13 8 m

Plantago lanceolata L. Pla_lan 100 60 10 2 m

Lolium perenne L. Lol_per 100 40 13 4 p m

Dactylis glomerata L. subsp. glomerata Dac_glo 80 20 2 1 m

Convolvulus arvensis L. Con_arv 80 20 9 5 m

Cirsium arvense (L.) Scop. Cir_arv 40 100 4 6 p m

Medicago sativa L. Med_sat 40 40 8 2 p

Salvia pratensis L. subsp. pratensis Sal_pra 80 60 19 4

Clinopodium vulgare L. subsp. vulgare Cli_vul 40 20 1 3

Holcus lanatus L. subsp. lanatus Hol_lan 60 40 6 1 m

Crepis vesicaria L. Cre_ves 40 20 1 1

Carex divulsa Stokes Car_div 20 40 1 2

Lysimachia arvensis (L.) U.Manns & Anderb. subsp. arvensis Lys_arv 20 40 1 1 m

Bellis perennis L. Bel_per 20 20 1 1 m
fron
The last two columns indicate the species of interest for the phytoremediation of PCB contaminated soils (Vergani et al., 2017) and metal-tolerant species (M indicator, Landolt et al., 2010).
*,p-value < 0.05, **,p-value < 0.01.
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(Cirsium arvense and Medicago lupulina). The three other

species of interest for phyto-rhizoremediation (Lolium

perenne, Medicago sativa, and Rumex crispus) had high

frequency (> 40%) but no significant coverage (< 15%) in both

NM and MU areas (Table 2).
3.2 Above- and below-ground traits

The total biomass (above- plus below-ground) was

significantly (p < 0.05) higher in the MU area (mean 619.3 ±

SD 82.5 g m-2) than in the NM area (mean 1335.3 ± SD 210.6 g

m-2) (Figure 2A). On the contrary, there was no significant

difference in species richness between the NM (mean 17.8 ± SD

2.0 No.) and MU area (mean 17.8 ± SD 3.7 No.) (Figure 2B). For

the MU area, plant species richness exhibited a significant (p <

0.01) linear decrease with the increase of total biomass

(Figure 2C). On the contrary, in the NM area, we did not find

significant relationship between species richness and biomass

(Figure 2C). The species richness was higher at intermediate

values of the total biomass (plot MU5), and it was lower in

correspondence of both the lowest and the highest total biomass

values (Figure 2C).

The analysis of above-ground traits showed significantly (p <

0.01) higher values of AGDW and LDMC in the MU area

(Figures 3A, D). On the contrary, SLA and LNC were found

significantly (p < 0.01) lower in the MU than in the NM areas

(Figures 3C, E). Finally, LA did not show any significant

difference (Figure 3B).

Concerning the below-ground traits, BGDW (p < 0.1) and

SRL (p < 0.01) showed a significant increase and decrease,
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respectively, in relation to mulching treatment (Figures 3F, H).

All other traits did not show significant differences (Figures 3G,

I, J).

According to the rooting depth distribution, BGDW was not

different between NM and MU areas for all the soil depth layers

analyzed (Figure 4A). In the NM area, BGDW did not differ

between the first (0 – 10 cm) and the second (10 – 20 cm) soil

layer while significantly (p < 0.05) decreasing at greater soil

depth (20 – 30 and 30 – 40 cm). For the MU area, BGDW in the

upper soil layer (0 – 10 cm) was significantly (p < 0.05) higher

than in the lower soil depth layer (10 - 20 cm). At further depth

(20 – 30 cm and 30 – 40 cm) BGDW in the MU area did not

significantly differ (Figure 4A).

RL was not different between NM and MU areas for all the

soil depth layers analyzed (Figure 4B). In the NM area, RL in the

first soil layer was significantly (p < 0.05) higher only compared

to the third and fourth depth layers (20 – 30 cm and 30 – 40 cm,

respectively), but RL did not differ among different soil layers,

except the first one. The same pattern was also observable in the

MU area, even if the third and fourth layers showed significantly

(p < 0.05) lower values of RL compared to the second layer (10 –

20 cm, Figure 4B).

In the NM area, SRL was significantly (p < 0.05) higher than

in the MU area only for the upper soil layer (0 – 10 cm) while at

further depth there was no difference (Figure 4C). In the NM

area, SRL did not differ between the first, second and third layers,

while it was significantly (p < 0.05) higher at the lowest soil

depth (30 – 40 cm). In the MU area, SRL in the upper soil layer

was significantly (p < 0.05) lower only compared to the third

layer, but there was no difference comparing the other soil depth

layers (Figure 4C).
B CA

FIGURE 2

Comparison of the total biomass (A) and species richness (B) between control (NM; no mulching) and mulching-treated (MU) areas, and
relationship between species richness and total biomass (C) in the 10 sampling plots. The lines in figure C indicate the best fitting and its 95%
confidence interval obtained through a generalized linear model (GLM). The boxplot indicates the median (line in the middle of the boxes), the
interquartile range (boxes) and 1.5 times the interquartile range (whiskers). Results of the Wilcoxon test (A, B) or GLM model (C) are reported in
each subfigure; the R2 value is the pseudo-R2 of the GLM model; ns, not significant (p > 0.05).
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FIGURE 3

Comparison of the community-level above- (A–E) and below-ground traits (F–J) between control (NM; no mulching) and mulching (MU) in the 10
sampling plots. The boxplot indicates the median (line in the middle of the boxes), the interquartile range (boxes), 1.5 times the interquartile range
(whiskers) and outliers (circle). Results of the Wilcoxon test are reported in each subfigure; ns, not significant (p > 0.1). AGDW and BGDW, above-
and below- ground dry weight, FRP, fine-root percentage, LA, community weighted mean (CWM) of leaf area, LDMC, CWM of leaf dry matter
content, LNC, CWM of leaf nitrogen content, MRD, mean root diameter, SLA, CWM of specific leaf area, SRL, specific root length, RL, root length.
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MRD did not show significant differences between NM and

MU areas for all the soil depth layers, and among the different

soil depth layers in both NM and MU areas (Figure 4D).

FRP was not different between NM and MU areas for all

the soil depth layers (Figure 4E). In the NM area, FRP in the

first soil layer was significantly (p < 0.05) higher only

compared to the third and fourth depth layers (20 – 30 cm

and 30 – 40 cm, respectively), but it did not differ among
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different soil layers, except the first one. In the MU area, FRP

in the first soil layer was significantly (p < 0.05) higher

compared to all the other soil layers, but it did not differ

among the other soil layers (Figure 4E).

According to different root diameter classes, both NM and

MU areas showed higher values of RL within the very-fine

fraction (d < 0.4 mm). The NM area had significantly (p <

0.05, except p < 0.1 for the class 1.3 – 1.4 mm) higher values of
FIGURE 5

Comparison of root length (RL) within each class of root diameter at the community-level between control (NM; no mulching) and mulching-
treated (MU) areas in the 10 sampled plots. RL is plotted as logarithmic only for facilitating the visualization of smaller values. The boxplot
indicates the median (line in the middle of the boxes), the interquartile range (boxes), 1.5 times the interquartile range (whiskers) and outliers
(circle). Results of the Wilcoxon test are reported only if significant at p < 0.05 (asterisk) or p < 0.1 (point).
B C D EA

FIGURE 4

Comparison of community-level below-ground traits between control (NM; no mulching) and mulching-treated (MU) areas for each soil depth
layer. The boxplot indicates the median (line in the middle of the boxes), the interquartile range (boxes), 1.5 times the interquartile range
(whiskers) and outliers (circle). Small letters indicate the results of the Dunn test post-hoc comparisons; ns, not significant (p > 0.05). BGDW,
below-ground dry weight (A); RL, root length (B); SRL, specific root length (C); MRD, mean root diameter (D); FRP, fine-root percentage (E).
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RL compared to the MU one for the roots falling within the

diameter range of 0.8 – 1.5 mm (Figure 5).
3.3 Soil chemical properties

Soil pH was significantly (p < 0.01) higher in 2020 (mean 8.3

± SD 0.2) than in 2014 (mean 7.3 ± SD 0.1) independently of the

treatment, but it did not differ between the NM and MU areas in

the two sampled time-points (Figure 6A).

SOC also was significantly (p < 0.01) higher in 2020 (mean

18.8 ± SD 2.5 g Kg-1) compared to 2014 (mean 7.9 ± SD 2.6 g Kg-

1) independently of the treatment (Figure 6B). In 2014 SOC was

significantly higher in the NM area than in the MU one, while in

2020 SOC was slightly higher in the MU area, even if without

statistical significance (Figure 6B).

No differences were detected between 2014 and 2020 for Ntot

independently of the treatment (Figure 6C). Although without

significant difference, the MU area showed a slight increase of

Ntot from 2014 to 2020, and a simultaneous slight decrease in the

NM area (Figure 6C).
3.4 Redundancy analysis (RDA)

Plant traits significantly affected by the mulching treatment

were used for the RDA (see Figure 4). These traits explained 72%

of the total variance of the vegetation dataset (i.e., constrained

variance), and the first two axes represented 58% of this

variation (Figure 7 and Supplementary Table 1). Moreover,

only the first axis showed a significant effect (F = 3.3, p < 0.05).

All the MU relevés were displayed on the left side of the

ordination diagram and were positively correlated with both

above- and below-ground biomass (AGDW and BGDW) and

LDMC (Figure 7). On the opposite, the NM relevés were

displayed on the right side of the ordination diagram
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correlating with SLA, LNC, and SRL (Figure 7). Finally, the

functional space of the NM relevés was wider than MU ones.
4 Discussion

Our results highlighted that the plant communities of the

abandoned agricultural fields of the Site of National Interest

(SIN) Brescia-Caffaro are today typical of hay meadows of the

class Molinio-Arrhenatheretea in both NM and MU areas. This

was expectable due to the natural succession of spontaneous

vegetation after the abandonment of agricultural activities

(Prévosto et al., 2011; Sojneková and Chytrý, 2015). In

particular, we found evidence that seven years of mulching

favors the establishment of vegetation facies greatly dominated

by Arrhenatherum elatius, thus indicating a stable vegetation

facies of hay meadows. Moreover, our results confirmed that

mulching improves the total biomass of the analyzed plant

communities, both above- and below-ground (Figures 2, 3),

representing more productive and competitive vegetation. In a

relatively fertile A. elatius community, we found a significant

deviation in the floristic composition of the treated area (i.e.,

mulching - MU) compared to the control one (i.e., no mulching

- NM). Comparable observations linked the floristic changes to

the presence of eutrophic soils (Moog et al., 2002), which

support the abundance of competitive strategist species

(Grime, 2006a). On the contrary, in the control area, the

vegetation evolved toward a hay meadow dominated by

Daucus carota, representing a more ruderal vegetation facies

(Table 2). In the MU area, although species richness was not

significantly affected, we observed a significant linear decrease

with the increase of the biomass (Figure 2C), thus resembling the

more productive extreme of the humped-back curve (Grime,

1973; Pierce, 2014; Cerabolini et al., 2016). Such evidence

suggests that long-term mulching application could lead to a

reduction of biodiversity. Other long-term mulching
B CA

FIGURE 6

Comparison of soil pH (A), organic carbon (SOC; B) and total nitrogen content (Ntot; C) between control (NM; no mulching) and mulching-
treated (MU) areas in the 11 soil plots sampled in the years 2014 and 2020. Small letters indicate the results of the Dunn test post-hoc
comparisons.
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experiments reported similar findings for semi-natural meadows

dominated by Festuca rubra or A. elatius (Gaisler et al., 2013;

Gaisler et al., 2019; respectively). Therefore, we may assert that

mulching affects the floristic composition of plant communities

favoring potentially dominant species at the expense of

subordinate species. Altogether, these findings supported our

first two hypothesis.

Since 2014, we observed a simultaneous increase in soil pH

and SOC in both NM and MU areas (Figure 6). This finding

might be due to the increment of soil nutrients and the release of

disturbance due to the abandonment of agricultural activity

(Novara et al., 2014; Nadal-Romero et al., 2021). Despite more

fertile soils (i.e., higher carbon content) are usually associated

with lower pH values in temperate grassland ecosystems (Kidd

et al., 2017), the release of soil disturbance may have enhanced

the soil biota community and related bioturbation (Kurganova

et al., 2019). An increase in soil pH has been, for example,

attributed to top-soil bioturbation (Dostál et al., 2005; Jıĺková,

2008; Desie et al., 2020), which in turn facilitates the
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phytoavailability of metals (Leveque et al., 2014) as well as

other organic contaminants, such as PCBs that are mainly

transported with solid material (Cousins et al., 1999).

When both SOC and Ntot parameters were compared

between NM and MU areas, we found that in 2014 the MU

area had slightly lower values than the NM one, while an

opposite trend was observed seven years later (2020), with

higher values in the MU area (Figure 6). Although this trend

was observable, differences among data were not statistically

significant, likely due to the mid-term study period (2014-2020),

which is still not enough to denote appreciable differences.

Indeed, it has been demonstrated that long-term mulching can

significantly increase the soil organic matter and available

nutrients due to the degradation of mulching materials

(Jordán et al., 2010; Doležal et al., 2011). Moreover, in upland

meadows, a higher nutrient content has also been associated

with additional nitrogen input through N2 fixation of legumes

favored by mulching, such as T. repens (Gaisler et al., 2004; Pavlů

et al., 2016). In our study, legume species were equally spread in
FIGURE 7

Redundancy analysis (RDA) ordination of the plant community composition comparing control (NM; no mulching) and mulching-treated (MU)
areas in relation to the community-level plant functional traits that were significantly affected by the mulching treatment (see Figures 3). The
circles represent the 95% confidence interval. Legend: AGDW and BGDW, above- and below- ground dry weight, LDMC, community weighted
mean (CWM) of leaf dry matter content, LNC, CWM of leaf nitrogen content, SLA, CWM of specific leaf area, SRL, specific root length.
Supporting data are reported in Supplementary Table 1.
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both NM and MU areas (Table 2), suggesting that mulching

effects on legume coverage might be related to elevation where

meadows are located. However, all the Trifolium species were

associated with the NM area (Table 2), which in turn was

characterized by low graminoids abundance, supporting the

nitrogen-based competitive trade-off between grass and clover

(Schwinning and Parsons, 1996).

Moreover, the accumulation of litter characterized the

mulching areas with a continuous soil cover over the season.

In turn, the soil cover may reduce the water runoff, soil loss, and

POP mobilization and be partly responsible for different species

composition compared to the control area (Moog et al., 2002;

Jordán et al., 2010). However, for the same vegetation type and

climatic conditions, the decomposition time of the organic

matter is four weeks circa (Moog et al., 2002 and references

therein), indicating a lack of effects related to the litter

accumulation. Finally, mulching reduces water evaporation

and increases infiltration (Gupta and Gupta, 1986), generally

enhancing soil water conservation (Jun et al., 2014; Li et al.,

2020). These new ecological conditions characterizing the MU

area, in our study may be related to optimal condition for the

spread of competitive and invasive species such as Sorghum

halepense (Table 2; Dalle Fratte et al., 2019a).

Data of above- and below- ground traits showed a

coordinated arrangement in the bi-dimensional space of the

RDA along the first axis, which represents the economics

spectrum (Wright et al., 2004; Reich, 2014), and the existence

of trait syndromes at the plant community level (Zanzottera

et al., 2020), which was independent of the treatment (Figure 7

and Supplementary Table 1). These findings showed an

adaptative convergence between leaf and root economics

spectrum and, thus, a coordination of above- and below-

ground organs. In detail, mulching treatment seemed to select

species with a higher biomass development both above- and

below-ground, supporting our third hypothesis. On the

contrary, plant community of control area had a higher SLA

and SRL. Mulching thus selected a conservative and more

productive plant community that might be related to a higher

biomass development while, the control area was characterized

by acquisitive and less productive plant community, which

adopted a coordinated above- and below- ground plastic

strategy. Finally, we might assert that in our lowland hay

meadows, SRL is the below-ground equivalent to SLA since

their role is plastically enhance resource acquisition (Eissenstat

and Yanai, 1997). Indeed, other authors found similar results at

the species-level across different biomes (Freschet et al., 2010;

Fort et al., 2013; De la Riva et al., 2019; Shen et al., 2019; Baronti

et al., 2022).

Concerning the leaf economics spectrum, results reported in

the literature are controversial. In oligotrophic mountain

meadows, Doležal et al. (2011) found that mulching promotes

species characterized by acquisitive strategies. On the contrary,

in line with our findings, Oomes et al. (1996) detected an
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increase in dry matter production with mulching treatment.

For the root economics spectrum (Ostonen et al., 2007;

Weemstra et al., 2016), SRL is often regarded as a core trait

reflecting the extent of soil exploration, in search of water and

nutrients, per unit cost of biomass allocation (Freschet et al.,

2021b). Indeed, the RL is assumed to be proportional to resource

acquisition, while the biomass should be proportional to

construction and maintenance (Ostonen et al., 2007; De la

Riva et al., 2021). In Mediterranean plants the root economics

spectrum has been identified as the main axis of variation

(Montagnoli et al., 2019; De la Riva et al., 2021), but we are

not aware of studies that investigated its relationship with

mulching treatment.

Although SRL was higher in control area than in mulching

one, we did not detect significant changes in RL and MRD

(Figures 3G, I) at the whole 2 mm diameter class. Interestingly,

when the 0.1 mm root diameter classes were considered

(Figure 5), plants in the MU area had lower values of RL for

the roots falling within the diameter range of 0.8 – 1.5 mm. This

variation occurred in pioneer fine-roots representing the

framework functioning in nutrient and water transport

(Montagnoli et al., 2021). On the contrary, in the NM area,

plants need to lengthen the fine-root system and enhance

nutrient acquisition with fibrous roots, which are thin in

diameter, lower in carbon costs, and higher in absorptive

function overall lowering the SRL value. Moreover, we found

differences in root traits at different soil depths analyzed

(Figure 4). Mulching affected the fine-root traits with higher

magnitude in the upper soil layer (0 - 10 cm). Indeed, in the

upper soil layer, plants in the NM area had a lower root mass and

a longer fine-root system (i.e., higher SRL) than in the MU one,

although this difference was not statistically significant

(Figure 4B). Thus, in the upper soil layer, mulching selects

species with a shorter root population (i.e., lower RL) that is

mostly dedicated to water transport (pioneer roots with larger

diameter) and low SRL, highlighting the fundamental role

played by the surface fine-roots (Baronti et al., 2022) growing

with higher water and nutrient contents as in the case of the MU

area (Jordán et al., 2010; Doležal et al., 2011). On the contrary,

plant species of the NM area, whose soil is characterized by less

water and nutrient content, have longer fine-roots and lower

fine-root biomass (Figure 4A) since they are mostly dedicated to

water and nutrient acquisition (fibrous roots). Fine-root biomass

and length decreased at deeper soil layers (10 - 20, 20 - 30, and 30

- 40 cm), and the mulching effect was negligible.

According to plant species composition, mulching did not

favor the development of species known as effective for PCBs

phytoremediation. However, since the below-ground biomass

was higher in the MU area, we could speculate that mulching

facilitates the PCB phytoremediation through the increase of

root system biomass development, representing the supporting

backbone for the microbial communities, which in turn carry

out the phytodegradation activity (Passatore et al., 2014;
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Terzaghi et al., 2022). Indeed, roots of some species can grow

with immobile soil contaminants (PCBs, PAHs) and release

cometabolites (i.e., flavonoids) during the entire lifespan (e.g.,

Leigh et al., 2002), fostering the growth and activity of

degradative microbes. In turn, the presence of contaminants

may induce a shift in the resident soil microbial community

selecting the degradative populations (Mackova et al., 2010; Di

Guardo et al., 2017).

Vergani et al. (2017), in a recent review study, identified

plant species effective for PCB phytoremediation, and some of

those species were part of the indicator species composing

vegetation only of the NM area (Table 2). On the contrary, in

the case of the MU area, these species were present but not

among the indicator ones, thus suggesting that the biodiversity

decline associated with the mulching application could

negatively impact the diversity and abundance of native

species important for phytoremediation. Since the mentioned

review study (Vergani et al., 2017) focuses mainly on

commercial species, we cannot exclude that there are

e q u i v a l e n t w i l d n a t i v e s p e c i e s w i t h u n kn own

phytoremediation potential (e.g., Slater et al., 2011). For

example, Festuca arundinacea, a well-known species for

phytoremediation, was not recorded in our study plots.

However, this species has a high degree of physiognomic

analogy with other dominant species found in the MU area,

such as Arrhenatherum elatius or Sorghum halepense (Table 2).

These analogies suggest the possible use of native species for

testing their phytoremediation potential. In addition, native

species with high phytoremediation potential (e.g., Medicago

sativa; Mackova et al., 2010; Jing et al., 2018) could be enhanced

in their coverage and associated with tools for organic pollutants

stabilization (Denyes et al., 2013; Baronti et al., 2022). Finally,

and more importantly, the mulching treatment seems to favor

the development of a higher number of metal-tolerant plant

species, which in turn could enhance the phytoremediation of

polluted soils. Our findings thus indicate that the mulching

practice can be a suitable method for the remediation of heavy

metal-polluted soils, confirming comparable observations in

forest soils (Kiikkilä et al., 2001) and the high potential of

native plants for phytoremediation (Nouri et al., 2011; Wang

et al., 2022). All together these findings led us to partially support

our fourth hypothesis.
5 Conclusions

Our study pointed out that the abandonment of agricultural

activities within the soil-polluted Site of National Interest (SIN

Brescia-Caffaro) led to a marked increase in the soil organic

carbon and pH. The over-imposed mulching (i.e., cutting the

biomass and leaving the crushed clippings to decompose in situ)

additionally induced a slight increase in soil nutrients. These

new ecological conditions favored the establishment of a more
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productive plant community with a more conservative-resource

strategy typical of stable hay meadows and dominated by

Arrhenatherum elatius and Sorghum halepense.

Above- and below-ground plant traits showed a coordinated

variation at the community level, highlighting an adaptative

convergence between the leaf and root economics spectrum.

Mulching selected species with a higher biomass development

both above- and below-ground, while the plant community of

the control area had a higher SLA and SRL. Plants subjected to

the mulching treatment showed a reduction of the root

population mainly functioning in nutrient and water transport

(i.e., lower pioneer roots’ length).

Although mulching did not select native plant species

beneficial for soil PCBs remediation, the observed increase of

the root web (i.e., below-ground biomass) might be functional to

the proliferation of microbes devoted to contaminants’

degradation. At the same time, mulching treatment selected a

two-fold number of plant species known to be metal-tolerant,

suggesting that it can be a suitable method for selecting relevant

species for the remediation of HMs-polluted soils. However, our

data suggest that the long-term mulching application could lead

to a biodiversity decline with potential impacts also on the

diversity of native species important for phytoremediation.
Data availability statement

The raw data supporting the conclusions of this article will

be made available by the authors, without undue reservation.
Author contributions

MDF, AMo, and BC conceived the research project and

developed the study plan. MDF, AMo, SAn, SAr, and BC were

responsible for the field sampling. PN provided primary

funding. MDF, AMo, and BC dealt with the methodological

approach and the experimental design. MDF, AMo, and BC

were responsible for the data collection and interpretation. AMo,

PB, and AMi dealt with root sampling, processing, and data

arrangement. MDF, AC, SAr, EL, and BC dealt with vegetation

analysis. MDF and BC dealt with the data of leaf traits. MDF

performed the data analysis and chart visualization, and wrote

the manuscript draft. AMo dealt with the draft revision process.

MDF and AMo finalized the manuscript. All authors

contributed to the article and approved the submitted version.
Funding

This study was funded by ERSAF Lombardia (Ente

Regionale per i Servizi all’Agricoltura e alle Foreste).
frontiersin.org

https://doi.org/10.3389/fpls.2022.1062911
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Dalle Fratte et al. 10.3389/fpls.2022.1062911
Acknowledgments

Authors thank Mario Ferrari for his valuable help in the

floristic determination. MDF, AMo, and BC acknowledge the

Department of Biotechnology and Life Science, University of

Insubria, for providing the necessary support to the joint

research project.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Frontiers in Plant Science 15
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may bemade by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.

1062911/full#supplementary-material
References
Ali, H., Khan, E., and Sajad, M. A. (2013). Phytoremediation of heavy metals–
concepts and applications. Chemosphere 91, 869–881. doi: 10.1016/
J.CHEMOSPHERE.2013.01.075

Al-Mufti, M. M., Sydes, C. L., Furness, S. B., Grime, J. P., and Band, S. R. (1977).
A quantitative analysis of shoot phenology and dominance in herbaceous
vegetation. J. Ecol. 65, 759–791. doi: 10.2307/2259378

Baronti, S., Magno, R., Maienza, A., Montagnoli, A., Ungaro, F., and Vaccari, F.
P. (2022). Long term effect of biochar on soil plant water relation and fine roots:
Results after 10 years of vineyard experiment. Sci. Tot. Environ. 851, 158225.
doi: 10.1016/J.SCITOTENV.2022.158225

Bartolucci, F., Peruzzi, L., Galasso, G., Albano, A., Alessandrini, A., Ardenghi, N.
M. G., et al. (2018). An updated checklist of the vascular flora native to Italy. Plant
Biosyst. 152, 179–303. doi: 10.1080/11263504.2017.1419996
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