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Abstract

Background: Arsenic (As) may represent a risk for crop yield quality and human health since it may accumulate in the edible
plant organs with the potential of leading to acute or chronic toxic effects in varied segments of the population. Management
of soil fertility through compost has proven to be a valuable practice for increasing and maintaining soil organic matter, with
nutritional benefits for crops. This work aimed to evaluate Swiss chard yield and the change in the bioavailability, bioaccumu-
lation, and partitioning of As in the response of the use of compost or conventional mineral fertilization in an open-field trial
conducted in a volcanic area in central Italy characterized by the natural contamination of As in soil.

Results: Compost treatment led to a short-term increase trend in soil organic carbon, total nitrogen, and available phosphorus
in a significant way. In the compost-amended plots, the mitigation of the As uptake was detected in leaves, which are the edible
part of Swiss chard. The As bioaccumulation factor in leaves of Swiss chard and the translocation factor for leaves/roots were
also decreased using compost.

Conclusion: Fertilization by compost can improve soil fertility, sustain Swiss chard production, and mitigate As accumulation in
leaves of this crop grown in a naturally As-contaminated soil.

© 2022 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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Swiss chard (Beta vulgaris subsp. cicla) is an important horticul-
tural crop distributed worldwide. In Italy, this crop is cultivated
in both greenhouses and open fields, covering approximately an
annual average of 5500 ha'® and generating an important income
for farmers. Swiss chard is considered one of the healthiest vege-
tables because it contains a large number of nutraceuticals, such
as minerals, vitamins, and phytochemicals.'”'® Despite these
excellent nutraceutical characteristics, Swiss chard is prone to
accumulate heavy metals when grown in contaminated soils. In
a field study in Spain, Peris et al.'® reported contents of cadmium
and lead in edible parts of lettuce and Swiss chard cultivated in
contaminated soil were higher than their tolerance limits in crops.
A high accumulation of heavy metals was found in Swiss chard
grown in two sites in Ethiopia irrigated with polluted water.?® Data
from research conducted in the Basque Country (Spain) to

INTRODUCTION

Plants can absorb non-essential elements from contaminated
soils depending on their bioavailability as a consequence of the
chemical nature and concentration of the elements, soil
chemical-physical properties, presence of other ions in the soil,
and plant species.”? Among non-essential elements, arsenic
(As) represents a risk for crop yield quality and human health,
since it may accumulate in the edible plant organs with the poten-
tial of leading to acute or chronic toxic effects in varied segments
of the population.3* Inorganic As has been classified as a group 1
carcinogenic substance by the International Agency for Research
on Cancer.” The As concentration rarely exceeds 10 mgkg™' in
uncontaminated soils, but in contaminated soils the inorganic
As can reach high concentrations, above 50.0 mg kg™'.%” Based
on the risk to human health, the European Commission has intro-

duced maximum allowable levels of inorganic As in rice and rice
products.® The European Food Safety Authority's (EFSA's) scien-
tific report on the evaluation of the complete diet showed that
the average exposure to inorganic As is below the reference
range. However, EFSA recommends that various foods be moni-
tored to assess dietary exposure to inorganic As” " Exposure to
As may be associated with the consumption of different food
crops, such as leafy vegetables, which can adsorb As from con-
taminated soil and accumulate it in their edible parts.'*">
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investigate the uptake, translocation, and accumulation of several
nutrients and non-essential elements in Swiss chard indicated
that they were mainly immobilized in roots, whereas some non-
essentials, such as strontium, barium, and cadmium, were also
highly accumulated in leaves.?’ In a trial where two chard varieties
(var. cicla and var. d'ampuis) were grown in As-contaminated soil
and using contaminated irrigation water, a high level of As accu-
mulation was found in roots and, to a lesser extent, in leaves.?

Among the fertilization strategies, management of soil fertility
through compost from various feedstocks has proven to be a
valuable practice for increasing and maintaining soil organic mat-
ter, with nutritional benefits due to the provision of nitrogen and
other nutrients and positive effects on yield, health, and quality
for many crops.?> Incorporating compost or other soil organic
amendments can remediate soils by changing the bioavailability
of heavy metals.>* The immobilization of such contaminants by
compost is considerably affected by mineral ions, humic sub-
stances, and microbes present in the compost, thus reducing
the ecological and environmental risk of heavy metals in agricul-
tural soils.>> Therefore, the use of compost can be considered a
sustainable fertilization system according to the circular economy
approach, with the potential of mitigating the uptake of danger-
ous non-essential elements in contaminated soils.>®

In Italy, the natural geochemical background is highly variable,
with several areas of geogenic As.?’ In the experimental farm of
the University of Tuscia, located in the Monti Cimini volcanic dis-
trict in central Italy, a plot with a high concentration of As in soil
was found, presumably as a result of irrigation with water drawn
in the past from a geothermal source.”?® Since different crops,
including leafy vegetables, are important contributors in Italy to
population exposure to As,*® the present work aimed to evaluate
the change in the bioavailability, bioaccumulation, and partition-
ing of As in Swiss chard in response to the use of compost in an
open-field trial conducted in the aforementioned contaminated
site. Moreover, the influence of compost fertilization on biomass
responses was analyzed.

MATERIALS AND METHODS

Experimental site and treatments

The trial was conducted in the 2013 cropping seasons at the
Experimental Farm of the University of Tuscia, Viterbo
(42.420325, 12.075610, 310 m above sea level), in central Italy,
and characterized by a soil of volcanic origin, classified as Typic
Xerofluvent with high As concentrations related to the deep-
rising fluids of the active geothermal systems.” The preceding
crop was durum wheat. Soil, over an area of ~0.5 ha, was tilled

Table 1. General soil properties

Description Average value
Sand (%) 65
Loam (%) 17

Clay (%) 18
Texture Sandy loam
Cation-exchange capacity (meq/100 g) 22.27

pH 75
Electrical conductivity (mScm™) 0332

in mid-April. The trial comprised 18 subplots of 12m? each,
leaving corridors 2 m wide to avoid plot disturbance during
sampling and land management practices, which were run from
the corridors. The experimental design had four treatments,
each replicated four times with a random block design. Control
plots (C) received no fertilizer. Conventional fertilization plots
received only mineral fertilizer (MF) in the form of NPK (Start-
UP NPK 15-8-15+2MgO + 25505; Agripoint, Latina, ltaly). The
compost treatment received about 35tha™', a dose capable
of maintaining fertility and providing nutrients at the soil site
condition for horticultural crops® Certified compost from
urban waste and sewage sludge (ACEA Ambiente, Rome, Italy)
with chemical, physical, and biological characteristics according
to the Italian law®' was used in the present study. Swiss chard
(B. vulgaris L., var cicla (L); Olter sementi, Milan, Italy) seed
was sown in May at 7 kgha™' in straight lines, with 25 cm of
space between each seed and 5 cm between plants in a row
(plant density 60 m™2). The plots received daily drip irrigation
by a single-line drip irrigation tape with 30 cm spaced emitters
laid over the soil surface. Harvesting occurred in July by cutting
the aboveground biomass a few centimeters above the soil
level.

Soil and compost analyses

Soil sampling was carried out before sowing the Swiss chard crop.
After removing the litter layer, two soil cores (0-20 cm depth)
were taken from each plot and then pooled together, for a total
of 18 soil samples. The soil samples were air-dried, sieved (<2

Table 2. Physical and chemical analyses of compost used in this
study (+1 standard deviation (SD), n = 3)
Average value Italian legislation limit

Description (+SD) (D.Isg 75/10)
pH 6.7+0.1 6<x<85
Moisture (%) 21.8+0.7 <50
Ashes (% d.w.) 482 +1.2 —
Organic carbon (% d. 265+26 >20

w.)
Organic nitrogen (% d. 23+0.05 —

w.)
Total nitrogen (% d.w.) 26+0.07 —
Total phosphorus (% d. 1.0 + 0.05 —

w.)
Carbon/nitrogen 11.7 <25
Humic and fulvic 167 +1.7 >7

carbon (% d.w.)
Salinity (dSm™") 32+03 —
Chrome(Vl) (mg kg™ d. <0.010 <05

w.)
Cadmium (mg kg™ d. <0.001 <15

w.)
Mercury (mg kg™ d.w.) <0.010 <15
Nichel (mg kg™ d.w.) 78+08 <100
Lead (mgkg™' d.w.) 263 +2.1 <140
Zinc (mg kg™ d.w.) 2427 +12.1 <500
Copper (mg kg™ d.w.) 139.1+11.1 <230
d.w., dry weight.
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Table 3. Soil chemical and physical parameters upon mineral fertilization (MF), compost application, and unfertilized control

Description Control MF Compost
pH 75 7.6 76

SOC (%) 18 19 33

TN (%) 0.1 0.1 0.2

C/N 11.0 11.0 95
Available P (P,0s) (mg kg™") 17.98° 23.20° 62.24°
EC (mScm™") 03 1.0% 1.2

CEC (meq) 223 24.1 25.0

electrical conductivity.

Values belonging to the same parameter with different letters are statistically different according to least significant difference (0.05).
SOC, total organic carbon; TN, total nitrogen; C/N ratio, total organic carbon (%)/total organic nitrogen (%); CEC, cation-exchange capacity; EC,

Table 4. Arsenic concentration in soil and its bioavailability upon mineral fertilization (MF), compost application and unfertilized control

Parameter Control MF Compost
Soil concentration (mgkg™") 55.65% 52.35° 40.26°
Bioavailability (%) 15.35° 16.95°° 18.60°

least significant difference (0.05).

The values are from the average of 12 replicates. Values belonging to the same parameter with different letters are statistically different according to

chard, and translocation factor (TF) leaves/roots

Table 5. Effect of chemical and compost fertilization on arsenic uptake, partitioning, bioaccumulation factor (BAF) in roots and leaves of Swiss

Parameter Control MF Compost
Roots uptake (mg kg™") 6.14° 11.76° 7.74°
Leaves uptake (mg kg™) 7.19° 2.53° 1.62°
BAF roots 0.72° 1.33° 1.04%°
BAF leaves 0.84° 0.29° 0.22°
TF leaves/roots 2.17° 0.22° 0.21°

MF, mineral fertilization.

Values belonging to the same parameter with different letters are statistically different according to least significant difference (0.05).

mm), and preserved at room temperature. Then, before biochem-
ical analyses, the soil moisture content of air-dried samples was
adjusted to 60% of their water-holding capacity, and soils were
reconditioned for 5 days.

The main soil physical-chemical characteristics were analyzed
by an accredited laboratory (Agri-bio-eco Srl, Pomezia, Italy)
(Table 1).

The soil analyses were carried out using methods usually
employed internationally, adopted in Italy according to the Italian
law.3? The physical-chemical characteristics of compost are
reported in Table 2.

Plant sampling

In each plot, whole chard plants (roots included) were sampled in
a sub-portion (1 m?) of the plot to evaluate the effect of fertiliza-
tion on bioavailability, bioaccumulation, and partitioning of As
and plant biomass. Sampled plants were rinsed with tap water
to remove soil residuals, and then plants were divided into roots
and shoots and subjected to analyses.

Arsenic analyses in soil and plant
The total amount of As in the soil and plant was determined as
described by Stazi and co-workers®>3* after mineralization of the
samples with concentrated (36%) hydrochloric acid, 69% nitric acid,
and 30% hydrogen peroxide (Merck, Darmstadt, Germany) with
microwave-assisted digestion (Mars plus CEM, Cologno al Serio,
Italy). For measuring the concentration of the elements we used
an inductively coupled plasma optical emission spectrometer
(Optima 8000DV; Perkin Elmer Corp., Norwalk, CT, USA) equipped
with a Scott nebulizer for soil samples and an ultrasonic nebulizer
(USN; Perkin Elmer Corp.) for plant samples. The analysis was per-
formed in triplicate. As,Os standard was purchased from CaPurAn
(CPA chem, Bogomilovo, Bulgaria), Multielement Standard Solution
6 for inductively coupled plasma was purchased from Merck. The
purity of the plasma torch argon was greater than 99.99%. The
accuracy of the measurements was assessed using trace metals
loamy sand 3 standard reference materials (CRM034; Fluka) and
standard leaves (SRM 1573a tomato leaves).

The As mobility in soil was determined as the concentration of
the bioavailable element, a parameter influencing plant metal
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Figure 1. Estimation of Swiss chard yield (tha™") upon mineral fertiliza-
tion (MF), compost application, and unfertilized control. Values belonging
to the same parameter with different letters are statistically different
according to least significant difference (0.05).

uptake of the element, which is defined by the chemical properties
of the metal cations and by the physicochemical characteristics of
the soil.>® According to Marabottini et al,*® to quantify bioavailable
As, three soil fractions were studied: water soluble (WS), not specif-
ically sorbed (NSS), and specifically sorbed (SS). The concentration
of each bioavailable element is given by the sum of the individual
concentration with which the specific element appears in each
fraction: WS + NSS + SS. The amount of bioavailable As was used
to assess the mobility of the toxic element in soil.

The ability of Swiss chard to translocate As from the roots to the
aerial part of the plant was evaluated by the translocation factor
(TF),%” using the formula TF = Cyho0t/Croor Where C is the concen-
tration of As.

As
4 Roots

PC2 20.8%

The plant/soil bioaccumulation factor (BAF) of the specific ele-
ment (determined as the quotient of the content of heavy metal
of the plant to its content of the soil) defines the ability of the
plant to accumulate heavy metals®® and was calculated as the
ratio between the concentration of the total element in leaves
and the concentration of the bioavailable element in soil.>’

Statistical data analysis
Data were subjected to one-way and two-way analysis of vari-
ance. Tukey's post hoc test was employed to identify pairs of
results with significantly different means. Both analysis of variance
and a post hoc test were performed using the GraphPad Prism
computer package (GraphPad Software, San Diego, CA, USA).
The As concentration, its bioavailability in soil, and its accumula-
tion in the root and leaves were subjected to principal component
analysis (PCA) to verify the interaction between the different fac-
tors able to synthesize the considered variables. All calculations
were performed using Excel (Microsoft Corporation, Redmond,
WA, USA) and JMP 11.0 statistical software package (SAS Institute,
Cary, NC, USA).

RESULTS

Soil quality and As concentration and bioavailability
The results at the end of the trial showed that compost treatment
led to a short-term increase trend in soil organic carbon (SOC),
total nitrogen (TN), and available phosphorus (P) in a significant
way (Table 3). Electrical conductivity (EC) had a significant
increase following the application of both compost and MF,
whereas the cation exchange capacity (CEC) did not vary com-
pared with the untreated control.

The concentrations of total As and its bioavailability in soil from
unfertilized control, MF, and compost treatment are shown in
Table 4. Treatment with compost was reflected by a significantly

¥ As Bioavailable
[ As Leaves

-
As'rm * * .

¢ Control

A MF

B compost

:I
0 2 4
PC144.8%

Figure 2. Principal component analysis scatterplot based on total and bioavailable arsenic (As) concentrations in soil and root and leaves of Swiss chard
as a function of managed soils. Solid, line group composted soils. PC1 x PC2 explains 65.6% of the total variance. BAF, bioaccumulation factor; DW, dry

weight; TF, translocation factor.
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lower As concentration in soil compared with control and MF. By
contrast, in compost-amended plots, a significantly higher As bio-
availability percentage was detected than found in MF and unfer-
tilized control.

Uptake, partitioning, BAF, and TF of As in plant organs

Our results show that the uptake of As in the root system of Swiss
chard was significantly increased by MF in respect of unfertilized
control and compost application (Table 5). The highest absorption
value of As in the foliar apparatus, which represents the edible
part of the plant, was found in plants from unfertilized control,
whereas a consistent reduction was recorded in the leaves of
plants grown in soil treated with MF and especially with compost,
with a respectively 2.8- and 4.4-fold decrease.

The BAF of As in plant roots and leaves is reported in Table 5.
The BAF in the root system was significantly higher in plants
grown in soil treated with MF and, to a lesser extent, with com-
post. By contrast, both MF and compost application resulted in a
significant decrease in As TF values in respect of unfertilized con-
trol (Table 5).

Effect of fertilization on crop yield

Swiss chard yield was expressed as an estimate of the leaf biomass
per hectare per each fertilization treatment (Fig. 1). The yield was
significantly higher from plants harvested from plots treated with
MF and compost compared with the unfertilized control.

Analysis of the principal components

PCA of variables was performed on the unfertilized, compost-
amended, and minerally fertilized soils (Fig. 2). The PCA showed
that the first and second components explained 65.6% of the total
variance.

The score plot indicates that the samples could be divided into
three groups: compost amended, mineral fertilized, and not fertil-
ized. This suggests that different management strategies had a
strong effect on the behavior of As. The load diagram of the vari-
ables indicates that, in particular, the treatment with MF influ-
ences the radical absorption of toxic elements (second
quadrant) and its BAF. The transport of the toxic element in the
leaves explained in the first quadrant highlights the natural ten-
dency of As to be mobile in the soil-plant system.

DISCUSSION

The progressive decline of organic matter and organic carbon in
European cropland is an increasing problem undermining soil fer-
tility and crop productivity.>® A wide range of studies focusing on
compost use has proven that compost strongly increases soil fer-
tility and crop performance under different types of soil.*° In the
present work, we confirm that the use of compost applied to
the soil of volcanic origin is capable of improving soil-fertility-
related parameters, such as SOC and available P. However, both
MF and compost addition significantly enhanced soil EC, even if
well below the Swiss chard salt tolerance threshold.*' Moreover,
in terms of biomass, compost application led to a level of plant
production comparable to that obtained with the use of MF, con-
firming the potential of compost in plant nutrition according to a
circular economy model.

Our results show that the soil where the trial was performed was
characterized by high As contamination, confirming previous
findings.” We observed that the application of compost caused
a significant increase in bioavailability of As in plots fertilized with

compost compared with the control, which might be due both to
the increase in SOC and the sharp increase in available phosphate.
Organic carbon, probably competing with As for sorption sites,
such as iron oxides, increases As mobility.*?

Phosphate, owing to its structural similarity, competes with sites
that retain arsenate and promotes As mobility in the soil.**

This result is in agreement with those reported by Stazi et al.” in
a study concerned with the effects of organic versus conventional
management on soil quality and tomato yield in the area natu-
rally contaminated by As where the present trial was located.
They pointed out that an increase in phosphate assimilated into
the soil led to greater bioavailability of As. In that case, they had a
greater amount of phosphate in the soil treated conventionally.
Thus, even if organic management based on green manure
increased the total As concentration in the soil, there was a
higher bioavailability of As after conventional (12.3%) versus
organic (9.5%) treatment. Our results confirm that the increased
availability of phosphate was responsible for the increase in As
bioavailability in compost-treated soil where P was higher. The
addition of phosphate promotes the mobility of As in the soil.
In our work, the bioavailability of As after the two treatments
does not show significant differences between MF soil and com-
posted soil. However, after the treatments, the phosphate pro-
vided by the compost is about threefold that of the
conventional one. The greater amount of phosphate available
might have promoted the increase in the selectivity of P absorp-
tion with respect to As since they are both taken up by the phos-
phate transporters owing to their structural similarity. This can
explain the greater accumulation of As in the roots of plants
grown in MF compared with those cultivated in compost-
amended plots. In fact, roots in MF plots were less selective,
and took up more arsenate, whereas compost amendment miti-
gated the absorption of As. It is also important to consider the
effect of pH on the mobility of As in the soil. It was observed that,
as the pH of the soil increases, the hydroxyl ions replace the As
oxyanions in the absorption sites of the soil, leading to their sub-
sequent release in solution, thus increasing the bioavailability of
As in the soil**

Apart from some exceptions, plants take up and accumulate
heavy metals mainly in the root and secondarily in the aerial part
when grown on polluted soils.*>*® As shown by the PCA, the dif-
ferent treatments of soils affected the fate of As in the soil-plant
system and its bioavailability and phytoavailability. The treatment
with compost led to important mitigation of the As uptake, espe-
cially in the edible leaves of Swiss chard, and, therefore, for the
food chain risk.

This trend was confirmed by the BAF ratio, thus indicating the
low phytoavailability of As in plants grown in compost-treated
soil. This scenario was also confirmed by TF ratios, which showed
that the treatment with compost mitigated the transport of As
from root to leaf with a decrease of tenfold compared with the
unfertilized control. Compost and MF application may cause phys-
iological changes in plants as well as changes in soil physical prop-
erties and plant nutrients regime, all of which influence As uptake
in crops. The BAF indicates the As enrichment in plant biomass,
and this ratio is also used to compare the accumulation efficiency
of different metals in the soil-plant system.*’”*® The BAF results
indicate a change in As mobility from soil to leaves due to the
application of either MF or compost, whereas TF values following
both MF and compost application show that As showed a signifi-
cant decrease in translocation from roots to leaves with respect to
the unfertilized control.
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CONCLUSION

The use of compost is capable of increasing soil fertility and sup-
porting the production of crops according to the circular econ-
omy model. The results of this work show that the use of
compost can mitigate in naturally contaminated soils the absorp-
tion of As, confirming that this fertilizer represents an important
resource in agroecological and organic farming systems. There-
fore, in conditions of a high degree of natural As contamination,
the use of compost could be a useful resource for the cultivation
of food in otherwise unusable soils. Further research on the
long-term effect of compost on soil As mobility and Swiss chard
and other crops’ intake will be necessary.
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