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Abstract: Repeated applications of organic waste products (OWP) are a source of trace elements
(TE) inputs to agricultural topsoils. The present study aimed at (i) assessing the effects of repeated
OWP inputs on the chemical properties of topsoils in two long-term field experiments (13 and
15 years; calcareous and non-calcareous soils), (ii) evaluating TE phytoavailability and their transfer
to grain (winter wheat and maize) and (iii) identifying the underlying factors causing alterations of
TE phytoavailability. In both field experiments, receiving compliant or slightly high doses of OWP in
compliance with regulations, OWP and soil physicochemical properties and TE concentrations in soils
and grains were determined. In situ phytoavailability of TE was assessed at two juvenile crop growth
stages by analyzing TE concentrations in shoot plantlets. Depending on the OWP input amount,
results showed that compared to the soil receiving no organic amendment, repeated OWP inputs
significantly increased soil organic carbon content, pH, cation exchange capacity, total soil Cu, Mo and
Zn concentration and the phytoavailability of Mo, while the phytoavailability of Cd, Mn, Ni and Tl
was significantly reduced. No notable effect was observed for Cr, Cu, Hg, Pb and Zn phytoavailability.
Statistical approaches suggested that due to the repeated OWP applications, increased soil organic
carbon content and pH, were likely responsible for decreased TE phytoavailability (e.g., Cd).

Keywords: trace elements; micronutrients; long-term field experiment; organic waste recycling;
phytoavailability

1. Introduction

In the perspective of circular economy, the recycling of residual organic matter and
nutrients should be generalized [1]. In this context, beneficial agricultural use of organic
waste products (OWPs) rich in organic matter and nutrients is a favorable alternative
to their landfilling or incineration. In fact, since 2000–2010s composting and anaerobic
digestion are established processes for waste management in Europe, and field application
of OWP such as composts became a common practice worldwide [1–3]. These organic
products are commonly used in order to improve soil fertility, to minimize the dependency
on inorganic fertilization and avoid elevated carbon footprint [4,5].

Depending on the origin of the raw materials, OWP may contain variable quantities
of organic contaminants, biological pathogens and toxic metal residues, especially sewage
sludge and municipal solid waste compost. Agricultural recycling of OWP in such cases
may lead to negative impacts on soil health, crop safety and on the environment [2,3,5–7].
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In the past, land-applied OWP (e.g., sewage sludge) contained much higher concentrations
of metals (Cd, Zn, Cu and Zn) leading sometimes to excessive soil concentration [6–8].
Since the 1990s–2000s, implementation of environmental regulations resulted in a general
quality improvement of the OWP produced and applied [9–11]. Nevertheless, if inputs
exceed outputs by harvest and leaching, repeated application of OWP can result in slow
accumulation of trace elements (TEs) in soils because TE are persistent in the environment
and a large fraction of them, once applied, remains in the topsoil [6–8,12,13]. A number
of TEs in OWP are essential plant nutrients, such as B, Cu, Mn, Mo and Zn. However,
if their concentrations in soils are high, they can impair the proper functioning of the
soil by becoming phytotoxic or toxic to the soil micro-flora and to the soil macro- and
micro-fauna. The majority of concern refers to Cd, Hg, Pb and the metalloid As, with
no known biological role [6,14–16]. Additionally, Cd is of particular concern due to its
high toxicity, long body retention time, high mobility in the environment and risks of high
dietary intake through crop contamination, especially cereals [17–20].

Generally, TEs in soils have to be mobile or environmentally available before be-
coming bioavailable to plants and other soil organisms. The bioavailable fraction refers
to the fraction (or pool) that can be taken up by an organism, e.g., phytoavailable frac-
tion if the organisms are plants [21–23]. Soil type and soil physicochemical properties
control physical, chemical and biological processes that modulate TE mobility in soils,
and thus their bioavailability. Among these properties, soil pH is considered as one of
the main variables controlling the TE behavior [21,24]. Soil organic matter (OM), cation
exchange capacity (CEC), clay and Fe/Mn hydroxides are also considered as important
soil factors governing TE mobility/availability, and the TE chemical speciation in soil and
soil-solution [17,21,24–27]. These properties can be altered by OWP application, especially
OM content, CEC and pH [5,26]. A number of studies have examined the role of OWP,
especially sewage sludge, as a source of TE contamination of soil, but only limited works
reported the beneficial effect of organic amendments as a way for reducing TE mobility
in soils [22]. These studies focused mostly on contaminated soils [28,29], but rarely on
uncontaminated agricultural soils at the field scale [12,30].

Long-term experiments can give a realistic overview of the effects of OWP recycling
in agriculture [2,6]. The first long-term trials devoted to the study of OWP recycling in
agriculture started in 1840–1850s in England with the Rothamsted experiment and in the
1970s in France with Couhins experiments [8,31]. These trials mainly studied amendments
with high concentrations of toxic TE, or massive amendments inputs into the soil, which
does not reflect current agronomic practices. Since then, numerous field experiments
focusing on the evaluation of OWP application effects have been carried out in short-term
studies [32,33], mainly focusing on nitrogen fertilization [34]. Among OWP studied in
respect to TE dynamics, sewage sludge (composted or not), manures and municipal solid
waste compost were investigated in both short- and long-term field experiments [30,35–44].
Much less research considered urban OWP, including composts in mid- and long-term
experiments [45–47]. Recently, new field studies focused on the OWP effects on the fate
of TE considered in regulations can be found [12,13,48–50]. To our knowledge, none of
the previous studies provided in situ TE phytoavailability at the field scale for a wide
range of TE (i.e., under regulation or not) or evaluated underlying soil factors affecting
the TE phytoavailability after long-term applications of OWP at commonly applied levels.
Moreover, long-term field experiments provide the opportunity to step back from collected
data in order to provide new observations relative to the TE dynamics and fate after
repeated inputs of OWP, which was the scope of the present study.

The present study aimed at (i) assessing the evolution of some topsoil chemical
properties after repeated inputs of OWP in two long-term field experiments (13 and
15 years), (ii) evaluating the resulting changes of TE phytoavailability and transfer to
grain, and (iii) identifying the underlying factors of OWP application controlling the TE
phytoavailability. The TEs studied are the elements taken into account in the regulations
(Cd, Cr, Cu, Ni, Pb, Zn and Hg) [9–11], and Mn, Mo and Tl. Phytoavailability was assessed
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by measuring TE concentrations in shoot plantlets. The first working hypothesis was
that repeated inputs of various OWP would alter soil properties depending on initial soil
type (calcareous and non-calcareous), and on the amounts and types of applied OWP. The
second hypothesis was that phytoavailability of TE would be modulated as a function
of initial soil type, quantity and type of OWP applied, with soil pH as one of the main
soil-governing variable. To meet our objectives, we used two experimental trials, with
different soil geochemical characteristics (a silt loam Luvisol soil and a silt–silt clayey
Calcisol soil).

2. Materials and Methods

The two field experiments, QualiAgro and PROspective, were set up in 1998 and 2000,
respectively, to investigate the long-term effects of repeated applications of various OWP
on soil fertility and potential contamination with inorganic and organic contaminants. For
the same type of OWP (e.g., manure), the products and their origin were different in the
two field experiments. All treatments and plots received similar pesticide treatments and
cropping practices at both sites.

2.1. QualiAgro Field Experiment

The complete experimental description of QualiAgro is available in [13,46]. Briefly, it
is located within the Plateau des Alluets (Yvelines, France), on a silt loam Luvisol, according
to IUSS-FAO classification and USDA texture triangle, developed on aeolian loess. The
upper horizon includes a plough layer (i.e., topsoil), which is decarbonated, the carbonated
silt loess appearing below 1.4–1.6 m depth. From 1999 to 2013, the 6-ha field experiment has
been cropped with a biennial rotation of maize and winter wheat. The climate is oceanic,
with mean annual precipitation of 572 mm and a mean annual temperature of 11 ◦C. The
experiment could be considered as representative of non-calcareous cultivated soils of the
central Paris Basin and of extended agricultural areas of NW Europe.

Figure 1 presents the experimental plan of the QualiAgro field experiment, with the
distribution of the 20 plots of 45 m × 10 m in 4 blocks of replicates, with the following
5 treatments randomly distributed within each block:

• Co-compost of sewage sludge with green wastes and wood chips (Q-GWS),
• Co-compost of the home-sorted fermentable fraction of municipal solid waste and

green waste, also called biowaste compost (Q-BIOW),
• Compost of residual municipal solid waste (Q-MSW),
• Farmyard manure from a dairy farm (Q-FYM),
• No organic amendment (control, or Q-CN).
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In 1998–2013, additional mineral nitrogen (N) fertilization was applied at doses be-
tween 0 and 170 kg N ha−1, depending on mineral N stocks measured in plots down to
90 cm at the end of winter before fertilization [4]. No mineral fertilization of potassium (K)
and phosphorus (P) was applied.

Each OWP was applied on soil with remaining wheat stubbles every 2 years in
September, at doses equivalent to 4 t organic C. ha−1. This corresponded to average
doses of 18.0 (Q-MSW), 26.3 (Q-GWS), 28.0 (Q-BIOW) and 35.4 (Q-FYM) tons of fresh
matter per hectare, i.e., about 1.5–3 fold larger than usual practices (average recommended
amounts: 20–30 t ha−1 per 3 years for farmyard manure and 10–20 t ha−1 per 3 years for
composts) [13]. Large amounts of OWP have thus been applied in QualiAgro in order to
maximize OWP effects on soil organic carbon (OC) increase.

2.2. PROspective Field Experiment

The PROspective site is located in Colmar (Haut-Rhin, France), on a silt–silt clayey
Calcisol soil, according to IUSS-FAO classification and USDA texture triangle. The upper
horizon includes a plough layer (i.e., topsoil), which is carbonated. From 2000 to 2013, the
2-ha field experiment has been cropped with a rotation of maize, winter wheat, sugar beet
and barley. The climate is continental, with mean annual precipitation of 540 mm and a
mean annual temperature of 10 ◦C. The experiment could be considered as representative
of calcareous cultivated soils of the central Colmar-Strasbourg Basin and of extended
agricultural areas of NW Europe.

Figure 2 presents the experimental plan of the PROspective field experiment, with
the distribution of the 24 plots of 10 m × 9 m in 4 blocks of replicates, with the following
6 treatments randomly distributed within each block:

• Sewage sludge (P-SLU),
• Co-compost of sewage sludge with green wastes and wood chips (P-GWS),
• Co-compost of the home-sorted fermentable fraction of municipal solid waste and

green waste, also called biowaste compost (P-BIOW),
• Farmyard manure from a dairy farm (P-FYM),
• Compost of farmyard manure (P-CFYM),
• No organic amendment (control, or P-CN).
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co-compost of sewage sludge and green waste (P-GWS), biowaste compost (P-BIOW), farmyard manure (P-FYM), compost
of farmyard manure (P-CFYM) and no organic amendment (P-CN).

In 2000–2013, on all plots additional mineral N fertilization was applied at doses
between 0 and 170 kg N ha−1, depending on mineral N stocks measured in plots down to
90 cm, at the end of winter before fertilization. No mineral fertilization of K occurred and P
fertilization occurred occasionally.
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Each OWP application was made before maize or sugar beat every 2 years in February,
at doses equivalent to 170 kg N ha−1. This corresponded to average doses of 14.2 (P-GWS),
14.5 (P-BIOW), 15.0 (P-SLU), 32.5 (P-CFYM) and 35.5 (P-FYM) tons of fresh matter per
hectare, i.e., amounts representative of agricultural practices for urban OWP.

2.3. Field Monitoring for OWP and Soils

Between 1998 and 2013, in QualiAgro and PROspective, a total of 8 and 7 OWP
spreading were carried out, respectively (Supplementary Materials Figures S1 and S2). All
OWPs were sampled at the time of application for analysis of their composition.

Soils were sampled before each OWP spreading. Each plot was sampled in the topsoil
layer between 0 and 25 cm depth (10 spadesful further pooled). After air drying, the fine
soil fraction (<2 mm) was prepared according to the standard ISO 11464 and kept for
further analyses.

Soils and OWP were analyzed by the central soil-testing laboratory of INRAE (INRAE
LAS Arras) according to standardized French (AFNOR) or international methods (ISO).
Soil and OWP pH were measured in water using a 1:5 soil:solution ratio (NF EN 15933).
Soil OC was determined by dry combustion (after carbonate removal) (NF ISO 10694),
CEC was determined at soil pH by the cobaltihexamine chloride extraction (NF ISO 23470).
In OWP and soil samples, total concentrations of Cd, Cr, Cu, Mn, Mo, Ni, Pb, Tl and
Zn were determined in crushed samples (<250 µm) by HF–HClO4 extraction (NF X31-
147). TE concentrations were measured by inductively coupled plasma atomic emission
spectrometry (ICP-AES) for Cr, Cu, Ni, Mn and Zn, or inductively coupled plasma mass
spectrometry (ICP-MS) for Cd, Mo, Pb and Tl. Total Hg concentration was estimated by dry
combustion in crushed samples (<250 µm). Other chemical properties were determined as
follows: in soils, total N content by NF ISO 13878, P was extracted by the Olsen method
NF ISO 11263, and CaCO3 content by NF ISO 10693; in OWP, total N by dry combustion,
OC by dry combustion, P by Olsen method and P and K by HF–HClO4 extraction.

2.4. In Situ Plant Accumulation Studies

In 2013, plantlets of winter wheat (Triticum aestivum L., variety: Caphorn) cropped
at QualiAgro site and plantlets of maize (Zea mays L., variety: DKC 4012) cropped at the
PROspective site were sampled to assess in situ phytoavailability by analyzing their TE
concentrations in shoots. At the QualiAgro site, plantlets of wheat were harvested at the
stage of 1 cm spike (end of tillering stage); in a way that plant samples were taken from 5
subplots of a double row (1 m per subplot) pooled to obtain one composite sample per plot.
At the PROspective site, plantlets of maize were harvested at the stage of 4 shoots from 5
subplots of a double row (1 m per subplot), pooled to obtain one composite sample per
plot. Shoots were oven-dried at 50 ◦C and residual humidity was estimated in subsamples.
The oven-dried and crushed (<0.5 mm) shoots were digested in a microwave oven with
hot concentrated HNO3/H2O2 mixture, and reference plant materials were used as quality
control. Concentrations of Cd, Cr, Cu, Hg, Ni, Mn, Mo, Pb, Tl and Zn in the plantlet shoot
digests were determined by ICP-MS in the CEREGE Laboratory (CIRAD CEREGE Aix
Marseille University).

In 2013, just before the harvest, wheat and maize grains were sampled, respectively at
QualiAgro and the PROspective site. For each harvested plot, one composite sample of
grain per plot was obtained by pooling samples from subplots (i.e., for wheat 10 subplots
of triple row of 0.5 m width, for maize 5 subplots of a double row of 2.5 m width) and
grain yield was estimated. Wheat and maize grains analyses were carried out in the
central plant-testing laboratory of INRAE (INRAE USRAVE, Paris, France) according to
standardized French (AFNOR) or international procedures (ISO). Grains were oven dried
at 40 ◦C then ground to under 0.5 mm. Grain samples were digested in a microwave oven
with a sequential procedure including digestion with concentrated nitric acid, H2O2 and
HF–HClO4. TE concentrations were measured by ICP-AES for Cu, Mn and Zn, or ICP-MS
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for Cd, Cr, Ni, Mo, Tl and Pb. Total Hg concentration was analyzed by dry combustion in
crushed samples (under 0.5 mm).

2.5. Statistical Analyses

Parametric or non-parametric tests were applied after testing normality of residues
and equality of variances. Tests were performed using XLSTAT® (V 2019.1, Addinsoft) as
follows: Newman–Keuls parametric or Kruskal–Wallis and Dunn multiple comparison
non-parametric tests were performed to identify significant differences between treatments
per year for each experimental site; principal component analyses (PCA) were carried out
with Spearman correlation matrixes. Stepwise multiple log-log linear regressions were
performed between in situ phytoavailable fractions (i.e., TE concentrations in plantlets
shoots) and soil properties (pH, OC content, TE concentration and silt and clay content).
Regression was carried out for both experimental sites and considering separately each
experimental site. For these calculations, data were previously log10 transformed (except
for pH) and normality of residues was tested for each model calculations.

2.6. Supplementary Data

Concentrations of Ag, Al, As, B, Co, Fe, Sb, Se, Sn and two rare earth elements Ce and
La, are available in Supplementary Materials (Figures S3 and S4, Tables S1–S11, for soils,
OWP and plants, respectively).

3. Results and Discussion

3.1. Organic Waste Products Characteristics

The nine OWP treatments applied in QualiAgro and PROspective field experiments
differed in their physicochemical properties (Table 1, detailed statistics in Supplementary
Materials Tables S4 and S5, Figure S3). Their characteristics are in agreement with previous
studies [2], regardless of the experimental site:

• The highest pH was found for farmyard manure (FYM), compost of farmyard manure
(CFYM) and compost of biowastes (BIOW), while the lowest was found in sewage
sludge (SLU), compost of green waste and sewage sludge (GWS) and compost of
residual municipal solid waste (MSW).

• The highest content of carbonates was found in BIOW, while the lowest was found in
SLU and GWS.

• The highest OC content was found in FYM, while the lowest was found in BIOW
and GWS. The index of residual organic carbon (Iroc) expressing stability of OM
after incorporation to soil, which was defined by Lashermes et al. [51], was found by
Obriot et al. [52] to be larger for Q-GWS and Q-BIOW compared to the other OWP at
the QualiAgro site.

• The highest content of N and P was found in SLU compared to the other OWP.

Table 2 presents average concentrations of TE measured in OWP applied at both sites
over the period 1998–2013 (statistics by year in Supplementary Materials Tables S6 and S7,
Figure S4). During this period, GWS composts applied at QualiAgro and PROspective
experimental sites had TE concentrations lower than the thresholds defined in Regulation
NFU 44-095 only since 2002 (i.e., 3, 120, 300, 2, 60, 180 and 600 mg kg−1 for Cd, Cr,
Cu, Hg, Ni, Pb and Zn, respectively) [10]. Even though some composts overpassed
regulatory thresholds before 2006, as already stressed by Michaud et al. [13], since 2006,
average concentrations of TE in BIOW and MSW were lower than the regulatory thresholds
defined in Regulation NFU 44-051 [11] (Table 2). Concentrations of TE in SLU were far
lower than the French spreading plan for sewage sludge [9]. The TE concentrations in
OWP applied at both sites were similar to previous studies [1,2,53–55]. The average
TE concentrations in studied OWP respected the maximal concentrations cited in recent
European Regulations [56,57], except for Hg (P-SLU) and for Pb (Q-MSW and Q-FYM),
with threshold values of 2, 120, 300, 1, 50, 120 and 800 mg kg−1 for Cd, Cr, Cu, Hg, Ni, Pb
and Zn, respectively.
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Table 1. Characteristics of the organic waste products, with the following data presented: average values for the period
1998–2013 ± standard deviations (n = 8 for QualiAgro, n = 7 for PROspective), average and cumulated input amount
expressed as ton of dry matter (DM) per hectare, dry matter (DM) expressed as percentage of fresh matter (FM), pH, CaCO3

and organic carbon (OC) content, content of total and Olsen phosphorus (total/Olsen P2O5), total content of nitrogen (N)
and potassium (K). See Figures 1 and 2 for treatments signification.

Treatment Average Amount DM pH CaCO3 OC

t DM ha−1 % FM g kg−1 DM g kg−1 DM

Q-GWS 16.4 ± 2.9 63.3 ± 8.7 7.5 ± 0.7 25.8 ± 11.1 265.6 ± 47.7
Q-BIOW 19.1 ± 4.4 70.1 ± 9.1 8.1 ± 0.5 99.0 ± 59.6 207.8 ± 49.8
Q-MSW 12.0 ± 3.4 67.7 ± 12.9 7.5 ± 0.5 69.8 ± 24.2 308.3 ± 47.7
Q-FYM 13.2 ± 2.1 39.9 ± 9.6 9.1 ± 0.2 47.2 ± 17.8 319.9 ± 71.6

P-SLU 2.7 ± 0.5 17.6 ± 1.5 7.2 ± 0.7 14.6 ± 8.0 370.7 ± 32.7
P-GWS 7.3 ± 1.7 52.6 ± 7.1 7.6 ± 0.4 30.7 ± 14.2 293.6 ± 54.7
P-BIOW 8.3 ± 1.7 60.4 ± 14.1 8.5 ± 0.4 78.9 ± 32.5 244.7 ± 20.4
P-FYM 6.9 ± 1.3 19.4 ± 1.5 9.5 ± 0.4 32.6 ± 7.3 394.9 ± 20.9

P-CFYM 6.0 ± 0.8 18.8 ± 2.1 9.4 ± 0.4 48.0 ± 17.8 356.5 ± 30.3

Cumulated
Amount Total N Olsen P2O5 Total P2O5 K

t DM ha−1 g kg−1 DM g kg−1 DM g kg−1 DM g kg−1 DM

Q-GWS 131.1 23.4 ± 2.9 1.5 ± 0.7 29.7 ± 8.3 14.5 ± 4.8
Q-BIOW 152.4 17.4 ± 4.8 1.0 ± 0.3 11.0 ± 4.1 21.0 ± 3.1
Q-MSW 96.3 17.6 ± 2.2 0.5 ± 0.2 8.0 ± 1.8 10.4 ± 3.2
Q-FYM 105.5 21.9 ± 3.3 3.1 ± 0.9 12.6 ± 2.5 35.6 ± 2.7

P-SLU 18.6 61.0 ± 4.0 5.0 ± 0.8 66.8 ± 3.5 6.1 ± 1.4
P-GWS 51.0 24.6 ± 2.7 1.6 ± 0.5 31.1 ± 7.7 12.9 ± 5.7
P-BIOW 58.0 20.0 ± 3.5 0.9 ± 0.4 10.1 ± 1.6 21.7 ± 4.2
P-FYM 48.3 26.5 ± 3.5 4.5 ± 1.1 15.2 ± 4.0 37.9 ± 6.6

P-CFYM 42.0 25.8 ± 1.7 3.9 ± 0.4 17.3 ± 2.9 39.5 ± 5.8

Table 2. Trace element concentrations (mg kg−1 DM; DM for dry matter) in the organic waste products, as compared to
French (NFU) and recent European regulations levels [10,11,56,57], with the following data presented: average values for
the period 1998–2013 ± standard deviations (n = 8 for QualiAgro, n = 7 for PROspective). See Figures 1 and 2 for treatments
signification. <quantification limit (QL): at least half of values were lower than the quantification limit; na for not available.

Treatment Cd Cr Cu Hg Mn

mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM

Q-GWS 1.1 ± 0.7 39.4 ± 7.8 170.1 ± 44.1 0.9 ± 0.3 378.7 ± 68.1
Q-BIOW 0.8 ± 0.7 39.6 ± 14.7 65.7 ± 25.2 0.2 ± 0.1 478.2 ± 245.5
Q-MSW 1.3 ± 0.7 87.1 ± 60.3 134.6 ± 88.9 0.8 ± 0.8 229.0 ± 63.2
Q-FYM 1.2 ± 1.2 36.4 ± 24.2 101.3 ± 71.7 0.1 ± 0.0 328.2 ± 94.6

P-SLU 1.0 ± 0.2 35.7 ± 4.2 279.8 ± 37.8 1.1 ± 0.5 116.8 ± 24.7
P-GWS 0.7 ± 0.3 43.8 ± 9.2 171.2 ± 43.8 0.7 ± 0.3 320.5 ± 80.8
P-BIOW <QL 45.9 ± 26.6 86.7 ± 51.6 0.3 ± 0.3 439.5 ± 145.4
P-FYM <QL 6.7 ± 2.7 30.9 ± 11.0 0.0 ± 0.0 224.7 ± 37.1

P-CFYM <QL 9.1 ± 3.6 34.5 ± 10.4 0.0 ± 0.0 278.0 ± 35.7

NFU 3.0 120.0 300.0 2.0 na
European 2.0 120.0 300.0 1.0 na
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Table 2. Cont.

Mo Ni Pb Tl Zn

mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM

Q-GWS na 28.2 ± 7.4 62.0 ± 11.3 na 397.5 ± 91.8
Q-BIOW na 26.9 ± 25.3 86.1 ± 55.2 na 244.8 ± 102.9
Q-MSW na 29.1 ± 18.4 143.0 ± 92.9 na 349.2 ± 182.1
Q-FYM na 13.1 ± 9.4 127.7 ± 129.5 na 357.8 ± 195.3

P-SLU 7.6 ± 1.9 30.3 ± 8.0 48.1 ± 15.2 0.18 ± 0.03 546.3 ± 89.5
P-GWS 4.6 ± 1.4 27.3 ± 6.1 54.6 ± 16.3 0.28 ± 0.16 421.2 ± 110.1
P-BIOW 3.1 ± 2.3 18.9 ± 9.5 77.8 ± 48.9 0.37 ± 0.06 265.4 ± 106.2
P-FYM 2.5 ± 0.9 3.9 ± 1.1 1.8 ± 0.6 0.04 ± 0.01 155.4 ± 72.4

P-CFYM 2.9 ± 1.0 4.7 ± 1.5 3.5 ± 1.1 0.07 ± 0.02 165.1 ± 65.3

NFU na 60.0 180.0 na 600.0
European na 50.0 120.0 na 800.0

Considering the nine OWP applied in QualiAgro and PROspective field experiments,
TE concentrations differed among OWPs and between sites as follows (Table 2, Supplemen-
tary Materials Tables S4–S9, Figure S3 and S4):

• P-FYM and P-CFYM had the lowest concentrations of Cd, Cr, Cu, Hg, Mo, Ni, Pb,
Tl and Zn, even when compared to Q-FYM. It can be noticed that FYM and CFYM
presented also the lowest As concentration (Supplementary Materials Table S9).

• P-SLU presented the highest concentrations of Cu, Hg, Mo, Ni and Zn.

Table 3 presents the cumulative fluxes of TE in 10 years for both experimental sites.
The input flux for each TE respected French regulations at PROspective site for Cd, Cu,
Hg, Ni, Pb and Zn [9–11], with larger inputs found for P-GWS and P-BIOW, and lower
inputs related to P-FYM and P-CFYM. At the QualiAgro site, the general observation is that
the TE inputs were comparable among treatments. Input fluxes were within the range of
the regulatory maximum for composts, except for Zn and Cu, which exceeded the French
regulation for Q-GWS, for Ni and Pb with for Q-BIOW, and for Pb with Q-MSW [10,11]. It
should be noted that the amounts of OWP applied have been about 1.5- to 3-fold higher
than usual practices at the QualiAgro site, which led to maximized risks related to input
fluxes of TE. This was not the case at the PROspective site.

3.2. Effect of Repeated Inputs of Organic Waste Products on Soil Properties

The initial chemical properties of the topsoil layer of each experimental site sampled
at the beginning of the experiment before the first application of waste products (i.e.,
1998 for QualiAgro and 2000 for PROspective) is summarized in Table 4. Before the first
OWP application, chemical properties were homogeneous as no significant differences
were observed between the treatments plots, except for available P (i.e., Olsen P) at the
PROspective site (detailed statistics in Supplementary Materials Table S1). The topsoil of
the QualiAgro site was characterized by a neutral pH without carbonates, while the topsoil
of the PROspective site presented an alkaline pH with carbonates. OC content and CEC in
the topsoil at QualiAgro site were lower than values found in the PROspective topsoil and
lower than median values found in French topsoil layers of arable crop systems [58]. Soil
at QualiAgro and PROspective sites exhibited granulometry as follows: silt (QualiAgro
78.5% and PROspective 64.6%) > clay (QualiAgro 14.6% and PROspective 23.8%) > sand
(QualiAgro 6.9% and PROspective 9.4%) (Supplementary Materials Table S2).
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Table 3. Cumulated flux of trace elements in 10 years of spreading by organic waste products (kg ha−1) as compared to the
French regulation level (NFU) [10,11], with the following data presented: See Figures 1 and 2 for treatments signification.
For values inferior to the quantification limit (QL) the QL divided by 2 were considered to calculate fluxes, <QL: at least half
of values were lower than the QL. na for not available.

Treatment Cd Cr Cu Hg Mn

kg ha−1 kg ha−1 kg ha−1 kg ha−1 kg ha−1

Q-GWS 0.089 3.5 14.6 0.074 32.7
Q-BIOW 0.080 4.3 6.8 0.020 51.5
Q-MSW 0.087 5.6 8.8 0.056 15.1
Q-FYM 0.086 2.7 7.3 0.007 23.7

P-SLU 0.016 0.6 4.3 0.018 1.8
P-GWS 0.031 1.8 7.0 0.031 14.0
P-BIOW <QL 2.4 4.5 0.016 22.0
P-FYM <QL 0.3 1.2 0.002 9.1

P-CFYM <QL 0.3 1.2 0.001 9.8

NFU 0.15 6.0 10.0 0.10 na

Mo Ni Pb Tl Zn

kg ha−1 kg ha−1 kg ha−1 kg ha−1 kg ha−1

Q-GWS na 2.4 5.3 na 34.3
Q-BIOW na 3.1 10.0 na 26.1
Q-MSW na 1.9 9.3 na 24.0
Q-FYM na 0.9 9.2 na 25.7

P-SLU 0.12 0.5 0.8 0.0029 8.6
P-GWS 0.18 1.1 2.3 0.0121 17.6
P-BIOW 0.17 1.0 4.1 0.0174 13.6
P-FYM 0.10 0.2 0.1 0.0016 6.0

P-CFYM 0.10 0.2 0.1 0.0025 5.8

NFU na 3.0 9.0 na 30.0

Table 4. Chemical properties of the topsoil layer (0–25 cm, sieved <2 mm) at the initial state and after 13 and 15 years
of repeated OWP application, compared to average French values with the following data presented: pH, CaCO3 and
organic carbon (OC) content, content of Olsen phosphorus (Olsen P2O5), DM for dry matter. At initial state with mean
values ± standard deviations for all plots. After 13 and 15 years of repeated OWP application with mean values ± standard
deviation of the four replicates (in each site, abc letters stand for significant difference between treatments with Newman–
Keuls and Kruskal–Wallis tests). See Figures 1 and 2 for treatments signification. <QL values lower than the quantification
limit. na for not available.

Treatment pH CEC CaCO3 OC Olsen P2O5

cmol+ kg−1 DM g kg−1 DM g kg−1 DM g kg−1 DM

Q-1998 7.1 ± 0.2 9.7 ± 0.8 na 10.6 ± 0.6 0.09 ± 0.01

P-2000 8.3 ± 0.0 17.1 ± 0.3 111.4 ± 11.3 14.6 ± 0.9 0.07 ± 0.01

French value * 7.1 11.8 na 14.6 0.07

Q-GWS 6.8 ± 0.1 (d) 9.8 ± 0.6 (a) <QL 15.7 ± 0.2 (a) 0.18 ± 0.01 (b)
Q-BIOW 7.6 ± 0.0 (a) 10.7 ± 0.5 (a) <QL 16.1 ± 0.4 (a) 0.10 ± 0.01 (ab)
Q-MSW 7.4 ± 0.1 (b) 9.8 ± 0.8 (a) <QL 13.2 ± 0.4 (c) 0.07 ± 0.00 (a)
Q-FYM 7.2 ± 0.1 (c) 9.9 ± 0.6 (a) <QL 14.9 ± 0.4 (b) 0.12 ± 0.01 (ab)
Q-CN 6.6 ± 0.2 (e) 7.9 ± 0.8 (b) <QL 10.5 ± 0.2 (d) 0.06 ± 0.00 (a)

P-SLU 8.3 ± 0.0 (a) 16.8 ± 0.3 (b) 124.5 ± 8.8 (a) 13.8 ± 0.6 (bc) 0.07 ± 0.01 (a)
P-GWS 8.2 ± 0.0 (a) 17.4 ± 0.1 (a) 110.5 ± 7.3 (a) 15.1 ± 0.9 (ab) 0.07 ± 0.01 (a)
P-BIOW 8.3 ± 0.0 (a) 17.1 ± 0.1 (ab) 116.5 ± 7.9 (a) 15.4 ± 0.6 (a) 0.04 ± 0.00 (c)
P-FYM 8.2 ± 0.0 (a) 16.9 ± 0.3 (b) 117.3 ± 10.9 (a) 14.6 ± 0.3 (ab) 0.05 ± 0.00 (b)

P-CFYM 8.3 ± 0.0 (a) 16.9 ± 0.2 (b) 111.3 ± 20.5 (a) 14.2 ± 1.1 (ab) 0.04 ± 0.01 (c)
P-CN 8.3 ± 0.0 (a) 16.4 ± 0.3 (c) 125.0 ± 10.7 (a) 12.8 ± 0.7 (c) 0.03 ± 0.01 (c)

* Median values for topsoil layer (0–30 cm) of arable crop systems cited in [58].
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After 13–15 years of OWP applications, several significant differences in soil chemical
properties appeared among treatments (Figure 3, Table 4):

• Soil pH at the PROspective site, which was initially alkaline (before the OWP appli-
cation), was not significantly altered by the repeated applications of OWP. At the
QualiAgro site, after 15 years of OWP applications, the amended soils were always
characterized by a significantly higher soil pH, compared to the control (Q-CN) (up to
1 unit for Q-BIOW). In addition, soil pH in Q-CN decreased significantly compared to
the initial state in 1998 [13].

• CEC at the OWP treated plots was significantly higher than at the CN plots at both
sites, with stronger effects at QualiAgro site, especially for Q-BIOW, which exhibited
an increase of 10% compared to the initial state. Moreover, CEC of the non-amended
soil decreased significantly over time at the QualiAgro site [13].

• Soil OC content was significantly higher at the OWP treated plots (after 13–15 years)
compared to the CN plots (except for P-SLU). At the QualiAgro site, significant OC
increase was observed for soils amended with OWP compared to initial state, espe-
cially for Q-GWS and Q-BIOW (+48% for Q-GWS and +52% for Q-BIOW compared
to initial state). At the PROspective site, OC content in composts and FYM amended
soils was the same as the initial average content, while it decreased in the P-CN and
P-SLU amended soils.
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Soil OC, CEC and pH are known to be increased by the repeated inputs of OWP
and to influence TE mobility and bioavailability [24,26,37,59]. As observed in Table 4
and illustrated by the distribution of the dots in PCA analysis for both sites (Figure 3),
the increase of those properties was more marked at QualiAgro site compared to the
PROspective site. As supposed by the first working hypothesis, this observation could
result from initial soil chemical properties, such as pH, OC content and CEC higher at the
PROspective site compared to the QualiAgro site, and from the higher amounts of OWP
applied at QualiAgro site compared to the PROspective site. Moreover, the PROspective
site presented a high pH buffering capacity, notably in relation to its carbonate content.
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At both sites, initial topsoil TE concentrations were homogeneous as no significant
difference was observed between the treatments plots (detailed statistics in Supplementary
Materials Table S1). At the QualiAgro site, initial TE concentrations were in the range
or lower than median values for topsoil layer (0–30 cm) of arable crop systems cited in
Saby et al. [58], except for Hg (Table 5). At the PROspective site, initial TE concentrations
were close to the median or lower than those commonly found in topsoil in France for Cd,
Hg, Mo, Pb and Zn, while initial concentrations for Cr, Cu, Mn, Ni and Tl were higher than
those commonly found in topsoil in France. Initial TE concentrations were higher at the
PROspective site than at the QualiAgro site for Cr, Cu, Ni and Zn, while Hg concentration
was higher at the QualiAgro site.

Table 5. Trace element concentrations of the topsoil layer (0–25 cm, sieved <2 mm; mg kg−1 DM, DM for dry matter) at the
initial state and after 13 and 15 years of OWP spreading, with the following data presented: initial state with mean values
± standard deviations for all plots. After 13 and 15 years of OWP spreading with mean values ± standard deviation of
the four replicates (in each site, abc letters stand for significant difference between treatments with Newman–Keuls and
Kruskal–Wallis tests). See Figures 1 and 2 for treatments signification. na for not available.

Treatment Cd Cr Cu Hg Mn

mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM

Q-1998 0.24 ± 0.01 45.7 ± 3.1 12.0 ± 1.0 0.10 ± 0.02 na

P-2000 0.24 ± 0.00 75.8 ± 4.1 24.8 ± 1.9 0.05 ± 0.01 930.0 ± 24.0

French value * 0.23 56.5 14.1 0.04 581.5

Q-GWS 0.24 ± 0.00 (a) 70.4 ± 6.2 (a) 18.9 ± 1.1 (a) 0.11 ± 0.02 (a) na
Q-BIOW 0.23 ± 0.01 (a) 68.9 ± 7.5 (a) 15.9 ± 1.1 (b) 0.08 ± 0.02 (a) na
Q-MSW 0.23 ± 0.01 (a) 71.8 ± 5.4 (a) 16.2 ± 0.6 (b) 0.11 ± 0.04 (a) na
Q-FYM 0.23 ± 0.01 (a) 72.1 ± 1.3 (a) 15.9 ± 1.2 (b) 0.08 ± 0.02 (a) na
Q-CN 0.21 ± 0.01 (b) 74.6 ± 4.8 (a) 12.9 ± 0.7 (c) 0.07 ± 0.01 (a) na

P-SLU 0.24 ± 0.00 (a) 70.3 ± 1.7 (a) 27.3 ± 3.4 (a) 0.06 ± 0.01 (a) 894.3 ± 12.9 (a)
P-GWS 0.25 ± 0.01 (a) 73.8 ± 2.8 (a) 26.9 ± 1.7 (a) 0.05 ± 0.00 (a) 905.8 ± 23.0 (a)
P-BIOW 0.24 ± 0.00 (a) 75.5 ± 3.9 (a) 25.5 ± 1.0 (a) 0.07 ± 0.02 (a) 910.3 ± 16.5 (a)
P-FYM 0.24 ± 0.00 (a) 74.6 ± 2.2 (a) 26.1 ± 3.4 (a) 0.05 ± 0.00 (a) 894.5 ± 25.4 (a)

P-CFYM 0.24 ± 0.01 (a) 75.1 ± 2.0 (a) 24.5 ± 0.7 (a) 0.05 ± 0.02 (a) 907.8 ± 12.0 (a)
P-CN 0.24 ± 0.00 (a) 71.6 ± 1.5 (a) 24.2 ± 0.5 (a) 0.05 ± 0.01 (a) 890.3 ± 13.6 (a)

Mo Ni Pb Tl Zn

mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM

Q-1998 na 14.8 ± 0.7 25.7 ± 4.1 na 51.6 ± 3.5

P-2000 0.56 ± 0.01 33.9 ± 0.9 25.3 ± 1.2 0.63 ± 0.02 64.2 ± 5.3

French value * 0.53 19.3 25.2 0.50 59.3

Q-GWS 0.56 ± 0.02 (a) 15.5 ± 0.2 (a) 25.2 ± 2.6 (a) 0.41 ± 0.01 (a) 64.5 ± 1.6 (a)
Q-BIOW 0.48 ± 0.01 (b) 15.9 ± 0.5 (a) 27.9 ± 3.2 (a) 0.42 ± 0.01 (a) 61.4 ± 2.0 (a)
Q-MSW 0.50 ± 0.01 (b) 15.7 ± 0.7 (a) 26.3 ± 2.6 (a) 0.41 ± 0.01 (a) 59.9 ± 2.6 (a)
Q-FYM 0.51 ± 0.01 (b) 15.5 ± 0.8 (a) 25.8 ± 1.6 (a) 0.41 ± 0.00 (a) 60.4 ± 4.1 (a)
Q-CN 0.44 ± 0.02 (c) 15.5 ± 0.6 (a) 22.7 ± 1.7 (a) 0.41 ± 0.00 (a) 50.6 ± 1.2 (b)

P-SLU 0.58 ± 0.01 (b) 33.1 ± 0.4 (a) 25.9 ± 1.8 (a) 0.63 ± 0.00 (a) 70.2 ± 8.1 (a)
P-GWS 0.60 ± 0.01 (a) 33.7 ± 0.6 (a) 25.1 ± 0.4 (a) 0.64 ± 0.01 (a) 70.9 ± 2.5 (a)
P-BIOW 0.59 ± 0.00 (ab) 33.1 ± 0.5 (a) 26.4 ± 1.2 (a) 0.63 ± 0.01 (a) 67.6 ± 0.6 (a)
P-FYM 0.58 ± 0.00 (b) 33.4 ± 0.7 (a) 25.7 ± 0.8 (a) 0.64 ± 0.01 (a) 66.8 ± 1.8 (a)

P-CFYM 0.58 ± 0.01 (b) 33.7 ± 0.4 (a) 25.1 ± 1.1 (a) 0.64 ± 0.01 (a) 67.8 ± 2.5 (a)
P-CN 0.55 ± 0.01 (c) 33.4 ± 0.2 (a) 24.9 ± 0.8 (a) 0.63 ± 0.01 (a) 67.1 ± 2.5 (a)

* Median values for topsoil layer (0–30 cm) of arable crop systems cited in Saby et al. [58].

At the PROspective site, cumulated TE inputs by OWP represented up to 4% of the Cd
initial soil stock (P-GWS), 1% for Cr (P-BIOW), 9% for Cu (P-GWS), 23% for Hg (P-GWS),
1% for Mn (P-BIOW), 10 and 11% for Mo (respectively for P-BIOW and P-GWS), 1% for Ni
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(P-BIOW and P-GWS), 5% for Pb (P-BIOW), 1% for Tl (P-BIOW) and 9% for Zn (P-GWS)
(Supplementary Materials Table S8). In fact, 13 years of OWP spreading at agriculturally
relevant levels did not result in significant changes of TE concentrations in the topsoil
layer compared to the control treatment, except for Mo and Ag (Table 5; for supplementary
TE such as As and Ag see Supplementary Materials Table S3, Ag topsoil concentration
increased significantly in P-SLU and P-GWS compared to the other treatments). Figure 4
illustrates such findings because the control (P-CN) overlapped OWP treatments on both
components of the PCA.
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At the QualiAgro site, the amounts of OWP applied were 2–2.5 fold higher than at the
PROspective site and the initial TE levels were generally lower than at the PROspective
site. At this site, cumulated TE inputs by OWP represented up to 15% of the initial soil
stock for Cd (Q-MSW and Q-GWS), 48% for Cu (Q-GWS), 32% for Hg (Q-GWS), 8% for
Ni (Q-BIOW), 17% for Pb (Q-BIOW) and 26% for Zn (Q-GWS) (Supplementary Materials
Table S8). Fifteen years of repeated inputs of OWP did not result in increased concentration
of As, Cd, Cr, Hg, Ni and Pb in the topsoil compared to the initial state in 1998 (Table 5,
for As see Supplementary Materials Table S3). However, at this site, repeated inputs of
OWP tended to slow down natural attenuation of topsoil concentration for Cd, Hg and Pb.
Indeed, as already pointed out by Michaud et al. [13], a slight decrease of Cd concentration
occurred in non-amended soil (−13% between 1998 and 2013). Large inputs of OWP also
resulted in a significant increase of topsoil concentration of TE considered as micronutrients,
(i) i.e., B, Cu, Mo and Zn, compared to the control soil (for B, see Supplementary Materials
Table S3); (ii) i.e., Cu and Zn, compared to the initial state, especially in Q-GWS with +58%
for Cu and +25% for Zn. It should be noticed that, as cited by Michaud et al. [13], a large
increase of all Cr values appeared between 1998 and 2013, probably resulting from a change
in the analytical methods. For all of the measured topsoil TEs, concentrations remained in
the range of median found for topsoils in France [58].

Furthermore, Figure 4 illustrates that the changes in topsoil TE concentrations were
slightly higher at the QualiAgro site compared to the PROspective site because CN data
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points did not overlap the other treatments at the QualiAgro site, contrary to the PROspec-
tive site. Higher amounts of OWP spread at the Qualigro site resulted in larger changes in
TE concentrations in topsoils compared to the PROspective site, but this did not level the
initial differences between the two sites (i.e., P > Q).

3.3. Accumulation of Trace Elements in Plantlets and Grains

Table 6 presents the average biomass yields for plantlets and grains of winter wheat
at the QualiAgro site and maize at the PROspective site. At the PROspective site, maize
plantlet biomass and grain yield did not differ significantly between the plants cropped
from amended soils and from the control. At this site, maize grain yield was slightly higher
than average French yield of 9.1 t ha−1 for grain maize but no impact of OWP spreading
was observed [60]. At the QualiAgro site, wheat plantlet biomass and grain yield were
significantly lower from plants cropped from Q-CN compared to the plants cropped from
the amended-soils. Wheat grain yield from Q-BIOW, Q-MSW and Q-FYM amended soils
was in the range of French average yield of 7.1 t ha−1 for winter wheat, it was larger
for Q-GWS amended soils, while it was lower for non-amended Q-CN soils [60]. Such
observation could result from nutrient inputs by OWP (e.g., N and P) and a decrease in soil
nutrients in non-amended soils (e.g., N and P) (Tables 1 and 4, Supplementary Materials
Tables S1–S9, Figure S3 and S4).

Table 6. Biomass of plantlets and grain yields (t DM ha−1, DM for dry matter), with the following
data presented: mean values ± standard deviation of the four replicates (in each site, abc letters
stand for significant difference between treatments with Newman–Keuls and Kruskal–Wallis tests).
See Figures 1 and 2 for treatments signification.

Treatment Plantlet Grain

t DM ha−1 t DM ha−1

Q-GWS 0.65 ± 0.02 (a) 8.0 ± 0.1 (a)
Q-BIOW 0.63 ± 0.02 (a) 7.5 ± 0.3 (b)
Q-MSW 0.57 ± 0.04 (a) 6.9 ± 0.3 (c)
Q-FYM 0.63 ± 0.05 (a) 7.3 ± 0.4 (b)
Q-CN 0.41 ± 0.09 (b) 6.2 ± 0.2 (d)

P-SLU 0.013 ± 0.002 (a) 10.37 ± 0.31 (a)
P-GWS 0.014 ± 0.002 (a) 10.31 ± 0.51 (a)
P-BIOW 0.012 ± 0.002 (a) 9.72 ± 0.83 (a)
P-FYM 0.014 ± 0.001 (a) 10.24 ± 0.38 (a)

P-CFYM 0.014 ± 0.002 (a) 10.35 ± 0.31 (a)
P-CN 0.012 ± 0.002 (a) 10.26 ± 0.31 (a)

Tables 7 and 8 summarize TE concentrations in plantlets (wheat and maize) and ex-
ported grains, respectively. At the QualiAgro site, no significant difference was observed
between wheat plants (plantlets and grains) sampled from OWP-amended and CN soils for
As, Cr, Cu and Pb (for As see Supplementary Materials Tables S10 and S11). The Mn concen-
tration was significantly lower in plantlets and grains sampled from the OWP treatments
compared to those sampled from the control soil, which was also true for Tl concentration
in plantlets. Cd and Ni concentrations were significantly lower in plants sampled from
OWP amended plots, compared to the control, i.e., Cd in Q-GWS (grains) and Q-BIOW
(plantlets and grains), and Ni in Q-BIOW (grains) and Q-MSW (plantlets). Compared to
controls, plantlet Zn and Mo concentrations were significantly higher at the GWS and OWP
plots, respectively. The Hg concentrations were lower than the quantification limit in both,
plantlets and grains.
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Table 7. Plantlet trace element concentrations (mg kg−1 DM, DM for dry matter), with the following data presented: mean
values ± standard deviation of the four replicates (in each site, abc letters stand for significant difference between treatments
with Newman–Keuls and Kruskal–Wallis tests). See Figures 1 and 2 for treatments signification. <QL: at least half of values
were lower than the quantification limit.

Treatment Cd Cr Cu Hg Mn

mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM

Q-GWS 0.06 ± 0.01 (ab) 0.06 ± 0.02 (a) 5.2 ± 1.1 (a) <QL 42.9 ± 4.4 (b)
Q-BIOW 0.04 ± 0.00 (a) 0.05 ± 0.01 (a) 4.2 ± 0.4 (a) <QL 45.1 ± 6.4 (b)
Q-MSW 0.05 ± 0.01 (ab) 0.05 ± 0.01 (a) 4.7 ± 0.1 (a) <QL 46.4 ± 6.1 (b)
Q-FYM 0.05 ± 0.01 (ab) 0.05 ± 0.00 (a) 4.3 ± 0.4 (a) <QL 41.5 ± 4.2 (b)
Q-CN 0.13 ± 0.03 (b) 0.05 ± 0.01 (a) 4.6 ± 0.4 (a) <QL 59.6 ± 5.3 (a)

P-SLU 0.04 ± 0.00 (a) 0.45 ± 0.00 (a) 7.0 ± 0.1 (a) <QL 76.5 ± 1.1 (a)
P-GWS 0.04 ± 0.00 (a) 0.53 ± 0.10 (a) 6.8 ± 0.4 (a) <QL 83.0 ± 9.5 (a)
P-BIOW 0.04 ± 0.00 (a) 0.48 ± 0.01 (a) 6.2 ± 0.1 (a) <QL 72.3 ± 1.7 (a)
P-FYM 0.04 ± 0.00 (a) 0.57 ± 0.01 (a) 6.6 ± 0.0 (a) <QL 76.9 ± 0.3 (a)

P-CFYM 0.04 ± 0.00 (a) 0.54 ± 0.01 (a) 6.7 ± 0.1 (a) <QL 91.2 ± 2.6 (a)
P-CN 0.04 ± 0.00 (a) 0.56 ± 0.01 (a) 7.1 ± 0.1 (a) <QL 86.4 ± 1.5 (a)

Mo Ni Pb Tl Zn

mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM

Q-GWS 4.8 ± 0.4 (a) 0.41 ± 0.16 (ab) 0.09 ± 0.02 (a) 0.0004 ± 0.0002 (b) 19.6 ± 1.5 (b)
Q-BIOW 5.1 ± 0.5 (a) 0.34 ± 0.10 (ab) 0.08 ± 0.03 (a) 0.0003 ± 0.0001 (b) 16.8 ± 1.3 (ab)
Q-MSW 4.4 ± 0.4 (a) 0.24 ± 0.07 (b) 0.09 ± 0.03 (a) 0.0004 ± 0.0001 (b) 17.2 ± 0.6 (ab)
Q-FYM 4.4 ± 1.0 (a) 0.31 ± 0.04 (ab) 0.08 ± 0.02 (a) 0.0003 ± 0.0001 (b) 16.0 ± 3.0 (ab)
Q-CN 0.8 ± 0.2 (b) 0.46 ± 0.06 (a) 0.07 ± 0.01 (a) 0.0008 ± 0.0001 (a) 14.8 ± 3.8 (a)

P-SLU 1.3 ± 0.0 (b) 0.95 ± 0.04 (a) 0.14 ± 0.00 (ab) 0.0025 ± 0.0001 (a) 19.3 ± 0.1 (a)
P-GWS 1.8 ± 0.4 (a) 0.73 ± 0.06 (a) 0.16 ± 0.03 (ab) 0.0023 ± 0.0007 (a) 22.4 ± 2.3 (a)
P-BIOW 1.4 ± 0.0 (b) 0.82 ± 0.01 (a) 0.15 ± 0.00 (ab) 0.0022 ± 0.0001 (a) 21.5 ± 0.2 (a)
P-FYM 1.2 ± 0.0 (b) 0.82 ± 0.02 (a) 0.19 ± 0.00 (a) 0.0019 ± 0.0000 (a) 22.4 ± 0.4 (a)

P-CFYM 1.0 ± 0.0 (b) 0.68 ± 0.01 (a) 0.13 ± 0.00 (b) 0.0015 ± 0.0000 (a) 23.4 ± 1.0 (a)
P-CN 1.0 ± 0.0 (b) 0.75 ± 0.01 (a) 0.16 ± 0.00 (ab) 0.0026 ± 0.0000 (a) 26.1 ± 1.2 (a)

Table 8. Trace element concentrations in consumable grains (mg kg−1 DM, DM for dry matter), with the following data
presented: mean values ± standard deviation of the four replicates (in each site, abc letters stand for significant difference
between treatments with Newman–Keuls and Kruskal–Wallis tests). See Figures 1 and 2 for treatments signification. <QL:
at least half of values were lower than the quantification limit. na for not available.

Treatment Cd Cr Cu Hg Mn

mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM

Q-GWS 0.02 ± 0.00 (a) <QL 3.9 ± 0.3 (a) <QL 28.3 ± 1.5 (b)
Q-BIOW 0.02 ± 0.00 (a) <QL 4.0 ± 0.1 (a) <QL 29.6 ± 1.8 (b)
Q-MSW 0.02 ± 0.00 (ab) <QL 4.1 ± 0.4 (a) <QL 30.2 ± 1.2 (b)
Q-FYM 0.03 ± 0.01 (ab) <QL 4.2 ± 0.2 (a) <QL 30.2 ± 2.7 (b)
Q-CN 0.04 ± 0.00 (b) <QL 4.1 ± 0.1 (a) <QL 38.8 ± 1.2 (a)

P-SLU <QL 0.05 ± 0.04 (a) 1.1 ± 0.1 (a) <QL 3.8 ± 0.2 (a)
P-GWS <QL 0.09 ± 0.00 (a) 1.4 ± 0.4 (a) <QL 3.7 ± 0.2 (a)
P-BIOW <QL 0.06 ± 0.06 (a) 1.2 ± 0.2 (a) <QL 3.5 ± 0.1 (a)
P-FYM <QL 0.07 ± 0.03 (a) 1.0 ± 0.1 (a) <QL 3.7 ± 0.1 (a)

P-CFYM <QL 0.05 ± 0.05 (a) 1.2 ± 0.2 (a) <QL 3.7 ± 0.2 (a)
P-CN <QL 0.05 ± 0.04 (a) 1.1 ± 0.2 (a) <QL 3.7 ± 0.2 (a)

(1) 0.03 0.10 4.5 0.01 40.0
(2) 0.02–0.07 0.0002–0.004 1.3–10 <0.034 8–103
(3) na 0.22–0.29 na <0.073 na
(4) 0.10 na na na na
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Table 8. Cont.

Mo Ni Pb Tl Zn

mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM mg kg−1 DM

Q-GWS 1.0 ± 0.2 (a) 0.08 ± 0.02 (ab) < QL (a) na 27.9 ± 1.4 (a)
Q-BIOW 1.6 ± 0.1 (ab) 0.05 ± 0.01 (a) 0.05 ± 0.02 (a) na 27.5 ± 1.8 (a)
Q-MSW 2.6 ± 0.7 (b) 0.12 ± 0.07 (ab) 0.04 ± 0.01 (a) na 27.6 ± 1.5 (a)
Q-FYM 2.0 ± 0.2 (b) 0.07 ± 0.02 (ab) 0.05 ± 0.01 (a) na 27.6 ± 1.0 (a)
Q-CN 1.7 ± 0.2 (ab) 0.19 ± 0.01 (b) 0.05 ± 0.02 (a) na 27.2 ± 1.4 (a)

P-SLU 0.17 ± 0.02 (a) 0.23 ± 0.05 (a) <QL <QL 17.9 ± 0.7 (b)
P-GWS 0.18 ± 0.01 (a) 0.30 ± 0.08 (a) <QL <QL 18.9 ± 0.8 (ab)
P-BIOW 0.18 ± 0.03 (a) 0.27 ± 0.05 (a) <QL <QL 19.3 ± 0.5 (a)
P-FYM 0.16 ± 0.01 (a) 0.27 ± 0.03 (a) <QL <QL 19.3 ± 0.6 (a)

P-CFYM 0.17 ± 0.02 (a) 0.29 ± 0.03 (a) <QL <QL 18.7 ± 0.2 (ab)
P-CN 0.19 ± 0.03 (a) 0.29 ± 0.03 (a) <QL <QL 18.9 ± 0.5 (ab)

(1) 0.30 0.30 0.50 na 25.0
(2) na 0.17–0.67 0.005–0.6 na 23.0–37.0
(3) na na na na 25–36
(4) na na 0.20 na na

(1) Wheat grains [61]; (2) wheat grains [18]; (3) maize cobs/grains [18]; (4) cereal grains [62].

In PROspective maize plantlets, no significant difference was observed between OWP
amended plots and the P-CN, except for Mo and Pb (Table 7). For Mo, the concentration was
significantly higher in P-GWS compared to the other treatments, while for Pb P-FYM was
significantly higher than P-CFYM. It can be noticed that As concentration was significantly
larger in P-FYM compared to P-BIOW and P-CN (see Supplementary Materials Table S10).
In maize grains, no significant difference was observed between the treatments for all TE,
except for Zn for which the concentration was significantly higher in P-BIOW and P-FYM
compared to P-SLU (Table 8, Supplementary Materials Table S11).

For both field experiments, average grain TE concentrations were generally equal
or below regulatory and recommended limits [62] and published values [18,61]. For
toxic TE in grains, most values were lower than the quantification limit, especially at the
PROspective site (Table 8, see Supplementary Materials Table S11 for As). At the QualiAgro
site, inputs of OWP resulted in decreased phytoavailability for Cd, Mn, Ni and Tl compared
to Q-CN. Such results agreed with previous results showing that long-term application
of sewage sludge and manures reduces the TE phytoavailability, e.g., shoot and grain Cd
accumulation [19,48,63]. The present results also showed that composts inputs in neutral
soil, especially alkaline mature compost (i.e., BIOW) decreases the plant concentration of
highly toxic TE, e.g., Cd and Tl.

3.4. Underlying Soil Factors Determining Trace Elements Phytoavailability

Multilinear regressions (MLRs) analysis were carried out to identify soils characteris-
tics influencing in situ TE phytoavailability as related to repeated inputs of OWP: (i) for
both experimental sites despite different plant species and (ii) considering separately each
experimental site. MLR equations were previously selected (i) by considering soil prop-
erties significantly altered by the repeated inputs of OWP and soil properties differing
between the sites (e.g., clay and silt contents), and (ii) by avoiding correlated soil variables
(e.g., OC, CEC, N and P). Carbonates were not considered in MLR, as values found at
QualiAgro site were lower than the quantification limits. Soil properties not measured
simultaneously at both sites were excluded from the regression equation.

Considering both sites, MLR models based on soil TE concentrations and selected soil
properties were able to accurately predict TE concentration in plantlets for Cd, Cu, Mn, Mo,
Ni and Tl (i.e., in situ phytoavailability) (Table 9, Figure 5, r2

adj ≥ 0.72). Figure 5 showed
that MLR models could correctly predict differences among experimental sites, with distinct
repartition of the dots between the sites for Cu, Mn, Ni and Tl. Of all soil variables tested in
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the MLR, soil OC content was the most frequent significant associated variable, followed by
the clay content, pH and total soil TE concentration. Soil OC and pH did vary according to
the initial soil chemical properties and the type and amount of OWP applied (Tables 1 and 4,
Figure 3). For Cd and Mo, the TE phytoavailability was significantly associated to soil OC,
pH and clay content. For Cu and Tl, soil TE concentration and OC content (and pH for Tl)
appeared as explaining soil variables when considering the ranges of variations within our
data. For Mn and Ni, clay content appeared as associated soil variables, and OC content
for Mn and pH for Ni. For Cr, Hg, Pb and Zn, no significant equation was found: indeed,
Cr and Hg phytoavailability did not differ significantly between the treatments, while Pb
and Zn phytoavailability differed only between P-FYM and P-CFYM and between Q-GWS
and Q-CN at the PROspective and QualiAgro site, respectively (Table 7).

Table 9. Selected results of stepwise multiple log–log linear regression (MLR) studies and associated statistics, with the
following data presented: Pl for Plantlet, Q for QualiAgro, P for PROspective and OC for organic carbon.

Site MLR For Equation ¤ N r2
adj RMSE p Value

Q/P Log10(CdPl)
=0.823 − 0.236 × pH *** −

1.432 × log10(OC) *** +
0.583 × log10(Clay) *

44 0.79 0.076 <0.0001

Q/P Log10(CuPl)
=0.484 − 0.510 ×

log10(OC) ** + 0.648 ×
log10(Cu) ***

44 0.77 0.047 <0.0001

Q/P Log10(MnPl)
=4.965 × 10−2 − 0.669 ×
log10(OC) ** + 1.103 ×

log10(Clay) ***
44 0.76 0.068 <0.0001

Q/P Log10(MoPl)
=2.371 + 0.164 × pH * +
2.870 × log10(OC) *** −
2.919 × log10(Clay) ***

44 0.83 0.126 <0.0001

Q/P Log10(NiPl) =−4.573 − 0.130 × pH * +
2.325 × log10(Clay) *** 44 0.72 0.115 <0.0001

Q/P Log10(TlPl)
=1.511 − 0.213 × pH * −

1.220 × log10(OC) ** +
5.189 × log10(Tl) ***

44 0.89 0.136 <0.0001

Q Log10(CdPl) =2.224 − 0.195 × pH ** −
1.804 × log10(OC) *** 20 0.84 0.081 <0.0001

Q Log10(MnPl) =2.500 − 0.729 ×
log10(OC) *** 20 0.48 0.052 <0.0001

Q Log10(MoPl)
=−2.562 + 0.365 × pH *** +
1.444 × log10(OC) + 3.863

× log10(Mo) **
20 0.89 0.104 <0.0001

Q Log10(NiPl) =0.920 − 0.196 × pH ** 20 0.28 0.119 <0.01

Q Log10(TlPl) =−0.511 − 0.206 × pH* −
1.250 × log10(OC) * 20 0.60 0.121 <0.0001

P Log10(MoPl) =1.147 + 4.455
× log10(Mo) ** 24 0.26 0.091 <0.01

P Log10(NiPl) =11.172 − 7.408 ×
log10(Ni) * 24 0.19 0.092 <0.05

¤ Exclusion of variable if p value > 0.1; N number of observations, r2
adj adjusted r-square error, RMSE root mean square error; * p value < 0.05;

** p value < 0.01; *** p value < 0.001 (statistical significance).
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Mn (c), Mo (d), Ni (e) and Tl (f), with the following data presented: Number of values = 44, with lower and upper bounds
(95%). See Figures 1 and 2 for treatments signification.

When considering both sites, a negative significant coefficient between the OC content
and plantlet TE concentrations suggested an effect of OC inputs to soils in decreasing
TE phytoavailability for Cd (p < 0.001), Cu (p < 0.01), Mn (p < 0.01) and Tl (p < 0.01).
This could result from sorption of TE onto fraction of OM, which could form immobile
TE-OM complexes [5,64]. Our findings are in agreement with previous studies suggest-
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ing the importance of insoluble OM in decreasing TE solubility, and thus phytoavail-
ability [19,25,26,28,65]. In a same way, negative significant coefficients with pH for Cd
(p < 0.001), Ni (p < 0.05) and Tl (p < 0.05) were consistent with common observations and
interpretation that increasing pH facilitates deprotonation of soil variable charge surfaces,
and cationic TE sorption and complexation, decreasing their (phyto)availability. For the
anionic Mo, on the contrary, positive significant coefficient was found for OC content
(p < 0.001) and pH (p < 0.05), which was consistent with a soil enrichment of Mo with
repeated inputs of OWP and increasing mobility and phytoavailability of oxyanions with
alkalinity [21,22,66–68]. According to the literature, soil texture appeared as predicting
factor of TE phytoavailability, as it influences TE solubility and bioavailability [22,24,67].
Finally, positive significant coefficient between soil and plant TE concentration suggested a
significant increase in TE phytoavailability with increasing soil TE concentration for Cu
(p < 0.001) and Tl (p < 0.001). Among other soil variables known to alter TE availability
and not considered in MLR analysis, increased carbonates and phosphates content could
alter availability of some cationic TE [17,21,22].

In order to specify the OWP treatment effects on TE phytoavailability, MLR were
carried out per experimental site (Table 9). At the PROspective site, no significant equation
was found likely for Cd, Cu, Cr, Mn, Pb, Tl and Zn because OWP spreading had little effects
on soil characteristics, including the TE contents. For Ni and Mo significant models were
found, but low adjusted r-square error and low p-value underlined the fact that models did
not explain accurately the dispersion of observations, and thus TE concentration in plantlets
was not correctly explained by the selected soil variables. The present results showed that
regression models could not explain the intrasite variability for the PROspective site.

We expected soil pH (i.e., second working hypothesis) and soil TE concentrations to be
controlling factors of TE phytoavailability, as already stressed in previous work [20,24,28,69,70].
Our data suggested that soil TE concentration might not have varied enough to detect the
effect on the phytoavailability of most TE, especially at the PROspective site. With the OWP
inputs to soil, the major processes determining TE phytoavailability were presumably the
complexation and retention processes with OM, and the reduction of their mobility in soil
due to the increase of soil pH. Such findings have already been observed at contaminated
sites, but rarely in non-contaminated field experiments and also not in the case of urban
composts application [26,28,48]. At the PROspective site, OWP inputs were not sufficient
to alter soil TE concentrations and OC content, while the carbonate content probably
buffered the alkaline pH. This could explain the absence of TE phytoavailability differences
between the OWP treatments at the PROspective site (except for Mo and Pb), compared
to the QualiAgro site. Indeed, at the QualiAgro site, with significant differences in TE
phytoavailability found among treatments, higher OWP inputs, and greater variations in
soil chemical properties, significant equations were found for Cd, Mn, Mo, Ni and Tl, with
adjusted r-square error up to 0.84 and 0.89 for Cd and Mo, respectively. When comparing
MLR equations, clay content differed between MLR equations for both sites (i.e., Q/P) and
for the QualiAgro site (i.e., Q) (Table 9). Of all soil variables tested in the related MLR, pH
was the most significant, followed by OC.

At the QualiAgro site, the models correctly predicted TE phytoavailability, with the
control (Q-CN) exhibiting higher TE phytoavailability for Cd, Mn, Ni and Tl, and lower Mo
phytoavailability (Figure 6). When considering the studied treatments, Figure 6 showed the
following orders: for Cd, Mn, Ni and Tl phytoavailability, Q-CN > Q-MSW = Q-GWS = Q-
FYM > Q-BIOW; for Mo phytoavailability, Q-CN < Q-MSW = Q-GWS = Q-FYM = Q-BIOW.
Among TE, Cd is the most probable TE to be of concern in the terms of crop accumulation
from fertilizers and soil amendments [21]. The predicted Cd phytoavailability decreased
with an increase in OC content and soil pH, i.e., in amended-soils although the total content
was higher compared to the control. The OWP inputs resulted in decreased risk of Cd
transfer to the crop, especially for Q-BIOW at QualiAgro site, which is an alkaline and
mature compost.
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However, our results did suggest a somewhat confounding effect of OWP inputs
doses (large versus common) on TE phytoavailability with respect to the soil type and plant
species. Therefore, there is still a question if doubling the OWP inputs at the PROspective
site would demonstrate the same or similar results to those found at the QualiAgro site.
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4. Conclusions

Studied OWP had the same chemical characteristics (i.e., pH, CEC, OC, N, P and K)
and TE concentrations, regardless of the site and the place of OWP production. Farmyard
manure and compost of farmyard manure had the lowest TE concentrations (Cd, Cr, Cu,
Hg, Mn, Mo, Ni, Pb and Zn). Repeated OWP inputs at agriculturally relevant levels on a
calcareous soil, i.e., at the PROspective site (pH 8.3), maintained the topsoil OC content,
without altering pH, and the topsoil TE concentration, except for Mo. When large amounts
of OWP were applied for 15 years in a neutral non-calcareous soil, i.e., at the QualiAgro site
(pH 7.1), significant increase in soil pH and OC content occurred. In such conditions, larger
TE inputs by OWP tended to slow down natural attenuation of topsoil TE concentrations
for Cd, Hg and Pb, and to increase Cu, Mo and Zn topsoil concentration in amended
soils. Maize TE concentrations did not change with the common agricultural OWP input
levels at the PROspective site. At the QualiAgro site, significant decrease in wheat TE
concentrations (i.e., plantlet shoots and grains) occurred at OWP amended plots for Cd,
Mn, Ni and Tl, compared to the control. The contrary occurred for Mo.

With the OWP application to soil, the major factor determining TE phytoavailability
was an increase in OC content and pH, suggesting TE complexation and retention processes
with OM, also possibly associated with the TE reduced mobility in soil due to the increase of
soil pH. In a very long-term perspective, decomposition of OM and soil OM complexes that
bind TE, modification of environmental conditions and land management could occur. This
could result in a release of sorbed TE. Nevertheless, TE phytoavailability would not increase
in the case OWP inputs ceased due to ageing processes, sorption of TE to recalcitrant OM
and/or sorption of TE onto other soil components such as Mn oxides. In order to confirm
such a hypothesis, future work is needed to determine OM reactivity and TE retention
capacities of OWP and in amended soils, and the oxides implication in TE phytoavailability.
Moreover, the present approach could be applied at various experimental sites, e.g., sites
integrated in the SOERE PRO network (network of long-term experiments dedicated to
the studying of impacts of organic waste product recycling). This would (i) complete TE
phytoavailability references, (ii) evaluate a putative alteration of TE phytoavailability after
cessation of OWP inputs and (iii) identify the role of OC and oxides in TE phytoavailability.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy11040664/s1, Figure S1: Field management and sampling periods for QualiAgro
site, Figure S2: Field management and sampling periods for PROspective site, Figure S3: Princi-
pal Component Analysis of organic waste product chemical properties for both sites, Figure S4:
Principal Component Analysis of organic waste product trace element concentrations for both sites.
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supplementary chemical properties, Table S3: Supplementary total trace elements concentrations
measured in the topsoil layer (0–25 cm, sieved < 2 mm) for Ag, Al, As, B, Co, Fe, Se, compared to the
average French trace element concentrations, Table S4: Characteristics of the organic waste products
studied in the QualiAgro site, Table S5: Characteristics of the organic waste products studied in
the PROspective site, Table S6: Trace element concentration (mg kg−1 DM, DM for dry matter) of
the organic waste products studied at the QualiAgro site, Table S7: Trace element concentration
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Supplementary trace element concentrations in plantlets for Ag, Al, As, B, Co, Fe, Sb, Se, Sn and rare
earth elements Ce, La, Table S11: Supplementary trace element concentrations in consumed exported
grains for Ag, Al, As, B, Co, Fe, Sb, Se, Sn and rare earth elements Ce, La.
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