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ABSTRACT
Exogenous organic materials (EOMs) are increasingly used as substitutes for mineral fertilizers and as tools to restore soil health 
within a circular bioeconomy context. However, the great diversity of EOMs in terms of origin, composition, chemical proper-
ties, and contaminant concentrations challenges their safe and efficient use in agriculture. The aim of the study was to establish 
a framework for the clustering of EOMs properties from several EU countries, enabling their categorisation according to their 
origin, characteristics, and chemical properties and trace elements (TE) profile. For that purpose, a dataset with chemical char-
acteristics and TE concentrations from 118 EOMs was constructed from a database previously published. The EOMs included a 
wide range of organic residues and waste streams from agricultural, industrial, and urban origins representative of the diversity 
of European EOMs. Clustering analyses were carried out to distribute EOMs among clusters (i) of chemical properties based 
on their characteristics (dry mass, C-to-N ratio, pH, and concentrations of organic C, N, N  NH4, P, K, Ca, and Mg), and (ii) of 
TE profile based on their concentrations of As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn. Five practical scenarios of EOMs applications 
mixing amending and fertilizing EOMs were considered to estimate input fluxes of C, N, P, K, and TEs over a period of 10 years 
in contrasted areas (agricultural settings and peri-urban areas). The present study clustered the EOMs according to their soil 
improver characteristics that is, from NK fertilizing to liming and organic amending properties. The clustering analysis on TEs 
classified EOMs according to their TE profiles, with (i) smaller concentration of TEs (i.e., three quarters of EOMs), and (ii) larger 
concentration of all TEs and especially for Cu and Zn. The various practical scenarios simulating the repeated applications of 
local EOMs from contrasted areas showed that input fluxes were in line with commercial organic fertilizer inputs and below the 
goal of 170 kg N per hectare per year, while TE input fluxes respected the French regulation thresholds, even in the scenarios 
including EOMs containing also greater TE levels.

1   |   Introduction

To ensure the security of future food production, it is essen-
tial to prioritise the maintenance of soil health and fertility 
by implementing sustainable practices that utilise bioecon-
omy to mitigate the impact of agriculture on the environment 
and the climate practices (Kopittke et al. 2019; FAO 2023). In 
addition to the imperative for increasing food production, it 

is also crucial to ensure the availability of adequate essen-
tial nutrients (micro- and macronutrients) to meet dietary 
requirements (Martinez-Ballesta et  al.  2010). In sustainable 
agricultural practices, soil health indicators (i.e., the main 
soil qualities) notably of nutrient availability and retention 
capacity are closely associated with the maintenance of soil 
organic carbon concentration, which has traditionally been 
supported through the application of livestock manure in 

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited and is not used for commercial purposes.

© 2026 The Author(s). European Journal of Soil Science published by John Wiley & Sons Ltd on behalf of British Society of Soil Science.

https://doi.org/10.1111/ejss.70261
https://doi.org/10.1111/ejss.70261
mailto:
https://orcid.org/0000-0002-4298-3303
https://orcid.org/0000-0002-6802-4696
mailto:aurelia.michaud@inrae.fr
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fejss.70261&domain=pdf&date_stamp=2026-01-18


2 of 19 European Journal of Soil Science, 2026

livestock-producing areas (Peltre et al. 2011; Houot et al. 2014; 
EU 2024; FAO 2025). However, in the modern era, other or-
ganic materials derived from agricultural, industrial, and 
urban activities could be more extensively employed in soil 
applications when their safety is warranted (Lashermes 
et al. 2009).

Exogenous organic materials (EOMs) are secondary raw mate-
rials that is, wastes and residues from agriculture, municipali-
ties or industries (Moinard et al. 2021), which are used as such 
or further processed with a variety of technologies to bio-based 
fertilizers or soil improvers (Kacprzak et al. 2022; Kurniawati, 
Stankovics, et al. 2023). Livestock manure represents about 90% 
of the total EOM amounts produced and used in France (Houot 
et al. 2014). The growing global population has led to the pro-
duction of vast quantities of organic solid waste from urban and 
industrial activities, due to the implementation of environmen-
tal regulation and waste management technologies (Lopez-Rayo 
et al. 2016; Sharma et al. 2017). Over the last decades, the diver-
sity of EOMs has increased, as they are produced by processing 
a wide range of waste materials via different technologies. The 
origin of the input materials, the processing steps, and the pa-
rameters involved (e.g., temperature, retention time, and pH), 
all influence the characteristics of the end-products that is, 
EOMs (Guilayn et al. 2019; Chojnacka et al. 2024). In addition 
to their agronomic properties, EOMs can contain various con-
taminants, depending on the origin of the raw materials and 
the treatments they have undergone, including pathogens, trace 
elements (TE), and organic contaminants (Kupper et  al.  2014; 
Bourdat-Deschamps et  al.  2017; Michaud et  al.  2020; Munoz 
et al. 2021; Kurniawati, Toth, et al. 2023). Of the TEs, some are 
essential plant nutrients, such as boron (B), copper (Cu), iron 
(Fe), manganese (Mn), molybdenum (Mo), and zinc (Zn), which 
can be deficient in some agroecosystems, such as Cu, Fe, and 
Zn in calcareous soils (Kirkby and Römheld  2004; Michaud 
et al. 2007; Moreno-Jiménez et al. 2016; Asadu et al. 2024). The 
input of EOMs to soil has been demonstrated to serve as a source 
of micronutrients, which may potentially result in biofortifica-
tion (McGrath et al. 1995; Bolan et al. 2021). However, if concen-
trations of essential TEs in soils are high, they can impair the 
proper functioning of the soil by becoming phytotoxic or toxic to 
the soil organisms, notably for Cu and Zn (Michaud et al. 2007; 
Kirchmann et  al.  2017). Besides those micronutrient TEs, the 
majority of concern refers to the toxic elements cadmium (Cd), 
mercury (Hg), lead (Pb), and the metalloid arsenic (As) (Alloway 
and Jackson  1991; Kabata-Pendians  2012). Among these 
toxic TEs, Cd is of particular concern due to its high toxicity, 

carcinogenicity, and high dietary intake through crop contam-
ination, especially cereals (Viala et  al.  2017; Tian et  al.  2018; 
Grüter et al. 2019). In fact, EOMs can represent a source of Cd; 
nevertheless, its main entrance into soils comes from mineral P 
fertilizers (Sterckeman et al. 2018; Michaud et al. 2020). EOMs 
are nutrient-rich materials that may be contaminated, meaning 
that their impact on fertilization efficiency, soil health, and the 
environment can vary considerably between different EOMs; 
for example, sewage sludge is known to contain high levels of 
nutrients, as well as potential contaminants (Bolan et al. 2021; 
Levine et al. 2023).

Conventionally, EOMs are classified according to empirical cri-
teria such as type of raw materials (e.g., slurry, farmyard manure, 
sludge) and process technologies (e.g., digestates, composts) 
(Morvan et  al.  2006; Michaud, Van Der Smissen, et  al.  2025). 
The EU Fertilizer Regulation EU 2019/1009 classifies EOMs 
based on two categories, the Product Function Category (PFC) 
and the Component Material Category (CMC) (EU 2019). PFC 
includes fertilizers, liming materials, soil improvers, growing 
media, inhibitors, plant bio-stimulants, and product mixtures, 
while CMCs include virgin raw materials and their mixtures 
(i.e., plants, plant parts, extracts; compost; crop digestates and 
other digestates; food industry by-products; micro-organisms; 
nutrient polymers; other polymers; materials produced from 
animal by-products). The product, which complies with the 
safety requirements specified for the CMC categories, can be CE 
marked and placed on the EU internal market. In addition to 
CE marked products, fertilizer products marketed domestically 
may be manufactured in accordance with the requirements 
of national fertilizer legislation, resulting in a wide variety of 
different EOMs being produced and used within the EU. In a 
perspective of circular bioeconomy, managing recycling in agri-
culture of such EOMs must be cost-effective, with high fertilizer/
amending value, and with safe and clean products (Kirchmann 
et al. 2017; Sharma et al. 2017; Tampio et al. 2022). Additionally, 
improper use of EOMs can result in nutrient over-fertilisation 
and losses in the environment (O'Connor et al. 2022). The farm-
ers using the EOMs and agricultural advisers might not have 
enough knowledge on the products, their market availability, 
or composition (Hijbeek et al. 2019; Moinard et al. 2021). It is 
therefore necessary to propose guidelines and best practices rec-
ommendations for farmers (as proposed in Kurniawati, Toth, 
et al. 2023), notably by providing a holistic analysis and cluster-
ing of the EOMs properties diversity based on chemical proper-
ties and contaminant risks.

A few previous classification studies on EOMs have been pub-
lished focusing on some raw materials, processes, carbon (C) 
and nitrogen (N) value or contaminant context. In France, 
previous studies published multifactor approaches to estab-
lish C and N classifications for sewage sludge (Parnaudeau 
and Dignac  2007), animal wastes (Morvan et  al.  2006), and 
industrial wastewaters (Parnaudeau et al. 2006). Other stud-
ies predicted the availability of C and N with statistical and 
modelling approaches with the aim of providing decision-
making tools for a diversity of EOMs (Lashermes et al. 2009, 
2010; Peltre et  al.  2011; Levavasseur et  al.  2022) and diges-
tates (Guilayn et al. 2019; Fernández-Domínguez et al. 2021). 
Additionally, the presence of contaminants has been analysed 
in several studies. For instance, Kupper et al.  (2014) studied 

Highlights

•	 Exogenous organic materials (EOMs) were distributed 
into fertilizing and amending clusters.

•	 Urban EOMs contained higher trace element 
concentrations.

•	 Scenarios mixing amending and fertilizing EOMs 
were in line with inputs from commercial organic 
fertilizer.

•	 Scenarios mixing EOMs from urban origin remained 
below limit values for TEs.
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161 compost samples from Switzerland and analysed the ef-
fects of treatment process and input materials on TEs. Munoz 
et  al.  (2021), Saliu et  al.  (2024) and Michaud, Dunsin Saliu, 
et al.  (2025) also analysed the emerging poly- and perfluori-
nated substances levels for various EOMs and their inputs to 
agricultural soils.

Despite the extensive research done on different EOMs, their 
characteristics and use, there is a lack of publicly available da-
tabases, characterisation studies that deal with a wide range 
of EOM characteristics and EOM types notably in EU (Perez-
Mercado et al. 2024; Michaud, Van Der Smissen, et al. 2025). A 
better characterisation of EOM properties, including chemical 
characteristics and trace elements concentrations, for a large 
diversity of EOMs is needed to better qualify the variability 
and the clustering of the properties in European EOMs. This 
is essential to ensure the efficient recycling of these products 
and the recovery of their nutrients, in diverse climatic and soil 
conditions, and to make national policy recommendations. 
The aim of the study was to establish a framework for the 
clustering of EOMs properties from several EU countries, en-
abling the categorisation of these materials according to their 
origin, description information, and chemical properties or 
trace elements profile.

2   |   Materials and Methods

2.1   |   Dataset

The data was collected from a database of 126 EOMs estab-
lished from available national sources from six European 
countries (Belgium, Finland, France, Italy, Lithuania, and 
The Netherlands) as described in Michaud, Van Der Smissen, 
et al. (2025). In the present study, a dataset was constructed from 
this published database by calculating averages for each charac-
teristic per EOM type for 118 EOMs for which data have been 
registered according to the following dataset requirements, so 
that eight EOMs have been deleted from the published database. 
The data included dry mass content (DM, expressed based on 
fresh matter [FM]) and the following chemical characteristics 
expressed as normalised on a dried matter basis: C to N ratio 
(C/N), pH, organic C (org. C), total nitrogen (N), ammonium N 
(N─NH4), total potassium (K), total phosphorus (P), total cal-
cium (Ca), total magnesium (Mg), total arsenic (As), total cad-
mium (Cd), total cobalt (Co), total chromium (Cr), total copper 
(Cu), total mercury (Hg), total nickel (Ni), total lead (Pb), total 
zinc (Zn).

The EOMs included a wide range of organic products from ag-
ricultural, industrial, and urban origins (Table 1) representative 
of the diversity of EOMs applied to European cultivated soils. 
The EOM denomination was established according to the meth-
odology presented in Michaud, Van Der Smissen, et al.  (2025) 
with affiliation of each EOM according to its origin, end-product 
type after process, major raw material, specification, and dry 
mass class (See SI1.1 for detailed list of EOM denominations). 
Of the 118 EOMs and based on their origin, 8% refers to agricul-
tural crops/residues, 15% to industrial EOMs, 48% to livestock 
manure, 13% to other/mixed EOMs, and 25% to urban EOMs. 
Considering the end-product types, 35% concerned unprocessed 

EOMs, 33% digestates, 18% composts, 7% composted digestates, 
3% limed EOMs, 2% dehydrated EOMs, 1% biochars, aerobically 
stabilized EOMs, and mineral concentrates. The main major raw 
materials of the EOMs were manure with 27% of EOMs, slurry 
and sewage sludge with 12% of EOMs each, and plant material 
for 10% of EOMs; considering that the major raw material slurry 
refers to the liquid part of the animal faeces, while manure re-
fers to the solid part of the animal faeces often mixed with straw, 
and both are considered as livestock manure.

2.2   |   Clustering of the EOM Properties

An integrative multivariate approach was carried out to capture 
the overall chemical signature of the EOMs using the most com-
monly referenced chemical parameters in the literature (DM, C, 
N, C/N, pH, N  NH4, P, K, Ca, and Mg) and the main of the TEs 
considered in regulations (As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn). 
First, Principal Component Analysis (PCA), which is a robust 
multivariate approach that efficiently handles correlated vari-
ables and reduces dimensionality while preserving the main 
variance structure, has been carried out to summarize correla-
tions and reveal the main compositional gradients across EOMs. 
Secondly, Ascending Hierarchical Clustering (AHC) analysis, 
which is an integrative multivariate approach, allowed group-
ing EOMs according to their overall properties and interpreting 
their chemical and TEs profile in a typological framework.

Two complementary multivariate analyses combining PCA 
and AHC were carried out on two sets of characteristics with: 
(a) the following chemical properties—DM, C/N, pH, org. C, N, 
N─NH4, P, K, Ca, and Mg—studied on the 118 EOMs considered 
for the clustering analysis; (b) the following TEs—As, Cd, Cr, 
Cu, Hg, Ni, Pb, and Zn—studied on 72 EOMs considered for the 
clustering analysis. Those variables were selected to represent 
usual chemical properties and TE aspects, with consideration 
also given to data availability in the dataset to minimize the pro-
portion of missing values; that is, each variable was selected to 
have a missing value rate less than 30% (except for Ca and Mg), 
with missing data inferior to 10% for DM, C, N, P, K, Cd, Cr, Cu, 
Ni, Pb, and Zn (Table 2). In multivariate analyses, the complete 
dataset is considered, here with the remaining missing values 
imputed using the nearest neighbour methodology, which re-
places missing values by values from similar observations for 
which all the information was observed (Glasson-Cicognani and 
Berchtold 2010).

Additional C and N agronomic properties were represented as 
a function of the clusters of chemical properties depending on 
the availability of the data, as follows: index of remaining or-
ganic carbon (IROC) (n = 29 EOMs), mineralized carbon after 
91 days of mineralization expressed in percentage of organic car-
bon (n = 30 EOMs), ratio of N─NH4 over N (n = 76 EOMs), and 
potentially mineralized nitrogen after 91 days of mineralization 
expressed in percentage of organic nitrogen (n = 25 EOMs).

2.3   |   Input Flux Calculations

The inputs of C, N, P, K, and TEs resulting from the repeated 
EOM applications were calculated by multiplying the element 
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concentration and a fixed amount of EOM on a fresh matter 
basis per application over 10 years.

First, the EOM applications considered two single agronomic 
goals to estimate related TE input fluxes: EOMs were used as 
a substitute to mineral N fertilizer, with inputs every year ac-
cording to the goal of 170 kg of N per hectare (EU 1991); EOMs 
were used as a substitute to mineral P fertilizer added every 
year according to a goal of 17 kg of P per hectare (Denoroy 
et al. 2019).

Secondly, input fluxes of C, N, P, K, and TEs over 10 years were 
calculated for five practical scenarios of EOM applications mix-
ing local amending and fertilizing EOMs, which considered the 
objective of 170 kg N per hectare per year (EU 1991) and agro-
nomical rates of EOM application. Those practical scenarios 

corresponded to contrasted areas producing EOMs, as pre-
sented below:

–	 Scenario “Cattle farms”: cattle farm areas, with appli-
cations of EOMs in the form of cattle slurry and ma-
nure, which represent usual combination in agricultural 
settings;

–	 Scenario “Pig farms”: pig farms areas, with applications of 
two digestates of pig slurry varying in their dry mass;

–	 Scenario “Cereal farms” (prospective): large cereal farms in 
areas without livestock farms and surrounded by moderate 
sized cities and industries, with applications of EOMs as di-
gestate of cover-crop mixed with amendments composed of 
local urban and industrial wastes such as mill sludge and 
compost of sewage sludge;

TABLE 1    |    Description of the EOMs considered in the dataset with the following data presented: origin of EOMs, end-product after process, major 
raw material and related number of EOMs (n).

Origin End-product Major raw material n

Agricultural crops/residues Composted digestate Unspecified 1

Digestate Cover crop, plant material, unspecified 6

Unprocessed Mix, plant material 3

Industrial Aerobic stabilized Sludge 1

Compost Slurry 1

Dehydrated Vinasse 1

Digestate Unspecified 2

Limed Sludge 2

Unprocessed Plant material, sludge 11

Livestock manure Biochar Manure 1

Compost Manure, slurry 9

Composted digestate Manure, mix, slurry 3

Digestate Manure, mix, slurry 15

Mineral concentrate Slurry 1

Unprocessed Manure, slurry 19

Other/mixed Compost Animal by-product, mix, plant material, unspecified 4

Digestate Animal by-product, mix, plant material, unspecified 8

Unprocessed Animal by-product 1

Urban Compost Green waste/biowaste, residual municipal solid 
waste, sewage sludge, source-sorted biowaste

7

Composted digestate Residual municipal solid waste, sewage 
sludge, source-sorted biowaste

4

Dehydrated Sewage sludge 1

Digestate Mix, residual municipal solid waste, sewage 
sludge, source-sorted biowaste

8

Limed Sewage sludge 2

Unprocessed Sewage sludge, source-sorted biowaste, urine 7
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–	 Scenario “Peri-urban”: peri-urban areas, with production 
of high amounts of urban wastes processed and recy-
cled  in local cereal agricultural settings, with applica-
tions of EOMs as digestate and compost of source-sorted 
biowastes, and unprocessed and composted sewage 
sludge;

–	 Scenario “Peri-urban with urine” (prospective): peri-urban 
areas, with production of high amounts of urban wastes 
(un)processed and recycled in local cereal agricultural set-
tings, with applications of EOMs as urine and composts of 
source-sorted biowastes and sewage sludge.

2.4   |   Further Statistics

Statistics were performed using XLSTAT (V 2023.2, Addinsoft). 
Statistical significance was set at 5% in all analyses. The follow-
ing statistical methods were used to explore differences between 
groups, identify significant associations, and support clustering 
analysis: the Kruskal–Wallis non-parametric test (to compare 
multiple groups) combined with bilateral Dunn's tests with 
Bonferroni correction (for pairwise comparisons), Spearman 
correlation matrices (to assess relationships between variables), 
and classification trees using the CHAID method (Chi-square 
Automatic Interaction Detection) for categorical prediction and 

variable interaction analysis to identify varying factors among 
clusters.

3   |   Results and Discussion

3.1   |   Short Description of the Dataset

The chemical characteristics were highly variable within the 
dataset (Table  2). The chemical characteristics that were re-
ported most frequently were dry mass (reported in 100% of 
the data), with values ranging from 1.1% to 98.6% of fresh 
matter, and the concentrations of N (98%), P (97%), and or-
ganic C (94%), with values varying from 0.8 to 536.4 g N/kg 
DM, 0.5 to 47.5 g P/kg DM and 64.6 to 623.3 g C/kg DM, re-
spectively. The largest N concentration corresponded to the 
urban unprocessed urine which exhibited far greater N con-
centrations compared to the other EOMs, with 536 and 464 g/
kg, respectively for N and N  NH4, as previously observed 
(Moinard et  al.  2021; Martin et  al.  2023). In fact, this EOM 
was found as an outlier, which was excluded from the PCA 
and AHC, so that 117 EOMs were finally considered in the 
PCA and AHC. The correlations between chemical charac-
teristics showed that K and N concentrations (total, N  NH4) 
were positively correlated with correlation coefficients over 
0.6 and p value < 0.001, while C-to-N ratio and dry mass were 

TABLE 2    |    Description of the dataset with the following data presented: characteristics considered in the clustering analysis (Char.), unit, number 
of EOM per characteristic (n), frequency in the EOM dataset (Freq.), minimum (min.), maximum (max.), median (med.), mean; results from Kruskall-
Wallis test evaluating characteristics variation as a function of EOM description information.

Char. Unit n Freq. Min. Max. Med. Mean Origin End-product Major raw mat. %DM

DM % FM 118 100% 1.1 98.9 28.1 33.5 ns *** ns ***

pH — 94 80% 5.9 12.8 8.1 8.3 ns * ns ns

C/N g/g 83 70% 0.7 38.2 10.4 11.7 ns ** * ***

Org. C g/kg DM 111 94% 64.6 623.3 315.9 301.2 *** *** ** *

N g/kg DM 116 98% 0.8 536.4 29.2 46 ** ** ** ***

N─NH4 g/kg DM 102 86% 0 463.6 6.6 20.7 ** *** * ***

P g/kg DM 114 97% 0.5 47.5 10.9 12.8 * ns *** *

K g/kg DM 109 92% 0.2 218 18.1 28.1 *** * *** ***

Ca g/kg DM 78 66% 4.1 373.4 31.6 60.8 *** ** *** *

Mg g/kg DM 81 69% 0.3 58 6.4 9 ns ns ns ns

As mg/kg DM 56 47% 0 9.1 1.8 2.6 *** * ** ns

Cd mg/kg DM 65 55% 0.1 2.7 0.5 0.6 ** ns ** ns

Cr mg/kg DM 65 55% 1 268 13.6 23.1 *** ns ** ns

Cu mg/kg DM 72 61% 9.2 486 88.3 114.1 ** ns ** ns

Hg mg/kg DM 52 44% 0 1.88 0.111 0.299 ns ns * ns

Ni mg/kg DM 66 56% 2.1 67.5 13.7 15.5 ** ns ** ns

Pb mg/kg DM 66 56% 0.1 150.1 8.6 21.4 *** ns *** ns

Zn mg/kg DM 72 61% 22.8 1628.1 267.3 383.8 ** ns ** ns

Note: FM (fresh matter), DM (dry matter); *p value < 0.05, **p value < 0.01, ***p value < 0.001, ns for non-significant.
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negatively correlated to the N concentrations (total, N  NH4) 
with correlation coefficients inferior to −0.6 and p value 
< 0.001 (See Appendix SI1.2). Cu and Zn, which were the most 
frequent TEs with registered values in the dataset, also had 
the greatest concentrations, with values varying from 9.2 to 
486.0 mg/kg DM and from 22.8 to 1628.1 mg/kg DM, respec-
tively. The correlation matrix showed that As, Cd, Cr and 
Pb had correlation coefficients superior to 0.50 and p value 
< 0.001 (See Appendix  SI1.2). Ni presented correlation coef-
ficients with Cr and Pb over 0.50 and p value < 0.001. Cu and 
Zn were highly correlated with a correlation coefficient of 0.86 
(p value < 0.001), with correlation to the other TEs (r < 0.50). 
An outlier was identified with industrial unprocessed sludge 
of leather and fur industry for which Cr concentration was 
far superior to the other EOMs with 268.0 mg/kg DM, which 
was excluded from the PCA and AHC (i.e., 71 EOMs finally 
considered); this EOM is authorised for spreading according 
to Belgium regulation (BE  1995). Such order of magnitudes 
and correlations are consistent with previous studies (Morvan 
et  al.  2006; Lashermes et  al.  2009, 2010; Houot et  al.  2014; 
Tampio et al. 2016; Alvarenga et al. 2017; Michaud et al. 2020; 
Caradec et al. 2025).

The chemical characteristics varied according to the EOM de-
scription information that is, origin, major raw material, end-
product after process, and dry mass class (Table  2; See also 
detailed box-plots in SI1.3). Briefly, considering the origins of 
EOMs, livestock manure EOMs exhibited greater organic C 
and K concentrations, industrial EOMs exhibited larger Ca con-
centration; urban EOMs exhibited larger concentrations of As, 
Cd, Cr, Cu, Ni, Pb and Zn, while livestock manure and crops/
residues EOMs exhibited greater concentrations of Cu and Zn. 
Of the end-products, composts and composted digestates exhib-
ited larger dry mass classes, digestates and unprocessed EOMs 
larger N concentrations (total, N  NH4) and limed EOMs greater 
Ca concentration. Of the major raw materials, sewage sludge 
showed larger P concentrations, sludge and plant materials 
greater Ca concentrations, while urine exhibited the largest N 
concentrations (total, N  NH4). Sewage sludge exhibited supe-
rior concentrations of As, Cd, Cu, Ni, Pb and Zn, and residual 
municipal solid wastes larger As, Cd, Cr and Pb concentrations. 
Finally, the dry mass class influenced significantly some chem-
ical characteristic values, with C-to-N ratio smaller in 0%–15% 
DM class compared to the other DM classes (i.e., > 15% DM), and 
concentrations of K and N (total, N─NH4) greater in 0%–15% DM 
class compared to the other DM classes (i.e., > 15% DM). Such 
results showed that chemical properties varied according to all 
the EOMs description information (i.e., origin, end-product, 
major raw material, dry mass class), while TE concentrations 
varied more according to the origin and the nature of major raw 
materials.

The present results align with previous studies showing vari-
ation of characteristics among: (i) EOM groups or end-product 
types (Morvan et al. 2006; Lashermes et al. 2009, 2010; Tampio 
et  al.  2016; Guilayn et  al.  2019); (ii) major raw materials with 
sewage sludge exhibiting larger concentrations of P and urine 
far larger levels of N (Moinard et al.  2021; Martin et al. 2023; 
Perez-Mercado et  al.  2024); (iii) dry mass classes with N and 
K predominantly found in the 0%–15% DM class that is, liquid 
fractions (Caradec et al. 2025); (iv) superior TE concentrations 

in urban EOMs, especially sewage sludge (Sharma et al. 2017; 
Michaud et al. 2020; Bolan et al. 2021). In addition, beyond these 
group-level trends, the detailed boxplots by individual elements 
(See SI1.3) show that intrinsic variability remains within and 
between origins, dry-mass classes, processing types and compo-
sition, with substantial overlaps between groups. As a result, the 
interpretation for such of group-levels of EOMs is challenging. 
This complexity, therefore, supports the need for an integrative 
multivariate approach to better capture combined compositional 
patterns of EOMs.

3.2   |   Clustering of the Chemical Properties

Previous studies involving fewer EOM types (Parnaudeau 
et al. 2006; Morvan et al. 2006; Parnaudeau and Dignac 2007; 
Lashermes et al. 2009, 2010; Levavasseur et al. 2020, 2022) used 
C and N concentrations to classify EOMs according to their C 
and N values. For the first time, the present study proposes a 
clustering of the chemical properties for a broad range of EOMs 
from multiple origins based on a comprehensive set of usual 
characteristics that is, DM, C-to-N ratio, pH, and concentrations 
of organic C, N, N─NH4, K, P, Ca, and Mg.

Figure 1 presents the projection of the chemical set of charac-
teristics for the 117 EOMs, with representation of the observa-
tions (i.e., EOMs) according to their dry mass class. The first 
two component factors accounted for 55.9% of total variance. 
The first component discriminated EOMs with high N and K 
concentrations (right side) from those with high DM and C-
to-N ratios (left side). The second component separated EOMs 
with high Ca, Mg, and P (upper part) from those with high 
organic C concentration (inferior part). EOMs exhibiting a dry 
mass smaller than 15% of fresh matter were in the extreme 
right part of the PCA and characterised by greater concentra-
tions of N, N─NH4, and K. The major raw materials which 
were represented as Supporting variables were departed as 
follows: cover crop, slurry, unspecified, mix, and animal by-
product in the right part of the PCA suggesting larger concen-
trations of N, N-NH4, and K, while green waste, biowastes, 
municipal solid wastes, sludge, and plant materials were in 
the left part of the PCA suggesting EOMs composed by those 
major materials exhibiting smaller concentrations of N, N-
NH4, and K and greater dry mass and C-to-N ratios.

The ascending hierarchical clustering analysis defined four dis-
tinct clusters of EOMs presented in detail in Appendix SI2, with 
the related variation of chemical properties represented as box 
plots in Figure 2. The main part of the EOMs was gathered in 
Clusters 1 and 3 (39 EOMs and 54 EOMs, respectively) and corre-
sponded principally to livestock manure and urban EOMs, with 
a majority of composts and unprocessed EOMs in Cluster 1 (59% 
and 21%, respectively), and digestates and unprocessed EOMs 
in Cluster 3 (43% and 41%, respectively). Those EOMs exhibited 
larger dry mass, greater organic C concentration (Cluster 3), and 
smaller NK concentrations compared to the EOMs from Cluster 
2. The 18 EOMs from Cluster 2, which exhibited the largest N 
and K concentrations, were mainly agricultural digestates and 
unprocessed EOMs (67% and 28%, respectively) with dry mass 
inferior to 15% of the fresh matter. In fact, Cluster 3 contains 
some agricultural solid digestates and unprocessed livestock 
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7 of 19European Journal of Soil Science, 2026

manure which are fibrous types of EOMs (SI2.2), whereas 
Cluster 2 contains mainly raw and liquid digestates (0%–15% 
DM) with larger N  NH4 concentration, which is typical of di-
gestates (Guilayn et al. 2019; Caradec et al. 2025). Finally, the 
6 EOMs from Cluster 4 were industrial EOMs, which had, in 
majority, dry mass larger than 50% of fresh matter, the largest 
C-to-N ratios, pH, and Ca concentrations, and the smallest con-
centrations of C, N, P, and K compared to EOMs from the other 
clusters.

In addition, Figure 3 presents the variation of additional C and 
N agronomic properties across the EOMs pertaining to those 
chemical clusters. Those C and N agronomic properties were 
excluded from the clustering analysis due to the lack of data 
in the dataset. Figure 3 showed that EOMs from Cluster 1 ex-
hibited a significantly greater index of remaining organic C 
(IROC), which represents the potential of organic carbon stor-
age after incorporation into soil (Lashermes et al. 2009) and 
significantly smaller mineralized carbon after 91 days of incu-
bation compared to the EOMs from Cluster 2 (Figure 3). This 
suggests that EOMs from Cluster 1, which are mainly com-
posts, exhibited superior carbon amending values compared 
to EOMs from Cluster 2, which agreed with previous studies 
(Lashermes et  al.  2009; Levavasseur et  al.  2020). Figure  3 
showed that the EOMs from Cluster 2 also exhibited signifi-
cantly larger N  NH4-to-N ratio (0.5–0.7) and larger median 

(but not significantly) of potentially mineralized organic N 
compared to EOMs from Clusters 1 and 3, which suggests that 
those EOMs had superior N fertilizing potential compared to 
the EOMs from Clusters 1 and 3.

Further classification trees were carried out to identify criteria 
driving the EOM affiliation to clusters of chemical properties. 
According to the EOM description information (i.e., origin, end-
product, major raw material, DM class), dry mass classes were 
the first categorizing factor (SI2.3), while when considering the 
chemical properties, organic C concentration distributed at first 
the affiliation of EOMs to clusters followed by the dry mass, pH, 
and concentration of N  NH4 (SI2.4), which agreed with the 
PCA and AHC analyses.

The clustering based on chemical properties confirms the par-
tition of EOMs on a gradient of C and N contributions-from N 
fertilizing values to C amending values-on a wide diversity of 
EOMs recycled in various countries in the EU—pertaining to 
multiple origins, compositions, and processes— (Parnaudeau 
et al. 2006; Morvan et al. 2006; Parnaudeau and Dignac 2007; 
Lashermes et  al.  2009, 2010; Levavasseur et  al.  2020, 2022). 
Besides the number of EOM types, the originality of the present 
study lies in complementing previous approaches by consider-
ing an overview of usual chemical properties that take into ac-
count other characteristics beyond just N and C. Moreover, as 

FIGURE 1    |    Principal component analysis of chemical properties, with the considered quantitative variables (DM, C/N, pH, and concentrations of 
organic C, N, N  NH4, K, P, Ca, and Mg), major raw materials entering into the composition of EOMs considered as Supporting variables (centroids 
represented as triangles), and individuals represented according to their class of dry mass (0%–15%, 15%–25%, 25%–50%, 50%–75%, and superior to 
75% of fresh matter).
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FIGURE 2    |     Legend on next page.
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9 of 19European Journal of Soil Science, 2026

mentioned earlier by Morvan et al. (2006) for animal wastes, 
the present clustering analysis revealed meaningful differen-
tiation among intrinsically different EOMs, such as composts 
in Cluster 1, agricultural digestates composed primarily of 
plant materials and manure/slurry with dry mass smaller 
than 15% of fresh matter in Cluster 2, the other digestates and 
unprocessed manure in Cluster 3, and industrial EOMs with 
high pH and Ca concentrations in Cluster 4 (list of EOMs per 
clusters in SI2.2). It gathered both processed and unprocessed 

EOMs sharing the same major raw materials, such as unpro-
cessed and processed manure with a few composts and diges-
tates not included in Clusters 1 and 2 as well as biochar in 
Cluster 3, unprocessed and processed sewage sludge (com-
post, limed) in Cluster 1, and slurry digestates along with 
unprocessed slurry and slurry mineral concentrate in Cluster 
2. In addition, this clustering of chemical properties grouped 
EOMs from different origins but with similar characteristics, 
such as digestates composed of urban biowastes, agricultural 

FIGURE 2    |    Box plots of chemical properties according to the clusters of EOMs defined in the ascending hierarchical clustering analysis of chem-
ical properties with the following data presented: C-to-N ratio, concentrations of organic C, N, N  NH4, P, K, Ca expressed in grams per kilogram 
of dry mass (DM) and pH; means as crosses in boxes, median as the intermediate line of boxes, 25%–75% quartiles as upper/lower lines of boxes, 
10%–90% quartiles as upper/lower vertical bars; abc letters stand for significant differences between clusters with Dunn's bilateral tests.

FIGURE 3    |    Carbon and nitrogen agronomic properties variation according to the clusters of chemical properties with the following data avail-
able for clusters 1–3 (i.e., no data for Cluster 4): Index of remaining organic carbon (IROC) expressed in percentage of organic matter (n = 29 EOMs), 
mineralized carbon after 91 days of mineralization expressed in percentage of organic carbon (n = 30 EOMs), ratio of N  NH4 over N (n = 76 EOMs), 
and potentially mineralized nitrogen after 91 days of mineralization expressed in percentage of organic nitrogen (n = 25 EOMs); means as crosses in 
boxes, median as intermediate line of boxes, 25%–75% quartiles as upper/lower lines of boxes, 10%–90% quartiles as upper/lower vertical bars; abc 
letters stand for significant difference between clusters with Dunn's bilateral tests.
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10 of 19 European Journal of Soil Science, 2026

plant material or cover crop, and livestock slurry in Cluster 2; 
urban composts of biowastes and green waste with composts 
of manures and composts from other/mixed origin in Cluster 
1; urban sewage sludge with manures in Cluster 3.

3.3   |   Clustering of the Trace Element 
Concentrations

The second clustering analysis aimed to distribute EOMs among 
classes of TE profile based on their concentrations of the follow-
ing trace elements: As, Cd, Cr, Cu, Hg, Ni, Pb and Zn. Figure 4 
shows the projection of TE set of values for the 71 EOMs for 
which TEs were registered according to the prerequisite of the 
clustering analysis. The first two component factors accounted 
for 71.3% of the total variance. The first component accounted 
for 55.6% of the total variance and separated EOMs with larger 
TE concentrations (right side) from EOMs with smaller concen-
trations (left side). The second component accounted for 15.7% of 
total variance and separated EOMs with larger Cu and Zn con-
centrations (upper part) from those with smaller concentrations 
(inferior part). Urban EOMs were mainly in the right part of the 
PCA in relation to greater concentrations of TEs. The centroid 
of the major raw materials of sewage sludge, residual munici-
pal solid waste and green waste—biowaste were in the extreme 

right part of the PCA, suggesting greater concentrations of As, 
Cd, Cr, Hg, Ni and Pb in EOMs composed by those major raw 
materials compared to the EOMs composed by the other major 
raw materials. Livestock manure EOMs were mainly in the left 
part of the PCA, suggesting inferior TE concentrations, except 
for some livestock manure EOMs present in the upper right part 
of the PCA, suggesting larger concentrations of Cu and Zn as 
well as for some crops/residues EOMs.

The ascending hierarchical clustering analysis defined two clus-
ters of EOMs presented in Figure 5 (see also the list of EOMs in 
Appendix SI3), which differed as follows:

–	 Cluster A: larger concentrations for all TEs, with 
medians  of 2.4, 1.0, 31.0, 263.4, 0.6, 21.4, 41.5, and 
845.3 mg/kg DM, respectively for As, Cd, Cr, Cu, Hg, 
Ni, Pb, and Zn;

–	 Cluster B: smaller concentrations of TEs compared to the 
EOMs from cluster A, with medians of 1.7, 0.5, 11.8, 61.5, 
0.1, 12.4, 5.3, and 208.5 mg/kg DM, respectively for As, Cd, 
Cr, Cu, Hg, Ni, Pb, and Zn.

The cluster B gathered 56 EOMs of the 71 EOMs considered in 
the TE clustering analysis from all origins with 25 livestock 
manure EOMs, 10 urban EOMs, 11 industrial EOMs, 7 other/

FIGURE 4    |    Principal component analysis of trace elements concentrations, with the considered variables (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn), 
major raw materials entering into the composition of EOMs considered as Supporting variables (centroids represented as triangles), and individuals 
represented according to the origin (i.e., C/R—agricultural crops/residues, I—industrial, LM—livestock manure, O/M—other/mixed, U—urban).

 13652389, 2026, 1, D
ow

nloaded from
 https://bsssjournals.onlinelibrary.w

iley.com
/doi/10.1111/ejss.70261 by L

uonnonvarakeskus, W
iley O

nline L
ibrary on [19/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



11 of 19European Journal of Soil Science, 2026

mixed EOMs and 3 crops/residues EOMs (Table 3, See also de-
tailed list of EOMs per clusters in SI3.2). Of the 56 EOMs from 
cluster B, 15 EOMs were composts, 20 were digestates and 17 
were unprocessed EOMs. The cluster A grouped 15 EOMs, 
including 6 livestock manure EOMs composed mainly of pig 
manure and slurry (4 EOMs), eight urban EOMs composed 
of sewage sludge, and one agricultural crop/residues EOM 
with unspecified composition. Additional classification trees 
highlighted the variables explaining the affiliation of EOMs 
to the TE profile clusters (SI3.3 and SI3.4). According to the 
EOM descriptive information, the major raw material enter-
ing into the composition of EOMs was the primary discrim-
inating factor separating EOMs composed of sewage sludge 
with 10 EOMs including eight in the cluster A with greater 
TE concentrations, from the other EOMs. Considering the TE 
concentrations, Cu concentration was the first factor driving 
cluster affiliation, separating 57 EOMs with Cu concentra-
tion below 172.9 mg/kg DM which represented all the EOMs 
from the cluster B from 14 EOMs with Cu concentration above 
172.9 mg/kg DM including the 14 of the 15 EOMs gathered in 
the cluster A.

Since the 1990s–2010s, implementation of national and European 
environmental regulations resulted in general quality improve-
ment of EOMs recycled in agriculture (Lopez-Rayo et al. 2016; 
Michaud et  al.  2021; Michaud, Van Der Smissen, et  al.  2025). 
Despite the EOM origin, the TE concentrations in the EOMs 
from the cluster B were below the European thresholds estab-
lished for organic fertilizers and soil amendments in European 
regulation (EU 2019) (Figure 5) except for six EOMs for Cd, Hg, 
Ni, or Pb (i.e., an urban compost or digestate of residual munici-
pal solid waste for Pb, two livestock manure EOMs for Hg, one for 
Ni, and one industrial digestate for Hg). For the EOMs gathered 
in cluster A, the concentrations of As, Cd, Hg, Ni, and Pb were 
below the European regulation thresholds, except for two urban 
EOMs composed of sewage sludge for Cd and Hg. In EOMs from 
cluster A, the mean and median concentrations of Cu were below 
the European threshold of 300 mg/kg DM; nevertheless, Cu con-
centration in six EOMs overpassed this threshold, including a 
compost of pig slurry and five urban EOMs composed of sewage 
sludge. Of the 15 EOMs gathered in cluster A, eight EOMs had Zn 
concentration overpassing the European threshold of 800 mg/kg 
DM, which corresponded to three EOMs composed of pig slurry 

FIGURE 5    |    Box plots of trace elements concentrations of EOMs according to clusters defined in the ascending hierarchical clustering analysis, 
and the European regulations with: As, Cd, Cr, Cu, Hg, Ni, Pb and Zn expressed in mg/kg of dry mass (DM); UE regulations as blue line; means as 
crosses in boxes, median as intermediate line of boxes, 25%–75% quartiles as upper/lower lines of boxes, 10%–90% quartiles as upper/lower vertical 
bars; with n = 15 EOMs and 56 EOMs, respectively in clusters A and B; abc letters stand for significant difference between clusters with Dunn bilat-
eral tests.
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(i.e., composted, digested, or unprocessed pig slurry), two diges-
tates of cattle manure (DM 0%–15% and 15%–25% of fresh matter), 
and three urban EOMs composed of sewage sludge. As observed, 
the EOMs overpassing the thresholds were mainly sewage sludge, 
which is not covered by the EU Regulation 2019/1009 (EU 2019) 
but is subject to limits under Directive 86/278/CEE (EU 1986), for 
which all EOMs were under the thresholds.

The clustering analysis highlighted that TE levels are gov-
erned by the EOM origin. Urban EOMs were found to exhibit 
larger TE concentrations, which is consistent with previous 
studies conducted on fewer EOM types (Bourdat-Deschamps 
et  al.  2017; Munoz et  al.  2021; Michaud et  al.  2021). It 
was  demonstrated that the composition of raw materials is 
another differentiating criterion when pig slurry and sew-
age sludge are the main raw materials in the EOMs, as these 
raw materials are potentially contaminated by TEs and, in 

the case of the latter, even organic contaminants (Tampio 
et al. 2016; Kirchmann et al. 2017; Bolan et al. 2021; Munoz 
et  al.  2021; Levine et  al.  2023). The clustering analysis also 
underlined that source separation of biowastes before pro-
cessing, which is strongly recommended and mandatory in 
France, is an effective way of reducing TE levels in urban 
EOMs (Lopez-Rayo et  al.  2016; FR  2020; Michaud, Van Der 
Smissen, et al. 2025).

3.4   |   Applications

3.4.1   |   Overview of EOM Properties

Figure 6 shows an overview of the EOMs properties considered 
in the present study, combining their chemical characteristics, 
additional C and N agronomic properties, EOM description 

TABLE 3    |    Description of EOMs considered in the clusters of the ascending hierarchical classification based on trace elements concentrations, 
with the following data presented: number of EOMs per cluster (n), origin of EOMs, end-product after process, related number of EOMs (n in 
brackets) and associated composition (i.e., main raw materials, specification).

Cluster Origin End-Product after process Composition

A (n = 15) Crop/residues Composted digestate (n = 1) Unspecified

Livestock manure Compost (n = 1) Pig slurry

Digestate (n = 3) Cattle manure, pig slurry

Unprocessed (n = 2) Pig manure, pig slurry

Urban Compost (n = 1) Sewage sludge

Dehydrated (n = 1)

Digestate (n = 2)

Limed (n = 1)

Unprocessed (n = 3)

B (n = 56) Crop/residues Digestate (n = 3) Cover crop, unspecified

Industrial Aerobic stabilized (n = 1) Agroindustrial sludge

Digestate (n = 2) Unspecified

Limed (n = 2) Mill sludge, agroindustrial sludge

Unprocessed (n = 6) Agroindustrial plant material, 
agroindustrial sludge, mill sludge

Livestock manure Composted digestate (n = 1) Mix

Compost (n = 6) Cattle manure, pig manure, horse manure, 
mix/unspecified manure

Digestate (n = 7) Mix, manure, cattle slurry, pig slurry

Unprocessed (n = 11) Cattle manure, goat manure, horse manure, poultry manure, 
sheep manure, manure, cattle slurry, poultry slurry

Other/mixed Compost (n = 2) Unspecified mix, organic amendment

Digestate (n = 5) Mix, unspecified

Urban Compost (n = 6) Green waste, green waste/biowaste, residual municipal 
solid waste, sewage sludge, source-sorted biowaste

Digestate (n = 3) Residual municipal solid waste, source-sorted biowaste

Limed (n = 1) Sewage sludge
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information, and risks associated with encountering EOMs with 
superior TE concentrations (i.e., pertaining to the TEs Cluster 
A), which could be seen as a framework of EOMs. EOMs belong-
ing to all chemical Clusters 1–4 and to the Cluster B exhibiting 
inferior TE concentrations represent the majority of the EOMs 
studied here, with all origins and end-products represented. The 
Figure  6 emphasised that three quarters of the studied EOMs 
pertained to the Cluster 3 from the chemical properties cluster-
ing analysis for which intermediate properties have been found, 
and to the Cluster 1 which had greater potential of C storage 
(i.e., high IROC, low mineralized C at 91 days) and inferior NK 

fertilizing potential (i.e., smaller NK concentration and N─NH4-
to-N ratio). Those EOMs from Clusters 1 and 3, which had larger 
dry mass were mainly digestates, composts, and unprocessed 
EOMs exhibiting a huge diversity of compositions and origins, 
with 13 of the 15 EOMs from cluster A with larger TE concen-
trations (i.e., mainly composed of manure/slurry and sewage 
sludge). EOMs from the Cluster 2 and 4 exhibited contrasted 
chemical properties, with a superior NK fertilizing potential for 
the 18 EOMs from Cluster 2 (i.e., the largest NK concentrations 
and N  NH4-to-N ratios), and a superior liming potential for the 
six EOMs from the chemical Cluster 4 (i.e., the largest pH and 

FIGURE 6    |    Overview of EOMs properties with the following data presented: the Clusters 1–4 established from the ascending hierarchical clus-
tering based on chemical properties and organised from fertilizing to amending values (with n = number of EOMs), related chemical properties (i.e., 
quartiles), related C and N agronomic properties (i.e., quartiles), dry mass class (DM), major end-product after process (End p.), and main major raw 
material and the related origin; *number in superscript stands for the number of EOMs composed by the related major raw material exhibiting higher 
trace elements concentrations (i.e., pertaining to the Cluster A).
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Ca concentrations). Of the EOMs from Cluster 2, which were 
mainly digestates and unprocessed EOMs composed of residual 
materials from plants/vegetables and slurry, only the unpro-
cessed pig slurry and a digestate of sewage sludge had TE con-
centrations that exceeded the EU regulation (i.e., TE Cluster A).

The results underline that processing of contaminated major 
raw materials (i.e., pig slurry, sewage sludge) with additional 
raw materials could decrease the risk associated to TEs, proba-
bly by diluting the TE concentrations, such as observed with the 
liquid digestate of pig slurry (i.e., DM 0%–15% of fresh matter) 
and unprocessed pig slurry differing in their concentrations of 
TEs. Finally, Figure 6 summarizing the EOMs properties sug-
gested that consideration should be given to EOMs properties 
prior to their application, in order to meet the plant nutrient re-
quirements and/or to improve soil properties, and to prevent the 
improper use of EOMs, which can result in the over-fertilisation 
of nutrients and the long-term accumulation of contaminants 
such as TEs (Kirchmann et al. 2017; Asadu et al. 2024).

3.4.2   |   Trace Element Input Fluxes in Single Agronomic 
Goals of EOM Applications

Regular application of EOMs to soils as organic amendments/
fertilizers, even when respecting regulatory concentration 
thresholds, may represent a potential risk of TE soil accumula-
tion, depending on the types and input amounts of EOMs used 
(Michaud et al. 2020, 2021; Kurniawati, Stankovics, et al. 2023). 
As a result, the maximum input fluxes of TE after 10 years of 
application are also included in French regulations NFU 44-
051/095 (FR  2002, 2006). To verify if TE inputs to soils were 
within the regulated maximal thresholds, cumulated TE fluxes 
from repeated EOM applications (over 10 years) were estimated 
according to two distinct agronomic goals of EOM applications. 
Firstly, EOMs were used as a substitute to mineral N fertilizer 
(i.e., 170 kg N per hectare every year) and secondly, to substitute 
mineral P fertilizer (i.e., 17 kg P per hectare every year). The re-
sults show that the TE input fluxes estimated with the goal of 
EOMs used as a substitute to mineral N fertilizer represent the 

situation in which the largest amounts of EOMs are applied to 
meet the fertilization goal of 170 kg N per hectare (Figure 7). This 
results in larger input fluxes of TEs compared to the agronomic 
goal of 17 kg P per hectare. The cumulative input fluxes from 
EOMs over 10 years for As, Cd, Cr, Hg, Ni, and Pb were globally 
below the French regulatory thresholds, except for some EOMs 
(See Appendix SI4). However, it should be noted that the French 
regulatory thresholds were approached and even overpassed for 
fluxes of Cu and Zn, when considering the N fertilizing goal of 
170 kg N per hectare, especially for urban EOMs composed by 
sewage sludge and residual municipal solid waste, industrial 
EOMs composed by sludge and some livestock manure EOMs 
(Figure 7). The calculated input fluxes agreed with the previous 
TE input fluxes estimated for urban composts and digestates, 
with greater input fluxes of Cu and Zn, particularly from the 
compost and digestate of sewage sludge (Tampio et  al.  2016; 
Michaud et al. 2020). In fact, previous studies underlined risks 
related to Zn for which the repeated inputs of EOMs containing 
high levels of Zn can increase soil Zn concentration approach-
ing toxic levels to soil microorganisms supposed to affect bio-
logical processes (Moolenaar and Beltrami  1998; Kirchmann 
et  al.  2017; Michaud et  al.  2020). To maintain safe levels of 
Zn in soils over a long-term period, a precautionary approach 
would be to limit the application amounts of EOMs containing 
relatively high levels of Zn, even when EU regulatory thresh-
olds are followed (EU 2019; Michaud et al. 2020). Finally, the 
results suggest that repeated EOM applications should be done 
by mixing EOMs with different properties rather than repeating 
applications of EOMs with the same properties (i.e., chemical 
clusters, TE clusters) to avoid risks of TE contaminations as well 
as over-fertilisation.

3.4.3   |   Input Fluxes in Practical Scenarios of EOM 
Applications

Usually, current farming practices involve the combined appli-
cation of amending and fertilizing EOMs, especially with regard 
to the objectives of both replacing mineral fertilizers with or-
ganic fertilizers and maintaining or increasing soil organic C 

FIGURE 7    |    Cumulated input fluxes over 10 years for Cu and Zn, according to the origin of EOMs and their major raw material, and expressed in 
kilogram per hectare, as a function of the agronomic goals of 170 kg of N per hectare every year (i.e., y-axis) and 17 kg of P per hectare every year (i.e., 
x-axis); French regulation (NFU 44–051/095 as blue line).
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concentration, contributing to improve soil fertility and health 
(Moinard et al. 2021; Chen et al. 2024). In order to evaluate the 
benefits and risks of such practices, the present study simulated 
the input fluxes of C, N, P, K, and TEs for five practical scenar-
ios, including two prospective ones: cattle farms, pig farms, ce-
real farms (prospective), peri-urban, and peri-urban with urine 
(prospective) (Table  4). The scenarios considered repeated ap-
plications of local fertilizing and amending EOMs from con-
trasted areas. All scenarios, for which the market availability 
of EOMs was a limiting factor, were calculated to respect the 
goal of 170 kg N per hectare per year and agronomical amount 
and frequency of EOM application. As a result, each scenario re-
spected the limit of 170 kg of N per hectare per year. Input fluxes 
of TEs respected the French regulatory thresholds, with Cu and 
Zn input fluxes that were far inferior to the French regulatory 
thresholds (FR 2002, 2006) (Table 5), even in the scenarios in-
cluding EOMs composed of sewage sludge containing superior 
TE levels pertaining to the TE Cluster A that is, the three last 
scenarios (Table 4). The input fluxes of C varied from 7673 kg C 
per hectare per 10 years to 15,749 kg C per hectare per 10 years, 

and decreased as follows: “cattle farms” > “peri-urban” > “pig 
farms” ≈ “cereal farms” ≈ “peri-urban urine”. In fact, the cattle 
manure EOM used to estimate the input fluxes in the “cattle 
farms” scenario contributed to 9.8 tons of organic carbon inputs 
and had an IROC index of 0.59. In cattle farm areas, this indicates 
that 5.8 tons from the cattle manure EOM would integrate the 
organic pool of soil C (i.e., three inputs with 20 tons of fresh mat-
ter per 10 years) (Lashermes et al. 2009), confirming the value 
of cattle farms in maintaining soil C concentrations and stocks 
as mentioned in previous studies (FR 2016; Launay et al. 2021; 
Michaud et al. 2021; Keel et al. 2025). These areas were followed 
by peri-urban and cereal farm areas in which regular applica-
tions of composts and digestates of source-sorted biowastes and 
sewage sludge would improve and/or maintain soil organic C as 
the “amending” EOMs considered in those scenarios pertained 
to the Cluster 1 from the AHC based on chemical properties 
(Figures 2 and 6), which exhibited significantly greater poten-
tial of organic carbon storage represented by the IROC index 
(Figure 3). This suggests that the soil stock of organic C would 
be maintained even in scenarios deprived of livestock farming, 

TABLE 4    |    Practical scenarios mixing fertilizing and amending EOMs in contrasting areas and respecting the limit of 170 kg N per hectare, with: 
EOMs applied, corresponding amounts expressed in m3 or t per hectare.

Year

“Cattle farms” “Pig farms” “Cereal farms” “Peri-urban” “Peri-urban urine”

EOMs Dose EOMs Dose EOMs Dose EOMs Dose EOMs Dose

1 Unp. 
slurry

26.5m3 Dig. slurry 26.2m3 Dig. cover 
crop

31.2m3 Dig. Biow. 23.8m3 Unp. urine 28.8m3

2 Unp. 
slurry

26.5m3 Dig. slurry 26.2m3 Dig. cover 
crop

31.2m3 Unp. SS 26.4m3 Unp. urine 28.8m3

3 Unp. 
manure

20 t Dig. slurrya 15 t Unp. mill 
sludge

15 t Comp. biow. 15 t Comp. SS 15 t

Unp. 
slurry

11m3 Dig. slurry 14.5m3

4 Unp. 
slurry

26.5m3 Dig. slurry 26.2m3 Dig. cover 
crop

31.2m3 Dig. biow. 23.8m3 Unp. urine 28.8m3

5 Unp. 
slurry

26.5m3 Dig. slurry 26.2m3 Dig. cover 
crop

31.2m3 Dig. biow. 23.8m3 Unp. urine 28.8m3

6 Unp. 
manure

20 t Dig. slurrya 15 t Comp. SS 15 t Comp. biow. 15 t Comp. biow. 15 t

Unp. 
slurry

11m3 Dig. slurry 14.5m3

7 Unp. 
slurry

26.5m3 Dig. slurry 26.2m3 Dig. cover 
crop

31.2m3 Unp. SS 26.4m3 Unp. urine 28.8m3

8 Unp. 
slurry

26.5m3 Dig. slurry 26.2m3 Dig. cover 
crop

31.2m3 Dig. biow. 23.8m3 Unp. urine 28.8m3

9 Unp. 
manure

20 t Dig. slurrya 15 t Unp. mill 
sludge

15 t Comp. SS 15 t Comp. SS 15 t

Unp. 
slurry

11m3 Dig. slurry 14.5m3

10 Unp. 
slurry

26.5m3 Dig. slurry 26.2m3 Dig. cover 
crop

31.2m3 Dig. biow. 23.8m3 Unp. urine 28.8m3

Abbreviations: Biow., source-sorted biowaste; Comp., compost; Dig., digestate; SS, sewage sludge; Unp., unprocessed.
aSolid digestate.
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confirming the interest of recycling urban composts in local ag-
ricultural settings (Houot et al. 2014; Obriot et al. 2016; Noirot-
Cosson et  al.  2016; Michaud et  al.  2021; Moinard et  al.  2021). 
The input fluxes of P were in the same order of magnitude in 
all practical scenarios, with larger P inputs in “pig farms” 
and “peri-urban” scenarios. The input fluxes of K varied from 
606 kg K per hectare in the peri-urban prospective scenario with 
urine to 2 134 kg K per hectare per 10 years in the scenario with 
cattle farms, which resulted from larger levels of K in livestock 
manure-based EOMs than in other EOMs (Houot et  al.  2014; 
Caradec et  al.  2025; Michaud, Van Der Smissen, et  al.  2025). 
Input fluxes of N and P from EOM applications were in the same 
order of magnitude as the input fluxes calculated from a com-
mercial NP organic fertilizer (Michaud et al. 2020). In all scenar-
ios, N, P, and K input fluxes were in the same order of magnitude 
as published data of N, P, and K crop requirements for wheat, 
silage maize, rapeseed, and sugar beet, which represent the two 
main cereals, the main oilseed crop, and one of the most im-
portant production volumes encountered in European countries 
(Denoroy et al. 2019; EU 2023; Perez-Mercado et al. 2024). This 
suggests that the application of EOMs in sufficient agronomic 
amounts and frequency, with complementary fertilizing and 
amending values, would meet the plant requirements without 
leading to excessive NPK inputs. Nevertheless, only a part of the 
applied elements is available for crop uptake. Thus, the approach 
proposed in the present study should be completed to evaluate 
the field efficiency of EOM recycling in situ with the evaluation 
of field losses, especially for ammonia and the actual plant up-
takes after the repeated EOM inputs.

Our results agreed with the suggestion of Chen et al. (2024) that 
is, the substitution of mineral fertilizers to meet crop demands 
would require more frequent application of EOMs than amend-
ing them every 2 years and/or use of EOMs with high N availabil-
ity like EOMs with high fertilizing values (i.e., chemical Cluster 

2). The present results confirmed the interest of using urine as 
fertilizer, notably in the surrounding areas of large cities, which 
produce huge amounts of urine, such as the Paris Basin (Martin 
et al. 2023). In addition, the present results show that, even in 
areas without livestock farms, the application of EOMs with 
complementary properties results in input fluxes of C, N, P, K 
and TEs that are equivalent to those estimated in  situations 
that include both pig and cattle farms, as well as commercial 
organic NP fertilizers. When EOMs containing superior levels 
of TEs (i.e., EOMs composed of sewage sludge) were applied at 
low frequency over 10 years in alternation with EOMs contain-
ing smaller levels of TEs, such as EOMs composed notably of 
source-sorted biowastes, the input fluxes of C, macronutrients 
(i.e., N, P and K) and TEs (i.e., As, Cd, Cr, Cu, Hg, Ni, Pb and Zn) 
remained at the same order of magnitude as in the “clean” situ-
ations that is, excluding EOMs containing greater levels of TEs 
such as in the “cattle farms” scenario. Finally, the input fluxes 
of elements in the prospective scenarios of “cereal farms” and 
“peri-urban urine” from areas without livestock farms and in-
cluding digestates of cover crops and urine, respectively, were 
in the same order of magnitude as those calculated in the other 
scenarios, especially those including livestock manure EOMs.

4   |   Conclusions

This study classified a wide diversity of EOMs recycled across 
various EU countries according to their main chemical and 
trace element concentrations. The clustering approach, combin-
ing Principal Component Analysis and Hierarchical Clustering, 
revealed consistent chemical properties patterns among EOMs 
driven by their origin, dry-matter class, and processing type. 
This multivariate typology captures the overall chemical sig-
nature of EOMs and distinguishes coherent groups along a gra-
dient from fertilizing to amending or liming materials. It thus 

TABLE 5    |    Cumulated input fluxes of elements estimated from the practical scenarios, expressed in kilogram per hectare per 10 years, and 
compared to inputs fluxes from commercial organic NP fertilizer (Org. fertilizer) and to French regulation (NFU 44-051/095).

Element
“Cattle 
farms”

“Pig 
farms”

“Cereal 
farms” “Peri-urban”

“Peri-
urban 
urine”

Org. 
fertilizer 
170 kg Na

Org. 
fertilizer 
17 kg Pa

NFU 
44-051/095

C 15,749 7997 8206 10,228 7673 9402 3303 —

N 1626 1665 1444 1672 1634 1697 596 —

P 225 350 226 377 317 482 169 —

K 2134 1047 837 758 606 383 134 —

As 0.02 0.03 0.05 0.26 na 0.01 0.00 0.9

Cd 0.02 0.01 0.02 0.03 na 0.00 0.00 0.15

Cr 0.45 0.35 0.40 1.35 na 0.18 0.06 6

Cu 2.26 3.23 2.81 4.91 na 0.79 0.28 10

Hg 0.00 0.00 0.01 0.01 na 0.00 0.00 0.1

Ni 0.47 0.34 0.38 0.87 na 0.09 0.03 3

Pb 0.54 0.21 0.53 1.73 na 0.04 0.01 9

Zn 7.83 16.27 6.89 17.96 na 6.09 2.14 30
aData calculated from Michaud et al. (2020).
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provides a robust framework for comparing EOMs and guiding 
their efficient and safe recycling. Practical scenarios combining 
amending and fertilizing EOMs demonstrated that agronomic 
spreading strategies mixing complementary materials result 
in nutrient and trace element inputs comparable to those from 
commercial organic fertilizers, without exceeding French reg-
ulatory thresholds, even in areas without livestock production. 
Further developments should aim to expand the diversity of 
EOMs and their characterization through additional agronomic 
indicators (e.g., IROC, ammonia volatilization, liming potential 
index) and emerging contaminants. This could include, for in-
stance, biochars to enhance soil carbon storage while ensuring 
safety with respect to microplastics and per- and polyfluoroal-
kyl substances. Altogether, the present typology and scenarios 
offer a useful reference for farmers, advisors, and policymakers 
to improve the efficiency and safety of EOM recycling, and to 
design future strategies that align nutrient circularity with soil 
health goals.
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