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From trace minerals in animal nutrition
to tfrace elements in animal effluents and agricultural soils
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Soll background concentrations

* Mineral elements naturally and ubiquitously occurring
at frace levels (< 100 mg/kg) in soils | )
o Awkward synonyms: heavy metals, potentially toxic elements

e Median concentrations
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Concenirations in animal effluents

* Animal urine and feces raw, combined (with plant residues)
and/or processed (aerobic and/or anaerobic digestion)
o Animal residues usually rich in organic matter
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Input to agricultural soills

 Mean flux to French soils - Potential health
and environmental impacts
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Global (eco)toxicity assessment

Life Cycle Assessment

Science of the Total Environment 590-591 (2017) 452-460

Contents lists available at ScienceDirect

Science
Total Enyironment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Framework for estimating toxic releases from the application of manure @Cmsm,k
on agricultural soil: National release inventories for heavy metals
in 2000-2014

Alexandra Leclerc *, Alexis Laurent

Division for Qi itath inabilit D of Technical University of Denmark, Denmark

HIGHLIGHTS GRAPHICAL ABSTRACT

« A framework for estimating toxic re- s -
leases from manure applied on land is —' .
d. Liquid slurry
proposed. ™o 1©
* Release inventories were built for 8 1
heavy metals and 215 countries in |
2000-2014.

« Toxic impacts per area of agricultural
land are higher in EU and South-East
Asia.

* Mercury, copper and zinc are the main
contributors to global toxic impacts.

+ Harmonised heavy metal concentrations
are needed for country differentiation.

ey metals - Tnyentory of toxic  Releasesto
Antibiotics agricultural land
Pathogens releases?

@E Solid manure

Leclerc et al. (2017) Sci. Tot. Environ. 590-591

 Human toxicity

e Freshwater ecotoxici
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Assessing soll ecotoxicity

* Impact = Emission x Comparative Toxicity Potential
= FF x BF x EF
= CTP,, = FF x ACF x BF x EF

o CTP
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Assessing soll ecotoxicity

» USEtox: Comparative Toxicity Potential
o CTP,, = FF x ACF x BF x EF
o CFs = f {soll physical-chemical properties}
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Ecotoxicity In amended soills

« CTP ranges within Europe
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* Impact at the country level
o Impact = CTP x emission
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Ecotoxicity: only a matter of quantitye

« According to LCA, animal effluent application to soils
could be (eco)toxic: mainly Cu and Zn

 (eco)Toxicity would only depend on the amount
of TE applied with animal effluents

— Confront with the bioavailability theory
and the empirical knowledge
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From TE-contaminated solls
fo ecotoxicity

A (hist)story of bioavailability




Bioavailability: the consensus

CTP
FF
X Solide phase
S
ACF T \ 0
Physical- Solution II_
X chemical
endpoints
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» Fraction of total soil TE made available
by physical-chemically-driven desorption processes
that can be potentially taken up by soil organisms

» Fraction of available TE

effectively taken up by a soil organism

under the control of physiologically-driven processes
—> Specific of each target organism

» Bio-accumulated fraction of bioavailable TE
that may induce a toxic effect

NF EN ISO 17402 (2008) 13 A oinpine
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Physical-chemically-related concepfs

* The free ion concept and its consequences

Soil solid Phase Soil solution Plant root

Biological

H,0
J, _~iOH,
I ‘OH,
H,0
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Biologically-related concepts

e Bio-influence

8 5
o Planted soils
° : I e Unplanted soil
. B¢, Rhizosphere 1 * Trpaniecon 6100858 %°* 8 o e .o
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Biologically-related concepts

 Individual plasticity Wheat

Pool of pollutants in the soil : 50 + Fe _F e
various compartmentations and 7
chemical speciations. b* ShOOts
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Biologically-related concepts

Lofts et al. (2013)

0 : Environ. Pollut. 178
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USEtox vs Bioavailabillity theory

 Bioavailability is driven
both by physical-chemical and biological processes
o Physical-chemical endpoints are only indicators of bioavailability
o Bioavailabillity is specific to each farget organism

« USEtox is in line with the bioavailability theory

= To which extend it accounts empirically
for physical-chemical and biological drivers?
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TE bioavailabllity
and ecotoxicity

IN solls amended
with organic residues

INncluding animal effluents
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Protective effect: Empirical evidences

* Methodology * Reduction factor
on soil Cu availabllity

o 22 sites with control
and amended soils
for a few years to a century

w
o
J

25 A

> >

Cu2+ spiked control

20 AEFS
15 ~ AEAM

o Cu availability
In control solls spiked
as amended soils
— Reduction factor

=6 AEgs

E value (Isotopic Exchangeable Cu; mg/kg)

10 1 +org.amendment |4
- Plant foxic“‘y test :gor:];o}kgﬂm +191 +437 +5614574 +682 +752 +628 . 1 AEp
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and amended soils W ‘ 0
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Root length (cm)
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Protective effect: Empirical evidences

- Protection factor (PF) » Experimental limits
on Cu phytotoxicity o Soil pH correction
o control  ED50= 302 mg ks o Protective effect compared fo
——.4 50thal y-l ED50= 340 mg kg-la nO SOll COﬂTCImlﬂCITIOﬂz
4 —— e 100t haly?! ED50=408 mg kg1®
12 | E——— . - Hypothetical
g - ) 1.4 protection mechanisms
6 - : o Lower Cu availability
4 iIn organic residues (OR)?
2 ECy, control | oNo impact of OR-induced
01— ' ' soil properties evolution?
0 100 1000

Added Cu (mg kg)
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Mechanisms: 1. Organic residues

 Cu and Zn speciation in organic residues
sfrongly changes along the process
according to the redox state

RAW OW . ||
A Legros et al. (2017)
V\ J\‘ aNO~£N> Environ. Sci. Technol. 51

Le Bars et al. (2018)
Oxidized Zn
species

k3x(k)(A~3)

Environ. Sci. Technol. 52

3 4 5 6 7 8 9 10
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Mechanisms: 1. Organic residues

 Cu and /Zn sulfides evolved very quickly in amended soils

Control Soil
(Zn=100 mg kg1)

Formentini et al. (2017)
W Environ. pollut. 222

Formentini et al. (2022)
Sci. Tot. Environ. 848
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Mechanisms: 1. Organic residues

« /N speciation in OR partly « Organic matter mineralization

drives soil Zn availability partly drives soil Cu availability
o= R%aq = 0.63 - R%aq = 0.88
g Ex 10 EP_10-
S5 $<7 p = 0.004
o 2 E E2w _—
853 8 s ow2 .
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C-mineralization coefficient (%)

Tella et al. (2016) Environ. Pollut. 212 S A\ Wy




» Repetitive organic residues applications
iInduce soil pH and DOM increases
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pCu 2+

10

"

* Organic residues and plants
mitigate soil Cu and Zn availability

Bulk soil

i
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No fertilization  Mineral Organic

Laurent et al. (2020)
Sci. Tot. Environ. 709
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Mechanisms: 2. Amended solls

» A decade of organic residues applications
does not increase Cu and Zn bioavailability

« Validation of the protective effect over a decade
« Mainly attributed to OR-iInduced changes in soil pH and DOM

= Protective effect still effective over several decades?
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USEtox vs soll biogeochemistry!

* A unique and dedicated experiment

Experiment USEtox modelling

p—

Speciation-based

typology 32 animal

effluents
(OR)

m
x
IS
v ACF cé
Total concentration Incubation o
in soil solution
= Fate Factor (FF) under Corﬁrolled
) conditions X
2
g ] , BF
i) Soil reactive _
fraction y

Ecotoxicological
endpoints
= Effect factor

(EF)

PJOZOH

Free ion activity in
soil solution

= Bioavailability

Factor (BF)

Cléement et al. (2023) - e
EAAP and Icobte-lchmet conferences M - VA‘Q&@&'}?Q
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USEtox vs soll biogeochemistry!

» Speciation * Induced changes
IN animal effluents In soil Cu and Zn availability
o Cu sulfides dominate

. -1 2+
whatever the animals PR lioc, mg L PCu

o Zn sulfides for pig and piglets ) N P T
o Zn phosphate for broilers st THLEL L . A
1L 1

Te”O eT Ol (2023) . 113223333443' 2-’118228338443 113223333443

Chemosphere 340 Soil  Soil + Soil  Soil + Soil  Soil +
pig faeces pig faeces pig faeces
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109,o(CTP), m® x day per kQemitted
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USEtox vs soll biogeochemistry!

« USEtox cannot reproduce * Impact less driven by emissions
the huge AE effect on CTP than at the country scale

1

Cu

¥ ° USEtox needs to be refined for better assessing -
the impact of TE added to soils by animal effluents

M - The quantitative driver remains dominant,

but qualitative (biogeochemical) drivers matter too!

1 . . o -1.5
25 3 ; ! Soil + 32 animal effluents @)
— °
World soil properties (Owsianiak et al 2013) 2 4 : : . |
European soil properties (Sydow et al 2018) 5 45 4 3.5 3

USETox  Experimental Iog]O(Emission), kgemiﬁed
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Risk assessment: field case study

* Field ftrial

o 14 cropping cycles, 7 years
o Market-garden crops
o 3 fertilizations

= Synthetic fertilizers

= Pig slurry and poultry litter
composts: 30-60 t (ha y)!

Laurent et al.

* Analytical determinations

o TE total concentrations
In fertilizers, soils and plants

o Soil pH and OM

Threshold calculator for metals in soil v2.0
A global tool for terrestrial risk assessment

* Modelling
o TE mass-balance in soill
o Extrapolation over 1 century

o Calculator
for soil ecotoxicity assessment

P ‘mmlnc
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Risk assessment: field case study

@dcirad

« Animal effluents induced soil Cu and Zn contamination
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Risk assessment: field case study

 Soil Cu and Zn contamination could induce
ecotoxicological impacts within a few decades
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Cu in soil (mg kg™)

100

Synthetic fertilizers
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Cu in soil (mg kg'w)
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n
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PNEC = 184.7
[140.7;236.9]
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Soil pH

@dcirad

7.51 Synthetic fertilizers
& Poultry litter composts
4@ Pigslurry composts
7.01
6.5
0.095% + 5.35
6.01 adi-R? = 0.95

5.07

Time (year)
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Conclusion

and perspectives




Take-nome messages

* AE-induced soll TE (Cu and Zn
contamination may have
an ecotoxicological impact
over several decades

- The quantitative driver
seems dominant

 Qualitative drivers matter too!

e Further information
IN our recent review

CHAPTER TWO

Trace contaminants

in the environmental assessment
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in agriculture: Gaps between
methods and knowledge
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Perspectives

« Accounting for the potential mixture effect
o Antfagonisms and synergisms between TE
o Between TE, antibiotics, and human pathogens
= Antimicrobial resistance

Ecological
organization

A

Ecosystem ——

 More environmental 1 Time scale
and ecological realism
— Towards Eco-Health

< Multigenerational

is Spatial scale

| | | | | -
| [ | [ l -
! 36 nmmme
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Thank you
for your attention!

Matthieu N. Bravin, maitthieu.bravin@cirad.fr
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TE vs organic contaminants

* TE most contribute to ecotoxicological impacts in LCA

% of total impact attributable to metals

100.0%
6.3%

32
@
o
)

100.0%
| 100.0%
|| 98.9%

® Stepwise2006 [QALY]
H Eco-indicator 99 (1) [PDF*m2*y]
B Recipe Midpoint (I) [kg 1,4-DB eq]

® IMPACT 2002+ [PDF*m2%y]
®CML 2001 [kg 1,4-DB eq]
O Usetox [PAF*m3*day]

® EDIP 2003 [m3]***
BTRACI 2 [kg 2,4-D eq]

Pizzol et al. (2011) J. Clean. Prod. 19
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Cu (water)
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B8 Zn (air)

Zn (water)
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@ Sr (water) Sydow et al. (2020)

= A J. Environ. Manage. 266
& Pb (air)

® Cd (air)
@B Ag (air)
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15,0

10,0

5,0

TE speciatfion In organic residues

 Zn speciation in organic residues conftributes

to determine Zn phytoavailability

F plt Zn moy

écirad

-

=]

.|
log10 F plt Zn

Préd(log10F plt Zn) - log10F pit Zn Variable m

Soil Zn tot +
OR Zn-MO
OR Zn-Cys

Soil pH

R2,q; = 0.68

Pred(log10 F plt Zn)

Bravin et al. unpublished
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USEtox vs soll biogeochemistry |

» Calculated impacts differ
between reference and experimental approaches

Cu Zn

4.5

3.5

2.5 -
o

15

Impact score, m3 day

=
0.5
0 R S 0 —

| | | |
1 1 1 T
Reference Experimental Reference  Experimental

Clément et al. (2023) EAAP and Icobte-lchmet conferences 40 mgggg;fg
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Risk assessment: field case study

* TE does not bioaccumulate more in plants
IN soils amended with animal effluents

f-Zn a-Yield
125 Cropping cycle* Synt h et|c fe rt| I IZG rs Cro;.).ping cycle ns
Fertilization*** . 901 Fertilization**
4 Poultry litter composts
T 100 # Pigslurry composts o
g . =
‘: A - 60
$ tos 2
5 L 3
(@) [
30{ =
501 &
0_
25+ .
1 3 5 7 1 3 5 7
Time (year) Time (year)
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Risk assessment: field case study

« Vegetable contribution * Vegetable contribution
to Cd daily intake to Cu and Zn daily intake

IS excessive IS deficient
0.1 4 500
= = «FrenchAVc Cd . = = «FrenchAVc Cu
= = «TRfDc Cd . = = - TRfDc Cu
ﬂ 2 = = «RDIc Cu
E E ----------------------
2 0.01- g
g ] L 50 |« ===
B - e e E = - - -
= £
> >
= ®
(m] o
0.001 10
Field trial Field trial Field trial Field trial Field trial Field trial
- Mineral -PSC -PLC - Mineral -PSC -PLC

Laurent et al. (2023) in preparation N mgggé%
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Phosphorus Potential yield

100% oo —

The quest
for the tfrade-off between

yield and environmental risk Yield/risk:

trade-offé

Increasing
= Closing 0 P input
the P biogeochemical cycle to soil

In agro-ecosystems

Environmental risk
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Phosphorus

P biogeochemical cycle is
driven by the balance between
harvest outputs and fertilization

 Safisfy plant requirements

 Sustain soil P availability

@dcirad

"Export (20)

Mineral fertilizer (12)
Animal manures (14)

Urban sewage sludge (0.5)
Urban composts (0.05

| Pinseeds ofi) | kg P/ha/an
P uptake (30)
Atmospheric
deposits (0 —0.5) /_“
¢ v IAerial parts Runoff : 0.05-2.5
esidues (5) ———r——

/5

[ Roots rples iy uptake (30)

v <

Soil solidphase \
2600 65 — 88
P/ Roots mobj

/. — -

Cropped soils

Bupsurface flow

-

\/

Migration toward subsoils: 0.5
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Phosphorus

 Plant P requirements vary substantially between plant species

Vegetables

:

Permanent crops

asture

Other Arable

Qilseeds

Fodder

Cereals

- Crop category

El Crop

|

=

niMine
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Phosphorus

P speciation in organic residues does not determine
P speciation in soll
Soil

Organic residues after 60 y applications

Inorganic P ~organicP

% o 73% Unamended

Annaheim et al. (2015) Geod. 257-258 4 VA‘QE&‘&%
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* P availability in soil 20-y old cropping systems
Biodynamics Organic Conventional
Sorption 100
b
Desorption
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Mineralization Immobilization 0 7% 57

. P Exchange
with soil solid-phase in 1d

Oehl et al. (2004) Soil Biol. Biochem. 36 « JERaimine
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. P mineralized in 1d
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Phosphorus

* The quantitative driver * Qualitative drivers
of soil P availability of soil P availability

TR — Pi-water/P total (%o)

S 1p adj=060 Q/ 1 = r2adj=0.78
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Soil total P (mg kg?) Nobile et al. (2020) Chemo. 239 2allpH o PRomine,




