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ABSTRACT ARTICLE HISTORY

Isotope source tracing enables to accurately determine the fate of Received 20 June 2023

nutrients that are applied with fertilizers to soils. While this Accepted 22 February 2024

approach is well established for major nutrients such as nitrogen,

it is not yet established for trace metals. Here, we aimed to Alkali i~ .
. . . - aline soil; cadmium-111;

determine the fate of the micronutrient zinc (Zn) and the eniched stable isotopes;

contaminant cadmium (Cd) that were applied with an organic soilfertilizer—crop system;

fertilizer to a soil-wheat system. A pot study was conducted in source tracing; stable isotope

which wheat was grown on an alkaline soil. The soils received tracer technique; wheat;

green manure and/or soluble Zn fertilizer and were compared zinc-67

with non-fertilized control treatments (n=4 experimental

replicates). The green manure was labelled with the stable

isotopes ¢”Zn and '"'Cd. For an efficient sample throughput, a

method was provided and validated to determine enriched stable

isotope ratios (¢’Zn:*Zn and '''Cd:''°Cd) and the Zn and Cd

concentrations in one analytical run. To this end, single collector

ICP-MS analyses and stable isotope mass balances calculations

were combined. Applying this method revealed that the addition

of green manure increased neither Zn nor Cd concentrations in

wheat grains due to biomass dilution effects. Isotope source

tracing showed that the largest fraction of these metals in the

wheat shoots derived from the soil in all treatments (Zn 87-99 %,

Cd 94-98 %). Moreover, the addition of green manure increased

the transfer of Zn and Cd from soil to wheat by a factor 1.9 for

both elements. This increased transfer was likely related to a

nitrogen fertilization effect that increased root and shoot biomass

and thereby the soil exploration of the wheat. This study

demonstrated how the fate and dynamics of multiple trace

metals can be efficiently determined in soil-fertilizer-crop

systems using isotope source tracing.
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1. Introduction

Staple crops such as wheat are a major source of zinc (Zn) and cadmium (Cd) in human
diets [1]. Zinc is an essential micronutrient for all biota that is naturally present in soils.
However, in alkaline soils, Zn is hardly plant-available which can limit plant growth
and/or provide crops with low Zn concentrations [2,3]. An established way to increase
the Zn nutritional content of crops is the application of mineral Zn fertilizers to soils or
leaves [4]. Such measures to increase Zn concentrations in crops are called ‘agronomic
biofortification’ [5]. Similar to Zn, Cd is naturally present in soils, but Cd is not essential
for most organisms, including plants and humans [6]. As it has a long residence time in
the human body, its concentrations in staple crops should be kept to a minimum [7].
Although Zn is a micronutrient and Cd is a pollutant, they follow similar pathways in
soils and plants. For instance, the bioavailability of Cd in soils is controlled by similar
soil properties as those of Zn, but Cd is generally less strongly bound in soils compared
to Zn [8-10]. In addition, Cd is taken up by membrane proteins that transport micronu-
trients such as manganese, iron and Zn [6]. Therefore, agronomic measures that increase
Zn concentrations in grains should ensure that Cd concentrations do not increase.

Previous studies have indicated that the application of green manure can increase the
Zn concentrations in wheat grown on alkaline soils [11-15]. Green manure is a plant-
based organic fertilizer that is grown for the purpose of mixing it back into the soil to
improve soil fertility [16]. Using an isotope tracer, Aghili et al. [12] showed that Zn in
the wheat mostly derived from the soil and not from the green manure that was
added to soils. In addition, the soil-to-wheat transfer of Zn increased upon the application
of green manure. Hence, adding green manure to alkaline soils may improve the bioavail-
ability of Zn in the soil that is not available to wheat without the application of green
manure. Since the bioavailability and plant uptake of Cd is controlled in a similar
manner as Zn, the addition of green manure could increase the bioavailability of Cd
and thereby increase the concentration of Cd wheat grains.

The use of isotope tracers to study the fate of major nutrients such as nitrogen and
sulphur in fertilizers is well established, while only a few studies used this approach for
trace metals [17-19]. As shown for major nutrients and also in the Zn study described
in the previous paragraph [12], isotope tracer methods allow to determine the fate of
nutrients more accurately than non-isotope approaches that are solely based on mass
balances [20]. The mass balance method is based on the assumption that the
additional Zn and Cd that is taken up by the plant solely derives from the soils [21].
However, isotope methods have shown that this assumption is not always correct, par-
ticularly for Zn in alkaline soils [12]. Moreover, a single application of pollutants like Cd
with e.g. phosphorus fertilizers to soils does not necessarily lead to significant increase
in Cd uptake in crops [22]. Hence, mass balance approaches do not necessarily account
for the complex dynamics in soil-fertilizer-plant systems which can lead to inadequate
results [21,22]. So far, isotope tracer methods have been used to study the fate of Zn
[11,12,23-26] and Cd in mineral fertilizers [22,27,28], and for Zn in organic fertilizers
[12,21,29]. However, this approach has not yet been used to study the fate of Zn
and Cd simultaneously. A double labelling of a fertilizer with these elements could
provide novel insights into the fate and dynamics of these chemically similar elements
in soil-fertilizer-plant systems.
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Enriched stable isotopes of Zn and Cd are less demanding to work with compared to radio-
isotopes in terms of safety measures, transport, applicability in field trials and waste manage-
ment [29]. However, isotope ratios of Zn are challenging to measure as Zn is very prone for
sample contamination during sample processing in the laboratory (i.e. blank sensitive). This
is problematic for the determination of Zn isotope ratios, as the Zn that is introduced into
the sample has a different isotopic composition (i.e. natural abundance) compared to the
samples that contain an isotope label. In addition, Cd concentrations that are relevant for
crop production can be challenging to analyse. In such systems, typical Zn:Cd ratios range
from 100 to 300 (ug pg ") [30]. These low but relevant Cd concentrations in staple crops can
also complicate isotope ratio analyses via single collector inductively coupled plasma mass
spectrometry (ICP-MS) through spectral and non-spectral interferences [29,31]. A way to over-
come these challenges is to work with clean reagents and fume hoods with particle filtered air
to minimize sample contamination. In addition, so-called sample purification procedures are
applied to remove matrix elements (i.e. all metals except the target metals) [32]. The purification
step allows the pre-concentration of the samples and minimization ofspectral and non-spectral
interferences [27,29]. Thereby, the quality of the isotope ratio measurements can be improved.

Measuring Zn and Cd concentration in samples that contain enriched stable isotopes is
challenging. In such samples, the isotope abundances differ compared to samples at
natural abundance. These differences in isotope abundances are problematic for quantifi-
cation using ICP-MS, which is performed by measuring a single isotope in a sample and
assuming that this isotope is at natural abundance (NA). To overcome this difficulty, measure-
ment techniques that are not sensitive to isotope abundances of an element, such as atomic
absorption spectroscopy (AAS) or optimal emission spectroscopy (ICP-OES), can be applied
to determine Cd concentrations [21,33]. In this case, two different analytical instruments
are used to determine Cd isotope ratios and Cd concentrations separately. Alternatively,
Bracher et al. proposed that solely ICP-MS could be applied to resolve enriched Cd isotope
ratios and to determine Cd concentrations [27]. To this end, concentrations that are deter-
mined with ICP-MS need to be corrected by using isotope mass balance calculations. Such
a combined ICP-MS analyses and isotope mass balance method could also be used for Zn.
This would save resources such as time, electricity and argon, thereby increase the sample
throughput for trace metal isotope source tracing experiments.

The objective of this study was to determine the fate of the micronutrient Zn and the con-
taminant Cd that were applied with an organic fertilizer to a soil-wheat system. To this end,
we refined a previously proposed method [27] that combines ICP-MS analyses with Cd
isotope mass balances. The refinements included (i) a full isotope mass balance calculated
in a code-based script for the statistical software ‘R’ that can be applied for isotope source
tracing approaches and (ii) a validation using a non-isotope sensitive instrument. We then
applied this method in a pot trial by using a ®’Zn and '''Cd labelled green manure to deter-
mine the dynamics of Zn and Cd in a soil-green manure-wheat system.

2. Material and methods
2.1. Preparation of °’Zn and "' Cd labelled green manure

Sunflower (Helianthus annus L.) was chosen to produce green manure as it has been pre-
viously shown to increase the soil-to-wheat transfer of Zn [12,14]. To this end, sunflower
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seeds were sterilized in 15 % H,0, for 15 min and rinsed with ultrapure water (>18.2 MQ).
They were then placed into a sand bed (2-5 mm) which was initially washed with ultra-
pure water. The seeds germinated for six days in the greenhouse and were regularly mois-
tened. Afterwards, the seedlings were transferred to a hydroponic system that contained
a full-strength Hoagland nutrient solution. Three hydroponics that contained 17 L of
demineralized water (i.e. not ultrapure) and nutrient solution were isotopically labelled
with 0.05mg L™ ®’Zn (relative abundance =0.97) and 0.01 mg L™' ""'Cd (relative abun-
dance = 0.96). The sunflower was grown in a greenhouse that was set to a photoperiod
of 14 h with a light intensity > 30 klx, temperatures of 17 °C at night and 24 °C during
the day, and relative humidity of 60 %. After three weeks of growth, the stem and
leaves of the sunflower were harvested and oven-dried at 45°C for 2.5 days. The
sunflower was then finely ground to powder in a rotary mill equipped with tungsten
carbide cups. The chemical composition of the sunflower green manure is summarized
in the supplementary information (Sl, Table S1).

2.2. Pot trial

To select a soil for the pot trial, we screened databases of Swiss research institutions
(Agroscope, Swiss Federal Institute for Forest, Snow and Landscape Research WSL) that
maintain soil monitoring networks. We selected a forest soil as a model soil, as its pH
was alkaline which induces low Zn bioavailability in soils [2,34]. The model soil was col-
lected between 10 and 40 cm depth (Ah and BC horizon), sieved to 5 mm, and was
well mixed in a clean concrete mixer.

A cross-factorial pot trial with the factors green manure addition (0 g (kg soil)™", 1 g (kg
soil)™, 4 g (kg soil)™") and mineral Zn fertilization (0 mg (kg soil)™", 5 mg (kg soil)™") was set
up with four experimental replicates. The green manure (labelled with ’Zn and '"'Cd)
and mineral Zn treatments (not labelled) were thoroughly mixed into the soil. The
mass of Zn and Cd added with the green manure per pot (1kg of soil) was 30 and
0.77 ug of Zn and Cd in the 1 g green manure treatment, respectively. In the 4 g green
manure treatment, the mass added was 120 and 3 ug of Zn and Cd, respectively (Table
S1). In addition, to ensure healthy plant growth and to avoid nutrient deficiencies, a
basal fertilization for soils that contained macro- and micronutrients, but no Zn, was
applied to all pots (Table S2), also via thorough mixing. The wheat seeds (Triticum aesti-
vum L., cv. Fiorina) were germinated in the same way as the sunflower seeds. After six
days, wheat seedlings were transplanted to each of the 24 pots each containing 1 kg
of dry soil that was sieved to 5 mm.

During plant growth, the soil water content was kept between 40 and 80 % of its
maximal water holding capacity by adding ultrapure water (>18.2 MQ) to the soil. The
greenhouse settings were identical to those used for green manure production. The
pots were randomly arranged in the greenhouse and frequently randomized during
wheat growth. Straw and grains were harvested at maturity (102 days after transplan-
tation). The wheat shoots were rinsed with deionized water and dried at 45 °C in
closed paper bags in a pre-cleaned oven. The soil was carefully removed from the
roots and the roots were dried at 45 °C. After drying, dry weights of roots, straw and
grains were recorded. The plant shoot material was then finely ground to a powder in
a rotary mill equipped with tungsten carbide cups.
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2.3. Sample processing

For isotope ratio analyses of Zn and Cd, 0.2 g of milled plant material was digested in a
high-pressure single reaction chamber microwave system (turboWave, MWS microwave
systems) using 4 mL double distilled 6-7 M nitric acid (HNOs). The digested sample was
purified using a rapid one stage column chemistry protocol to reduce elements that
cause both spectral and non-spectral interferences during Zn and Cd isotope measure-
ments [29]. The sample purification procedure was conducted in a laminar flow fume
hood with filtered air. In addition, all acids used were double-distilled and all beakers
and test tubes were pre-cleaned with diluted HNOs. To this end, the digested samples
were evaporated and redissolved in a TM HCl matrix to ensure that Zn and Cd were
present as Zn and Cd chlorides (Table S3). The samples were then loaded onto an
anion exchange resin to remove the sample matrix (i.e. elements such as Ca, Mg, Ni
and Cu). Finally, Zn and Cd were eluted from the column using 2M HNQOs. After the purifi-
cation, the samples were evaporated and re-dissolved in 0.3M HNOs to determine
677Zn:%¢Zn and ""'Cd:''°Cd. For each batch of samples that was processed (typically n =
13 samples), a procedural blank was included to quantify the amount of Zn and Cd con-
tamination derived from the sample processing in the laboratory.

2.4. Isotope ratio measurements and concentration calculations

Prior to isotope ratio measurements, the ICP-MS (7500ce, Agilent Technologies) was
tuned to maximize the sensitivity while keeping oxides and doubly charged ions below
2 %. The integration time for the data acquisition was set to 0.5 and 1.5s for Zn and
Cd, respectively. In addition, the ICP-MS was set for isotope measurements to increase
the scans from 100 (concentration mode) to 1000 (isotope mode).

The isotopic composition of Zn and Cd in the soil (i.e. a Zn and Cd source) was assumed
to be at natural abundance according to the International Union of Pure and Applied
Chemistry (IUPAC) [35]. This assumption is valid as the natural variation of Zn and Cd
isotope ratios are smaller than the precision required to adequately resolve Zn and Cd
isotope ratios in a tracer experiments [29,36]. For the green manure (i.e. a Zn and Cd
source), all stable Zn and Cd isotopes were measured to determine their abundances.
In this sample, the isotopes °°Ni, 7°Ge, '°>Pd, ''*In and ''®Sn were additionally measured.
These isotopes were used to correct for isobaric interferences of *Ni (°*Zn), "°Ge ("°Zn),
"%d (M9¢d), ""3In (*'3Cd) and '®Sn (''°Cd). For the plants (i.e. the Zn and Cd in the sink),
only the ®’Zn:*®Zn and '"'Cd:""°Cd ratios were determined (see also Equations (5)-(8)). As
internal standards, Sc and In were added to the samples and their isotopes **Sc and '"°In
were used to correct for signal drifts during the measurements. In addition, '°°Pd was
measured to correct the isobaric interference of ''°Pd with ''°Cd using isotope abun-
dances reported by the IUPAC [35]. Prior to isobaric interference corrections, the signal
of the ICP-MS (counts per second, CPS) that was obtained in the blank was subtracted
from the CPS in the samples. These subtractions were important as the blank had an iso-
topic composition at natural abundance while most of the sample had an isotopic com-
position at non-natural abundance. The blank evaluation revealed that the CPS that
derived from blanks for Zn accounted on average for 2 % to the total CPS in the plant
samples. The maximum blank accounted for 10 % in a sample with low Zn concentrations.
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For Cd, the average and maximal blank accounted for 0.80 and 4.5 % in the samples. After
the blank and interference corrections, the instrumental mass bias was corrected using a
commercial Zn or Cd standard solution. This standard solution was diluted to match the
sample matrix (0.3M HNOs) and to provide a similar Zn and Cd concentration as the plant
samples. This standard solution was frequently measured in a standard-sample-bracket-
ing sequence once every four samples [37]. The mass bias (mb) was then calculated as:

_ CPSq1q IUPAC 1
~ CPSy10 IUPAC; 10’

)

mb

where mb is expressed as Au and was typically greater than one. IUPAC refers to the refer-
ence values (i.e. isotope abundances) used to determine the ‘true’ isotope ratios [35]. The
mass bias corrected '''Cd:''°Cd isotope ratios are then calculated using a linear correc-
tion [27]:

Rmeasured
Rcorrected =5 (2)
Rtrue

where R represents the '''Cd:''°Cd isotope ratio. The average mass biases for ®’Zn:°°Zn
and '"'Cd:""°Cd were on average both ~2 % and ranged from 1.8 to 3.7 % for Zn and
1.1 to 3.0 % for Cd. The analytical precision of the isotope ratios was 0.49 % for Zn and
1.38 % for Cd. These values refer to a relative standard deviation of a set of samples (n
= 8) with an isotopic composition at non-natural abundance that was measured twice.

The Zn and Cd concentrations in the wheat samples had an isotopic composition at
natural and non-natural abundance. Hence, the Cd concentrations in the wheat
samples were determined based on ICP-MS results and isotope mass balance calculations.
If a sample contains '''Cd and ¢”Zn from the labelled source (here the green manure), the
abundance of all stable Cd and Zn isotopes changes in the sink samples (here wheat)
compared to samples that have not received '"'Cd and ®’Zn from the labelled source.
These changes in the abundances of all Cd and Zn isotopes can be calculated by using
a full isotope mass balances that includes all isotopes of an element. These calculations
require the analyses of the interference, mass bias and blank corrected isotope ratios
67Zn:%%Zn and ""'Cd:'"°Cd (Equation (2)) as well as the Cd and Zn mass fraction in the
wheat that derived from the green manure and the soil. For instance, the abundance
of ''°Cd in wheat samples that contained Cd from the soil (natural abundance) and
from the green manure (non-natural abundance in the labelled source) can be calculated
as follows:

SA110 = (fedgy* SA110) + (fed,* NA110) 3)

SA; o is expressed as the molar fraction between 0-1 (no unit). The fractions of Cd that
derived from the green manure (fCdg,) and the soil (fCd;) were calculated according
to Equation (8). Note that Equation (3) was applied to all stable Cd isotopes by replacing
19Cd with '°°cd, '%8cd, '''cd, ''*Cd, ''*Cd, '*Cd and '"°Cd. The sum of all SA, should be
equal to 1. For all isotopes that were not measured in the wheat samples ('°°Cd, '°®Cd,
"2¢d, "3¢d, "'*Cd and ''°Cd), the specific abundances (SA,) were converted into CPS.
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Exemplified for '°6Cd, the CPS of '°°Cd in a wheat sample was calculated as:

SAq0s CPS110

CPS'IOG = SA,HO ES mb(110—106) ' (4)

where mb denotes the mass bias (see Equation (1)). This equation was applied for
19%8cd, ""'cd ""?Cd, ""3Cd, ""*Cd and ''°Cd by replacing '°°Cd with these isotopes. In
the next step, the sum of all CPS (including ''°Cd) was calculated. To this end,
Equation (4) was applied to calibration standards that contained a defined Cd concen-
tration to establish a calibration curve. As these standards had a Cd isotope compo-
sition at natural abundance, the SA, values in Equation (4) were replaced by NA,
values isotopic compositions reported by IUPAC [35]. Then, the sum of the CPS of
all Cd stable isotopes in the calibration standards were calculated. Finally, the slope
and the intercept were calculated to convert the sum of CPS in the samples into Cd
concentrations. Note that Equations (3) and (4) also apply for ®°Zn as well as ®*Zn,
7Zn, ®Zn and 7°Zn. All these calculation steps for Cd are exemplified in the S| as
code-based script for the open-source software R (version 4.2.0). This combined ICP-
MS analyses and isotope mass balances calculation method was then validated by (i)
measuring certified standard reference materials (CRMs), and (ii) by comparing the
results with samples obtained by the non-isotope sensitive ICP-OES (Shimadzu, ICPE-
9820).

2.5. Source tracing calculations

The isotope labelling of the green manure allowed us to calculate the contribution of the
sources (soil, green manure) to the sink (plant) [21,24]:

ZNplant = ZNsoil + ZNgreen manure (5)
Cdplant = Cdsoil + Cdgreen manure (6)

Znpjant and Cdpane denote the Zn and Cd mass in the plant (in pg (kg soil)™"), Zn.o; and
Cd,.; denote the Zn and Cd mass derived from soil (in ug (kg soil)™') and ZNgreen manure
and Cdgreen manure denote the Zn and Cd mass derived from green manure (in pg (kg
soil)"). ‘Plant’ represents wheat shoots, straw and grains. Shoots represent the total
aboveground biomass (straw and grains), straw represents the biomass that can be
brought back to the field, and grains represent the part of the crop that is used for
human nutrition.

The mass fractions of Zn (fzn_green manure) @nd Cd (fcq_green manure) derived from the
green manure were calculated according to McBeath et al. [24]:

Zngm NAgs*IRpjant — NAg7

f = = (7)
M Zngiant (SAs7 — NAg7) — IRpjant(SAss — NAeg)

fraom = Cdgm _ NA;10%IRpjant — NA114 ®)
B Cdplant (SA111 — NA111) — IRpjant(SA110 — NA110)

NA denotes the natural abundance of the mentioned isotopes according to IUPAC [35],
and SA is the specific abundance of the isotopes in the ®’Zn and '''Cd labelled green
manure. The IRy.ne stands for the isotopic ratio of ®Zn:*°Zn or '"'Cd:''°Cd in the
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wheat samples. ‘Plant’ represents shoots, straw and grains of the wheat. Following these
calculations, the fraction derived from the soil (f,;) in the wheat samples can be calcu-
lated by 1-fgreen manure- The percentage of Zn and Cd from the added green manure
that was recovered in the plants was calculated as follows:

onGM *anlant

anec_green manure[%] — 7n ded %100 (9)
adde
de *Cd |
Cdrec,green manure[%] = (G:“:jTZant %100 (10)
adde

Znpjant and Cdyjane denote the total Zn or Cd mass in the wheat samples (ug (kg soil) ™).
ZNagded and Cd,qgeq denote the quantity of Zn in the green manure added per kilogram
soil (in ug (kg soil)™). Also here, ‘plant’ can be replaced by wheat shoots, the straw (stems
and leaves) and grains.

2.6. Statistics

Significant differences of the mean (p < 0.05) between the treatments were determined
using a two-way ANOVA followed by a Tukey HSD test. Prior to the ANOVA, the equality
of variances and the distribution of residuals were tested using a Levene test and visual
inspection, respectively. If the prerequisites were not fulfilled, the data was either log10,
square root, or 1/x transformed. If the prerequisites for an ANOVA were still not fulfilled, a
non-parametric and one factorial Kruskal-Wallis test was applied. As this test is only one-
factorial, a superfactor was constructed that crossed all combined factors. If ANOVA or
Kruskal-Wallis tests were significant, statistical differences between individual treatments
were tested using Tukey HSD test for ANOVA and Conover-Iman test for the Kruskal-
Wallis test. All statistical analyses and data figures were conducted using the statistical
software R (version 4.2.0). Conceptual models and graphical abstract were created with
BioRender.com.

3. Results and discussion

3.1. Validation of the combined ICP-MS analyses and isotope mass balance
calculations in the certified reference materials

The combined ICP-MS analyses and isotope mass balance calculations were mostly con-
sistent with the CRM samples (Table 1). The Zn concentration of the CRMs ranged from
11 to 80 mg kg™ and thereby represented the majority of the samples in this study
(14-150 mg kg™'). The Zn recovery was within 100 + 11 %, indicating that the combined

Table 1. Evaluation of the certified reference material (CRM) measured by combined ICP-MS and
isotope mass balance calculations.
Certified Zn  Certified Cd Measured Zn  Measured Cd  Zn recovery  Cd recovery

Sample type ID mg (kg dry weight)™’ Fraction recovered (%)
White cabbage BCR-679 79.7 1.66 84.5 1.68 106 101
Hay powder IAEA-V-10 24 0.050° 23.1 0.050 96 929
Wheat flour NIST 1567b 11.6 0.025 103 0.034 89 134

3Certified value ranges from 0.03 to 0.05 mg (kg dry weight)™" for Cd.
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ICP-MS analyses and isotope mass balance approach is adequate to determine Zn con-
centrations in plant samples. In samples with Cd concentrations > 0.05 mg kg™, the Cd
recovery was within 100+ 1 %. However, for CRMs with Cd concentrations < 0.05 mg
kg"1, the accuracy of the approach was not sufficient (+ 39 %). This low accuracy
was related to the low Cd concentration in the CRM (0.025 mg kg'1) which resulted
in a very low signal (CPS < 200). For samples with such a low Cd concentration, a
better signal could be achieved by using newer generation ICP-MS devices [27] or by
digesting and purifying more sample material [27,38]. However, since the Cd concen-
trations in the samples of this study ranged from 0.14 to 0.99 mg kg™', the procedural
and analytical method chosen was sufficiently accurate.

3.2. Validation of the combined ICP-MS analyses and isotope mass balance
approach for the analyses of isotopically enriched plant material

The results of the combined ICP-MS analyses and isotope mass balance approach strongly
correlate with ICP-OES results for Cd and Zn (Figure 1). For Cd, the average difference
between the concentrations obtained with both instruments was 4 + 7 %. The same com-
parison for Zn revealed a difference of 4 + 9 %. Note that the Cd concentrations measured
with ICP-OES could only be adequately determined because the samples could be pre-
concentrated during the purification procedure. These results demonstrated that the pro-
cedure including digestion, purification, analysis with single collector ICP-MS, and isotope
mass balance calculations was suitable to determine concentrations above 10 mg kg™ Zn
and 0.05 mg kg™' Cd in wheat samples.

The ""'Cd:""°Cd isotope ratios in the wheat samples ranged from 1.025 (natural abun-
dance) to 1.503 (non-natural abundance). Consequently, the isotope abundance of ''°Cd
increased from 0.125 at natural abundance to 0.177 at non-natural abundance. These
changes were small, given that the abundance of ''°Cd in the green manure was
0.007. For Zn, the range of isotope ratios and °°Zn abundances were smaller than for
Cd since the isotope enrichment in the green manure was lower for Zn than for Cd
(Table S1). These small changes indicate that the fractions of Zn and Cd that derived
from the green manure (i.e. from the labelled source) were small as explained in detail
in the section ‘green manure increased the soil-to-wheat transfer of Zn and Cd'. We
further tested if these small changes in isotope abundances and isotope ratios introduced
an error when the Cd and Zn concentrations in the wheat samples were measured con-
ventionally. Conventionally means that the samples were treated as if their isotopic com-
positions were at natural abundance as the standards that were used to calibrate the ICP-
MS for concentration measurements. For both elements, the ICP-MS results with and
without calculations correlated significantly (Figure 2A,C). However, no significant trend
for Zn was found when the isotope ratios of ®’Zn:°°Zn were plotted against the ratios
of concentration measurements with and without mass balance calculations
(Figure 2B). In contrast, a significant trend was found for Cd (Figure 2B). When Cd was
measured with a calibration curve at natural abundance, the difference between Cd con-
centrations determined with and without mass balance calculations ranged from about -
2.5 to +5 %. For the samples that received 4 g of green manure and contained more '''Cd
(i.e. higher isotope ratio '"'Cd:''°Cd), this difference increased from +4 to +10 %. The
absence (Zn) and presence (Cd) of such a systematic error can be explained by the
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Figure 1. Comparison of analytical methods used to analyse cadmium (Cd) and zinc (Zn) concentrations
in wheat samples that contain enriched stable isotopes (¢/Zn, '''Cd). ICP-MS + calculations’ refers to
inductively coupled plasma mass spectroscopy combined with isotope mass balance calculations.
‘OES’ refers to inductively coupled plasma optical emission spectroscopy.

extent of the isotope enrichment in the labelled source. This enrichment was stronger for
Cd than for Zn (Table S1). In addition, Figure 2D showed that the need for a correction for
isotope abundances to determine concentrations also depends on the fraction of the
metal in the wheat that derived from the green manure. As isotope enrichment in the
sources (here fertilizer) and sinks (wheat) can vary depending on the experimental
design, we recommend testing whether or not the isotope mass balance calculations

are required on a case-by-case basis.

3.3. Soil characterization and plant growth

The model soil had a total Zn concentration of 56.8 mg (kg soil)™' (Table 2). This Zn concen-
tration indicated that the soil was within typical Zn background values, meaning that the
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at non-natural abundance. Regression line was only plotted when the trend between x and y was

significant.

soil was not Zn contaminated [8]. Soils were extracted using diethylenetriaminepentaacetic
acid (DTPA) to provide an operationally defined soil pool that indicates the Zn and Cd bioa-
vailability in the soil [36,39]. The soil DTPA-extractable Zn was 0.19 mg (kg soil)™" and was
thereby smaller than the defined thresholds (<1 mg (kg soil)™") that potentially indicate a
critically low bioavailability for plants [2,8]. The low DTPA-extractable soil pool could be
related to the soil pH of 7.7. In such an alkaline soil, most of the Zn is typically sorbed to
iron and manganese oxyhydroxides, soil organic matter and likely also sorbed to or preci-
pitated with carbonate minerals [2,8,34]. The latter were present in the soil of this study as
indicated by its inorganic carbon content (Table 2). However, the total quantity of inorganic
carbon of 34.9 g (kg soil) ™" was lower than in calcareous soils in semi-arid regions (65-250 g
(kg soil)™") that have been reported to induce Zn deficiencies in crops [2].
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Similar to Zn, Cd can sorb/precipitate in the soil to oxyhydroxides, soil organic matter
and carbonates [9,40]. Hence, soil pH is also an important factor controlling the bioavail-
ability of Cd. The total Cd concentration in the soil was 0.19 mg (kg soil)™' (Table 2) which
represents Cd soil background concentrations [9]. From this total stock of Cd in the soil,
about 5 % was extractable with DTPA. This DTPA-extractable soil fraction was proportion-
ally about one order of magnitude larger than for Zn (~0.3 %). This comparison is sup-
ported by previous observations that Cd is generally less strongly bound to soils than
Zn as shown e.g. with isotope exchange kinetics in contaminated soils [10]. As a larger
fraction of Cd was extractable by DTPA compared to Zn, the Zn:Cd ratio was narrower
in the bioavailable soil pool compared to the bulk soil.

The shoot dry weight (DW) production increased in the low Zn soils with the addition
of 1 and 4 g green manure (Table 3). Furthermore, the root DW production increased with
the addition of 4 g green manure in these soils. Compared to previous pot studies that
grew the same wheat cultivar, the shoot dry weight production in this study was at the
lower end (3-17 g, [15,38,41,42]). This comparison suggests that the basal fertilization
applied in this study did not fully cover the nutritional requirements of the wheat. The
Zn concentrations in the grains were greater than 21 mg (kg DW)™" (Table 4a). These con-
centrations indicate that Zn was not necessarily a growth-limiting factor [43] despite the
low Zn concentrations in the DTPA soil extracts (Table 2). This assumption is supported by
the DW production in the low Zn soil which was not distinguishable from the mineral Zn
fertilized soil (Table 3).

The increased shoot DW in the green manure treatments could have been induced by
other nutrients besides Zn that were added with green manure. For instance, 90 mg (kg
soil)™" of nitrogen (N) were added to the soil with the basal fertilization (Table S2). By

Table 2. Selected soil properties.

Parameter Unit Value
Clay (%) 9?
Silt (%) 28°
Sand (%) 63?
Total Zn (mg kg™ 56.8°
Total Cd (mg kg™ 0.19°
Zn/Cd ratio (total) ) 295
DTPA Zn (mg kg™ 0.19°
DTPA Cd (mg kg™ 0.009¢
Zn/Cd ratio (DTPA) ¢ 21
Ceot (9 kg_1 73.7°
N (g kg™ 3.1°
s (g kg™ 04°
CN ) 237
Prot (gkg™") 0.5°
Cinorg (g kgi1) 34'9d
Corg (g kg™ 38.8°
pH (CaCl,) ) 7.7
WHC (mLkg™) 529°

?Determined by WSL in July 1998.

BTotal digestion using hydrofloric and nitric acid.

“Diethylenetriaminepentaacetic acid (DTPA) extractable Zn and Cd pool was extracted according to Lindsay and Norvell
[39].

dDetermined by subtracting Corg (550°C, muffle oven) from total C (1050°C, varia El Cube, Elementar, Germany).

“Water holding capacity.



ISOTOPES IN ENVIRONMENTAL AND HEALTH STUDIES 13

Table 3. Wheat harvest data.

Dry weight
Root Shoot Straw Grain
Green manure (g (g kg™ soil) (g kg™ soil) (g kg™ soil) (g kg™ soil)
Soil Zn status kg™" soil) Mean +SD? Mean +SD? Mean +SD? Mean +SD?
Low soil- 0 0.18 012 b 250 0.22 C 128 017 b 123  0.17 b
available Zn 1 0.32 014 b 3.90 048 b 208 036 b 183 024 ab
4 0.99 047 a 523 0.61 a 288 046 a 235 0.26 a
Mineral Zn 0 0.16 015 b 253 039 ¢ 145 034 b 108 046 b
fertilized 1 0.20 011 b 280 0.75 bc 158 040 b 123 043 b
4 0.31 005 b 390 032 b 225 024 a 165 021 ab
ANOVA® ANOVA® ANOVAP ANOVAP
p-values GM <0.05 <0.05 <0.05 <0.05
Zn <0.05 <0.05 <0.05 <0.05
Zn*GM >0.05 <0.05 >0.05 >0.05

2SD = standard deviation of the mean of n = 4 replicates. Letter denote statistical differences within a column determined
with post-hoc tests for ANOVA (Tukey HSD)

PANOVA = two-way analyses of variance. P-values denote significant effects of the factors GM (green manure), Zn
(mineral Zn fertilized) and Zn*GM for the combined factors (p-values: * < 0.05, ** < 0.01, *** < 0.001).

adding green manure to the soil, additional 50 mg (kg soil)™" and 200 mg (kg soil)™" of N
were added with 1 or 4 g green manure, respectively. As N is crucial for DW production,
these additional N inputs may have increased shoot and root DW [44]. The response in DW
production further suggests that the green manure was readily decomposed and the soil-
wheat system was N limited, despite the basal N fertilization [16,45]. In addition to N, the
concentrations of macronutrients P, K, Mg and Ca were not distinguishable in the green
manure and the soils that have not received green manure (Table S4). This was also the
case for the micronutrient Fe, that is, like Zn, hardly plant available in alkaline soils [46].
Together, our results suggest that the addition of green manure improved the N nutrition
of the wheat and thereby increased its DW production.

3.4. Green manure addition did not induce a Zn biofortification effect, but
increased the Zn and Cd mass in the shoot

The addition of green manure to the soil did not increase the Zn concentrations in the
wheat grains (Table 4a). Therefore, there was no Zn biofortification effect as shown in pre-
vious studies for alkaline soils [12-14]. The absence of a Zn biofortification effect of the
green manure can be explained by the strong differences in the DW production
among the treatments (Table 3). For instance, the dry weight doubled when 4 g green
manure was added to the soils compared to the soils that have not received green
manure. In the same treatment, the Zn concentrations in the shoots did not differ from
each other (Table 4a). However, the Zn mass in the shoot doubled from 66.1 ug (kg
soil)™" in the soil that did not receive green manure compared to 124 ug (kg soil)™" in
the 4 g green manure treated soils (Table 4b). Similarly, the Cd concentrations in the
wheat grains did not systematically vary with the addition of green manure (Table 4c)
while the addition of 4 g green manure almost doubled the Cd mass in wheat shoots
compared to the soils that did not receive green manure (Table 4d). These consistent
changes in biomass, Zn and Cd concentration, and Zn and Cd mass in the wheat
shoots correspond to a biomass dilution effect [47].
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The addition of soluble mineral Zn fertilizer to the soils increased the soil-to-shoot
transfer of Zn by factor 2.4-3.7 (Table 4). In addition, it also increased the Zn concentration
in the grains from 29.7-99.4 mg (kg DW)™". Such a strong increase indicates that the
soluble Zn that was added to the soils remained soluble and was readily taken up by
the wheat. Previous studies reported that soil Zn fertilization with soluble salts such as
ZnS0O, is often not an efficient measure to increase Zn concentrations in wheat grown
on alkaline soils with low DTPA-extractable Zn [48]. In the sandy soil of this study
(Table 1), this was not the case which suggests that a minor fraction of Zn strongly pre-
cipitated or strongly sorbed to the soil. Moreover, the mineral Zn fertilizer strongly
decreased the Cd concentrations in the grains and the Cd mass in the shoots. These
results corresponds with previous observations [49] and confirm that Cd competes for
membrane transporters that control Zn uptake [6]. Together, the soil-applied mineral
Zn fertilizer prooved to be an efficient biofortification measure that additionally
decreased the Cd concentrations in wheat grains.

3.5. Green manure increased the soil-to-wheat transfer of Zn and Cd

The ®’Zn and '"'Cd enriched stable isotopes labels in the green manure helped to dis-
tinguish the sources of Zn and Cd in wheat (i.e. soil vs. green manure). More than 85 %
of Zn in the wheat shoots derived from the soil and the fraction of Zn derived from the
soil was lower in the 4 g green manure compared to the 1 g green manure treatment
(Figure 3A). Hence, only a small fraction (less than 15 %) of the Zn in the plant derived
from the fertilizer. Furthermore, 8-16 % of the Zn added with the green manure was
recovered in the plant (Figure 4). This result means that more than 84 % of the Zn
added with the green manure remained in the soil. Our results correspond with previously
obtained Zn derived from fertilizer (2-20 %) and recovery values (1.5-12 %) for organic
fertilizers that were applied to soils with distinct Zn bioavailability [12,21]. One reason
for the low recovery in this study could be the low Zn mass that was added to the soil
in the 4 g green manure treatment (120 ug (kg soil)™", Table S1) which was much
smaller than in the Zn added in the mineral Zn fertilized treatments. The low recovery
may further indicate that part of the Zn added with green manure was not transformed
to a plant available form during plant growth, was diluted in the soil with exchangeable
Zn that was already present in the soil, and/or diffused into less bioavailable soil Zn pools
[8,9]. Overall, our results confirmed that only a minor fraction of Zn in organic fertilizers
seems to be directly transferred to plants.

The fate of Cd that was added with green manure resembled that of Zn. More than
94 % of the Cd in the wheat derived from the soil and the Cd derived from fertilizer
values were higher in the 4 g green manure than in the 1 g green manure treatment
(Figure 3B). The low recoveries may be related to mass balance aspects, decomposition
of the fertilizer, and the fate of Cd in the soil as discussed in the previous paragraph
for Zn. Furthermore, the recovery of the Cd in wheat that was added with the green
manure was < 6 % in the soil with low available Zn and < 2 % in the mineral Zn fertilized
soils (Figure 4B). Hence, the addition of mineral Zn fertilizer decreased the direct transfer
of Cd from the green manure to wheat. To the best of our knowledge, there is no study
reporting such values for Cd in organic fertilizers. However, such values have been
reported for Cd in mineral phosphate fertilizers in which Cd was present in a soluble
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Figure 3. Fraction of Zn (A) and Cd (B) in wheat shoots either derived from the soil (brown) or the
green manure (green) expressed in percentage. Error bars represent the standard deviation of the
mean of n=4 experimental replicates. Letters denote statistical differences of the mean between
Zn or Cd that derived from the soil (brown) and from the green manure (green) determined by a
Kruskal-Wallis test (Table S5).

form [22,27]. In these studies, the same wheat cultivar as in the present study was grown
in soils with pH values between 4.5 and 7. In addition, a larger quantity of Cd was added to
these soils (9.5-25 ug (kg soil)™") than in the present study (3 ug (kg soil)™"). The Cd recov-
eries found for these soluble mineral P fertilizers were generally lower (< 3 %) and thereby
lower than in the Cd recoveries found in in the soils with low available Zn in this study.
Hence, this first and preliminary comparison suggests that the transfer of Cd from green
manure to wheat can be higher than from soluble mineral phosphorus fertilizer to wheat,
particularly in soils with low Zn bioavailability.

The isotope mass balances revealed that the addition of 4 g green manure increased
the soil-to-wheat transfer of Zn from 66.1 to 124 ug (kg soil)™" in the soil with low available
Zn (Figure 5A). However, no such effect appeared in the 1 g green manure treatment on
both soils and on the mineral Zn fertilized soils. For Cd, the 4 g green manure treatment
increased the transfer of Cd from the soil to the wheat shoots from 1.49 to 2.82 ug (kg
soil)™" in the soils with low Zn availability (Figure 5B). The addition of 1 g green manure
also increased the transfer of Cd from soil to wheat shoots from 0.55 to 0.75 ug (kg
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Figure 4. The recovery of Zn (A) and Cd (B) in shoots of wheat that was applied with the green manure
(GM). Error bars represent the standard deviation of the mean of n = 4 experimental replicates. Letters
denote statistical differences of the mean determined by Kruskal-Wallis test (Table S6).

soil)™" in the soils that received mineral Zn fertilizer. This result corresponds to a relative
increase by a factor of about 1.6-1.9, which is similar to the increase of Zn (factor 1.9).
Hence, the addition of green manure increased the transfer of Zn and Cd from soils to
wheat shoots at a similar rate. These findings are further summarized in the schematic
illustration in Figure 6.

The increased soil-to-shoot transfer of Zn and Cd with the addition of green manure
was likely related to increased biomass of the wheat roots and shoots (Table 3,
Figure 5). The increased root biomass may have increased the soil exploration and
thereby Zn and Cd uptake [13,15,50]. In addition, the increased shoot biomass may
have increased the transpiration rate and thereby the root uptake and root-to-shoot
translocation of Zn and Cd [51-54]. Previous studies have suggested that the
decomposition of green manure changed the soil chemistry and thereby increased
the solubility of Zn [12,14]. To provide such insights and to check if such a solubil-
ization would also apply for Cd, detailed soil analyses would be required during
plant growth [55] or at harvest [12].
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Figure 5. The transfer of Zn (A) and Cd (B) from soil (brown) and green manure (green) to shoots of
wheat. Error bars represent the standard deviation of the mean of n = 4 experimental replicates. Hori-
zontal lines (black) express the mean (straight line) and standard deviation (dashed line) of the control
soil that has not received green manure. Letters denote statistical differences of the mean of Zn and
Cd derived from the soil (brown) and green manure (green) determined by a Kruskal-Wallis test that
includes the Zn and Cd derived from the soil in the control treatment (see details Table S7).

4. Implications for Zn biofortification and isotope source tracing

This study provided and validated an approach to efficiently determine enriched isotope
ratios and concentrations for Zn and Cd. This approach can be applied for isotope source
tracing studies in systems that are relevant for crops production as the isotope ratios can
be adequately resolved in systems with low Zn concentrations and systems that are mod-
erately contaminated with Cd. As only one analytical run is needed to obtain enriched
stable isotope ratios and concentrations, the approach increases the sample throughput
and decreases the analytical costs for isotope source tracing experiments.

By using this approach, we confirmed that the addition of green manure to alkaline
soils has the potential to increase Zn concentrations in wheat [12-14]. However, our
results showed that such a biofortification effect can only be achieved if other nutrients
are not growth limiting and thus no biomass dilution effect occurs. Moreover, the green
manure can also increase the soil-to-wheat of Cd to a similar extent as for Zn. Therefore,
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Figure 6. Schematic summary of the major effects of green manure addition on Zn and Cd dynamics
in a soil-wheat system (alkaline soil with low Zn availability). Boxes are approximately proportional to
the size of the Zn and Cd masses in the DTPA-extractable soil pools, green manure and wheat shoots.
Size of the arrows symbolize Zn (blue) and Cd (red) transfer rates between the soil, fertilizer and plant
compartments. Left: control treatment with no green manure added, Right: treatment with 4 g green
manure per kg of soil. The direct transfer of Zn and Cd from the green manure to the wheat is small,
but the transfer from the soil to the wheat significantly increases with green manure.

Zn biofortification strategies that employ organic fertilizers should be routinely monitored
for critical increases in Cd concentrations in crops, particularly in alkaline soils with elev-
ated Cd concentrations [49,56,57]. In such systems, fertilizing Zn in a soluble form may
help to reduce Cd uptake by crops, as shown in this study.

In the future, the scope of the proposed isotope source tracing approach could be
expanded. For instance, enriched stable isotope ratios and concentrations of these
elements could be measured in plant available soil pools or in the soil solution [55].
Such measurements would provide additional insights on e.g. the effect of green
manure and other organic fertilizers on the bioavailability of Zn and Cd in soils with
different properties [21]. Moreover, the approach could be used in field studies to trace
the fate of Zn and Cd applied with fertilizers over several crop cycles and/or to trace
the fate of other micronutrients that are important in plant and human nutrition such
as iron [58,59]. Hence, the provided approach helps to further establish isotope source
tracing to accurately study the fate and dynamics of trace metals in soil-fertilizer-plant
systems.
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