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Abstract

Liming is widely used to alleviate soil acidity in western and central Europe,
but its role in the cycling of magnesium (Mg) in arable soil-plant systems is
still ambiguous. Here, we systematically analysed Mg concentrations and the
natural Mg stable isotope compositions (§*°Mg) of two Mg pools in soil profiles
and a major crop (winter rye) in a long-term German agricultural experimental
field that has been managed with and without liming since 1923. The results
showed that the 5*°Mg signatures of the bulk soil Mg pool in the studied Albic
Luvisol displayed limited variation with depth and between the liming treat-
ments. In contrast, the exchangeable soil Mg pool exhibited an increase in
5°°Mg values with depth down to 50 cm, which was more pronounced in the
limed plots. We attributed this enrichment of light Mg isotopes in upper layers
to the Mg addition from “Dolokorn 90” lime, as well as to the removal of heavy
Mg isotopes by plant uptake. The subsequent use of a simple isotope-mixing
model suggested that only 25% of the remaining Mg in the soil exchangeable
pool stemmed from the last liming practice. The other parts of the exchange-
able soil Mg pool had either interacted with the bulk soil matrix or had been
utilized by the plants. Almost 100 years of liming enhanced Mg uptake by the
vegetation, probably via elevated Mg contents in the grain, and reflected by the
stronger depletion of heavy Mg isotopes in the soil exchangeable Mg pool rela-
tive to non-limed plots. Whole winter rye plants were enriched in heavy Mg
isotopes but they displayed similar Mg isotope compositions among plant
organs in all plots, indicating identical Mg uptake and translocation strategies
in the different trials. Tracing the stable isotope compositions of soil and plant
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Mg thus opens novel opportunities to evaluate soil management impacts on

» Mg concentrations and stocks in an Albic Luvisol were more heterogeneous
« The variation of Mg isotope compositions of bulk soil was limited with
« Liming induced a pronounced negative shift of §°°Mg values in soil

« Uptake of Mg by plants in limed plots was enhanced relative to that in non-
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the cycling and fate of this essential nutrient in agricultural systems.
Highlights
in subsoils than in topsoils
depth and between liming treatments
exchangeable Mg pools down to a 50-cm soil depth
limed plots
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1 | INTRODUCTION

Magnesium (Mg) is an essential macronutrient for plant
growth, functioning in a series of enzymes and related
physiological and biochemical processes, such as photosyn-
thesis (Maguire & Cowan, 2002; Pasternak, Kocot, & Hor-
ecka, 2010). Insufficient supply of Mg to plants impairs
root growth and reduces plants' tolerance of environmental
stress (e.g., Bose, Babourina, & Rengel, 2011; Cakmak &
Kirkby, 2008), thus lowering yield and quality of crops in
arable farming systems (Gerendas & Fiihrs, 2013). How-
ever, when nutrients in topsoil are deficient and/or plant
roots elongate into deep layers, subsoil can provide nutri-
ents for plant growth (Kautz et al., 2013). In a pioneering
study using pot experiments, Mg supply from the subsoil
was shown to have great potential for alleviating Mg defi-
ciency of spring wheat (Kuhlmann & Baumgartel, 1991).
However, there are still few data available and little con-
sensus on the use of nutrients from subsoils under different
soil management conditions on the field scale. One diffi-
culty in elucidating subsoil Mg uptake is the lack of a reli-
able analytical approach, which is capable of
distinguishing nutrients taken up from the subsoil from
those available in the surface horizons.

As Mg isotopes are fractionated by a number of biotic
and abiotic processes, recent studies on Mg isotope geochem-
istry have shown the great potential of utilizing Mg isotope
Systematics as a tool to trace the biogeochemical cycle of Mg
in the terrestrial environment (see reviews, Schmitt et al.,
2012; Teng, 2017). Riverine waters have been shown to be
generally depleted in heavy Mg isotopes relative to the rocks
in their silicate catchments (e.g., Brenot, Cloquet, Vigier,
Carignan, & France-Lanord, 2008; Liu, Teng, Rudnick,
McDonough, & Cummings, 2014; Mavromatis, Prokushkin,

Pokrovsky, Viers, & Korets, 2014; Tipper et al., 2006). This
was ascribed to water-rock interactions that preferentially
released isotopically light Mg during dissolution processes,
which was confirmed in experimental studies (Ryu et al.,
2016; Wimpenny et al., 2010). A larger extent of Mg isotope
fractionation has been detected during the formation of sec-
ondary minerals following silicate weathering processes: the
5°°Mg values in secondary minerals were up to +1.5%o
higher than in their parent bedrocks, which was attributed
to the preferential incorporation of heavy Mg isotopes into
newly formed clay minerals (e.g., Huang, Teng, Wei, Ma, &
Bao, 2012; Liu et al., 2014; Teng, Li, Rudnick, & Gardner,
2010; Tipper, Lemarchand, Hindshaw, Reynolds, &
Bourdon, 2012). However, several studies also reported an
enrichment of light Mg isotopes in bulk soils relative to their
parent minerals (Li, Beard, Li, & Johnson, 2014; Opfergelt
et al., 2012, 2014; Pogge von Strandmann et al., 2008). Pro-
cesses such as ion exchange, successive adsorption-
desorption of Mg on clay minerals and clay mineral transfor-
mation, apart from Mg incorporation, have been assumed to
be the reason for such contrary isotope signatures (Huang
et al., 2012; Ma et al., 2015; Wimpenny, Colla, Yin, Rustad, &
Casey, 2014; Wimpenny, Yin, Tollstrup, Xie, & Sun, 2014).
In addition, external Mg inputs (e.g., aeolian factors or rain)
may also significantly contribute to the *°Mg isotope signa-
tures in the environment (Liu et al.,, 2014). For example,
depositions due to sea spray dominated the exchangeable
Mg pool in the surface horizon of Icelandic soils (Opfergelt
et al., 2014). On the other hand, biological processes can also
induce Mg isotope fractionation. Most studies to date
showed that plants, either cultivated under laboratory condi-
tions or in the field, preferentially take up heavy Mg iso-
topes, although this fractionation could be species specific
and affected by associated mycorrhizal fungi (e.g., Black,
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Epstein, Rains, Yin, & Casey, 2008; Bolou-Bi, Poszwa,
Leyval, & Vigier, 2010; Bolou-Bi, Vigier, Poszwa, Boudot, &
Dambrine, 2012; Kimmig, Holmden, & Belanger, 2018;
Mavromatis et al, 2014; Tipper et al., 2012; Uhlig,
Schuessler, Bouchez, Dixon, & von Blanckenburg, 2017).

The overall natural variation of Mg isotopes has
ranged as much as +7%. in the Earth's surface environ-
ment (Teng, 2017). However, limited information is avail-
able on the variation of 8°°Mg isotope signatures in
arable soils. The only study on agricultural soil so far by
Gao et al. (2018) reported increasing values of bulk soil
5°°Mg with soil depth, from —0.85%. in topsoil to
—0.59%0 in soil at 100-cm depth, in a paddy soil devel-
oped from a latosol because of the decreasing Mg content
retained on exchangeable sites. Similarly, soil manage-
ment practices such as liming can also lead to differing
5°°Mg values, particularly if the applied lime contains Mg
of a different isotope composition from that found in the
bulk soil, such as dolomite (Bolou-Bi et al., 2016). We
hypothesize that differing isotope compositions of Mg in
topsoil and subsoil can be used to evaluate the effect of
soil managements on Mg uptake by crops. In this study,
we systematically analysed the Mg concentrations and
natural isotope compositions along soil profiles and crop
(winter rye) samples in field plots subjected to a con-
trolled liming practice for nearly 100 years of the long-
term agricultural experimental station at Berlin-Dahlem,
Germany (Krzysch et al., 1992). The analyses allowed us
to examine the effect of long-term agricultural liming
practice on: (a) the Mg isotope compositions in different
soil Mg pools and (b) the Mg uptake by crops using Mg
isotopes as a proxy. We suspected that the overall results
would improve our understanding of the acquisition of
Mg from the entire soil profile and could thus provide a
potential new approach to evaluate the effect of soil man-
agements on the fate and uptake efficiency of essential
nutrients in agricultural ecosystems.

Soil Science

2 | MATERIALS AND METHODS
2.1 | Study site, sampling and sample
preparation

The studied long-term experimental field is located in
Berlin-Dahlem, Germany (52°28'02" N, 13°17'49” E). Dif-
ferent agricultural managements have been practised
since the year 1923 to investigate the effects of phospho-
rus fertilization, liming and tillage depth on crop growth
and yields (K6hn & Ellmer, 2009). Vegetation practices in
this field trial are performed as an annual rotation, with
cereals and non-cereal crops planted alternately each
year since 1967. The climate is semi-continental with a

mean annual temperature of 9.9°C and an average
annual precipitation of 562 mm. According to the FAO
(IUSS Working Group WRB, 2014), the soil at this experi-
mental site is classified as an Albic Luvisol, developed
from glacial till. The soil texture is sandy to loamy sand,
dominated by sand particles that comprise 65-75% of soil
weight in the topsoil (0-30 cm) and 40-60% in the subsoil
(30-100 cm) (Hobley & Prater, 2019). The field site is het-
erogeneous with regard to textural changes with soil
depth from 40 to >100 cm (Figure S1, Siimer, 2012).

In the present work, plots with and without liming
were investigated and each treatment included three field
replicates. All of these plots received phosphorus fertil-
izer (20 kg ha™ a™') and farmyard manure (15tha™"
a™"), and all plots were ploughed to 28-cm depth before
crop sowing. The lime application was performed regu-
larly in intervals of 2 to 4 years since 1923. As the lime
sources varied during the course of the experiment, no
exact balance of calcium (Ca) and Mg additions could be
reconstructed. In 2014, the lime product Dolokorn
90 (containing 30% MgCO;) was applied with
920 kg ha™" to the limed plots, in which 79.3 kg ha™" Mg
was added equivalently.

Field sampling was carried out in the year 2016 before
renewed liming. Two soil cores, down to 100 cm, were
collected at random places in each plot. The soil coring
technique followed that of the German inventory of agri-
culture and was tested and described previously for this
purpose (Bauke et al., 2018; Walter, Don, Tiemeyer, &
Freibauer, 2016). Each soil core was then separated into
six layers (with depth 0-15cm for Apl, 15-30 cm for
Ap2, 30-40 cm for Bw1, 40-50 cm for Bw2, 50-70 cm for
Ael/Bt and 70-100 cm for the Bt horizon). The depth seg-
ments were carefully chosen based on soil profile descrip-
tion and test cores taken adjacent to the main experiment
site. Soil segments of the same depth from these two soil
cores were pooled on site.

All pooled soil samples were lyophilized, ground in
an agate mortar to break down the soil aggregates and
passed through a 2-mm sieve before chemical and physi-
cal analyses. Determination of dry bulk density and pH
of the soil samples were obtained with the method
reported by Bauke et al. (2018). Generally, soil pH
(CaCly,) in the limed plots was one unit higher than that
in the non-limed plots (Table S3).

Whole plants of winter rye (Secale cereale) grown in
these plots were taken out when they were at the
flowering stage in May 2017. Roots and shoots were sepa-
rated on site and stored in a dry-ice box immediately in
the field. In the laboratory, the shoots were divided into
stems, leaves and spikes and, together with the roots,
were thoroughly rinsed with Milli-Q water to remove fine
soil particles and dusts. The root samples were



WANG ET AL.

u Ppe.m ‘zpumalcpég;—._;‘: b

additionally ultrasonicated at room temperature for
10 min to remove adsorbed soil particles. The cleaned
plant samples were then immediately frozen at —20°C
and freeze-dried. The dried plant organs were milled to a
powder using a custom-made ball mill equipped with
metal-free plastic bottles and tungsten carbide milling
balls (Collomix Viba 330, Collomix GmbH, Gaimersheim,
Germany). The remaining soil and plant samples were
stored for further analysis.

2.2 | Extraction of Mg from soil and
plant samples

Total digestion of soil samples was performed using lith-
ium meta/tetraborate fusion at 1050°C for 3 hr. The con-
centrations of Mg (termed as Mgy son) and other
nutrient elements were determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES,
iCap, Thermo Fisher Scientific, Dreieich, Germany) at
Forschungszentrum Jiilich GmbH.

For the purpose of Mg isotope analyses, a pressurized
microwave-assisted acid digestion system (turboWAVE
inert, MILESTONE Srl, Sorisole, Italy) was used to digest
soil and plant samples, as well as the lime product Dolo-
korn 90, in the present work because lithium meta/tetra-
borate fusion introduced a large amount of matrix. The
microwave-assisted extraction removed between 70 and
100% (average 88%) Mg from the soil matrix. Precisely
weighed samples were suspended in 2.5 ml distilled con-
centrated HNO; (68%) and 1.5 ml H,O, (30%) in per-
fluoroalkoxy alkanes (PFA) vessels. The vessels were then
pressurized to approx. 35 to 40 bars in a closed cylinder
and subsequently heated step-wise to 225°C. The obtained
Mg from soil was regarded as bulk soil Mg (Mgpuik soi) in
this work (Figure S2). An in-house soil standard (Luvisol,
collected in Klein-Altendorf, Germany (50°37'9” N,
6°59'29” E)), validated against the certified NIST 2709a
San Joaquin Soil standard, was used to validate each run
with respect to Mg concentration. The SRM NIST1575a
Pine Needles standard was used to validate the analytical
procedure for plant samples (Table S1). An acid blank per
run was used to check for contamination.

The exchangeable pool of Mg in soil is usually defined
as the Mg pool that is available for plant uptake (Metson,
1974). For extraction of the exchangeable Mg pool in soil
(Mgexcn), the NHy-acetate extraction method reported by
Bolou-Bi et al. (2012) and Gao et al. (2018) was applied.
Thirty millilitres of 1 M NHjy-acetate (pH = 7) solution
was added to 3 g soil and the mixture was shaken at a
speed of 220 oscillations per minute for 2 hr. The sample
suspension was then centrifuged at 6,000 g for 15 min.
The supernatant was collected and filtered through a

WILEY_L

0.45-pm polytetrafluorethylene filter. The filtrate was
then transferred into a Savillex® PFA vial and dried
down. Ultrapure HNO; and H,O, were used to remove
organic matter through a process of repeated dry-down
and re-dissolution. The residue was finally dissolved into
1 M HNO; solution for Mg purification. The Mg content
in the sample before and after drying and re-dissolving
the filtrate was analysed at Forschungszentrum Jiilich
GmbH by inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7,900, Agilent, Germany) to evaluate
potential Mg losses. The uncertainty of ICP-MS measure-
ments was less than 5%. The concentration of Mg in the
acid blank was below the detection limit of the ICP-MS
(< 50 ng/L), which is negligible compared to the samples.

ience

2.3 | Magnesium purification and
isotope analysis

Separation of Mg from matrix elements was carried out by
cation exchange chromatography using Bio-Rad AG50W-
X8 resin (200-400 mesh, Bio-Rad, Hercules, California,
USA), following the modified procedure outlined in
Table S2 (Teng, Wadhwa, & Helz, 2007; Wombacher,
Eisenhauer, Heuser, & Weyer, 2009). The purified Mg elu-
ents after column chemistry were then dried down in
Savillex PFA vials at 90°C and re-dissolved in 2 ml 1 M dis-
tilled HNOs;. The recoveries of Mg and the absence of
matrix elements were examined by measuring elemental
concentrations on ICP-MS. Solutions with yield recovery of
Mg over 95% as well as absence of matrix elements (matrix/
Mg ratio < 5%) were submitted for isotope measurement.

Magnesium isotope ratios were determined at
Forschungszentrum Jiilich GmbH by multi-collector ICP-
MS (MC-ICP-MS, Nu Plasma ||, Nu Instruments Ltd,
Wrexham, UK) by introducing sample solutions into the
source region through a twister quartz spray chamber
with a helix (Glass Expansion, West Melbourne,
Australia) equipped with a glass nebulizer (MicroMist,
Glass Expansion) at an uptake rate of ca. 100 pL min™".
The standard-sample-standard bracketing method was
applied to correct the instrumental mass bias using SRM
NIST 980 as the bracketing Mg reference material. Each
sample was measured at least three times. The Mg iso-
tope composition is initially expressed as & notation rela-
tive to this standard in permil unit:

(ng/24Mg) sample

—1| x1000
(*Mg/*Mg) NIST980

X sample __
0" Mgyistoso =

where x represents the mass 25 or 26. The long-term
reproducibility of the MC-ICP-MS analyses was 0.07%o
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for §*°Mg and 0.09%. for 8**Mg (2SD, n > 50), respec-
tively. The three-isotope plot was used to assess possible
interferences that would induce mass-independent frac-
tionation. The analysed isotope ratios displayed mass-
dependent fractionation only, following the exponential
law (Figure S3). The analyses were validated by repeated
and in-laboratory cross-checked measurements of the in-
house soil standard and the SRM NIST 1575a Pine
Needles standard for soil and plant samples, respectively
(Table S1).

Due to the reported heterogeneity of SRM NIST
980, the 8*°Mg values relative to the purchased SRM
NIST 980 used for bracketing (5°°Mgiihe ) were then
normalized relative to the proposed zero-delta reference
material DSM3 (Dead Sea Magnesium, Galy et al., 2003)
as 8%°Mglme with the following equation (Young &
Galy, 2004):

26 sample __ 26 sample 26 NIST980
8 Mgpsms =07 MgnisTogo + 07 MEpsus

1
+0.001 - 8 Mgiibee - 52 MghiSTos

where §*°MgiRM 0 (=3.91 +0.09%o, 2SD, n =12) is the
isotope composition of our SRM NIST 980 relative to the
DSM3, which was determined at the Institute of Geology
and Mineralogy at the University of Cologne, Germany.
The §**Mg values given in the present study are reported
relative to DSM3 without the subscript.

2.4 | Data calculation

The Mg isotope composition of the shoot (626Mgshoot)
and/or of the bulk plant (§°°Mgpjan,) Was calculated using
the following mass balance equation:

m;Cj
626ngshootor plant(%o) = Z (626Mgi X Zrln.lc.)
iti

where m; (in grams), C; (in pg g ') and §°°Mg; (%0) were
the dry biomass, Mg concentration and isotope composi-
tion of the plant organ i (root, stem, leaf and spike/seed).
The apparent difference in Mg isotope composition
between different Mg pools was calculated using:

A*Mg, _p= 8*°Mg, —5"Mgg

The statistical analyses were carried out by OriginPro
2015 (Version b9.2.272). Here, we used a paired-sample ¢-
test to evaluate the significant difference (p < .05), within
each soil block, among six soil layers, among plant
organs, and between the exchangeable Mg pools in soil
and plants. The effect of liming practice on Mg

concentration and isotope composition of both soil and
plant samples was tested with a two-sample t-test
between limed and non-limed fields, following an F-test
used for the equal variance checking (p < .05).

An isotope-mixing model based on mass balance cal-
culation was developed to track the sources of Mg that
are described in section 4.1. A detailed description of the
isotope-mixing model can be found in the Supporting
Information.

3 | RESULTS
3.1 | Magnesium concentrations, stocks
and isotope compositions in bulk soil

The Mg concentration in the total Mg pool of soil
increased from the surface soil to the deeper soil layers in
both treatments with and without liming practice, vary-
ing from 866 to 3,915 mg kg™ (Figure 1a, Table S3). In
the topsoil (0-30 cm), Mg concentrations in these two
treatments were found to be similar with small variability
between plots (Figure 1a). By contrast, Mg concentration
in the subsoil below the ploughing depth of 28 cm
showed larger spatial variations, as expected for the het-
erogeneous processes of soil movement in the last ice age
(Chmielewski & K6hn, 1999). Multiplying Mg concentra-
tions by bulk density yielded the Mg stock in each soil
layer, illustrated here in a cumulative form as Mg accu-
mulation in bulk soil from the surface down to this layer
(Figure 1b). The soils of the two treatments exhibited a
similar range of Mg stocks and isotope compositions
within the first 100 cm of soil depth (Figure 1b,c). The
Mg isotope compositions in the studied Albic Luvisol did
not change significantly, either along the soil depth or
between the treatments, with average &*°Mgpuik soil
values of +0.08 +0.02%0 and + 0.09 + 0.02%0 (SE,
n = 18) for the limed and non-limed plots, respectively
(Figure 1c, Table S3).

3.2 | Magnesium concentrations in the
soil exchangeable Mg pool and in
winter rye

Similar to the total Mg pool in soil, the exchangeable Mg
pool displayed a general increase in Mg concentration
with soil depth and exhibited homogeneity among plots
in the upper horizons of the soil profile compared with
the soil layers below 30 cm depth (Figure 2). The Mg con-
centrations of winter rye plants grown in both limed and
non-limed plots varied within a much narrower range
and did not display a significant difference between the
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FIGURE 1 Depth profiles of total Mg concentrations (a), total Mg stocks (b) and bulk soil Mg isotope compositions (c) in soil samples

collected from experimental fields with (open red) or without (solid black) liming management. Horizon designations given according to

German classification of a representative key soil profile at the experimental site, where Ap is the ploughed topsoil, Bv-Ael and Ael

correspond to an eluvial horizon, and Ael + Bt and Bt to an argic horizon according to the World Reference Base (IUSS Working Group

WRB, 2015). Data are shown as mean + SE of three field replicates. Larger error bars in (a) indicate heterogeneity of Mg concentration in

the upper subsoil [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Concentration of exchangeable Mg in soil
((Mg)exch) along the soil depth (diamond) and in each plant organ
of winter rye (triangle) in limed (open red) and non-limed (solid
black) plots. Horizon designations and descriptions are shown in
Figure 1. Data are given as mean value + SE of three field
replicates [Color figure can be viewed at wileyonlinelibrary.com]

treatments (780 + 78 vs. 716 + 26 mg kg~' for the limed
and non-limed plots, respectively, SE, n = 3; Figure 2).
Among plant organs, leaves and spikes contained about

two to three times larger Mg concentrations than roots
and stems (Figure 2, Table S4).

3.3 | Magnesium isotope compositions in
the soil exchangeable Mg pool and in
winter rye

Compared with the bulk soil, the exchangeable Mg pool
of the soil was enriched in light Mg isotopes. The Mg iso-
tope signatures of the exchangeable pool went down to
—1.54%o in the surface layer in the limed plots (Figure 3).
Unlike the limited Mg isotopic variations in bulk soil Mg,
the Mg in the exchangeable pool became isotopically
heavier with increasing soil depth. At 0-50-cm depth,
liming led to a shift to more negative §°°Mg values than
in the non-limed plots, with a difference in 5°°Mg values
between the two treatments (A26Mghmed_non = 626Mgnmed
- 8°°Mg,0n) Of up to —0.20%o.

The whole plants of winter rye in both treatments
were isotopically heavier than the exchangeable Mg pool
in the soil layer of 0-15-cm depth, where most of the
roots had prevailed, with those grown in the limed plots
generally displaying more negative 6°°Mg values than
those in the non-limed plots (Figure 3). As for the Mg iso-
tope compositions of plant organs, the stems and leaves
were enriched in light Mg isotopes compared with the
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FIGURE 3 Isotope compositions of the exchangeable Mg pool

in soil (square) along the soil depth and in each plant organ (star)
in limed (open red) and non-limed (solid black) plots. The red
arrow represents the addition of lime in limed plots with a §**Mg of
—1.51 + 0.02 %o (2SD, n = 3). For horizon designations and
descriptions see caption for Figure 1. Data are presented as mean
value + SE of three field replicates [Color figure can be viewed at
wileyonlinelibrary.com]

roots, whereas the spikes exhibited the heaviest Mg iso-
tope composition among all plant organs studied
(Figure 3). This sequence of 5*°Mg values was observed
for plants growing both in the limed and non-limed plots.

4 | DISCUSSION
41 | Total Mg and exchangeable Mg
pools in the studied Albic Luvisol

Magnesium isotope signatures in soil systems are deter-
mined not only by an individual process but rather by a
series of processes during material deposition and pedo-
genesis, resulting in the range of natural soil §°°Mg
values from —1.0 to +1.8%. (Gao et al., 2018). The present
study displayed for the first time the Mg isotope composi-
tions of an Albic Luvisol with a limited range of §*°Mg
values from +0.01 to +0.17%.. The bulk soil of this Albic
Luvisol also did not show any pronounced alteration of
5°°Mg values with depth (less than 40.16%0), despite the
fact that total and exchangeable Mg concentrations
increased along with soil depths in both limed and non-
limed fields (Figures 1 and 2). This confirms that the Mg
isotope compositions in the investigated plots were not
controlled by the Mg content. As the studied Albic
Luvisol is characterized by lessivage (i.e., downward
migration of clay particles), the lack of Mg isotope

fractionation implies that the formation of illuvial and
alluvial horizons did not alter the §*°Mg distribution in
the soil profile. This also gives support to the hypothesis
that the lessivage process during soil formation trans-
ported clay particles that were intact (Blume et al., 2016),
thus avoiding isotope fractionation at our site. The Mg
isotope compositions of the bulk soil in the studied field
therefore mainly reflected the values of their parent
material.

Liming has been applied to our field site every 2 to
4 years since 1923. In the year 2014, the lime product
applied was changed from mainly CaCO; (>90%) to
Dolokorn 90, which contained 30% MgCOj;. This means
that additional Mg (79.3 kg Mg ha™") from the lime was
added to the soil, given that the applied amount of lime
product in that year was 920 kg ha™'. As MgCOs is water
soluble, it can be considered to be readily plant available.
This Mg supply is larger than that which could have been
removed by rye harvests (<15kgMgyear™; Land-
wirtschaftskammer NRW, 2017), even if some additional
Mg might have been allocated by roots and non-cereal
crops such as the maize grown in the year before. Never-
theless, the soil exchangeable Mg pool hardly differed in
concentration between limed and non-limed plots
(Figure 2), despite the fact that the amount of the addi-
tional Mg through liming was equivalent to 24% of the
Mg.xcn Stock in the soil layers down to 50 cm depth of the
limed plots (Figure S4). Yet, the additions of Mg with lim-
ing were small (< 4%) relative to the total Mg stock in the
soils. Also, the contributions of exchangeable Mg to the
bulk Mg pool (Mgexen/MEhuik soit) i the 0-50-cm soil-
depth interval were significantly larger in the limed plots
than in the non-limed ones, with small variations among
plots (Figure S4). Therefore, we expected that the size of
the soil exchangeable Mg pool depended mostly on inter-
actions with the parent soil rather than on recent liming
practice, with heterogeneity possibly smoothing differ-
ences between sites in regard to the patterns of soil
Mgexcn CcOncentrations.

The exchangeable Mg pool was, on average, isotopi-
cally significantly lighter than that of the bulk Mg pool in
soil, both in the plots with and without liming practices
(Figures 1 and 3). This finding is in good agreement with
earlier studies and can be partially ascribed to mineral
weathering (Gao et al., 2018; Opfergelt et al., 2014). An
Albic Luvisol is typically dominated by vermiculite and
illite (also kaolinite in some cases) that show a 2:1 layer
structure (Brigatti, Galan, & Theng, 2006; Mile &
Mitkova, 2012). Such three-layered clay minerals have a
high capacity to store isotopically light Mg ions in their
interlayers and thus to release them when needed. As a
result, these clay minerals tend to promote the preva-
lence of isotopically light Mg isotopes in the
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exchangeable soil Mg pool. It should also be noted that,
however, as all treatments occurred in direct vicinity, soil
mineralogy should not have affected the differences
between limed and non-limed plots. Nevertheless, for a
given site it can thus be expected that the Mg isotope
composition of the exchangeable Mg pool in soil depends
on the amounts of Mg absorbed into these clay minerals
as the exchangeable form (Gao et al., 2018; Ma et al.,
2015; Mile & Mitkova, 2012). However, in the present
work, the Mg isotope composition of the exchangeable
pool showed independence from the soil clay contents
(Figure S5; Table S3). The depletion of heavy Mg isotopes
in the upper part of the soil profile (0-50-cm depth), spe-
cifically in the limed plots (Figure 3), indicated that apart
from mineral weathering combined with subsequent
adsorption onto clay minerals, further processes deter-
mined the isotope composition of exchangeable Mg. One
process was certainly the lime addition, whereas another
would most likely be plant uptake. As the dolomite lime
was enriched in light Mg isotopes (—1.51 + 0.02%o, SE,
n = 3, Figure 3), which is in line with the general obser-
vation that carbonate minerals are enriched in light Mg

s

g \ lime
\V/ /" -1.5140.02%o

soil
particles

_30 ol
-40

-50 -

Soil depth (cm)
Soil depth (cm)

-70

-100 —

+ lime

-100 —

isotopes (Galy, Bar-Matthews, Halicz, & O'Nions, 2002;
Li, Chakraborty, Beard, Romanek, & Johnson, 2012;
Wang, Teng, Rudnick, & Li, 2015), addition of lime prod-
ucts with isotopically light Mg indeed resulted in lighter
Mg isotope compositions in the exchangeable Mg pool of
the soil down to 50 cm.

We attempted to trace the contributions from lime
products using Mg isotope analyses. However, except for
the Dolokorn 90 applied in 2014, the lime applied before
2014 containing over 90% CaCO3 may also contain small
amounts of Mg. As the previous lime products are not
available, analyses of the Mg contents and isotope com-
positions are therefore not feasible for those lime prod-
ucts. We thus assumed that the Mg in the previously
applied CaCO; products was limited. In addition, it is
worth noting that the §*°Mg.,., values in the soil layers
below 50-cm depth were identical within error, in the
limed and non-limed plots (Figure 3), indicating that the
effect of liming on Mg isotope composition did not reach
deeper soil layers at the time of sampling. We thus
assumed that all the added lime was retained in the top
50 cm of soil.

Topsoil

soll Upper
subsoil

particles

Lower
subsoil

- lime

FIGURE 4 Conceptual diagram of the isotope-mixing model to calculate the Mg isotope mass balance between the plant and exchangeable
Mg pool in the present agricultural system with (left) and without (right) liming practice. Soil profiles were divided into three horizons, topsoil,
upper subsoil and lower subsoil, with soil depth of 0-30, 30-50 and 50-100 cm, respectively (blocks marked in different colours). We considered the
topsoil (brown) and upper subsoil (blue) as main compartments according to the hypothesis presented in section 4.2. The Mg isotope compositions
in the exchangeable Mg pools are given as a range of the 5°°Mg values for the upper half of the profile (topsoil (brown) + upper subsoil (blue)) and
the lower half (lower subsoil (grey)), respectively (Table S3). The 5°°Mg values of the crop (green) are given as calculated mean of the whole plant
+ SE of three field replicates (Table S4) [Color figure can be viewed at wileyonlinelibrary.com]
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To clarify the respective contributions of the lime
addition and the plant uptake to the negative shift of
8°®Mgexcn in limed plots, we developed an isotope-mixing
model for mass balance calculation using the Dolokorn
Mg isotope composition as input variable (Figure 4, see
Supporting Information for detailed description of the
isotope-mixing model). The average Mg stocKep in the
top 50 cm of soil was consistent between these two field
trials (334 + 193 kg ha™" for limed and 332 + 187 kg ha™"
for non-limed plots, SE, n = 3; Table S3) and the calcu-
lated average E‘SZGMgQXC}1 values of the soil compartments
(0-50 cm) were — 1.41 + 0.07%0 and — 1.21 + 0.18%o in
limed and non-limed plots, respectively (SE, n = 3).
Although these two values overlapped within error, the
offset between the exchangeable Mg pool in both plots
was much the same (A**Mg = +0.20 + 0.09, SE, n = 4) at
all depths above 50 cm (Figure 3). Using the non-limed
plots as reference, the calculated value of §°°Mgey.p, in
the limed plots due to the most recent lime addition
would be —1.26 + 0.16%0 based on the mass balance cal-
culation. The actual shift of §*°Mg.yc, by 0.05%0 induced
by the lime addition only accounted for 25% of the differ-
ence in 8*°Mg., values between limed and non-limed
plots (A*®Mgjimed.non = —0.20%0, section 3.2), which
means that the negative shift of 8*°Mg.,, in limed plots
did not only result from the lime addition. Instead, other
processes such as plant uptake and recycling through
plant biomass, as well as interactions with the bulk soil
as indicated above, controlled the current pool size of Mg
in the exchangeable pool. Besides, the removal of heavy
Mg isotopes by crops can be considered as a main reason
for the offset in the Mg, isotope composition between
treatments; that is, the Mg fraction removed by plant
uptake in limed plots was slightly larger than that in
non-limed plots, as also reflected by Mg concentration
measurements in the plants, even if in the presently sam-
pled winter rye plants in limed plots these differences
were not significant (Table S4). Parts of the difference
could well also be attributed to the removal of heavy Mg
isotopes by maize, which was grown in the field before
the winter rye. The field documentation showed that the
maize plants took up about 5 kg ha™" more Mg in limed
plots than in non-limed plots. As plants are generally
reported to preferentially take up heavy Mg isotopes
(Bolou-Bi et al.,, 2012; Gao et al.,, 2018), decades of
removal of more heavy Mg isotopes compared with non-
limed plots thus has additionally contributed to the isoto-
pically lighter Mg composition of Mge, in limed plots
compared with non-limed plots. Long-term liming prac-
tice is, to a certain extent, expected to enhance the uptake
of Mg by the agricultural field crops in the studied field.
Hence, our study showed that using stable isotope tracing
allowed us to estimate the respective contribution from
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lime addition and plant uptake to the §**Mg value of the
exchangeable soil Mg pool with an isotope-mixing model.

The preferential uptake of heavy Mg isotopes may be
species specific, as Kimmig et al. (2018) recently reported
absence of uptake-induced Mg isotope fractionation in
field-grown sugar maple. However, such a tree is very dif-
ferent from crops. Graminaceous plants, to date, are
reported to enrich heavy Mg isotopes such as wheat
(Black et al., 2008), clover and rye-grass (Bolou-Bi et al.,
2010), grass (Opfergelt et al., 2014) and rice (Gao et al.,
2018). We thus expected that other crops grown on the
studied field for rotation (e.g., maize) had the same
enrichment of heavy Mg isotopes as winter rye. Addition-
ally, recent studies have also shown that microbes
(e.g., mycorrhizal fungi) whose activities can be
influenced by culture substrate and pH, can also fraction-
ate Mg isotopes linked with microbial uptake of Mg
(Fahad, Bolou-Bi, Kohler, Finlay, & Mahmood, 2016;
Pokharel et al., 2017, 2018). Kimmig et al. (2018) reported
an absence of uptake-related Mg isotope fractionation by
field-grown sugar maple and attributed such lack of frac-
tionation to the colonization of arbuscular mycorrhizae
on roots. In the present study, alleviation of soil acidity
by liming may facilitate microbial activities, which can
also enhance the Mg uptake by crops due to the symbi-
otic relationships between winter rye plants and
arbuscular mycorrhizae (Yadav, Akhtar, & Panwar,
2015). However, analyses of soil microbes in the studied
field were not included in the present work. Further stud-
ies could focus on the microbe-root surface for better
understanding the plant-induced Mg isotope fraction-
ations at the field scale.

4.2 | Magnesium isotope fractionation in
winter rye

In cropped fields, any released Mg in soil solutions can
be taken up by the vegetation, subjecting it to biotic-
induced Mg isotope fractionations. Previous studies
showed that plants preferentially take up heavier Mg iso-
topes and thus exhibited more positive §°°Mg values than
the Mg source (Black et al., 2008; Bolou-Bi et al., 2010,
2012; Uhlig et al., 2017). The range of so-far reported
apparent  uptake-induced  differences in  §*°Mg
(A**Mgplantsource) has been estimated to be —0.10 to
+1.21%o at both the laboratory and field scales, with aver-
age value of 0.14%. (Kimmig et al., 2018; Pokharel et al.,
2018). At our site, the 5*°Mg values of whole plants were
—1.32 + 0.06%. and —1.25 + 0.01%. for the limed and
non-limed plots, respectively (SE, n = 3). These values
were lower than previously reported for field-grown rice
(—0.92%0, Gao et al.,, 2018), grass (—0.28%o, Opfergelt
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et al., 2014) and spruce (—0.32%o, Bolou-Bi et al., 2012),
which was attributed to the plant species and reservoir
effects of Mg sources (Gao et al., 2018). However, the appar-
ent difference in isotope composition between the whole
rye plants and the Mg, pool in the surface soil (0-15-cm
depth) (A*°Mgpantsource) Was +0.18 + 0.04%o (SE, n = 6;
Table S4), in agreement with the reported A*°Mg piant-source
ranges with regards to field studies specifically (-0.10 to
+0.64%o in field studies only), and was close to the yielded
average value (4+0.14%o, Kimmig et al., 2018).

The positive apparent difference in Mg isotope compo-
sitions between root and aboveground organs (A%Mgmot_
shoot + 0.20 to +0.31%o) indicates Mg fractionation during
the root-shoot translocation with an enrichment of light
Mg isotopes in shoots, particularly in leaves (Figure 3). Pre-
vious studies indicated similar results by suggesting that
free Mg cations are translocated upwards in the xylem sap
due to higher diffusion rates for the light Mg isotopes
(Bolou-Bi et al., 2010, 2012). Isotopically light Mg is then
accumulated in leaf cells for plant physiological activities
(e.g., photosynthesis), leading to a negative shift of 5*°Mg
values in the leaves. Additionally, the transport of Mg from
leaf to spike in the phloem contributes to the depletion of
heavy Mg isotopes in leaves, as Mg is associated with
organic compounds (e.g. polyphosphate) in leaves and
transported by the phloem sap from leaf to storage organs,
a process that preferentially transports heavy Mg isotopes
(Bolou-Bi et al., 2010).

It is noteworthy that the liming practice did not change
Mg internal translocation processes within the plants, as
both the whole winter rye and plant organs displayed simi-
lar 5*°Mg values between treatments (Figure 3). The extent
of isotope fractionation either by root-shoot translocation
(A*°Mg;o0tshoot = +0.24 + 0.03%o in limed plots vs. +0.27
+ 0.03%0 in non-limed plots, SE, n = 3) or by leaf-spike
translocation (A**Mgeatspike = —0.58 + 0.10%0 in limed
plots vs. -0.47 + 0.01%. in non-limed plots, SE, n = 3) was
similar in the investigated winter rye grown in the limed
and non-limed plots. A main reason for this observation is
likely to be that the crops under consideration did not suf-
fer from adverse environmental growth stress, such as Mg-
deficient soil conditions and heavy soil acidification in the
non-limed plots (Figure 2). Winter rye plants grown in
limed and non-limed plots thus adapted identical Mg
uptake and translocation strategies that resulted in the
same extent of Mg isotope fractionation.

5 | CONCLUSION

In the present study, Mg isotope compositions were sys-
tematically analysed in arable soil profiles and in winter

WILEY_|l

rye crops in the plots with and without liming treat-
ments. Long-term liming practices did not induce signifi-
cant Mg isotope fractionation in the total Mg pool of the
studied Albic Luvisols. However, the §*°Mg values of the
soil exchangeable Mg pool in limed plots decreased rela-
tive to those in non-limed plots at the depth of 0-50 cm.
This was attributed to (i) the input of light Mg isotopes
by lime product addition and (ii) increased removal of
heavy Mg isotopes by plant uptake, which accounted for
25% and 75%, respectively, as illustrated by the isotope-
mixing model. We conclude that tracing the stable iso-
tope compositions of nutrients such as Mg in soil-plant
systems can support agricultural managements in
making nutrient use more effective. By using the isotope-
mixing model here, we were able to identify the contribu-
tion from either lime addition or plant uptake to the
isotope composition of the exchangeable soil Mg pool.
Similarly, other isotope models can also be established to
investigate, for example, nutrient uptake depth and
uptake efficiency under different agricultural manage-
ments. Hence, tracing nutrient isotopes in arable systems
provides a novel opportunity to evaluate the effect of soil
management on the nutrient flows in agricultural
systems.
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