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Abstract In this study, we linked Ca speciation with
isotope composition in plants. To do this, we per-
formed leachate experiments to access the soluble Ca,
structurally bound Ca and insoluble Ca (i.e., water and
weak acid resistant) within beech tree organs (Fagus
sylvatica L.). Ca isotopic measurements were com-
bined with infrared spectroscopy and calcium oxalate
biomineralization identification. The results from our
study indicate that bark and leaves are the most
enriched in monohydrated calcium oxalate crystals
(whewellite), which are observable in parenchyma and
sclerenchyma tissues, whereas roots and wood are
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enriched in structurally bound Ca. Our leaching
experiments also show decreasing 8*¥*°Ca isotopic
signatures in the order of soluble Ca > structurally
bound Ca > insoluble Ca. This finding implies that
because leaves degrade faster than wooden organs and
because Ca linked to pectate decomposes faster than
Ca linked to oxalate crystals, differential Ca isotopic
signatures are expected to be observed during litter
degradation.
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Introduction

Calcium (Ca) is a ubiquitous macronutrient, the sixth
most important element in plants (per gram of dry
matter) and essential for plant growth. Ca forms bonds
preferentially with oxygen in the cell membranes and
walls, as well as with lightly loaded ligands. This
characteristic may explain the ability of Ca to bind
with proteins and enzymes (Roberts et al. 1992),
which implies that Ca has several important functions
in plant cells: it is important for the formation and
stability of cell wall structures by cross-linking pectin
chains, it controls the activity of wall enzymes, it acts
as a counter-cation for inorganic and organic anions in
the vacuole, and it acts as a universal secondary
messenger in a variety of cells (Marschner 1995;
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McLaughlin and Wimmer 1999; White and Broadley
2003; Amtmann and Blatt 2009; Taiz and Zeiger
2010). In addition, Ca*" is one of the main compo-
nents of many biomineralizations in the plant kingdom
(e.g., Ca-tartrate, Ca-malate, Ca-citrate, Ca-phos-
phate, Ca-oxalate, Ca-carbonate), and among them,
calcium oxalate crystals (COCs) are the most wide-
spread (e.g., Bauer et al. 2011). These crystals are
formed by the precipitation of Ca, which is taken up by
roots from soil sources and biologically synthesized
oxalate in the vacuoles of the idioblasts of all
vegetative and reproductive organs mainly in epider-
mal and parenchyma tissues. COCs occur either as
monohydrate (whewellite, CaC,04-H,0) or dihydrate
(weddellite, CaC,0,4-2H,0) crystals, and the most
frequent morphologies are druses (spherical multi-
faceted conglomerate crystals), rhombohedral or pris-
matic crystals (block-like crystals), styloids (large
elongate rectangular crystals), raphides (bundles of
needle shaped crystals) and crystal sand (masses of
small angular crystals) (Franceschi and Nakata 2005).
COCs play essential structural and physiological
functions in plants: they prevent Ca accumulation
around the chlorenchyma cells, ensuring their cellular
functions; enhance the diffraction of light; protect
against herbivory and chewing insects; and, in seeds,
serve as a Ca store for the embryo (Ilarslan et al. 1997;
Prychid and Rudall 1999; Molano-Flores 2001; Hud-
gins et al. 2003; Braissant et al. 2004; Franceschi and
Nakata 2005; Korth et al. 2006; Horner 2012). Upon
the death and decay of plants, COCs become part of
the litter. The decomposition of litter is an essential
process that controls both recycling and nutrient
availability in forested ecosystems (Likens et al.
1998; Dijkstra 2003; Liao et al. 2006). Once plants
decay, COCs are sparingly soluble in the typical pH
range of soils (Cromack et al. 1979; Gadd 1999;
Bailey et al. 2003). Nevertheless, COC solubility may
increase with increasing ionic strength of the solution
(the so-called neutral salt effect), and near-complete
dissolution is also observed in strong acids (Mendham
et al. 2000; Belliveau and Griffin 2001; Dauer and
Perakis 2013). Moreover, oxalotrophic bacteria,
which are common in trees and litter, promote the
oxidation of oxalate minerals because they function as
carbon, energy and electron sources, thus influencing
the carbon and calcium cycles in soils (Braissant et al.
2004; Verrecchia et al. 2006).
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Recent studies have discussed the Ca isotopic
composition of bulk tissues (soluble, structurally
bound or insoluble) (Cobert et al. 2011; Bagard et al.
2013; Schmitt et al. 2013, 2017). Cobert et al. (2011)
have especially suggested lower 5**°Ca isotopic
compositions in COCs based on a preliminary strong
acid leachate of a bean leaf. Bullen confirmed such
low 8**°Ca values in COCs by other experiments
(pers.com.). Therefore, knowledge of the Ca isotopic
compositions of various forms in which we find Ca in
plants will help to identify the isotopic signatures that
return to the soil during recycling. To check for
possible source variations within tree organs, we
combine Ca isotopes (8***°Ca) with radiogenic Sr
isotopes (87Sr/865r,), which are recognized as tracers
of Ca sources and mixture processes for some organs
(Graustein 1989; Aberg et al. 1989; Miller et al. 1993;
Kendall et al. 1995; Bailey et al. 1996; Capo et al.
1998; Blum et al. 2002; Kennedy et al. 2002; Bullen
and Bailey 2005; Drouet et al. 2005; Bélanger et al.
2012; Bedel et al. 2016). While there are numerous
studies reporting the presence of COCs in plants, few
refer to the Fagaceae family (Trockenbrodt 1995;
Lersten and Horner 2008; Serdar and Demiray 2012)
and especially to Fagus sylvatica L. In particular,
since the research of Lersten and Horner (2008) and
Krieger et al. (2017) in which the macropattern COCs
of organs of this beech family were reported, this is the
first report on the relationships of COCs with Ca
biogeochemistry through the combined study of COC
macropatterns, infrared spectroscopy and isotope
compositions in vegetative and reproductive organs
of Fagus sylvatica L. We focus on the beech tree
(Fagus sylvatica L.) organs from the Strengbach
catchment, the bulk isotopic compositions of which
have been previously analysed (Schmitt et al. 2017).
The objectives of this study are threefold:

(1) Determine the isotopic compositions of the
different Ca forms (soluble Ca, structurally
bound Ca, insoluble Ca) encountered in differ-
ent beech tree organs;

(2) Identify and spectroscopically characterize Ca-
oxalate biomineralizations encountered in dif-
ferent beech tree organs; and

(3) Relate the isotopic fractionation of calcium in
plants to the production of calcium oxalate
biomineralizations and soil biogeochemistry.
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Materials and methods
Site description

The Strengbach forested catchment (80 ha) is in the
Vosges mountains (NE France), approximately 60 km
south of Strasbourg (48°12'N; 7°11’E). This catch-
ment is characterized by elevations between 880 m
and 1150 m a.s.l. and steep slopes (15° on average)
(Fig. 1). The climate is temperate oceanic-mountain-
ous, with a mean annual temperature of 6 °C,
temperatures ranging from — 2 °C in January to
14 °C in August (Probst et al. 1990), a mean annual
precipitation of 1400 mm and a mean annual runoff of
814 mm (Viville et al. 2012). The bedrock of the
catchment is a Ca-poor (less than 1%), Hercynian
leucogranite  (the  Brézouard granite, aged
322 + 2 Ma; Boutin et al. 1995) with a small area
of gneiss at its northern edge. The soils are rather deep
(80-100 cm on average), sandy and stony and vary
from Dystric Cambisol to Albic Podzol (Fichter et al.
1998a, b; WRB 2014). The forest covers 85% of the
catchment area and is a mixture of 80% Norway
spruce (Picea abies L.) and 20% European beech
(Fagus sylvatica L.). The remaining area corresponds
to clearings and a wetland near the catchment’s outlet.
Two experimental sites cover the catchment and are

Fig. 1 Pedologic map of
the Strengbach catchment.
The beech cover and the
location of the experimental
plot under beech trees (HP)
and spruce trees (VP) are
also presented (modified
after E1 Gh’Mari 1995)

Altitude curve (m)
Road

Dystric Cambisol

Albic Podzol
Beech cover

Boundary of the catchment

Dystric Chromic Cambisol
Entic Chromic Podzol

described as follows: the northern slope spruce plot
(VP) is covered with 115-year-old spruce trees, and
the southern slope beech plot (HP) is covered with
175-year-old beech trees.

Sample description

Leachate samples from several beech tree organs (see
Table 1) collected in September 2011 and June 2012
from the HP plot in the Strengbach catchment were
studied in this paper. Bulk stable Ca and radiogenic Sr
isotopes of the same samples have been previously
analysed (Schmitt et al. 2017). All beech tree organs
were carefully washed with ultrapure Millipore®
water in the LHyGeS laboratory. The roots were
ultra-sonicated in several ultrapure water baths to
remove the attached soil micro fragments. The quality
of the cleaning was assessed by verification with a
binocular microscope. The first outer millimetre of the
bark was removed to prevent atmospheric contamina-
tion and lichen coatings (Catinon et al. 2008). An
aliquot of each of the different organs was saved;
another part was dried at 60 °C in an oven and then
reduced to powder with a specific clean agate disk
mill.
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Table 1 Description of samples and performed tasks

Organ  Ref. Description Leaching Infra-red characterisation Oxalate characterisation
Root R-Ql Close to the strain, suberized, large (2011) X X X

R-P1 Far from the strain, suberized, large (2011) X X

R-O1 Close to the strain, suberized, medium (2011) x X

R-LO Close to the strain, suberized, small (2011) X X

R-sub Average suberized, small (2012) X X X

R-myc  Average mycorrhized, small (2012) X X X

R-L1 Close to the strain, mycorrhized, small (2011) X
Wood W-TL1 Average section (sapwood + duramen) (2011) x X X
Bark B-Bkl Cleaned of external part of suber (2011) X X X
Branch Br-1.4  Bottom, far from the trunk (2011) X
Twigs T-AA  Bottom, close to the trunk (2011) X

T-E Top, close to the trunk (2011) X
Leaves L-fapic Top, average (2012) X X X

L-D Top, close to the trunk (2011) X X

L-G Bottom, average (2011) X X

L-J Bottom, far from the trunk (2011) X X X

L- Bottom, close to the trunk (2012) X X X

f3.4p

L-f3.41 Bottom, far from the trunk (2012) X

Seed S-HH  Top, average (2011) X X X

Leachate experiments

Powdered beech tree organs (Table 1) were subjected
to a sequential extraction technique to separate Ca into
soluble Ca* ions, structurally bound Ca, and insol-
uble Ca (i.e., water and weak acid resistant) in the
LHyGeS laboratory following previously published
protocols (Fink 1991; Borer et al. 2004; Dauer and
Perakis 2014). The leaching procedure was processed
at room temperature in polypropylene centrifuge
tubes, and the samples were continuously shaken
during the leachate protocol. Approximately 4 g of
powder was first extracted with 30 mL of Milli-Q
water, then with 30 mL 2 N acetic acid, and finally
with 30 mL 2 N HCI. Hereafter, we refer to the
different leachate steps as L1, L2 and L3, respectively.
The L2 and L3 leachate steps were followed by two
10 mL H,O rinses that were recovered and added to
the previous acid leachate to avoid contamination
from one leachate to the next. Each collected fraction
was centrifuged, and the supernatant was filtered
through a 0.22 pum cellulose acetate filter.
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Infrared spectra

Infrared spectra were obtained at the UMR Image,
Ville, Environnement laboratory in Strasbourg to
identify the presence of COCs in selected beech
organs (Table 1). Dried, ground beech organs were
placed in a macro-cup (diameter of 5 mm) and
scanned from 4000 to 450 cm ™" with an IR Frontier
Spectrometer with a KBr beam splitter, a diffuse
reflectance sampling accessory and a TGS detector
(PerkinElmer, USA). The measured reflectance (R)
was transformed into absorbance (A) using the
following relationship:

A =log(1/R) (1)

Calcium oxalate crystals

Description and quantification of COCs in the beech
tree organs (Table 1) were performed at the Instituto
de Geologia de Costas y del Cuaternario in Buenos
Aires. Cross sections of roots, branches, seeds and
bark were cleared with 50% (w/v) sodium
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hypochlorite. Leaves were diaphanized (Dizeo de
Strittmater 1973), and because of their area and
thickness, it was possible to calculate the crystal
density (number of crystals per mm? of leaf area) by
counting all the crystals within an area of 0.115 mm?.
Approximately 14 regions in three leaves of each
sample were counted, with a total area counted of
1.61 mm? per leaf. All the material was mounted with
gelatine—glycerine, and the COCs were identified and
described with an optical microscope (Leitz Wetzler
D35780) at 100x to 400x magnification. To analyse
the size of the crystals, approximately 30-80 crystals
per sample were measured, depending on the COC
production of the different organs studied. Differences
in the length and density of the prismatic crystals
among the different types of leaves were tested by a
Kruskal-Wallis test and a non-parametric multiple
comparison test because normality and homoscedas-
ticity assumptions were not achieved (Zar 1984).

Elemental and isotopic measurements

Elemental and isotopic measurements were performed
following standard procedures commonly used in the
LHyGeS at Strasbourg (Lahd Geagea et al. 2008;
Schmitt et al. 2009; Prunier et al. 2015; Gangloff et al.
2016; Schmitt et al. 2017). Ca and Sr concentrations
were measured, respectively, by ICP-AES (Thermo
Scientific iCAP 6000 SERIES—Thermo Fisher Sci-
entiﬁc©, Waltham, MA) and ICP-MS (Thermo Fisher
Scientiﬁc©, Waltham, MA) with traditional calibra-
tion, indium as the internal standard and uncertainty
between + 5 and 10%. The blank for each element
was equal to 1-5% of the concentration of the sample.
The accuracy of the measurement was verified by
certified standard measurements (SLRS5, Perade-20,
Rain 97, and Big-Moose 02).

Elution of Sr with Sr spec resin was performed using
0.05 N HNOs (e.g., Lahd Geagea et al. 2007), and the
isotopic ratios were determined by thermo-ionization
on a Thermo Scientific (Thermo Electron Scientific®,
Waltham, MA) Triton mass spectrometer (TIMS) with
an average analytical uncertainty of = 0.00001 (2SE).
The ¥’St/*°Sr value of the routinely measured NIST
NBS 987 standard was equal to 0.710242 £+ 0.000007
during the study (2SD, N = 9).

Ca isotopic compositions were determined follow-
ing the procedure described by Schmitt et al.
(2009, 2013). The Ca isotope values are expressed as

a per-mil deviation relative to the NIST SRM 915a
standard solution (Eisenhauer et al. 2004):

SHA0Cy (o ) — <44C 40¢ ) (MC ¢ ) _1
2 (%eo) a/"Ca sample a/"Ca SRM915a
x 1000

(2)

The external reproducibility of the 8*¥4°Ca values
is 0.11%o (2SD) based on repeated measurements of
the NIST SRM 915a (N = 42) and 0.12%0 (2SD)
based on the replicate sample measurements
(N = 36), including several sample matrixes. Our
measurements thus have an uncertainty of £ 0.11%o.
To improve the statistical significance of a single 5*¥
40Ca measurement, the Ca isotope data are generally a
combination of two individual measurements, includ-
ing Ca purification by ion chromatography and TIMS
analyses. The accuracy of the measurements was
tested by measurements of seawater during the same
period (1.84 4 0.10%0, 2SD; N = 19), and the values
were in good agreement with the previously published
values (Hippler et al. 2003). Total Ca blanks for the
isotope analyses were less than 3%, and blank
corrections were not necessary.

Results
Leachate experiments

Elemental and isotopic compositions of calcium and
strontium in the different leachates are reported in
Table 2 and Fig. 2. The reference names of the
different organs are presented in Table 1. The Ca
concentrations are higher in bark, leaves and seeds
than in root and wood organs in L3 and in L2 and L1
leachates (Fig. 2a). Maximal calcium concentrations
are recorded in the L3 leachate for bark and basal
leaves collected close to the trunk in 2012 (L-f3.4p).
Considering the L2 leachate, peak Ca concentrations
are observed for a small mycorrhized sample from
2012 (R-LO), followed by bark and seed samples, leaf
samples and then the other organ samples. For the L1
leachate, Ca concentrations in the leaves
(17.5 £ 2.3 mmol/g, on average, 2SE, N = 5) are
higher than in other organs (4.2 £ 1.2 mmol/g, on
average, 2SE, N = 9). Overall, Ca concentrations of
the L2 leachates are higher than those of L1 leachates.
Particularly, Ca in roots, seeds and wood organs is

@ Springer
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2SE°

2SDP 87Sr/30Sr
(%o)

44/40
5 Caaverage

(%o)

§H40Cy,

(%o)

5H10Cy,

(%o)

SD?
(mmol/g)

(mmol/g)

Ca

Description

Ref.

Lab.
numb.

Table 2 continued

Organ

@ Springer

0.12
0.08

0.00
—0.20

0.00
—0.18

27

205

Bottom, close to the trunk (2012)

Top, average (2011)

L-f3.4p
S-HH

1-3%
93

—0.22

6.1

55.8

Seed

* Calculated from replicate leachates

dCalculated using error propagation

"External long-term 2SD based on replicate measurements

“Internal 2SE reproducibility

mainly structural (L2), whereas in bark and leaves,
calcium mainly occurs in an insoluble form (L3)
(Table 2).

For Ca isotopes (Fig. 2b and Table 1), L1 leachates
have greater §*49Ca values than L2 and L3 leachates,
the latter having the lowest 3***°Ca values. For L1 and
L2 leachates, leaves have higher §*49Ca values
(0.79 £ 0.19%0; 2SE; N =15 and 0.56 + 0.02%o;
2SE; N =5, respectively) compared to the other
organs (0.41 £ 0.06%o; 2SE; N = 6 and 0.02 + 0.10;
2SE; N =9, respectively). Finally, for the L3
leachate, the organs present relatively homogenous
Ca isotopic compositions (— 0.08 £ 0.11%o; 2SE;
N = 11), except for medium and small roots and bark
(-0.73 £ 0.11%o0; 2SE; N = 3).

Considering the Sr isotopes are based on a small
dataset, we observe that for large roots, L2 and L3 Sr
isotopic compositions are similar and more radiogenic
than those of L1 leachates (Fig. 2c). In contrast, for
small roots, L1 and L2 Sr isotopic signatures are
similar and less radiogenic than those of L3 leachates.
Finally, for leaves, no Sr isotopic variation was
recorded within the different leachates.

Infrared spectra

Infrared spectroscopy is a powerful tool for investi-
gating plant biominerals (Monje and Baran
1996, 1997, 2005; Baran and Rolleri 2009; Schmitt
et al. 2012). In the present study, we implemented this
technique for the first time to identify Ca-forming
crystals, especially Ca-oxalate crystals, in beech tree
organs. The infrared spectra of different beech tree
organs appear quite similar (Fig. 3a), except for those
of the seed sample (S-HH). This difference is mainly
due to the physical properties of the S-HH sample,
which could not be powdered properly because of its
elevated oil content; this sample will not be discussed
hereafter. The other samples show a broad peak
between 3550 and 3250 cm™', a smaller peak at
2900 cm ™', a group of peaks in the 1000-1800 cm ™'
region and a group of small peaks at approximately
600 cm ™" (Fig. 3a). The spectra are obtained from
bulk beech organs, which are chemically heteroge-
neous. The broad peaks centred at approximately
3400 cm™' are certainly related to the H-O-H
stretches of the crystal water in the calcium oxalate
and/or to the Si—OH groups (Christy et al. 1994; Baran
and Rolleri 2010). In our study, because the 600 cm™!
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Fig. 2 Variations in

a calcium concentrations,
b 5**Ca (%), and

¢ ¥St/*Sr in the studied
organs. The uncertainties
represent the error bars
given in Table 3. L leaf,
R root, B bark, S seed
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Table 3 Proportion of Ca in each leachate and determination of 644/40Camal (%0)

Organ  Lab. numb. Ref. Ca- SD-  Ca- SD-  Ca- SD- 3" SD- R 2S8D¢
L1? 1® L2? 2° L3* 3b OCaS total® 4OCad 1k
(%) (%) (%) (%) (%) (%) (%0) (%0) (%0) (%0)
Root 13 R-Q1 138 1.1 723 534 139 115 0.29 0.49 0.30 0.08
15 R-P1 115 45 725 253 160 6.1 0.09 0.10 0.12 0.08
6 R-O1 6.6 17 479 118 456 112 —033 0.30 - 027 0.08
17 R-LO 103 28 808 214 88 2.6 0.00 0.01 - 0.07 0.08
14 R-sub  27.8 78 546 157 175 55  —0.05 0.05 —0.08 0.08
16 R-myc 29.7 11.0 475 176 2238 9.0 0.14 0.18 0.00 0.08
Wood 5 W-TL1 98 33 736 229 166 56 —0.09 0.37 0.02 0.12
Bark 3 B-Bkl 0.8 05 225 120 768 405 —0.69 2.20 —0.62 0.12
Leaves 4 L-fapic 17.2 33 244 52 585 12.2 0.27 0.22 0.37 0.08
7 L-D 13.0 2.6 379 8.0  49.1 103 0.42 0.29 0.34 0.08
8 L-G 12.4 23 244 50 631 12.6 0.19 0.77 0.21 0.08
2 L-J 12.0 44 257 104 623 247 0.30 0.30 0.32 0.08
1 L- 9.6 34 164 65 740 288 0.15 0.11 0.30 0.08
£3.4p
Seed 9 S-HH 5.1 12 505 114 444 100 0.11 0.12 0.13 0.08

“Calculated from Table 2 by assuming the sum of the leachings corresponds to the total amount of Ca

PCalculated using error propagation

“Calculated by weighting d**°Ca from the three leachings with the percentage of Ca leached in each extraction

9From Schmitt et al. (2017)

region produces unclear and overlapping peaks, we
focused our attention on the 1000-1800 cm ™' region,
where several features typical of Ca-oxalate can be
recognized, among others (Fig. 3b).

We can observe peaks between 1080 and 1170 and
at 1250 and 1450 cm™! for all organs, with the lowest
intensity for leaves and the highest for wood (at
1250 cm™") or bark and large roots (for the other
bands) (Fig. 3b, ¢). The 1080-1170 cm ™! band could
represent the presence of opal SiO, (Perry 1989;
Kamatani 1991; Baran and Rolleri 2010; Baran et al.
2010). The 1250 cm™' peaks are consistent with
previous results obtained for beans (Schmitt et al.
2013) but are not specifically associated with biomin-
erals (Monje and Baran 2004). The 1450 cm ™!
vibrational band could represent an asymmetric
stretching vibration of calcium magnesium bicarbon-
ate (Contreras-Padilla et al. 2015). The vibrational
band observed at 1420 cm™' (Fig. 3c) for wooden
organs (W-TL1, R-P1, R-Q1; R-Ol and B-Bkl) is
characteristic of the carbonate antisymmetric stretch-
ing mode of calcite (CaCOj3) (Monje and Baran 2004;
Baran et al. 2010; Contreras-Padilla et al. 2015).

@ Springer

Concerning COCs, the two strongest IR bands, at
approximately 16201660 and 1310-1330 cm ™' and
corresponding to the antisymmetric and the symmetric
carboxylate stretches, respectively, are found to agree
with those of previous studies, although the spectra
were measured from raw samples that were chemi-
cally heterogeneous (Christy et al. 1994; Monje and
Baran 1996, 1997; Maurice-Estepa et al. 2000;
Contreras-Padilla et al. 2015). Organic compounds,
including biominerals such as silica phytoliths and Ca
oxalates, produce peaks that extend into the mid-
infrared region (Bozarth 1990; Christy et al. 1994;
Baran and Rolleri 2010; Grinand et al. 2012; Schmitt
et al. 2013). Thus, the spectra are composite spectra
and do not depict pure oxalate crystals. The absence of
sharpness in most of these peaks could be due to the
overlap of one of the typical SiO, bands (Baran and
Rolleri 2010). In the 1620-1660 cm ™! region, which
is recognized as an antisymmetric carbonyl stretching
band specific to the oxalate family (Christy et al. 1994;
Maurice-Estepa et al. 2000), two tendencies are
observed: (1) leaves show high peaks at 1660 cm ™',
with a shoulder at 1620 cmfl; and (2) conversely,
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Fig. 3 Infrared spectra of
beech tree organs a in the
500-4000 cm ™" region and
b inset of the

1000-1750 cm™" region,
and c inset of the
1300-1570 cm™" region
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roots and wood (W-TL1) show high peaks at approx-
imately 1620 cm™', with a shoulder at 1660 cm ™'
(Fig. 3b). Note also that large roots (L-Q1, L-P1) and
wood (W-TL1) nearly superimpose each other, with a
peak slightly shifted to 1590 cm™'. Bark (B-Bkl)
shows only one broad peak centred at approximately
1630 cm ™. The secondary carbonyl stretching band is
at 1310-1330 cm™'. Peaks can be observed at
1320 cm ™! for wood (W-TL1) and large roots (R-P1
and R-Q1). No clear peaks are identified for the other
organs, with leaves having the smallest intensity of all
the samples (Fig. 3c). From these two spectral regions,
we can confirm the occurrence of calcium oxalate
monohydrate in leaves and bark and to a lesser extent
in other organs. The occurrence of calcium oxalate
dihydrate is less clear because the peak for oxalate is
expected at approximately 1646 cm™ " and because we
cannot assign the peak occurring at 1660 cm™' to
oxalate.

Calcium oxalate crystals

Prisms and druses with central cores are the COC
morphologies that are observed in all the analysed
organs (Table 1). COCs are mainly located in
parenchyma tissue. In roots, branches and bark
(Fig. 4a, b), both prisms and druses are randomly
distributed in the parenchyma of the cortex. In bark,
prisms are also associated with parenchyma rays and
sclerenchyma tissue (Fig. 4a, c, d), whereas in
branches, druses are also associated with the medullar
parenchyma and phloem. In leaves, prisms are
distributed along the main vascular bundles (Fig. 4e),
and druses are randomly dispersed in the mesophyll
(Fig. 4f). In the seed coat, both prisms and druses are
located at the parenchyma tissue between the external
and internal epidermis, and prisms are associated with
sclerenchyma bundles in the coat vertices.

Generally, prism lengths are within the range
8-12 pm, except in suberized roots and in the
sclerenchyma of the bark, where prisms reach 25 um
in length. The diameter of druses is within a 9-20 pm
range.

Bark and leaves are the organs with the highest
production of COCs. Particularly in leaves, the
average prism density is 307 £ 142 crystals/mm?,
but there are significant differences depending on the
location of the leaf in the tree (H = 15.25,
p = 0.0016, Kruskal-Wallis test). Although top
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leaves (L-fapic) have the highest crystal density
(362 £ 169 crystals/mmz), there are no differences
with bottom leaves far from the trunk (f3.41,
306 & 134 crystals/mm?, p > 0.05). Instead, top
leaves differ from the bottom leaves close to the trunk
(f3.4p, 277 + 133 crystals/mm?, p = 0.01).

Discussion

3*40Ca signature of different Ca compounds
within beech tree organs

Our leachate experiments show that the ek 40Camtal,
calculated by weighting the Ca isotopic composition
measured in each of the three extraction steps by the
corresponding percentage of calcium (Table 3), is
similar to the bulk Ca isotopic composition deter-
mined previously (Schmitt et al. 2017) (R*> = 0.92; p
value < 0.0001). This finding implies that almost all
the Ca present in the different organs was extracted
during this step.

The first leachate step (L1), which is characterized
by the greatest 5*¥*°Ca values, presents the most
4Ca-enriched Ca isotopic signature and is supposed to
provide access to water-soluble Ca (Fink 1991; Borer
et al. 2004; Dauer and Perakis 2014) (Figs. 5, 6). After
its entry into the apoplast, more than 90% of the Ca is
adsorbed into the cell walls, whereby all the organs
showed the lowest Ca proportion associated with the
soluble fraction (Table 3). Free calcium transport
occurs by mass flow (Clarkson 1984). Therefore,
higher concentrations are supposed to be observed in
organs with higher transpiration rates, i.e., leaves,
where the Ca concentration in vacuoles reaches
150 mmol/L (Gilliham et al. 2011). This situation
could explain the higher soluble calcium content in
leaves with respect to the other organs in Fagus
sylvatica.

The second leachate step (L2) with 2 N acetic acid,
which has intermediate 8*¥*°Ca values, is supposed to
give access to the structurally bound Ca (Fink 1991;
Borer et al. 2004; Dauer and Perakis 2014) (Figs. 5, 6).
Within plants, Ca originating from the apoplastic
circulation is present as Ca®" jons associated with
carboxyl (R-COOH) groups of polygalacturonic acid
molecules (pectins), which are present at the exterior
surface of the cell wall (in the middle lamella) by
cation-exchange reactions (Bangerth 1979; Marschner
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Fig. 4 Calcium oxalate crystals in bark (a—d) and leaves (e—
f) of Fagus sylvatica. a General view of prisms and druses in
parenchyma of the cortex. b Detail of a druse. ¢ Detail of a
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Fig. 5 Boxplot of 8***°Ca corresponding to L1, L2, and L3
leachate experiments

1995; Pilbeam and Morley 2007). In doing so, Ca
forms Ca bridges between two carboxyl groups of two
pectin molecules, thereby contributing to the stability
of the cell walls (Epstein and Bloom 2005). During
this step, light “°Ca is fixed on the carboxyl group in
the following reaction (Cobert et al. 2011; Schmitt
et al. 2013; Bagard et al. 2013; Schmitt et al. 2017):

2R — COOH + “Ca’>* — R — COO0 — “Ca
—00C—R + 2HT

(3)

prism. d Prisms associated with sclerenchyma (arrows).
e Prisms associated with vascular bundles. f Druses in the
mesophyll. Scale bar: 10 um

Therefore, calcium has a structural role not only in
the walls but also in the cell membranes by binding to
the phosphate groups and to the hydroxyl (R-OH) and
carboxyl groups of phenolic or uronic acids in the
lignin-carbohydrate complexes and the proteins (Ito
and Fujiwara 1968; Caldwell and Haug 1981; Inanaga
and Okasaka 1995). Because approximately one-third
of the macromolecules in the primary cell wall are
pectins (Willats et al. 2001), this finding suggests that
a large proportion occurs as calcium pectate. This
important function of Ca in stabilizing the membranes
and cell walls is relevant in roots and wood, both of
which are organs with the highest portion of Ca in their
structural fraction (Table 3). The results of our
leachate experiments with acetic acid indicate that
some of the organs enriched in Ca during the second
extraction step (roots and wood) are also those where
calcium carbonate was recognized by FTIR. Because
weak acetic acid easily dissolves calcium carbonate,
one could suggest that the higher Ca concentrations in
the L2 in roots and wood than in other organs
(Table 3) is due to the presence of calcium carbonate
and not more Ca linked to pectins compared to the
other studied organs. In this sense, in environments
dominated by Milicia excelsa, Braissant et al. (2004)
reported the presence of calcium carbonate both in the
litter and in wood organs as a result of the transfor-
mation of calcium oxalate into calcium carbonate
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Fig. 6 Schematic illustration of two adjacent cells and local-
ization of Ca®* (adapted from Marschner 1995; White and
Broadley 2003; Taiz and Zeiger 2010). High concentrations of
Ca are observed in the middle lamella of the cell wall outside the
cell, in the endoplasmic reticulum and in the vacuole. Most
water-soluble calcium in plant tissues is localized in the vacuole,

through oxalotrophic bacteria. This process was also
reported by Verrecchia et al. (1993) to be the cause of
some calcrete formation. However, since the root and
wood organs also have lower production of COCs
compared to other samples, we suggest that they
present a greater structurally bound calcium content
and that the Ca carbonate crystals represent a minority.

During the third extraction step (L3) using 2 N HCI,
which presents the lowest 5***°Ca isotopic signatures,
insoluble Ca originating in Ca-oxalate is extracted
(Fink 1991; Borer et al. 2004; Littke and Zabowski
2007; Dauer and Perakis 2014) (Figs. 5, 6). The most
important fraction linked to the insoluble Ca is found
in bark and leaves (Table 3), which are the organs with
a greater production of COCs (Fig. 3b). Ca-oxalate
crystals have been observed in several tree organs and
species as a mechanism allowing for the sequestration
of excess Ca in the cell, with very low Ca concentra-
tions to be maintained in the cytosol, and/or as a fine
retardant or defence against herbivores (Franceschi
1989; Kinzel 1989; Desphande and Vishwakarma
1992; Trockenbrodt 1994; Follet-Gueye et al. 1998;
Webb 1999; Franceschi 2001; Volk et al. 2002;
Hudgins et al. 2003; Dauer and Perakis 2014). When
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Polygalacturonic acid chain

N\ NN HO

~AHO

Polygalacturonic acid

structurally bound Ca is mainly fixed to polygalacturonic pectin
chains in the middle lamella, and insoluble Ca is precipitated in
Ca-oxalate crystals. CY cytoplasm, ER endoplasmic reticulum,
Cl chloroplast, VA vacuole, COC Ca-oxalate crystals, AP
apoplast

the content of Ca in the apoplast exceeds a certain
threshold, exchange sites saturate the wall, the amount
of passive Ca streaming to the walls increases, the
ability of the cell to compartmentalize the Ca and/or
pump it to the apoplast decreases, the levels of free
cytosolic Ca increases, and the signal induced by
calmodulin initiates the development of the formation
of COCs. These changes allow the extraction of Ca
from tissues and its chelation in the form of a
physiologically and osmotically inactive and insoluble
salt. Note that COC formation induces a considerable
fractionation amplitude between the water-soluble Ca
that can be considered the “Ca source” and the
insoluble Ca. Although the fractionation intensity is
not constant (between 0.3 and 1.2%o), the following
equation always produces *°Ca-enriched crystals:

H,C,0, + Ca*" + nH,0 — CaC,0,,nH,0 + 2H*
(4)

This study also confirms the earlier hypothesis of
the variability of the Ca source at the root level, a
variability that is not observable for shoots. Indeed, for
wooden roots, the ¥’Sr/*°Sr signature associated with
the water-soluble fraction is less radiogenic than the
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structurally bound Ca or the Ca precipitated in COCs.
This result implies that the source of Sr, and thus Ca
circulating in large roots, is different from the
immobile Ca from the same organs. In contrast, for
small roots, it is the insoluble pool that contains Sr that
is more radiogenic. This finding confirms a scatter of
Sr, and thus Ca nutrient supply, at least within the
same organ, between the apatite-like (¥'Sr/%¢
Sr ~ 0.71612; Aubert et al. 2001) and plagioclase-
like (¥'Sr/*Sr ~ 0.742; Probst et al. 2000) soil
fractions, as previously suggested (Schmitt et al.
2017).

Characterization of COCs

Infrared spectra and microscopic observations con-
firmed the presence of COCs and allowed their
localization and the identification of their hydration
state. In the vegetative and reproductive organs
analysed, two COC morphologies were observed:
prisms and druses with prominent cores, in coinci-
dence with the research of Lersten and Horner (2008)
and Krieger et al. (2017).

Calcium oxalate crystals may occur as mono- or
dihydrated. This hydration state depends, among
several factors, on the crystalline system in which
the crystal forms. Prisms crystallize in the monoclinic
system, characteristic of monohydrated crystals (Ver-
recchia et al. 1993). This crystallization was corrob-
orated from the infrared spectra that showed the
presence of monohydrated forms (whewellite) (1315
and 1620 cm™") mainly in bark and leaves (Maurice-
Estepa et al. 2000; Krieger et al. 2017). With regard to
druses, they are complex morphologies composed of
an aggregate of crystals in any of the hydration states
(Verrecchia et al. 1993; Monje and Baran 2002).
Although weddellite crystals are less widely dis-
tributed in plants, there are reports of their presence
(Monje and Baran 2002; Baran and Rolleri 2010;
Serdar and Demiray 2012). Nevertheless, we could
suggest that druses observed in Fagus sylvatica L.
could instead represent the most stable form of
calcium oxalates (whewellite), as it was corroborated
by the infrared spectra analysis (this study) and the
XRD analysis in Krieger et al. (2017).

In general, in all organs analysed, crystals are
associated with parenchyma, except prisms that are
also associated with sclerenchyma tissue. According
to Borchert (1984), prisms are associated with

suberized and lignified tissues; conversely, druses
are associated with cells with thin walls, such as the
mesophilic parenchyma cells of leaves. This could be
the explanation for the presence of prisms, which are
generally associated with vascular and sclerenchyma
tissues; and druses with the parenchymatic tissue of
both the vegetative and reproductive organs.

In agreement with Lersten and Horner (2008) and
Krieger et al. (2017), in leaves of Fagus sp., prisms
occur along vascular bundles of orders 1 to 3—4, while
druses occur in the mesophyll. The differences
observed in the density of leaf prismatic crystals could
be related to the differential exposure to solar radia-
tion, and thus, to differential transpiration rates. As
described above, calcium is absorbed by the roots and
distributed to the entire plant through the xylem. The
leaves are organs with a high exposure to radiation, so
their rate of transpiration is higher than that of other
organs. At a higher transpiration rate, calcium accu-
mulates and precipitates as COCs (Franceschi and
Nakata 2005; Lersten and Horner 2008; Gilliham et al.
2011), which could explain the higher crystal density
in the top leaves and bottom leaves far from the trunk
(leaves with higher incidence of solar radiation).
Although there are few studies on crystal density, the
same pattern in crystal density, size and tissue location
in leaves of other arboreal species has been reported.
Eucalyptus globulus, Acacia melanoxylon and Celtis
tala produce prisms of approximately 10-12 um and
druses of 7.5-15 pm in a range of 120-290 crystals/
mm? and are mainly associated with vascular bundles
and leaf mesophyll (Borrelli et al. 2009).

Geochemical implications

The microscopic results corroborate that the formation
of COCs is genetically controlled, so that not only
organs but also tissues imply the conditions for the
formation of crystals. These patterns agree with the
results of the leachate experiments because the organs
with a greater proportion of insoluble Ca coincide with
the organs with a greater production of COCs.
Additionally, the biomineralization process has
importance in the isotopic signature of the ecosystem,
because it is the fraction where light isotopes prevail.
Furthermore, it appears from the combination of Ca
isotope measurements, FTIR and microscopic COC
characterization that the diversity of the oxalate type is
unrelated to isotopic fractionation, suggesting that at
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least first order COCs can be considered isotopically,
as a whole.

Our leachate experiments show that specific Ca
isotopic signatures can be found depending on the
considered organ, as well as the Ca speciation
within the plant (Fig. 5). Free Ca®" always has
greater 5*¥*°Ca values than structurally bound Ca,
and COCs have the lowest 5***°Ca values within
given plant tissues (Fig.5). This suggests that
mineral precipitation induces a higher fractionation
intensity between the Ca source and product than
the cation-exchange reactions (between 0 and
0.5%o), at least in plants. COC formation is not a
randomly occurring process and thus requires the
proteins to imitate crystal nucleation and promote
crystallization (Addadi and Weiner 1985; Lanzalaco
et al. 1988; Bouropoulos et al. 2001; Li et al. 2003).
Previous studies considering other isotopic systems
(Zn, Cu, Fe, Ni, Si) have noted that the intensity of
isotopic fractionation can be explained by coordi-
nation number, stoichiometry, cation-O distances,
cationic content, and competition between the metal
cation and non-acidic neighbouring ligands (Poly-
akov and Mineev 2000; Dudev and Lim 2004;
Shauble 2011; Meheut and Shauble 2014).

Concerning Ca, Colla et al. (2013), experimentally
and through calculation, observed variation in the
isotopic fractionation intensity between inorganic
solids and equilibrating solutions depending on the
coordination number of calcium. More recently,
Moynier and Fuji (2017), based on ab initio calcula-
tions, proposed that a considerable fractionation (up to
3000 ppm) should be observed between various
aqueous species of Ca. Thus, 8***°Ca of COCs
precipitated in tree tissues should be 1.6-2.2%o
(depending on hydration coordination and COC
species at 25 °C) higher than that of “free” Ca in the
transpiration stream. Based on this conclusion, they
explained the higher §*¥*°Ca values from roots to
shoots by COC precipitations in the upper parts of the
plants. However, our results as well as the results of a
preliminary study (Bullen pers.com.) do not confirm
such an interpretation. The §***°Ca of COCs are lower
than those of free Ca or the Ca linked to pectins. Thus,
as we have shown that leaves are enriched in COCs
compared to other organs (Table 3, Fig. 2b), if the
main cause of the delta Ca variations from roots to
shoots were COC precipitation, as suggested by

@ Springer

Moynier et al. (2017), the shoots should have lower
5*40Ca values than the roots, which is not the case.

We therefore propose, as already suggested in
Schmitt et al. (2017), another scenario to explain the
observed, higher 3*40Cq values from roots to shoots.
Ca circulating in the xylem sap will undergo ionic
exchange processes, with “°Ca being preferentially
bound to pectins in the middle lamella of the wooden
cell wall. Moreover, the suction for the xylem sap
circulation in the stem wood is higher than that for the
xylem sap circulation in the branch. A slower sap
circulation could thus be caused by a higher number of
binding sites that could lead to higher §**¥*°Ca values
at the end of the path, i.e., the leaves.

The results of this study show that Ca isotopic ratios
in plants depends on the organ type, as well as the Ca
speciation within plants and certainly have implica-
tions for the isotopic signature of the recycled Ca in
soils from litter decay. Litter decomposition is more
rapid for organs with the highest dry matter and
nitrogen content and low lignin levels (Berg and
Ekbohm 1991; Harmon et al. 1999). Thus, leaves and
small roots disappear faster than branches or twigs
(John 1973; Rochow 1974).

Different Ca fluxes from different origins can thus
be anticipated during litter decomposition. Fraysse
et al. (2010) have, for instance, proposed from an
experimental study of litter decomposition in temper-
ate and boreal forests that Ca is released in the
early stages of dissolution, from the labile reservoirs
near the leaf surface, such as Ca linked to pectates
(Lodish et al. 1995; Manucharova 2009). When the
experiment is continued, intracellular Ca is extracted,
possibly including the Ca from oxalate crystals.

In addition, during litter decay, the organic macro-
molecules are progressively transformed into smaller
organic molecules with the formation of recalcitrant
chemical components, which can contain Ca. The
release of Ca contained in pectin or other organic mo-
lecules can thus be delayed during litter decomposi-
tion by such a process (Melillo et al. 1989; Berg 2000;
Kaiser et al. 2002; Kalbitz and Geyer 2002; Prescott
2010). COCs are fairly insoluble crystals
(Kep = 2.57 x 1077 Ringbom 1963) and can have
residence times of several years in soils (Dauer and
Perakis (2014). However, there is evidence of the
release of COCs from decomposing litter, most often
linked to microbial or fungal degradation and/or
production (Knutson et al. 1980; Morris and Allen
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1994; Canti 2003; Braissant et al. 2004; Verrecchia
et al. 2006; Tuason and Arocena 2009; Guggiari et al.
2011; Dauer and Perakis 2014). In addition, the release
of oxalic acids into soils by plants and fungi can
impact the free soil Ca ions released by litter
decay, with the formation of secondary COCs (Oyar-
bide et al. 2001; Tait et al. 1999; Verrecchia et al.
1993; Jellison et al. 1997; Ryan et al. 2001; Arvieu
et al. 2003).

Conclusion

Calcium is distributed in the plant through the
transpiration stream. After it enters the cytoplasm,
more than 90% of Ca is adsorbed through the cell
walls, consistent with the fact that all the studied
organs showed the lowest Ca proportion associated
with the soluble fraction during our beech tree leachate
experiments. In the beech tree organs, Ca can be found
mainly enriched in structurally bound Ca or in COCs.
Roots and wood are enriched with structurally bound
Ca, which provides membrane stability. Bark and
leaves are enriched with COCs, which allow excess Ca
to be sequestered in the cell, maintaining very low Ca
concentrations in the cytosol and defence against
herbivores and chewing insects. Finally, reproductive
organs are equally enriched in structurally bound Ca
and in COCs to ensure the reproductive success of the
species (membrane stability and protection against
predators). Infrared spectroscopy and COC macropat-
tern descriptions confirm the results of the leachate
experiment, with bark and leaves being enriched in
COCs compared to other organs. COC observation
allowed us to identify prisms and druses in leaves and
bark. In leaves, more prisms than druses are observed,
suggesting that COCs are mainly whewellite crystals,
observable in parenchyma and sclerenchyma tissues.
Moreover, leaves with a higher incidence of solar
radiation showed larger crystals and a higher crystal
density. Our leachate experiments also show that
soluble Ca had the greatest 5440Ca values, whereas
COCs had the lowest. This result could be explained
by the difference in equilibrium constants between the
isotopologues, a function of the vibrational frequency
of the bond. For their part, radiogenic Sr isotopes show
a scatter in Sr and Ca nutrient supply within at least
one given organ, pointing to source variation. Finally,
these experimental observations imply that the &*¥

40Ca isotopic signature of litter decomposition
depends on the considered organ and the Ca speciation
within it. Therefore, to perform the optimal modelling
of litter degradation based on seasonal flows, it is now
necessary to undergo detailed studies of the different
Ca reservoirs and therefore the Ca isotopic variability
in the natural environment.

Acknowledgements Colin Fourtet and Eric Pelt are
acknowledged for their technical assistance in the laboratory.
The manuscript benefitted from constructive reviews by
Thomas D. Bullen and an anonymous reviewer. We also thank
the editor Jonathan Sanderman for his handling of the
manuscript. This project was financially supported by funding
from the French CNRS-INSU programme “EC2CO-Cytrix”, by
the ANPCyT - Argentine (PICT 1583) and the Mar del Plata
University - Argentine (EXA 741/2015). This work is an EOST-
LHyGeS contribution.

Glossary

Apoplast Extracellular continuum formed by
the pectocellulosic walls and the
void spaces between the plant cells.
Water and solutes can navigate
through non-selective passive
diffusion

A chloroplast-containing
parenchyma tissue, such as
mesophyll and other green tissues
(Fahn 1990)

organelle in which photosynthesis
occurs; contains chlorophylls
among other pigments (Fahn 1990)
The tissue between the vascular
cylinder and epidermis of the axis
(Fahn 1990)

Material within a living cell,
excluding the cell nucleus and is
approximately 80% water

Type of organelle in eukaryotic
cells that, among others,
synthesizes proteins

The outermost cell layer of primary
tissues of the plant, sometimes
comprising more than one layer
(Fahn 1990)

Specific cell which is clearly
distinguished from the other cells of
the tissue in which it appears, either
by size, structure or content (Fahn
1990)

Chlorenchyma

Chloroplast
Cortex
Cytoplasm
Endoplasmic

reticulum

Epidermis

Idioblast
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Mesophyll The photosynthetic
parenchymatous tissue situated
between the two epidermal layers of
the leaf (Fahn 1990)

Parenchyma Ground tissue composed of living

tissue cells which may differ in size, shape
and wall structure (Fahn 1990)

Phloem The principal tissue responsible for
the transport of assimilates in the
vascular plants (Fahn 1990)

Sclerenchyma A supporting tissue composed of

tissue fibres and or sclereids

Vacuole Eukaryotic cell organelle. In plant
cells, this constitutes 80-90% of the
volume and weight. It contains
mostly water but also organic
molecules

Vascular A strand of conducting tissue in

bundle plants (Fahn 1990)

Xylem The tissue mainly responsible for
conduction of water in vascular
plants (Fahn 1990)
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