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Abstract

Background and aims Acid leached soils developed on
loessic materials in Central Belgium present homoge-
nous edaphic characteristics and similar patterns of
strontium isotopic composition (*’Sr/*°Sr), used as trac-
er of the origin of calcium. This was inconsistent with
the large range of *’Sr/*°Sr ratios measured in leaves
from beech stands developed on the sites. We
hypothesised that the deep carbonate-bearing horizon
(>2.5 m) with low ®’St/*°Sr ratio, could be a comple-
mentary source of Ca for tree nutrition.

Methods We studied the change in foliar Sr isotopic
composition and element concentrations in 12 forest
sites along a soil sequence. This soil sequence was
selected to include the largest range of variations in the
depth at which the calcareous loess horizon occurs. In
complement, root depth development was determined in
six sites down to 300 cm.
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Results Our results reveal that Sr originating from deep
carbonate influences significantly the isotopic composi-
tion of beech trees growing on loessic soils. This influ-
ence contributes from 20 to 80 % to the Ca nutrition of
trees depending on their position along the soil
sequence.

Conclusions Despite its deep location in the soil profile,
the carbonate-bearing horizon is determinant for the
nutrient status of these forests.
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Introduction

The two main sources of Ca in tree nutrition are
mineral weathering release and atmospheric inputs.
Natural Sr isotopes are commonly used to distinguish
between these Ca nutrient sources in forest ecosys-
tems (Aberg et al. 1990; Dambrine et al. 1997; Blum
et al. 2002, 2008; Poszwa et al. 2004; Drouet et al.
2005a; Bern et al. 2005). Strontium, which is ubiq-
uitous in nature and one of the most abundant trace
elements in surficial deposits and rocks, acts as a
proxy for Ca because both are alkaline earth element
with similar ionic radius and the same valence (Capo
et al. 1998). Barium, another alkaline earth element,
has also been used as a tracer of Ca cycling (Bullen
and Bailey 2005), but divergent behaviour with Ca
reduces this application (Drouet and Herbauts 2008).
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In a previous study, we used a mixing equation based
on the 3’Sr/*Sr ratio of bulk precipitation (atmo-
spheric end-member), of 0.1 M HCl-extractable soil
fraction (weathering end-member) and of European
beech (Fagus sylvatica L.) wood and foliage (mixing
compartment) to determine the relative Ca contribu-
tions of the sources in two forest stands of Central
and High Belgium (Drouet et al. 2005a). We con-
cluded that the Ca atmospheric contribution was high
and of the same order of magnitude in the two forest
sites (on average, 75 and 78 %, in Central and High
Belgium, respectively), in spite of very different total
and exchangeable Ca contents in their soils (the
Albeluvisols on loess of Central Belgium has 30
times more exchangeable Ca than the Cambisols on
Devonian shales of High Belgium). We concluded
that the Ca atmospheric contribution was not influ-
enced by the soil Ca reserves. We subsequently ex-
tended these analyses to four other beech stands on
analogous soil profiles (Albeluvisols, WRB 2006)
and similar parent material as in the former site
studied (Drouet et al. 2007b). Results showed a re-
markably similar vertical distribution of the Sr isoto-
pic ratios within the different soil profiles down to
2 m depth, both for the bulk soil and for the ex-
changeable fraction. By contrast, isotopic measure-
ments made on beech leaves growing on these soils
revealed a broad range of variation of the *’Sr/*°Sr
ratio (from 0.711240 to 0.712134). This variation in
the mixing compartment was surprising because the
beech stands were developed in very similar environ-
mental, edaphic and nutritional conditions. Great
similarities between the selected forest stands were
suggested by: (1) a largely similar ground vegetation,
dominated by acidity indicatory species associated
with humus of the moder-mor type, attesting a wide-
spread oligotrophic character of these forest sites; (2)
a unique type of soil (Albeluvisol) for all the forest
stands with nearly constant physico-chemical prop-
erties down to 2-m depth and a strong desaturation of
the exchange complex to around one metre depth
(Drouet et al. 2007b); (3) element composition of
beech leaves (the unique or dominant tree species)
not significantly different between sites.

Several studies have shown that forests on nutrient
poor temperate soils rely on atmospheric inputs of Ca
and efficient recycling to maintain productivity (Blum
et al. 2008, 2012; Farka$ et al. 2011; Van der Heijden
et al. 2013) whereas other studies described the
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influence of weathering sources often situated at depth
(~1 m) (Dijkstra and Smits 2002; Poszwa et al. 2004;
Berger et al. 2006). In few studies, the use of multitracer
techniques were used to disentangle the role of more
than two sources of Ca in forest ecosystems (Blum et al.
2002; Porder et al. 2005; Drouet and Herbauts 2008;
Bélanger et al. 2012).

The aim of the present study is to determine which
environmental parameters could explain the contrasting
87S1/*°Sr ratios measured in beech trees growing on a
homogeneous parent material (Pleistocene loess depos-
it) with very similar physico-chemical and mineralogi-
cal properties in the upper two metres of the profile. We
hypothesised that the mineral nutrition of trees depends
on more than one weathering source and that the Sr
isotopic composition of the trees could be influenced
by the access to distinct soil horizons with contrasting
isotopic signatures. The hypothesis of several
weathering end-members in these loessic soils is sup-
ported by the fact that a carbonate-bearing layer is often
preserved at variable depth in the lower part of the soil
profiles. The CaCOj fraction of the unweathered loess is
characterized by low Sr isotopic ratio (¥’Sr/*®Sr=
0.708255) which strongly differs from that of the
alumino-silicated matrix of the loess (*’St/**Sr>0.713;
Drouet et al. 2005a, 2007b). The variable depth at which
this carbonate-bearing layer occurs at the different sites
could therefore modulate the tree root access to a soil
horizon with a very contrasting Sr isotopic ratio com-
pared to that of the overlying horizons.

To test this hypothesis, 12 forest sites were selected
to cover a sequence of soils developed from thick to
thin loess deposits, and, at the extreme, to sandy and
glauconite-rich outcrops of Tertiary marine sediments.
On thick loess deposits, soils were selected to range
from profiles with a shallow (~180 cm) calcareous Cy
horizon to profiles where this horizon is much deeper
(~350 cm); in some sites this carbonate-bearing layer is
totally absent. A pot experiment was conducted to
complete the sequence and mimic the situation (which
does not occur in the studied area) in which beech trees
are growing on a calcareous loess substrate. In each
stand, the main physico-chemical and mineralogical
characteristics of the soil and of the parent material
were determined, together with the measure of the
87Sr/%°Sr ratio and/or the Ca and Sr contents in vegeta-
tion (beech leaves, litter and roots) and in major soil
horizons (acid extractable, exchangeable and water
extractable fractions).
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Materials and methods
Sites description

The 12 forest stands selected for this study are all
located in the Soignes Regional Forest, southeast of
Brussels. This forest covers 4400 ha on a loessic plateau
(at about 120 m above sea-level) that belongs to the
loess belt of Central Belgium. The climate is of humid
temperate type, with average annual rainfall and tem-
perature of 780 mm and 9.8 °C, respectively. The natural
vegetation is a deciduous forest with European beech
and pedunculate oak as co-dominant species. Beech has
been however extensively planted since the end of the
18th century and most sites of our study are even-aged
beech high forests, mainly planted between 1803 and
1865 (Fig. S1). The ground vegetation is largely indic-
ative of acid soil conditions and is dominated by moder-
mor and acid mull indicatory species (Herbauts et al.
1996).

The soil parent material is a Pleistocene niveo-
aeolian loess deposit, several meters thick, overlying
Tertiary marine sediments, mainly Upper (Priabonian)
and Middle (Lutetian) Eocene sands and clayey sands,
often glauconite-bearing. The transition zone between
the loess deposit and the Tertiary substratum frequently
contains allochtonous broken flints, indicating a pre-
Quaternary erosion surface. The upper metres of the
loess are dated from the end of the Weichselian glacia-
tion. The unweathered loess contains around 10 %
CaCO; and is frequently preserved in the lower part of
the loess deposit, generally at a depth greater than
250 cm (Fig. S1). The thickness of the unweathered
loess is highly variable, from few decimetres to several
metres. In some sites, the loess mantle is completely
decarbonated down to its contact with the Tertiary sub-
stratum, at several metres in depth (Van Ranst et al.
1982; Langohr and Sanders 1985; Herbauts et al.
1996; Brahy et al. 2000; Drouet et al. 2007b).

Loess deposits underlie about 90 % of the forests in
the surrounding area, and form acid leached soils with
an ALEBy)C profile (Fragic Cutanic Albeluvisols,
WRB 2006). These acid soils are low in base saturation
to about one metre depth. On the sandy Tertiary deposits
which locally outcrop due to Quaternary erosion (~1 %
of the forested area), mainly on topographic highs (gen-
erally above 100 m altitude), soils are either podzolic
with an A EBBC profile (Albic Rustic Podzol) or
hydromorphic acid leached on more clayey sands with

an ApE.B,C profile (Fragic Cutanic Stagnic
Albeluvisol). Both are also strongly acid and deeply
desaturated.

Sampling

Twelve forest sites were selected to cover a sequence of
soils developed on Pleistocene loess substrate with var-
1able thickness from ~250 c¢cm to more than 600 cm,
from deep to shallow loessial deposits and, at the ex-
treme, to sandy outcrops of glauconitic Tertiary sedi-
ments (Fig. S1). The 12 sites are Saint Hubert II, Tam-
bour, Mésanges, Relais des Dames I, Comte de Flandre
I, Tir aux Pigeons, Saint Hubert I, Tumuli, Moulin,
Comte de Flandre I, Diependelle and Léonard sites,
hereafter HUB II, TAM, MES, REL II, CTE I, PIG,
HUB I, TUM, MLN, CTE II, DIEP and LND, respec-
tively. Nine sites are beechwood stands developed on
deep loessic soil profiles. In eight of these sites, the
unweathered calcareous loess (Cy horizon) is preserved
at the lower part of the soil profiles, but at very contrast-
ing depths from 180 to 340 cm. In one site (MLN), the
loess deposit is free of any calcareous layer in spite of its
great thickness (~350 cm before the contact with the
Tertiary substratum). The soil sampling was completed
with three forest sites (two beech stands and a mixed
beech and Scots pine plantation) where the progressive
shallowing of the loessial deposit (from 200 cm in the
CTE II site to less than 50 cm in the DIEP site) leads to
the outcropping of Tertiary sands in LND site.

Within each forest stand, soil samples were taken
from soil pits or by augering. Major soil horizons were
systematically sampled (ten replicates for Ay, five for
other horizons): Ay, (0-5 cm), E (5-25 cm), By (55—
75 cm), By (100-120 cm) and Bsy¢ (175-200 cm)
horizons in the Fragic Albeluvisols; A (0-5 cm), E,
(5-25 cm), By (5575 cm) and Bsjge (175-200 cm)
horizon in the Stagnic Albeluvisol; Ay, (0-10 cm), E
(1020 cm), By, (3040 cm), B (50-70 cm) and C (80—
100 cm) horizons in the Albic Rustic Podzol. When
present, the carbonate-bearing Cy horizon (unweathered
loess) was also sampled at the base of the niveo-acolian
deposit (>180 cm).

Within most of the forest stands, the mean depth at
which the calcareous loess (Cy horizon) or the underly-
ing Tertiary deposit occurs in the lower part of the soil
profiles was determined by five core samples, in the
same area as those used for leaf sampling. The thickness
of the calcareous layer was also evaluated by coring.
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Within each forest site, sun leaves were collected in
the crowns of five beech trees (height of 6 to 8 m) during
the month of September of three different years, follow-
ing the site. In October 2006, ten samples of freshly-
fallen leaf litter were sampled on the ground of each site
including a deep carbonate-bearing layer to assess the
chemistry of the entire leaf production along the depth
gradient of the calcareous layer. The depth reached by
beech roots was determined in six sites (HUB I, TAM,
MES, REL II, CTE I, PIG) by five soil coring down to
320 cm. In the MES site, roots <4 mm from soil cores
(770 cm®) were sampled to quantify the root distribution
and for chemical analyses.

Sample preparation and analytical methods

Soil samples were air-dried and sieved to a particle
size of <2 mm. Particle-size distribution was deter-
mined by the pipette method after H,O, pre-
treatment and dispersion with Na-citrate. Common
methods were used to determine exchangeable acid-
ity and exchangeable aluminium (1 M KCI extrac-
tion; derivative titration curve for H" and AI’"), ex-
changeable cations (1 M CH3;COONH,4 pH 7 extrac-
tion; ICP-OES determination of Ca, Mg, K, Ba and
Sr concentrations), carbonate (dry combustion;
Strohlein dosimeter). Effective base saturation (%)
was determined as the sum of cations (Ca, Mg, K)
divided by the effective cation-exchange capacity
(sum of cations and exchangeable acidity).

The soil exchangeable fraction, defined as the sum
of cations present in the soil solution and of cations
adsorbed on mineral and organic soil colloids, was
extracted with suprapure CH;COONH, (10 g soil
with 50 mL 1 M CH3;COONH, at pH 7). The extracts
were dried on a hot plate, and ashed in covered
zirconium crucibles (16 h at 450 °C) to eliminate
acetate. Ashes were dissolved with 1 mL suprapure
HCI on a hot plate.

The acid extractable fraction which simulates nat-
ural release by weathering, was obtained by selec-
tively dissolving the more weatherable minerals
(Blum et al. 2002; Drouet et al. 2007b). Prior to this
acid treatment, exchangeable cations were leached
with three successive suprapure 1 M CH3;COONH,
solutions and the residue was rinsed three times with
distilled water. Four successive acid extracts were
obtained from the residue by shaking 5 g of soil
with 50 mL suprapure 0.1 M HCI during 2 h,

@ Springer

centrifugating and filtering to 0.45 pum. Surface ho-
rizons containing organic matter (i.e. Ay, and E ho-
rizons) were at first treated with hot H,O, (Merck,
suprapur grade) and afterwards leached with
suprapure 1 M CH3COONHy4 to eliminate exchange-
able and organically-bound cations. Carbonate of the
Cy layer was selectively dissolved in a single step by
suprapure 0.5 M CH3COOH (Drouet et al. 2005b).
Glauconite grains were separated from the sandy
material of the DIEP site, sonicated in distilled water
and totally dissolved following a procedure de-
scribed in Drouet et al. (2007b). Water extracts of
soil with a 1:1 volume ratio were obtained by shak-
ing of 20 g soil sample with 20 mL distilled H,O
(18 M2 cm) during 1 h, centrifugation and filtration
to 0.45 um. Calcium, Mg, K, Ba and Sr concentra-
tions of the extracts were determined by inductively
coupled plasma emission spectroscopy (Vista-MPX
CCD simultaneous ICP-OES, Varian, Australia).

Root samples (<4 mm) were rinsed with copious
amounts of water, washed with successive agitation
in demineralised water and methanol. To avoid con-
tamination with fine soil particles (which could mod-
ify the root isotopic signature) root bark was stripped
with a blade. It should be noted that this treatment
causes a decrease of the measured Ca/Sr ratio be-
cause bark has a high Ca/Sr ratio (Drouet and
Herbauts 2008). All vegetation material was dried at
65 °C and ground in a Retsch ZM100 mill using a
750-um screen. Mineralization of 1-2 g of plant
sample was done by dry ashing in covered zirconium
crucibles (16 h at 450 °C). Ashes were dissolved in
suprapure HCI on a hot plate.

Pot experiment

A greenhouse pot experiment was performed to achieve
the virtual condition in which a beech stand is growing
directly on calcareous loess material. This simulation
provides a supplementary point to the natural soil se-
quence. Beech seedlings were cultivated on a substrate
made of one part of deep calcareous loess (10 % CaCO3)
mixed with five parts of acid-washed sand to facilitate
water drainage. Five replicates were watered each week
with a standard nutritive solution (Ingestad 1971) with-
out Ca and Sr content. Major plant parts (leaves, shoots,
roots, rootlets) were harvested for analyses after
120 days of cultivation. Replicates were analysed
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separately for nutrient concentration and leaf samples
were bulked for Sr isotopic determination.

Sr isotope analyses

Chemical separation of Sr was carried out by cation
exchange chromatography. Strontium isotopic compo-
sitions were measured on a VG Sector 54 multicollector
thermal ionisation mass spectrometer. The measured
87S1/8°Sr ratios were normalized to ®°Sr/**Sr=0.1194.
Measurements of the NBS-987 Sr standard yielded on
average °’Sr/*°Sr value 0f 0.710281+0.000009 (20, n=
35); isotopic values of the samples were not adjusted.
Additional details on the analytical procedure can be
found in Ashwal et al. (2002).

Calculations and statistical analyses

The proportion of Sr in a mixture derived from two
sources is calculated using a two-component (1 and 2)
mixing equation (Capo et al. 1998; Drouet et al. 2005a).

8751’ Sﬁsr - 87Sr 86Sr
X(S0 = ((87&//365254 = (E7Sr //865r>>2 )
1 2

where X(Sr); represents the mass fraction of Sr derived
from source #1. The 1 and 2 subscripts refer to the two
sources. The Mix subscript indicates the mixture com-
ponent. The relative contribution of Ca from two
sources to a mixing component is given by a mixing
equation (Eq. 2):

G P 7 A VA G

X(Ca), =

(75t (78 v0s) | (o) o [ (75 o) (s o) | (e s0),

(2)

where X(Ca); represents the mass fraction of Ca derived
from the atmospheric source. In order to solve complex
systems involving more than two sources of Ca for
plants, Ca/Sr ratio can be used as a second independent
tracer. Both tracers can be plotted in a ®’Sr/**Sr vs. Ca/Sr
diagram to discriminate among several sources of Ca
(Blum et al. 2002; Porder et al. 2005; Bern et al. 2005;
Drouet and Herbauts 2008; Bélanger et al. 2012). These
two ratios, by contrast with concentration values are not
affected by element accumulation in the biomass and
therefore reflect the mixing of the sources.

A correction of the Ca/Sr ratio was used for the leaf
samples to take into account the physiological discrim-
ination between Ca and Sr inside trees, from roots to
leaves, through the transpiration stream. This discrimi-
nation process can be corrected by a discrimination
factor (DF) which is constant for beech along a large
range of soil chemical status (DF=2.99+0.60, mean=+
SD; Drouet and Herbauts 2008). This correction allows
to estimate the Ca/Sr value at the level of root absorption
and to plot root data on the same graph.

We used linear regressions to test for the relationship
between the Sr isotopic ratio or element concentrations
of tree leaves and the depth of the carbonate-bearing
horizon. Results of the pot experiment were not

included in the regression analyses. One-way ANOVAs
were conducted on element concentrations (Ca, Sr, Mg,
K and Ba) and element ratios (Ca/Sr, Ca/Ba) of leaves
and leaf litter after logarithmic transformations to
achieve the homogeneity of variance (Levene test) when
necessary. Multiple mean comparisons between sites
were subsequently made by the Tukey’s HSD test.
Comparisons of mean element concentrations of beech
foliage in the sites examined with other beech stands on
contrasting substrates (calcicolous and acidophilous)
were applied with permutational 7-tests after transforma-
tions to meet the requirement for homoscedasticity be-
tween the groups. Statistical analyses were performed
with the R statistical software (R Development Core
Team 2014).

Results

Control of the soil physico-chemical homogeneity
along the soil sequence

Figure S1 displays the variation of the parent materials

with depth along the soil sequence. The first eight
profiles show a gradual deepening of the calcareous
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horizon from 180 to 350 cm depth. The last four profiles
of the sequence show the progressive thinning of the
loess deposit and the increasing thickness of the Tertiary
material near the surface, the latter outcropping in the
LND site. The distribution of some analytical properties
common to the soil developed on loess material (first ten
profiles of the soil sequence) are presented in Fig. 1.

Clay distribution pattern (Fig. 1a) is very uniform
along the sequence. This confirms the homogeneity of
the textural distribution through the profiles in link with
the shared parent material and the same intensity of clay
illuviation among sites. CTE II site is an exception,
showing an increase of clay content down to 200 cm,
which indicates the appearance of the Tertiary sandy-
clay material at this depth. Clay percentage in the E
horizon (9.9+1.7 %) increases to 19.0+2.2 % in the
illuvial B, horizon and decreases gradually to a mean
value of 12.6+1.1 % in the Cy, horizon.

The effective base saturation (Fig. 1b) also shows a
remarkably reproducible profile of distribution with
depth. A decrease is observed from the Ay, to the E
horizon (from 30 to 12 %) followed by a slight increase
to 23 % in the By, horizon. A sharp increase of base
saturation (from 23 to 70 %) begins between 55-75 and
100-120 cm depth. This indicates a radical change in
chemical conditions between the B, and the B,, hori-
zons. Base saturation increases to a mean of 89 % at
175-200 cm (C horizon) and tends to 100 % below. This
was previously interpreted as the remains of Ca released
by the carbonate dissolution (Drouet et al. 2007a). The
distribution of the effective base saturation among the
different sites appears regular regardless of the depth of
the carbonate-bearing horizon (180 to 350 cm depth).

Clay (%)

Effective base saturation (%)

0 20 40 60 80 100 0 500

Exchangeable Ca (ug g)

The pattern of exchangeable Ca through the profiles
(Fig. 1c) is roughly similar to that of the effective base
saturation. The sharp rise of Ca concentrations occurring
below 200 cm corresponds either to the proximity with
the carbonate-bearing Cy horizon (at 180 or 250 c¢cm for
the HUB 1I and MES sites, respectively) or to an accu-
mulation of Ca derived from former loess-carbonate and
adsorbed on the first cm of the clay-rich Tertiary mate-
rial (CTE II site).

The distribution of the exchangeable Ca/Sr ratio is
more variable from site to site (Fig. 1d). The Ay, horizons
of the TAM, HUB and MES sites (carbonate source
<260 cm) present Ca/Sr ratios (275 to 321) which are
higher than the mean (230+90) whereas CTE I, HUB 1,
TUM sites (carbonate source >290 cm) show values
(103 to 172) clearly lower than the mean. The variability
among sites declines with depth. The mean Ca/Sr value
decreases to a minimum of 157421 in the B,,; horizon
and increases to 182+17 in the C horizon. A marked
increase is observed in the vicinity of the carbonate-
bearing layer (carbonate Ca/Sr=455) which occurs at
contrasting depth, following the sites (Fig. S1). The
increase of the Ca/Sr ratio is more gradual down to
350 cm for sites witch have deeper carbonate-bearing
layer or which do not have such horizon (HUB I, MLN
sites).

The pattern of the exchangeable Ca/Ba ratios with
depth (Fig. le) is quite different from the Ca/Sr pattern:
high mean Ca/Ba values are observed in the A}, horizon
(Ca/Ba=90), there is then a sharp decrease in the E
horizon (Ca/Ba=13) and a gradual increase from 7 to
39 from the B, down to the C horizon. Profiles are very
similar from site to site down to this depth. Below

Exchangeable Ca/Sr Exchangeable Ca/Ba

HUB Il

1000 1500 2000 100 150 200 250 300, 350 0 50 100 150 200

i ~ HuBl

Depth (cm)

amcmmMean £ SD (1= 10) \

ecmMean=SD (1=10) "\

CaCOs
Ca/Ba = 1600

~._HuBIl

— CTEN
CTEN

MES

HuB I

" HUBI
cmmlean £ SD (n = 10)

wcmmlfean + SD (7= 10)

MLN

wun c "od ‘ e

Fig. 1 Distribution of major soil parameters with depth in the 10
loessic soils (Alisol/Albeluvisols) of the sequence. Mean values=+
SD are presented for the soil horizons developed on non-calcare-
ous loess material (n=8 to 10 depending on the horizon). a Clay
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content (%). b Effective base saturation (%). ¢ Exchangeable Ca
(ug g ). d Exchangeable Ca/Sr ratio. e Exchangeable Ca/Ba ratio.
CaCOj; represents the carbonate fraction of the Cy horizon extract-
ed by selective dissolution



Plant Soil (2015) 394:373-389

379

200 cm, divergence begins to be marked among sites
with a steep increase for CTE II and a more gradual
increase for MLN site. Exchangeable Ca/Ba values are
always very far from that of the carbonate selective
dissolution (Ca/Ba=1600) but tends to this value with
depth.

Sr isotopic composition of the soil acid-extractable
and exchangeable fractions

Soil Sr isotopic data of the loessic soils have partially
been published and discussed by Drouet et al. (2005b,
2007b). Complementary measurements were made in
five forest sites belonging to the soils studied previously
and including soils developed on deep loessial deposits
(CTE I, HUB II and MLN sites) and soils influenced by
underlying Tertiary sediments (DIEP and LND sites).

In the Albeluvisols developed on loess, Sr isotopic
ratios of the 0.1 M HCI extracts (simulating natural Sr
release by selective dissolution of the most weatherable
minerals) range from 0.712067 (B,;; horizon) to
0.713643 (A}, horizon) (Drouet et al. 2007b). In the
present study we focused our attention on the B,
B>, Bsi; and C horizons (at 55-75, 100-120, 175—
200 and >200 cm depth, respectively), because these
horizons were thought to take a prominent part in tree
mineral nutrition and are also good indicators of the
mineralogical composition of the parent material in the
soil sequence. This last point is clearly demonstrated by
the strong increase of the ®’Sr/**Sr ratio of the 0.1 M
HCI extracts from pure loess (mean values for the By,
and the B3y 0.712540.0005 and 0.7137+0.0002, n=3,
respectively) (Drouet et al. 2005a) to Tertiary
glauconious sediments (0.721445 in the C horizon of
the LND site). The relatively high ®’Sr/*®Sr ratio
(0.716390) measured in the B, of a soil profile devel-
oped in a deep loess deposit (~350 cm deep), where no
Cy horizon is present (MLN site), could be due to
contrasting weathering conditions in a hydromorphous
environment compared to those of the same horizon in
other loessic soil profiles.

Drouet et al. (2005a) have shown that the distribution
with depth of the Sr isotopic ratio of the exchangeable
fraction in the Albeluvisols of the Soignes Regional
Forest was very similar from site to site. Isotopic deter-
minations of the B, horizon of two complementary
forest stands, HUB II and CTE T sites (0.712776 and
0.712294, respectively), confirm that there is only a
slight variation of the Sr isotopic composition of the

exchangeable soil fraction between sites. Only in one
soil profile (MLN site), the ¥’St/*°Sr ratio of the B,
horizon (0.721618) is clearly higher than in all the other
loessic soils (mean *’St/*®Sr ratio=0.7130+0.0002, n=
5); the same observation was already noted for the HCI
extracts. The slight variation of the isotopic composition
between the different soil profiles clearly suggests that
the soil forming processes, which govern the composi-
tion of the exchangeable pool in the soils developed on
deep loess deposits, are very similar from site to site.
When the loessic mantle is thin and strongly contami-
nated by the underlying Tertiary glauconious sediments,
the ®”St/*°Sr ratio of the exchangeable pool is supplied
by radiogenic Sr probably resulting from the weathering
of micaceous minerals and it consequently increases
sharply (0.718160 in the B,y horizon of the DIEP
profile). However, glauconite has a rather low *’Sr/*®Sr
ratio (0.713141) and its content does not explain the
high isotopic value of these horizons.

Element composition of beech foliage and leaf litter

Mean Ca, Mg, K and Sr concentrations and Ca/Sr ratios
of beech foliage and leaf litter within the forest stands
examined are given in Table 1. In the beech stands
developed on loessic soils, Ca contents of green leaves
are on average around 7500 pg g ', with values ranging
from 6300 to 9500 pg g '. Foliage Sr concentrations
vary between 9.0 and 16.3 pg g '. Young forest stands
are characterized by high K and Mg foliar contents but
have no particular pattern in Ca and Sr foliar content
(PIG and TAM sites).

Differences among sites on deep loess are not signif-
icant (Tukey’s HSD post-hoc test) for Ca and Sr con-
centrations in green leaves and litter except for the
remote sites in the sequence (Table 1). By contrast,
differences among sites are significant for leaf and litter
Ca/Sr ratios. Calcium concentrations commonly found
in beech leaves of Belgian forests on calcareous sub-
strates range from 13,900 to 17,000 ug g ' (Table 1) and
are significantly higher (¢-test, P >0.01) than beech
leaves from sites with a deeper (>180 cm) carbonate-
bearing layer. Also remarkable is that the Ca foliar
contents of beech stands presenting a deep Cy horizon
are significantly higher than those of typical
acidophilous beech stands of High Belgium (#-test,
P<0.01) which range from 3600 to 6000 ug g '
(Denaeyer-De Smet and Duvigneaud 1977; Misson
et al. 2001; Drouet and Herbauts 2008). Conversely,
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Ca contents of leaves from stands of the sequence with-
out Cy horizon are not significantly different to that of
acidophilous stands (High Belgium). The comparison of
sites with and without Cy horizon revealed significant
differences for Ca and Mg (#-test, P<0.01) as well as for
Sr (P<0.05) and Ba concentrations in leaves (P<0.05).
We observe a correlation between the corrected leaf Ca/
Sr ratio and the depth of occurrence of the Cy horizon

@ Springer

< Fig.2 aRelationship between the corrected foliar Ca/Sr ratio (see
text for explanation) and the depth of the carbonate-bearing hori-
zon along the soil sequence. MLN, CTE II, DIEP and LND sites
are not represented because of the influence of the Tertiary sub-
strate. b Relationship between the leaf litter Ca content and the
depth ofthe C horizon. ¢ Relationship between the foliar 87Sr/ 6Sr
ratio measured on beech trees along a loessic soil sequence and the
depth of the carbonate-bearing (C ) horizon. Plotted on the y-axis
of the 3 diagrams are respectivel¥ the Ca/Sr ratio of beech roots
(a), the leaf litter Ca content (b) and the foliar __Sr/_Srratio (¢) of

g .87

beech plantlets from pot experiment which simulate the case of a
carbonate-bearing layer outcropping at the surface (filled square).
These last points are not included in the regression analyses. The
isotopic signature of the deep carbonate is also indicated in Fig. ¢
(open square)

(r*=0.19, P<0.05, n=8; Fig. 2a). It is interesting to note
that root Ca/Sr value from the greenhouse experiment
plots close to the intercept of the regression line with the
y-axis (Fig. 2a). By contrast, no correlations were ob-
served between the depth of the Cy horizon and the Ca,
Sr, Ba concentration or the Ba/Ca ratio in green leaves.
But regression analyses of litter data confirm the rela-
tionship between the depth of the Cy horizon (explana-
tory variable) and the litter Ca/Sr ratio (+*=0.29,
P<0.001, n=7) and show a negative relationship with
the Ca/Ba ratio (*=0.47, P<0.001). These samples also
revealed significant (P<0.01) negative relationships be-
tween leaf litter Ca (*=0.33; Fig. 2b), Mg (+*=0.09),
and Mn concentrations (+*=0.09) with the depth of the
carbonate-bearing horizon. A significant positive rela-
tionship was found between litter Ba concentration and
the depth of the Cy horizon (+?=0.17, P<0.001). No
relationship was found between litter K and Sr concen-
trations and the explanatory variable.

Sr isotopic composition, Ca/Sr and Ca/Ba ratios
of beech leaves and roots

The ¥’Sr/*Sr ratios of the beech leaves are given in
Table 1; measurements show a wide range of varia-
tion, from 0.710727 to 0.713233. The lowest values
(<0.7117) are typical of leaves collected in beech
stands growing on loess deposits with a shallow
calcareous Cy horizon (<260 cm: HUB II, TAM and
MES sites). The highest values (>0.7127) character-
ize beech trees developed either on shallow loess
deposits, underlain by Tertiary glauconious clayey
sands (CTE II site) or directly on outcropping Tertia-
ry marine sediments (DIEP and LND sites) (Fig. S1).
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Intermediate values correspond to forest stands grow-
ing on deep loess deposits without Cy horizon (MLN
site) or having a calcareous layer occurring at
depths>260 cm (REL II, CTE I, PIG, HUB I and
TUM sites). Leaves of beech seedlings cultivated
directly on calcareous loess display a low Sr isotopic
signature (0.709025) which is nevertheless slightly
higher than that of carbonate (0.708255; Drouet et al.
2005a). Similarly to the Ca content in litter, there is a
highly significant correlation (+*=0.83, P<0.001, n=
8) between the Sr isotopic composition of beech
foliage and the depth at which the Cy horizon appears
(Fig. 2c¢). Strikingly, the intercept of the regression
line on the y-axis (which represents the foliar
87Sr/*®Sr ratio in the case of a virtual calcareous layer
directly outcropping at surface) indicates a Sr isoto-
pic ratio (0.708979) very close to that measured on
both beech leaves from pot experiment growing di-
rectly on calcareous loess (0.709025) and that of the
CaCOs fraction of the unweathered loess (MES Cy
horizon: 0.708255).

Figure 3 shows the variation with depth of the
87Sr/*°Sr ratio and of the Ca/Sr and Ca/Ba ratios in
soil exchangeable fraction, in soil water extracts and
tree roots as well as the evolution of the root density
through the soil profile. Except for the shallow Ay
horizon, the Sr isotopic ratios of the exchangeable
fraction are higher than that of the foliage in the
whole profile down to a depth of 175 cm (Fig. 3a).
Even if the data are more limited in depth, the same
observation can be drawn from ’Sr/*Sr ratio of the

exchangeable fraction in other sites (PIG, TUM,
HUB II, not shown) and that of the soil solution in
the MES site (Fig. 3a) published by Drouet et al.
(2007b). The low foliar Sr isotopic ratio indicates
that a significant part of the Ca taken up by trees
occurs in deep layers with ®’Sr/*°Sr<0.711, i.e.
down to 175 cm depth. For both the exchangeable
fraction and the soil solution, the 87Sr/®®Sr ratios of
the topsoil horizon are lower than those of the E and
B, horizons and are most probably linked to the
litter return which presents low ratios. The Sr isoto-
pic signature of the roots broadly follows the gen-
eral pattern of the exchangeable fractions but not
closely.

The Ca/Sr ratios of the exchangeable fractions, the
water extracts and soil solution are very comparable
(Fig. 3b), which allows to exclude marked differ-
ences of sorption between Ca and Sr on the exchange
complex. By contrast, the Ca/Sr ratios measured in
roots do not follow the soil extractible fractions. This
could be explained by the treatment of the root sam-
ples before analysis. The evolution of the Ca/Ba
ratios (Fig. 3c) reveals a great difference between
the soil exchangeable fraction and the water extracts,
which confirms the high sorption of Ba on the ex-
change complex and its doubtful use in tracing stud-
ies (Drouet and Herbauts 2008). Figure 3d presents
the profile of root density in the MES site. Greater
root densities are observed in the 25—150 cm interval.
For the MES site and five others, roots were detected
down to 300 cm.

878r/358r CalSr Ca/Ba Root biomass (g dm- soil)
0.708 0.710 0712 0.714 100 200 300 400 500 0 100 200 1000 2400 0 3 6 9 12
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Fig. 3 Evolution with depth of a the ¥’St/*°Sr ratio (n=1), b the
Ca/Sr ratio and ¢ the Ca/Ba ratio in the soil exchangeable fraction
(black triangle) (n=5, except for Ay, horizon n=10), in the soil
water extract (white diamond) (n=1), in the soil solution (black
square) (data from Drouet et al. 2007b) and in beech roots (black

//
7
diamond) (pooled samples, n=1) for a loessic soil profile (MES
site). d Vertical distribution of root density at the same site. Error

bars are SD. Carbonate values correspond to the selective disso-
lution of the Cy horizon

@ Springer



384

Plant Soil (2015) 394:373-389

Discussion
Determining the sources of Ca for tree nutrition

In a previous study, we used a mixing equation (Eq. 2) to
determine the relative contributions of the two main
sources of Ca to a beech stand of the Soignes Regional
Forest: mineral weathering release and atmospheric de-
position (Drouet et al. 2005a). However, this calculation
used only the silicate weathering end-member. The un-
weathered, calcareous loess layer, which occurs at a
depth of 2.5 m, was thought to be beyond the foraging
capacity of beech roots. The calculated Ca atmospheric
contribution reached on average ~75 %. Here we present
clear evidences that the CaCOj5 source contributes to the
Ca uptake of beech trees. Consequently, the *’Sr/**Sr
ratio of the mixing compartment (beech leaves) is
lowered under the influence of the CaCO; end-
member which has a significantly lower *’Sr/*°Sr ratio
(0.708255) than the silicate end-member (>0.712).
Therefore, the contribution of the atmospheric end-
member (also characterized by a low Sr isotope ratio:
0.709) was over-estimated in the first study.

The mixing equation for Sr isotopes can be used to
determine the relative contributions of only two sources
of Ca. Given the depth of root prospecting and the large
isotopic gradient from the top soil to the Cy horizon, we
used the Ca/Sr ratio as a second independent tracer. The
strontium isotopic composition and the Ca/Sr ratio of
potential sources of Ca to the trees (i.e., atmospheric
precipitation, deep carbonate-bearing layer, and silicate
weathering at two depths) were used to draw the mixing
diagrams of Fig. 4. As described in the ‘Material and
Method’ section, a discrimination factor has to be used
to correct the physiological discrimination process oc-
curring in tree leaves (Dasch et al. 2006; Drouet and
Herbauts 2008; Beauregard and Coté 2008; Blum et al.
2012; Lucash et al. 2012). Corrected Ca/Sr ratios of
beech leaves were therefore plotted on these diagrams.
Exchangeable fractions, soil solutions and root data
from both the field and pot experiments (with leaf
87S1/*°Sr ratio) were also reported. The position of the
roots in such diagrams has to be interpreted with caution
because of the uncertainty on the Ca/Sr ratio following
the bark stripping treatment before analysis. The disper-
sion of data for the diverse plant and soil compartments
and the absence of distribution along a unique mixing
line confirm that the system is influenced by more than
two sources. The potential effect of the atmospheric

@ Springer

source on the leaf isotopic composition could be quite
similar to that of the carbonate source (triangle A vs. B of
Fig. 4a). Indeed, 87Sr/%°Sr and Ca/Sr values of precipi-
tation and carbonate are close (Fig. 4a). However, when
precipitation is chosen as end-member (triangle B,
Fig. 4a) the decrease of the leaf ®’Sr/*°Sr ratios in some
stands (e.g. HUB 1) is erroneously attributed to an
increase of the atmospheric influence on tree nutrition
while this decrease can, more probably be linked to the
presence of a carbonate-bearing layer at a rather shallow
level in the soil (180 cm depth). This also leads to the
unrealistic conclusion that the Ca-poorest sites are the
least influenced by atmospheric precipitation. Moreover,
quantitative assessment indicates that annual inputs of
atmospheric Ca (<10 kg ha ") are very limited compared
to the high soil Ca reserves in the form of carbonate and
probably play a minor role in the nutrition of these
stands. In addition, the soil exchangeable fraction of
the upper meter is marginally influenced by the atmo-
spheric source since mixing calculations excluding the
carbonate source indicate that only 20 % (E horizon) and
0 % (B, horizon) originates from precipitation. Atmo-
spheric inputs of Ca are also low in comparison with the
mean annual uptake of Ca by trees which can be esti-
mated at 80 to 90 kg ha' y' (mean of a 100-year
growth period), from which only 14 to 24 kg ha' y™'
are returned as litterfall and can be recycled. We there-
fore used the three end-members illuvial B,;; and Bs;
horizons (HCI extracts) and deep carbonate (selective
dissolution of the Cy horizon) in triangle A of Fig. 4a.
We assumed that the isotopic signature of the B, hori-
zon was the most representative of the weathering pro-
cess from 0 to 1 m in depth and that the weathering of the
Ay, (very thin) and E (low Ca and Sr concentrations)
horizons were reduced. In any case, the *’St/*®Sr and
Ca/Sr ratios of the HCI extracts for the Ay, E and B,
horizons are relatively well grouped (Fig. 4a). We
assessed the isotopic signature of the HCI extract of the
B3¢ horizon as representative of the weathering of the
soil layers comprised between one metre and the deeper
carbonate-bearing horizon. The choice of these three
sources was justified by (1) the large amounts of ex-
changeable Ca in these horizons (1000 and 7000 kg ha ™'
for B, and By, horizons, respectively, relative to the
200 kg ha ' for the summed A, and E horizons). The
potentially available Ca from the Cy horizon through the
dissolution of carbonate can be estimated to 200 t ha™'
by slice of 10 cm of this horizon; (2) All the mixing
compartments (vegetation, exchangeable fraction and
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Fig. 4 *7Sr/*Sr ratios as a function of weight Ca/Sr ratios mea-
sured in the main compartments of forest ecosystems developed on
loess of Central Belgium. a The two triangles delimit all the
possible compositions of the mixing among 3 end-members: the
silicate end-member from 0 to 1 m depth (HCI Bj;y), the silicate
end-member beneath 1 m depth (HCI B;,) and the carbonate from
the unweathered loess (>180 cm depth) (triangle A) or the

soil solution) are circumscribed in the triangle formed by
the three poles; (3) most of all, there are highly signifi-
cant correlations between contribution percentages de-
termined on the basis of the three end-members model
and the soil parameters observed independently from
this calculation. Indeed, contributions of the carbonate
source calculated from this diagram are negatively cor-
related with the depth of the carbonate-bearing horizon
(Fig. 5a). The contribution of the carbonate source in-
creases at the expense of the calcium uptake from the
soil layer situated at one metre depth down to the limit
with the carbonate-bearing horizon (represented by the
HCl extract of the B3, horizon). We observe therefore a
strong positive correlation between the proportion of Ca
in trees originating from the B;y, horizon to the vegeta-
tion and the thickness of the layer from one metre depth
to the occurrence of the carbonate-bearing horizon
(Fig. 5b). Logically, no contribution from the B3 hori-
zon was detected in the HUB 1I site; this horizon is
indeed absent here and replaced by a carbonate-bearing
layer starting at the depth of 180 cm and downward.
Finally, the contribution from the B, horizon calculated
from this diagram is correlated with the amounts of
exchangeable Ca from 0 to 1 m depth (Fig. 5c). The
choice of these three end-members is therefore con-
firmed by parameters which are strictly independent
from the calculation of the sources contributions.
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atmospheric precipitation (triangle B). b Mixing triangle of the
shallow (0—1 m), and deeper (>1 m) silicate end-members and
carbonate end-member. Inserted window shows the proportion of
Ca inherited from the carbonate source in the exchangeable pool
(MES site) and beech leaves of four stands (TUM, PIG, MES and
HUB 1I). Error bars correspond to SE. SE of the foliage samples
takes into account the error on the DF

Calculations based on these three sources indicate
that carbonate is involved in the Ca nutrition of trees
in all the sites on loessic material, including the MLN
site in which the carbonate-bearing horizon is no longer
present (40 % contribution in the MLN site, Fig. Sa,
which could correspond to the proportion of Ca
inherited from carbonate in the 100-200 cm layer,
inserted window of Fig. 4b). This is in line with the
view that Ca derived from carbonate dissolution and
partially preserved on the exchange complex of the
horizons located above the decarbonatation front could
be an effective source for tree nutrition. The values of
the exchangeable fraction of most horizons are aligned
following a line tending to the carbonate end-member
and support this explanation (Fig. 4). Horizons deeper
than 1 m could be influenced by Ca released by carbon-
ate dissolution whereas topsoil horizons could be influ-
enced by Ca uplift from the Cy horizon eventually
returned as litter at the soil surface. Because the Sr
isotopic signature of the carbonate and atmospheric
precipitation sources are very close, we cannot estimate
their respective contributions in the same analysis. How-
ever, an estimation of the atmospheric contribution can
be achieved using Eq. 2 with data from the TUM site in
which the influence of the deep (>300 cm depth) CaCO;
end-member can be considered as minimal. For this
TUM site, for which the foliar 87Sr/8%Sr ratio is the
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highest of all those measured in the beech stands devel-
oped on pure loessic soils, the Ca atmospheric contribu-
tion is only 24 %. The influence of atmospheric precip-
itation is probably even lower than this conservative
estimate, given the influence of carbonate on the Sr
isotopic signature even when the carbonate-bearing ho-
rizon has been totally dissolved.

Influence of the carbonate-bearing horizon

The question that arises from our results is whether the
calcareous loess layer has a direct or an indirect influ-
ence on the tree mineral nutrition. A direct influence
implies that beech roots have access to this Cy horizon
despite the fact that it occurs at a depth frequently
>250 cm. An indirect influence means that the rooting
does not necessary reach this calcareous layer but pros-
pects soil horizons in which the exchangeable pool
could contain a significant fraction of Ca inherited from
the dissolution of carbonate minerals from the original
parent material. In this case, Sr isotopic composition of
the exchangeable pool could partly be influenced by the
isotopic signature of carbonate. Finally, recycling mech-
anism through the return of leaf litter which contain Ca
partly derived from carbonate (~20 to 85 % following
the site) could be considered. Continuous inputs from
the deep carbonate via the litter returns could have
imprinted a rather unradiogenic Sr isotopic signature in
the soil surface layers.

Direct influence

The linear regression of leaf ®’Sr/*Sr ratio vs. the depth
of the Cy horizon (Fig. 2¢ and the other regressions on
the same figure) which passes at the origin to the value of
plantlets cultivated directly on calcareous loess (pot ex-
periment), constitutes the best argument supporting a
direct influence of carbonate. This foliar isotopic varia-
tion along the soil sequence cannot be explained by any
other parameter, given the homogenous soil chemical
parameters down to a depth of at least two metres.
Moreover, the evolution of the Sr isotopic ratios in the
exchangeable fractions is similar down to the B3, hori-
zon in four soil profiles distributed along the soil se-
quence (MES, REL II, PIG and TUM sites, Drouet et al.
2007b). When stands with and without a deep Cy horizon
are separated in two groups, f-tests reveal significant
differences for a series of element concentrations in
leaves: Ca and Mg (P<0.01), Sr (P<0.05) and Ba
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(P<0.05). The presence of beech roots down to 300 cm
in six sites and their vertical distribution measured in the
MES site (Fig. 3d) confirm that the carbonate-bearing
horizon (>250 cm) is indeed physically reached. The
root ®’Sr/*°Sr ratios are higher than that of leaves
(0.7112) down to 175-200 cm depth (Fig. 3a). The leaf
Sr isotopic signature can therefore only be explained by a
large capture of Sr from deep horizons with low ®’St/**Sr
ratio, which is necessary to compensate the relative
radiogenic uptake in the rest of the soil profile (Fig. 3a).

Indirect influence

Several parameters of the loessic soil indicate that the
exchange complex of the horizons that overlie the
decarbonatation front has partially preserved Sr and Ca
cations released by the dissolution of the carbonate for-
merly present in the loess. Uptake of cations by tree roots
in this mixed exchangeable pool could therefore be con-
sidered as influenced indirectly by the carbonate. Calcu-
lation of the proportions of the three sources of exchange-
able Ca using the mixing diagram (Fig. 4a) shows that Ca
inherited from carbonate (Cy horizon) represents a sig-
nificant proportion of the exchangeable pool (Fig. 4b,
inserted window). At about 1 m depth (B,,, horizon), the
contribution of Ca inherited from the CaCO; end-
member amounts to ~40 %. This proportion does not
vary markedly down to 230 c¢m, but in the underlying C,
horizon, located just above the decarbonatation front, this
contribution increases to 76 %.

The Ca released by the dissolution of carbonate and
retained as exchangeable forms could also influence the
profiles even if carbonate is now totally dissolved. Ac-
cordingly, in the soil developed on deep loess deposit of
the MLN site, which is fully decarbonated, the Ca/Sr
ratio increases from 200 to 270 cm and, concomitantly,
the 8’Sr/%°Sr ratio decreases from 0.721618 in the B,y
horizon to 0.711727 in the C-horizon, at a depth of
~285 cm. Resulting contributions of Sr and Ca inherited
from the CaCO; end-member in the exchangeable pool
of the C-horizon are 57 and 93 %, respectively (Egs. 1
and 2). Very high effective base saturation (>90 %) and
Ca saturation rates (>60 %) are systematically observed
in the deep soil horizons where such a residual cation
accumulation has been preserved. The similar evolution
with depth of the effective base saturation, Ca/Sr ratio
(Fig. S2a) and Ca/Ba ratio (Fig. S2b) in the CTE II and
DIEP sites suggests that Tertiary sediments occuring
below a loess cover, are also influenced by Sr and Ca

cations derived from the dissolution of loess-derived
carbonate in the overlying layers. Logically, such trend
was not observed in the profile on relatively pure Tertiary
material (LND site). In the CTE II and DIEP sites, there
is therefore a possibility for trees to prospect Ca-enriched
horizons indirectly influenced by carbonate. However,
we showed that calcium concentrations in beech leaves
are significantly lower in stands without a carbonate
layer compared to stands with deep carbonate. More-
over, the calcium status of the stands without Cy horizon
is not significantly different from that of the acidophilous
stands developed on sandstone in High Belgium
(Herbauts 1982). Thus, even if present, this mechanism
of uptake of relict Ca dissolved from carbonate and
maintained as exchangeable form does not seem to be
as effective as the direct influence of carbonate. Indeed,
direct influence of carbonate is necessary to maintain the
isotopic gradient in soils and is the unique explanation of
the gradual variation of foliar Ca concentration in sites
along the soil sequence. So, the deep carbonate horizon
represents a tremendous source of Ca for vegetation. On
the other hand, our results showed that a site with Ca
derived at 87 % from the carbonate source displays quite
high Ca concentrations in leaves (~8000 ug g ') but
nevertheless somewhat lower compared to situations
where carbonate appears at the surface (analogous to
pot experiment) or at less than one metre depth in other
Belgian stands on calcareous substrates (>11 000 ug g ';
Table 1). Moreover, acidic conditions and low Ca status
of the soil surface reflect a moderate annual uptake
essentially provided by litter returns influenced by the
Cy horizon. The annual input of the carbonate source is
probably limited given the low root density in this deep
layers. However, long-term moderate but continuous
inputs of Ca from this source coupled to a tight cycling
of this element are able to maintain contrasting Ca con-
tent in litter and to build soil reserves that can reach 60 %
of the topsoil horizons. The relatively small annual input
of Ca from carbonate coupled with the efficient recycling
of this input in the soil surface horizons can reconcile
moderate Ca concentrations in leaves and topsoil with a
high contribution from the carbonate source reaching
87 % in some sites (HUB II).

Conclusion

This study demonstrates that the Sr isotopic composition
of beech trees growing on loessic soils is largely
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influenced by the root access to a calcareous layer. This
layer is located at depths generally greater than 2.5 m
and its influence on tree mineral nutrition are direct,
when tree roots are able to prospect the Cy horizon,
but can also be indirect to a lesser extent, mainly when
the development of the rooting zone is restricted to soil
horizons where the exchange complex has preserved a
significant amount of the Sr and Ca cations formerly
released by the dissolution of carbonate minerals. How-
ever this last indirect effect cannot be considered to
explain the significant isotopic difference between
stands developed in soils with or without a deep
carbonate-bearing horizon. A direct influence through
the small annual uptake of Ca in the Cy horizon coupled
with a tight recycling of this element in the top layers is
the only mechanism which could explain together 1) the
increase of the calculated contribution of carbonate to
leaf Ca and the slight increase in litter Ca concentration
with the shallow depth of the Cy horizon, 2) the mixing
line linking the exchangeable fraction of all the soil
horizons to the carbonate source and 3) the relative
low foliar Ca content of stands provided at >80 % by
the carbonate source (e.g., HUB II site). The input of Ca
from atmospheric precipitation estimated in a site with
no direct carbonate influence can be estimated to a
maximum of 24 %.

The access of beech roots to a deep carbonate source
has an important ecological implication in regard with
the acid depositions combined with intensive logging in
this forest. In the absence of'a deep carbonate source, the
tree nutrition status of these forest stands could be more
critical. This study shows that the use of a soil sequence
within a homogeneous substrate is essential to identify
and quantify the influence of more than two sources of
nutrient in complex systems.

Acknowledgments This research was financially supported by
the Fonds National de la Recherche Scientifique (FNRS, Belgium)
through the conventions FRFC nr 2.4570.02F and 2.4607.07F. We
thank four referees for their careful review and their insightful
comments of the manuscript.

References

Aberg G, Wickman T, Hamilton PJ (1990) Strontium isotopes in
trees as an indicator for calcium availability. Catena 17:1-11

Ashwal LD, Demaiffe D, Torsvik TH (2002) Petrogenesis of
Neoproterozoic granitoids and related rocks from the
Seychelles: the case for an Andean-type arc origin. J Petrol
43:45-83

@ Springer

Beauregard F, Coté B (2008) Test of soil extractants for
their suitability in predicting Ca/Sr ratios in leaves and
stems of sugar maple seedlings. Biogeochemistry 88:
195-203

Bélanger N, Holmden C, Courchesne F, Cété B, Hendershot WH
(2012) Constraining soil mineral weathering *’Sr/*°Sr for
calcium apportionment studies of a deciduous forest growing
on soils developed from granitoid igneous rocks. Geoderma
185-186:84-96

Berger TW, Swoboda S, Prohaska T, Glatzel G (2006) The role of
calcium uptake from deep soils for spruce (Picea abies) and
beech (Fagus sylvatica). Forest Ecology and Management
229:234-246

Bern CR, Townsend AR, Farmer GL (2005) Unexpected domi-
nance of parent-material strontium in a tropical forest on
highly weathered soils. Ecology 86(3):626—632

Blum JD, Klaue A, Nezat CA, Driscoll CT, Johnson CE, Siccama
TG, Eagar C, Fahey TJ, Likens GE (2002) Mycorrhizal
weathering of apatite as an important calcium source in
base-poor forest ecosystems. Nature 417:729-731

Blum JD, Dasch AA, Hamburg SP, Yanai RD, Arthur MA (2008)
Use of foliar Ca/Sr discrimination and *’Sr/*Sr ratios to
determine soil Ca sources to sugar maple foliage in a northern
hardwood forest. Biogeochemistry 87:287-296

Blum JD, Hamburg SP, Yanai RD, Arthur MA (2012)
Determination of foliar Ca/Sr discrimination factors for six
tree species and implications for Ca sources in northern
hardwood forests. Plant Soil 356:303-314

Brahy V, Deckers J, Delvaux B (2000) Estimation of soil
weathering stage and acid neutralizing capacity in a loess-
derived toposequence Luvisol-Cambisol under broad-leaved
forest. Eur J Soil Sci 51:1-13

Bullen TD, Bailey SW (2005) Identifying calcium sources at an
acid deposition-impacted spruce forest: a strontium isotope,
alkaline earth element multi-tracer approach.
Biogeochemistry 74:63-99

Capo RC, Stewart BW, Chadwick OA (1998) Strontium isotopes
as tracers of ecosystem processes: theory and methods.
Geoderma 82:197-225

Dambrine E, Loubet M, Vega JA, Lissarague A (1997)
Localisation of mineral uptake by roots using Sr isotopes.
Plant Soil 192:129-132

Dasch A, Blum JD, Eagar C, Fahey TJ, Driscoll CT, Siccama TG
(2006) The relative uptake of Ca and Sr into tree foliage using
a whole-watershed calcium addition. Biogeochemistry 80:
21-41

Denaeyer-De Smet S (1969) Recherche sur I’écosystéme forét. La
chénaie mélangée calcicole de Virelles-Blaimont. Apports
d’¢léments minéraux par les eaux de précipitation,
d’égouttement sous couvert forestier et d’écoulement le long
des troncs (1965, 1966, 1967). Bull Soc Roy Botan Belg 102:
355-372

Denaeyer-De Smet S, Duvigneaud P (1977) Cycles
biogéochimiques dans une hétraie et une pessiére a
Mirwart. In: Duvigneaud P, Kestemont P (eds) Productivité
biologique en Belgique. SCOPE, Travaux de la Section belge
du Programme Biologique International. Duculot, Paris-
Gembloux

R Development Core Team (2014) R: a language and environment
for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. http://www.R-project.org


http://www.r-project.org/

Plant Soil (2015) 394:373-389

389

Dijkstra FA, Smits MM (2002) Tree species effects on calcium
cycling: the role of calcium uptake in deep soils. Ecosystems
5:385-398

Drouet T, Herbauts J (2008) Evaluation of the mobility and dis-
crimination of Ca, Sr and Ba in forest ecosystems: conse-
quence on the use of alkaline-earth element ratios as tracers of
Ca. Plant Soil 302:105-124

Drouet T, Herbauts J, Gruber W, Demaiffe D (2005a) Strontium
isotope composition as a tracer of calcium sources in two
forest ecosystems in Belgium. Geoderma 126:203-223

Drouet T, Herbauts J, Demaiffe D (2005b) Long-term records of
strontium isotopic composition in tree-rings suggest changes
in forest calcium sources in the early 20th century. Global
Change Biol 11:1926-1940

Drouet T, Herbauts J, Demaiffe D (2007a) Change of the origin of
calcium in forest ecosystems in the twentieth century
highlighted by natural Sr isotopes. In: Dawson T, Siegwolf
R (eds) Stable isotopes as indicators of ecological change.
Terrestrial ecology series. Elsevier, London, pp 323-333

Drouet T, Herbauts J, Gruber W, Demaiffe D (2007b) Natural
strontium isotope composition as a tracer of weathering
patterns of exchangeable calcium sources in acid leached
soils developed on loess of central Belgium. Eur J Soil Sci
58:302-319

Farka$ J, Déjeant A, Novak M, Jacobsen SB (2011) Calcium
isotope contraints on the uptake and sources of Ca®" in a
base-poor forest: a new concept of combining stable (5
42Ca) and radiogenic (ec,) signals. Geochim Cosmochim
Acta 75:7031-7046

Herbauts J (1982) Chemical and mineralogical properties of sandy
and loamy-sandy ochreous brown earths in relation to incip-
ient podzolization in a brown earth-podzol evolutive se-
quence. J Soil Sci 33:743-762

Herbauts J, El Bayad J, Gruber W (1996) Influence of logging
traffic on the hydromorphic degradation of acid forest soils

developed on loessic loam in middle Belgium. Forest Ecol
Manag 87:193-207

Ingestad T (1971) A definition of optimum nutrient requirements
in birch seedlings. II. Physiol Plant 24:118-125

Langohr R, Sanders J (1985) The Belgian Loess belt in the Last
20.000 Years: evolution of Soils in the Zonien Forest. In:
Boardman J (ed) Soils and quaternary landscape evolution.
John Wiley & Sons, pp 359-371

Lucash MS, Yanai RD, Blum JD, Park BB (2012) Foliar nutrient
concentrations related to soil sources across a range of sites in
the northeastern USA. Soil Sci Soc Amer J 76:674-683

Misson L, Ponette Q, André F (2001) Regional scale effects of
base cation fertilization on Norway spruce and European
beech stands situated on acid brown soils: soil and foliar
chemistry. Ann Forest Sci 58:699-712

Porder S, Paytan A, Vitousek PM (2005) Erosion and landscape
development affect plant nutrient status in the Hawaiian
Islands. Oecologia 142:440-449

Poszwa A, Ferry B, Dambrine E, Pollier B, Wickman T, Loubet
M, Bishop K (2004) Variations of bioavailable Sr concentra-
tion and the 8’St/*°Sr ratio in boreal forest ecosystems. Role
of biocycling, mineral weathering and depth of root uptake.
Biogeochemistry 67(1):1-20

Van der Heijden G, Legout A, Midwood AJ, Craig C-A, Pollier B,
Ranger J, Dambrine E (2013) Mg and Ca root uptake and
vertical transfer in soils assessed by an in situ ecosystem-
scale multi-isotopic (**Mg & **Ca) tracing experiment in a
beech stand (Breuil-Chenue, France). Plant Soil 369:33—45

Van Ranst E, De Coninck F, Tavernier R, Langohr R (1982)
Mineralogy in silty and loamy soils of central and high
Belgium in respect to autochtonous and allochtonous mate-
rials. Bull Soc Belge Géologie 91:27-44

WRB (2006) World reference base for soil resources 2006. World
soil resources reports no 103, 2nd edn. FAO, Rome

@ Springer



	Influence of deep soil horizons on Ca nutrition of forest stands along a loessic soil sequence
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Sites description
	Sampling
	Sample preparation and analytical methods
	Pot experiment
	Sr isotope analyses
	Calculations and statistical analyses

	Results
	Control of the soil physico-chemical homogeneity along the soil sequence
	Sr isotopic composition of the soil acid-extractable and exchangeable fractions
	Element composition of beech foliage and leaf litter
	Sr isotopic composition, Ca/Sr and Ca/Ba ratios of beech leaves and roots

	Discussion
	Determining the sources of Ca for tree nutrition
	Influence of the carbonate-bearing horizon
	Direct influence
	Indirect influence

	Conclusion
	References


