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The dynamics of calcium and magnesium inputs

by throughfall in a forest ecosystem on base poor soil are
very slow and conservative: evidence from an isotopic
tracing experiment (**Mg and **Ca)

Gregory van der Heijden - Arnaud Legout -
Benoit Pollier - Jacques Ranger -
Etienne Dambrine

Received: 19 September 2013/ Accepted: 17 December 2013 /Published online: 7 January 2014

© Springer Science+Business Media Dordrecht 2014

Abstract Using nutrient budgets, it has been proven
that atmospheric deposition of Mg and Ca sustains the
fertility of forest ecosystems on base-poor soils.
However the fate of this nutrient input within the
ecosystem was presently unknown. Our hypothesis is
that the biological cycling of these nutrients is very
rapid and conservative to prevent further Mg and Ca
losses most especially in ecosystems on base-poor
soils. Stable isotopes of magnesium and calcium
(**Mg and **Ca) were used to trace the dynamics of
throughfall Mg and Ca in the forest soil of a 35-year-
old beech stand. The aim of the present study was to
(1) understand the processes and the velocity of the
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incorporation of tracers in the biogeochemical cycles
and (2) compute Mg and Ca budgets for the ecosystem
by isotope dilution. Rainfall Mg and Ca were strongly
and rapidly retained mainly by ion exchange in the
thin OL litter-layer. However, Ca was much more
strongly retained in the litter-layer than Mg. As a
result, 2 years after the application of tracers (2012),
92 % of **Mg and 67 % of **Ca was released and
transferred to the soil or taken up by trees. The vertical
transfer of Mg was very slow only 15 % of °Mg was
found below 15 cm depth in 2012. Ca was slower than
26Mg only 9 % of **Ca was found below 5 cm depth.
Although matrix flow was the main vertical transfer
process of Ca and Mg, preferential transfer in
macropores occurred. Overall, Mg was more rapidly
leached through the soil profile than Ca because the
soil CEC was mainly composed of organic charges
which affinity for Ca is much higher than for Mg. 27 %
of ?°Mg and 20 % of **Ca was found in tree biomass
and total tracer recovery was close to 100 %. These
results suggest that no tracers were lost to drainage
over the 2 years. Finally, applying the isotopic dilu-
tion theory to the whole-ecosystem enabled us to
estimate Mg and Ca budgets —0.9 kg ha™" year™" for
Mg, which was close to computed input—output
budgets —0.8 and 0 kg ha~' year™' for Ca, which
was very different from input—output budgets
(—3.1 kg ha™! year™"). Our results suggest that a Ca
source is underestimated or not taken into account.
Over all, organic matter of the litter-layer and in the
soil profile played an essential role in the retention of
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throughfall Mg and Ca and their cycling within the
forest ecosystem.

Keywords Forest - Isotope tracer - Calcium -
Magnesium - Soil fertility - Reactive transport

Introduction

Calcium and magnesium are two essential elements to
forest soil fertility. Their amount on the cation
exchange capacity directly influences soil base satu-
ration and pH. As divalent cations, they participate in
the binding of negatively charged particles such as
clays and organic compounds and therefore stabilize
soil structure and aggregates. Calcium is also essential
for the biological activity of many soil organisms,
such as earthworms, which influence considerably
litter decomposition (Edwards and Bohlen 1996).
Finally calcium and magnesium are essential for plant
nutrition (Marschner 1995).

Most forest soils are acid and base poor. Stores of
bioavailable Ca and Mg originate from inputs by
atmospheric deposition and mineral weathering and
vary in relation to leaching and biomass immobiliza-
tion. In numerous situations, nutrient budget
approaches have questioned the sustainability of plant
available Mg and Ca pools. Ongoing Ca and Mg
depletion in soils, either related to decreasing atmo-
spheric deposition rates (e.g. Jonard et al. 2012; van
der Heijden et al. 2011) or to increased leaching
(Bailey et al. 2005) or biomass immobilization
(Johnson et al. 2008) was observed in many ecosys-
tems throughout the world. In recent years, the
demand for bio-energy has strongly increased sup-
porting short rotation silviculture and whole-tree
harvesting (Ericsson 2004; Puech 2009). The sustain-
ability of forest ecosystems on base-poor soils is
uncertain in such a context.

Paradoxally, in many forest ecosystems, low avail-
able Mg and Ca pools and Mg and Ca depletion have
not been reflected in tree growth and health. In many
cases, computed input—output nutrient budgets were in
disagreement with measured soil nutrient pool size
change over time. For example, in a silver fir stand in
the Vosges Mountains (France), input—output budgets
computed over a 13-year period predicted Mg and Ca
depletion (on average —0.8 kg ha~' year™' Mg and
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—1.9 kg ha™! year™' Ca) while soil sampling showed
that the exchangeable Mg and Ca pools in the 0-70 cm
mineral soil had remained constant (van der Heijden
et al. 2011). Hazlett et al. (2011) also observed no
change in exchangeable Mg and Ca pools over a
17-19-year period in the soil of the Turkey Lakes
catchment in Canada although input—output budgets
predicted Mg and Ca depletion (—0.5 kg ha™' year™'
Mg and —32 kg ha™' year™' Ca). Input—output bud-
gets computed by Johnson et al. (1982) in an oak stand
after clear-cut predicted Ca depletion but were con-
tradicted by soil resampling 15 years after the clear-
cut: soil exchangeable Ca pools had remained constant
(Johnson and Todd 1998). In other cases, no forest
decline symptoms were observed although available
Mg and Ca pools in the soils were very low (van der
Heijden et al. 2013c).

To explain such discrepancies, many authors have
suggested that the nutrient fluxes measured for the
purpose of input—output budgets may be poorly
estimated. The difficulty of estimating atmospheric
dry deposition has been discussed by Staelens et al.
(2008) and recently Lequy et al. (2012) showed that
aeolian dry dust deposition (not previously taken into
account) is also a nutrient input to forest ecosystems.
Estimating mineral weathering is also known to be a
large source of error. For example, Klaminder et al.
(2011) showed that the relative standard error around
the mean Ca and K weathering flux (mean of seven
different approaches to estimate weathering fluxes in
the Svartberget—Kryclan catchment in Sweden) was,
respectively, 105 and 97 %. Quantifying the biolog-
ical component of the weathering flux is also difficult
although such processes have been shown to be very
important in plant nutrition (Arocena et al. 2012;
Calvaruso et al. 2006; Turpault et al. 2009). Yanai
et al. (2005) also showed that the weathering of apatite
minerals in the soils, which are often not taken into
account in weathering budgets, may mitigate Ca
depletion in the north-eastern states of USA. Finally,
it has also been shown that in forest ecosystems on
base-poor soils, biological cycling represents a greater
pool of nutrients than mineral soil pools (van der
Heijden et al. 2013c). Overall these discrepancies
show the need to more precisely define what nutrient
pools are available for plant uptake and how nutrients
transfer in between the different ecosystem compart-
ments. They also show the limits of conventional
approaches to study nutrient pools and fluxes.
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We hypothesize that in forest ecosystems where Mg
and Ca inputs, whether through atmospheric deposi-
tion or mineral weathering, are low, the Mg and Ca
plant-available pools are sustained over time by a
rapid and conservative biological cycling of these
nutrients. To properly test our hypothesis, the devel-
opment of new methods was necessary.

The development of mass spectrometry instruments
has enabled to use stable isotopes (such as ISN, 18O,
ZH, 13C and more recently 26Mg and 44Ca), as tracers
to gain insight in nutrient cycling in forest ecosystems.
The natural variation of Mg and Ca stable isotope
ratios has enabled to trace processes such as root
uptake, allocation and translocation (Bolou-Bi et al.
2010; Cobert et al. 2011; Hindshaw et al. 2012).
However, because the Mg and Ca isotope ratios of
bulk deposition and Ca- or Mg-bearing minerals often
overlap and given the precision of measurements,
natural isotope variations enable to trace sources at
specific sites only (Bolou-Bi et al. 2012; Holmden and
Bélanger 2010). Moreover, fluxes are generally com-
puted assuming steady state. The isotopic labeling
technique with “°Mg and **Ca enriched material is a
complementary approach and enables to trace fluxes
between ecosystem compartments by artificially
changing the isotopic composition of a given pool
(Augusto et al. 2011; Kuhn et al. 2000; Midwood et al.
2000; Weatherall et al. 2006).

In order to test our hypothesis, an in situ ecosystem-
scale multi-isotopic (*H, '°N, *Mg and **Ca) tracing
experiment was carried out in April 2010 in a 35-year-
old beech plot at the Breuil-Chenue experimental site.
This site was selected for the multi-isotopic tracing
experiment (described below) for the following rea-
sons: (i) Conventional and isotopic approaches to
study nutrient cycling may be compared at this site.
Indeed, the site has been intensively monitored since
2002 and nutrient fluxes and input—output budgets
have been computed (van der Heijden et al. 2013c). (ii)
Soil Mg and Ca pools in the ecosystem were very low:
the application of a small amount of *°Mg and **Ca
enriched material may strongly label theses pools. (iii)
Nutrient pools in the soil at this site are very low.
Indeed, exchangeable Mg and Ca pools were respec-
tively 33 kg ha~' Mg and 61 kg ha~' Ca in 2001 and
nutrient budgets for this stand over 2003-2008
predicted Mg and Ca depletion (—0.8 kg ha™' year™'
Mg and —3.1 kg ha~! year™' Ca). However, no forest
decline symptoms (yellowing or loss of leaves, etc.)

were observed. Tree growth and health was apparently
not impaired.

This paper focuses on the fate of **Mg and **Ca in
the ecosystem. Previous papers have reported results
from this experiment:

Water fluxes in the soil were studied in van der
Heijden et al. (2013b). Modeling and *H water
tracing results evidenced the occurrence of prefer-
ential water flow in the soil profile.

Nutrient pools and fluxes and input—output budgets
computed with “conventional” approaches were
reported in van der Heijden et al. (2013c). Soil
exchangeable pools were measured in 1976 and
again in 2001. The comparison of both sampling
dates suggested that Mg was depleted from the soil
(=5 kg ha' year™') while Ca pools remained
constant. Nutrient fluxes were monitored over the
2003-2008 period and input—output budgets sug-
gested both Mg and Ca depletion —0.8 and
—3.1 kg ha™! year™' respectively.

Isotope ratio analysis with ICP-MS methods were
reported in van der Heijden et al. (2013a).
Preliminary results reported in this article showed
that the litter-layer plays an important role in
retaining Mg and Ca inputs from rainfall/through-
fall, and that a both rapid and slow vertical transfer
of tracers occurred in the soil profile.

The aim of the present study was to (1) understand the
processes and the velocity of the incorporation of tracers
in the biogeochemical cycles and (2) compute Mg and
Ca budgets for the ecosystem by isotope dilution. In
order to do so, we first measured the tracer concentra-
tions in the litter-layer (bulk litter and exchangeable),
the mineral soil (microbial biomass and exchangeable),
soil solution and above-ground biomass 2 years fol-
lowing the application of tracers to study Mg and Ca
dynamics in the ecosystem. Then we estimated Mg and
Ca pool sizes in the different ecosystem compartments
in 2012 by applying the isotopic dilution theory and
compared this to former measurements.

Materials and methods
Study site

The experimental site of Breuil-Chenue forest (here-
after named Breuil-Chenue site) is located in the
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Ca

Mg

BS (%)

Organic

Soil cationic exchange capacity

ECEC

Cgkg™H ON

Clay (%)

Silt (%)

Soil texture
Sand (%)

Bulk density

(¢ <2 mm)

Depth
(cm)

Table 1 Breuil-Chenue experimental site soil description from 16 sampled profiles in 2001, data from van der Heijden et al. (2013a)

Horizon
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(cmol, kg_l)

(cmol, kg_l)

CEC (%)

(cmol. kg™ l)

0.54
0.15
0.07
0.02
0.02
0.01
0.02

0.23
0.13
0.08
0.04
0.03
0.02
0.03

19.4

74
63

8.66
7.23
543
4.08
3.13
3.11
3.32

18.0

20.6 72.6

21.8

57.6

0.50
0.64
0.67
0.89
0.90
1.08
1.05

0-5

Al/E

10.9

18.1

21.5 18.4 46.1

60.2

5-10
10-15

Al-Al/Bp
Sal 1

7.9

5.8
74

57
8.1

51

18.1

342

18.4

23.6

58.0

24.1 16.0 233 17.9

60.0

15-25
25-40
40-55

Sal 2

38

17.1

24.7 17.5 14.0

57.8

Sal 2

25.8 18.5

55.7

Sal 3

8.1

253 17.5

57.3

55-70

II Sal 4

Bulk density is given for the soil particules smaller than 2 mm diameter (mass of soil particles smaller than 2 mm/total volume of soil). Organic CEC is the relative contribution
of soil organic matter to soil total ECEC (expressed in %) and was estimate with Eq. (1) (Table 2). Base saturation (BS) is expressed in percentage of the effective cationic

exchange capacity (ECEC)

Morvan Mountains, Burgundy, France (latitude
47°18'10", longitude 4°4’44”). The elevation is
640 m, the annual rainfall 1,180 mm, the mean annual
potential evapo-transpiration (PET) 750 mm and the
mean annual temperature 9 °C (computed over the
period 2006-2010). The soil is a sandy Alocrisol
(Alumic Cambisol; WRB FAO) displaying micro-
podzolisation features in the upper mineral horizon
(Ranger et al. 2004). The soil parent material is
granite, containing 23.5 % quartz, 44 % K-feldspar,
28.5 % plagioclase, 1.6 % biotite and 1.6 % musco-
vite (Mareschal 2008). The experimental site is
situated on a flat hilltop. The landscape is drained by
a stream the source of which is situated ca. 500 m from
the site. In 1975, part of the native forest (coppice with
standards) located on a homogeneous soil type was
clear-cut, heavy swathing was carried out. Effectively,
all brash and the humus layer were removed from the
plot. Plots (approximately 35 x 35 m?) were planted
with different species in 1976.

The present study focused on the beech plot (Fagus
silvatica L.). The humus type in this plot was
described in 2003 as a mesomull (Brethes et al.
1995): the OL-layer was 0.5-1 cm thick, the OF-layer
was very thin and discontinuous and no OH-layer was
observed (Moukoumi 2006). The humus layer (here-
after referred to as the litter-layer) represented
22,000 kg ha"' of dry matter, 12 kg ha~' of Mg and
54 kg ha™' of Ca. Soil chemical properties were
measured from 16 soil profiles (0-70 cm depth)
collected in 2001. A description of soil properties is
given in Table 1. The proportion of organic CEC in
total soil CEC was estimated by fitting the following
equations to the soil analysis data:

CECiotal = a + b x Carbon(%) + ¢ x Clay(%) (1)

where CEC,, is the total measured cationic exchange
capacity (cmol, kg_l), Carbon(%) the soil total

Table 2 Statistics for the fitted parameters of Eq. (1) predict-
ing fine earth total CEC from soil carbon content (%) (b) and
clay content (%) (c)

Estimate SE Pr (>ltl)
a - - NS
b 0.92191 0.075 <0.0001
c 0.12374 0.01818 <0.0001
R? = 0.9881

Parameters were fitted with a linear regression model
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carbon content (%), Clay(%) the soil clay content (%)
and a, b and c the fitted parameters. The parameters (q,
b and c¢) were assumed to be constant with depth and
were fitted using a linear regression model (Table 2)
(Evans 1982; Helling et al. 1964; Pratt 1961; Wilding
and Rutledge 1966; Wright and Foss 1972; Yuan et al.
1967).

Nutrient pools (soil, litter and aboveground bio-
mass) in 2001 and nutrient fluxes and input—output
budgets were computed for the beech plot over the
2003-2008 period (Table 3). Methods were fully
described in a previous paper (van der Heijden et al.
2013c). Briefly, the litter-layer pool was estimated
from 16 samples collected in 2001. The aboveground
biomass pool was estimated with allometric equations
fitted to 14 trees sampled during a thinning in 2002.
Atmospheric wet deposition was computed from bulk
rainfall. Atmospheric dry deposition was estimated
using the equations defined by Ulrich (1983). We
assumed that no Na™ canopy interaction and computed
dry Na deposition as the difference between bulk

Table 3 Mg and Ca pools in 2001, fluxes and input—output
budgets computed over 2003-2008

Mg (kg ha™") Ca (kg ha™")
Pools in 2001
Aboveground biomass 25 0.4) 148 3.4)
Litter-layer (bulk) 12 4.6) 55 (17.6)
Mineral soil 0-70 cm 33 ) 61 (28)
(exchangeable)
Inputs
Atmospheric 0.8 0.2) 3.7 (1.5)
deposition
Weathering 0.5 - 0.2 -
Cycling
Throughfall 0.8 0.1 3.0 0.7)
Litterfall 1.6 0.3) 10.4 (1.3)
Outputs
Leaching 60 cm 0.9 0.2) 1.4 (0.3)
Net uptake 1.2 0.2) 5.6 (0.8)
Budget —-0.8 0.3) =31 (1.2

Figures between brackets are estimated uncertainties: standard
deviation of sample replicates for pools, annual fluxes over
2003-2008 for fluxes and budgets and iterations (n = 14) of a
Monte-Carlo approach for aboveground biomass. Data from
van der Heijden et al. (2013c)

rainfall and throughfall plus stemflow. Dry deposition
of cations (Ca®*, Mg”>", K™ and NH,") was then
computed using the Na dry deposition factor. We used
the geochemical model PROFILE (Sverdrup and
Warfvinge 1988) to calculate the mean annual input.
Fine earth (soil particles smaller than 2 mm diameter)
mineralogy (Mareschal 2008) was implemented in
PROFILE and the mineral surface area was calibrated
so as to reproduce Na concentrations in the soil
solution. The leaching flux at 60 cm depth was
estimated by multiplying the mean measured ten-
sion-cup lysimeter concentration with the modelled
water drainage flux. The water drainage flux was
modelled with BILJOU (Granier et al. 1999), a pool
and flux model. The model was calibrated over
2002-2008 using daily soil water content data col-
lected with TDR probes (van der Heijden et al. 2013Db).
Forest inventories were carried out yearly from 2002
to 2008 and allometric equations were applied to these
inventories. Net uptake was computed from the
difference of immobilised nutrients between two
consecutive years.

Multi-isotopic tracing experiment design
Application of stable isotope tracers

A subplot of the beech plot (hereafter named tracing
plot) was equipped in 2009 to carry out a tracing
experiment on April 7, 2010. The plot covered 80 m?.
The tracing solution (350 mg L™' Mg; 200 mg L™
Ca) was made up by dissolving enriched **MgO
(99.25 at.% *°Mg) and **CaCO; (96.45 at.% **Ca).
20 L of the tracing solution were sprayed on the ground
of the tracing plot representing a 0.25 mm rainfall
event. 16 mm of deionised water were sprayed on the
tracing plot over a period of 8 h so as to simulate a
natural rainfall event. The application of Mg and Ca
isotope tracers represented an input of 0.96 kg ha™'
Mg and 0.53 kg ha™' Ca thus representing of 124 and
14 % of annual inputs. The tracing plot was monitored
during the 2 years after the application of tracers as
detailed below. To avoid a second application of tracer
from litterfall, at each fall, all litterfall was collected by
setting nets around each tree. Litterfall was replaced by
fresh litter collected in the second 35 year-old beech
plot of the Breuil-Chenue site.
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Isotope ratio notation

Mg has three stable isotopes (mass 24-26) and Ca has
six (mass 40, 42, 43, 44, 46 and 48). Crustal abundance
values for Mg and Ca isotopes as detailed in Hoefs
(2009) are **Mg (78.99 %), *Mg (10 %), **Mg
(11.01 %), *°Ca (96.941 %), **Ca (0.647 %), *’Ca

44 40
UM Ca — Ca/"Ca

isotope (26Mg or 44Ca) at natural abundance (assumed
0 %o). Atom percent of the tracer isotopes are calcu-
lated as follows:

2Mg/**Mg

(yZﬁM —
S Ve T Mg Mg + Mg Mg

(5)

1 4+ 42 Ca/*°Ca + 43 Ca/*°Ca + % Ca/**Ca + 46 Ca/*°Ca + 48 Ca/*°Ca

(0.135 %), **Ca (2.086 %), *°Ca (0.004 %) and **Ca
(0.187 %). Measured isotopic compositions of sam-
ples are expressed with the absolute value of the
isotope ratio (**Mg/**Mg and **Ca/*’Ca) or in permil
deviations relative to the Mg and Ca reference ratios
[DSM3 (Galy et al. 2003) and NIST SRM 915a
respectively]:

526/24Mg —
{ (26Mg/24Mg) sample/ (26Mg/24Mg) DSM3 1 } x 1000
(2)
/400y —
44 40 44 40
{( Ca/ Ca) sample/( Ca/ Ca) NIST915a_1} x 1000
(3)

To account for **Mg and **Ca applied tracers in
each ecosystem compartment, it iS necessary to
distinguish *°Mg and **Ca present naturally in Mg
and Ca pools from **Mg and **Ca present due to the
application of the tracers. Excess 26Mg and **Ca in
samples was calculated assuming that natural isotopic
composition (control isotopic composition) was 0 %o
for both Mg and Ca:

excess(yX) = [X]sample X (% stample — % yX“at)
(4)

where excess(’X) is the excess of the tracer isotope
(**Mg or *'Ca) due to the application of the tracer in
the sample, [X]sampie the concentration or total amount
of element (Mg or Ca) in the sample, % *Xampie the
atom percent of the tracer isotope (**Mg or **Ca) in the
sample and % X, the atom percent of the tracer

@ Springer

where *°Mg/**Mg and **Ca/*°Ca are the measured
ratios in samples, >Mg/**Mg, **Ca/*’Ca, **Ca/*’Ca,
46Ca/**Ca and **Ca/*’Ca were assumed to be constant
and equal to terrestrial values: 0.1266 for *’Mg/**Mg,
6.677 x 107* for **Ca/*°Ca, 1.3926 x 10> for
Bca/*®Ca, 4.1262 x 107> for **Ca/*°Ca and
1.929 x 1072 for **Ca/**Ca (Hoefs 2009).

Monitoring **Mg and **Ca isotope tracers
in the ecosystems

Monitoring *°Mg and **Ca tracers in the litter
and mineral soil layers

During the 2 years after the tracing experiment, soil
profiles were sampled with a cylindrical corer (sam-
pling dates are given in Table 4) to measure the Mg
and Ca isotopic composition of the litter-layer, the soil
exchangeable pools and microbial biomass. The litter-
layer was collected directly above the sampled soil
profiles. Litter-layer samples were oven-dried (65 °C),
milled and Mg and Ca tracers in the litter-layer were
analysed in two different ways: (i) Exchangeable Mg
and Ca and (ii) total Mg and Ca in litter. Exchangeable
Mg and Ca in the litter-layer were measured after an
extraction: 5 g of milled litter sample were shacked
with 50 mL of 1 mol L™' ammonium acetate then
filtered. Total Mg and Ca in litter was measured after
the digestion of ca 200 mg with of milled litter sample
in 5 mL of 50 % nitric acid.

Sampled soil profiles were divided into 5 cm-thick
layers down to 60 cm depth. Exchangeable Mg and Ca
were measured after two consecutive extractions:
7.5 g of field fresh soil was shacked with 50 mL of
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Table 4 Summary of soil
and litter sampling dates,
number of replicates and

depth sampled

The cumulated matrix water
flow (mm) at each sampling
date is also given (van der

Date Cumulated matrix Replicates Sampled Litter-layer Soil
water flow (mm) depth (cm) extractions
08/04/2010 17.8 4 15 Yes
14/04/2010 18.7 8 15 Yes Yes
04/05/2010 38.3 8 15 Yes Yes
18/05/2010 63.9 8 15 Yes Yes
15/06/2010 96.7 8 15 Yes Yes
15/07/2010 115.9 8 30 Yes Yes
10/08/2010 126.1 8 30 Yes
08/09/2010 158 8 15 Yes Yes
04/10/2010 174.6 8 30 Yes
04/11/2010 217.4 8 30 Yes Yes
03/01/2011 361.3 8 30 Yes
22/02/2011 429.5 8 30 Yes
22/03/2011 481 8 45 Yes Yes
19/04/2011 496.5 8 45 Yes
16/05/2011 502.1 8 45 Yes
11/07/2011 525.1 8 45 Yes
05/09/2011 567.8 4 60 Yes Yes
30/11/2011 646 4 60 Yes
21/03/2012 884.6 4 60 Yes Yes

Heijden et al. 2013b)

1 mol L™! ammonium acetate for 1 h then centri-
fuged. The supernatant was collected after each
extraction and mixed together before being filtered.
Soil microbial biomass *°Mg and **Ca were mea-
sured using a chloroform fumigation extraction (CFE)
procedure (Brookes et al. 1982, 1985; Lorenz et al.
2010; Saggar et al. 1981; Sparling and West 1988;
Vance et al. 1987): 7.5 g of field-fresh soil was weighed
in glass vials and fumigated with chloroform for 24 h.
Unfumigated samples served as controls. Fumigated
samples were extracted following the same protocol as
CEC extractions (detailed above). Excess 26Mg and
44Ca was computed for both fumigated and unfumigated
samples with Egs. (3) and (4). Microbial Mg, Ca, *°Mg
and **Ca were calculated based on 35 °C oven-dry soil
by subtracting unfumigated soil extractions from fumi-
gated soil extractions. Fumigated extractions were
carried out on soil samples in the 0-30 cm soil layer
and for samples collected from April 2010 to March
2012. Differences between fumigated and unfumigated
extractions for total element (Mg, Ca and K) and isotope
tracers (26Mg and 44Ca) were tested with an ANOVA
test. Tracer pools in each compartment were computed
from the measured isotope enrichment in each

compartment and the total element (Mg and Ca) pool
size. For the latter, the Mg and Ca pool size in litter in
2001 was used: we assumed that the nutrients in the litter
pool have not changed since 2001.

Monitoring *°Mg and **Ca tracers in soil solution

Soil solutions were collected every 28 days with hand-
made PEHD zero-tension lysimeters (ZTLs) placed
between the litter-layer and the soil surface (hereafter
referred to as O cm depth) and at 10 cm depth
(3 replicates/depth), and with ceramic tension-cup
lysimeters (TCL; Oikos Umweltanalytik GBR, Cera-
mic P80, porosity 45 um, alumina-silica), with an
applied pressure of 0.6 bars, at 15, 30 and 60 cm depth
(four replicates/depth). Solutions were stored in
60 mL polypropylene bottles at 4 °C.

Immobilization of *°Mg and **Ca in tree biomass
In February 2012, a light thinning was carried out in
the tracing plot and five trees were cut to measure

Mg and **Ca total uptake during the 2 years after the
tracing experiment. The trunk of each felled tree was
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Treetop

Canopy 1/3

Canopy 2/3

Canopy 3/3

Py

<—  Bole

/\

Bole Sampling
----600cm 3 §
“’E - £
---"500cm o g g
> D >
=~ 400 cm i
<2300 cm
v
--+200cm
----130cm
~~7100cm
- -+ 50cm
- -+ 0cm

tﬂar/(

Samples

Sampling Height 0-5mm| 5-15mm| <15mm

X (circ>140 mm) X X X X

Bulk

X (circ<140 mm) X

Canopy Sampling

Branch diameter: 2-4cm
<1cm
Samples
Branch diameter| Bark Wood
2-4cm X X
1-2cm X X

<1cm Bulk

Fig. 1 Schematic description of the biomass sampling protocol to measure >*Mg and **Ca immobilization in above-ground tree organs

during the first 2 years after the application of tracers

cut into I-m-long logs and each log was weighed
(fresh weight), branches were separated according to
their diameter and their height in the tree canopy (top,
middle and bottom) and the fresh weight of each
compartment was measured. A set of samples from
each compartment were used to determine biomass
water content: from the difference between fresh
weight and 65 °C oven-dry weight. Another set of
samples from each compartment (as detailed in Fig. 1)
was oven-dried (65 °C), milled and digested in 50 %
nitric acid to determine total element concentrations

@ Springer

and Mg and Ca isotope ratios. Excess °Mg and **Ca
was computed for each tree and each compartment
with Eq. (4). One of the five trees showed die back
symptoms (a significant amount of branches were
dead) most probably because this tree was dominated
by surrounding trees. 2°Mg and **Ca uptake for this
particular tree was also low compared to the other
sampled trees. We therefore considered this sampled
tree as an outlier when fitting allometric equations.
Stumps were not removed during the thinning to
avoid soil disturbances. Root tracer concentration and
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biomass was thus not available. Root biomass in the
Breuil-Chenue beech plot was estimated using bio-
mass allometric equations fitted with root biomass
data from a 25 year-old beech stand in Brittany,
France (Legout 2008). Tracer immobilisation in the
root biomass was estimated by multiplying predicted
root biomass with measured tracer concentrations in
the stump. Total immobilized tracer was then calcu-
lated for each tree and allometric equations using tree
circumference at breast-height were fitted to the data.

Sample analysis methods

Ca and Mg concentrations in samples (soil solutions,
soil CEC extractions, biomass digests) were measured
by ICP-AES (Jobin—Yvon 180 ULTRACE) and
2Mg/**Mg and **Ca/*°Ca isotope ratios were measured
with ICP-MS (Bruker 820MS) following isotope ana-
lysis methods described by van der Heijden et al.
(2013a). ICP-MS optimization parameters are summa-
rized in Table 5. The Bruker 820MS instrument is
equipped with a collision/reaction cell. In order to
eliminate the *“°Ar interference to measure *°Ca, a H,
reaction gas was used: H, was injected directly into the
plasma (100 mL min~"). The H, gas reacts with Ar"
ions and forms a neutral species which does not enter the
mass spectrometer portion of the instrument. All Mg and
Ca isotope ratios were analysed separately. Because the
response of the detector to sample concentration was not
linear, all samples were diluted or evaporated to the
same concentration: 100 ppb Mg or 100 ppb Ca.
Instrument mass bias was corrected for using the
standard bracketing technique. Mg mass bias was
corrected by inserting the NIST SRM-980 standard
every 12 samples. Because the response of the detector
was not linear with the **Ca enrichment of samples, Ca
mass bias was corrected by inserting both the NIST 915b
standard and an in-house **Ca-enriched standard
(8**Ca = 1,880 %o) every 12 samples. The precision,
repeatability and accuracy of the ICP-MS methods was
determined in van der Heijden etal. (2013a). *°Mg/**Mg
ratio measurement precision, repeatability and accuracy
were respectively 2.0, 2.0 and 0.7 %o and 3.2, 3.7 and
1.2 %o for **Ca/*°Ca ratio measurements. Given natural
isotope variations (Cenki-Tok et al. 2009; Farkas et al.
2011; Holmden and Bélanger 2010; Russell et al. 1978;
Wiegand et al. 2005) and ICP-MS measurement
precision, a tracer detection limit was set for 626Mg
and 8*'Ca at 10 %o (van der Heijden et al. 2013a).

Table 5 Summary of ICP-MS instrument (Bruker 820MS)
optimization parameters for the analysis of 26Mg/z“Mg and
4400400,

Magnesium  Calcium

Plasma condition

RF power (W) 1200 1600
Sampling depth (mm) 5 5
Plasma gas flow (L min~") 15 15
Auxiliary gas flow (L min~") 1.5 1.5
Nebulizer gas flow (L minfl) 1 1
Makeup gas flow (L min~") 0.18 0.18
Nebulizer pump (rps) 0.05 0.05
Spray chamber temp (°C) 2 2

Ion lenses
Extract 1 (V) —40 —60
Extract 2 (V) —300 —250
Extract 3 (V) —400 —400
Corner Lens (V) —350 —350
Mirror lens left (V) 25 50
Mirror lens right (V) 26 35
Mirror lens bottom (V) 35 35
Entrance plate (V) -35 -35
Pole bias (V) -1 -1

Reaction cell
Sampler H, gas flow (mL minfl) 0 0
Sampler He gas flow (mL min~") 0 0
Skimmer H, gas flow (mL min~!) 0 100
Skimmer He gas flow (mL min~") 0 0

Detector
Points per peak 1 1
Attenuation mode Medium No
Acquisistion time/mass (s) 1 **Mg) 1 (*°Ca)

5(*Mg) 5 (*Ca)
5(°Mg) 5 (MCa)

Scans/replicate 300 300
Replicates/sample 3 3

Applying the isotopic dilution technique
to the whole ecosystem

Principle

The isotopic dilution technique is relatively straight
forward. The studied pool is spiked with a given
isotope and the concentration of that isotope is
measured in that pool. The dilution of the initial
isotope spike is then used to measure the size of the
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pool and the fluxes that contribute to this pool. The
difficulty in ecosystem studies is that ecosystems are
composed of many different compartments which are
in interaction. The isotopic dilution over the whole
ecosystem can only be estimated by averaging mea-
sured isotope enrichments in each compartment
weighted by the total element pool size of each
compartment. The difficulty lies in the fact that the
total element pool sizes of each compartment are the
unknowns in the equation.

This difficulty was overcome by (i) estimating the
total element pool sizes in each compartment (assump-
tion) and then (ii) calculating a “theoretical” isotope
enrichment for the whole ecosystem from the mixing of
applied tracers with all ecosystem pools [Eq. (7)] and
finally (iii) calculating an “experimental” isotope enrich-
ment for the whole ecosystem from measured isotope
concentrations in each ecosystem pool [Eq. (8)]. If the
“theoretical” and “experimental” isotope enrichment
values are different, this may be explained by the fact that
the measurements of isotope composition of individual
pools may not be representative or that there may be an
additional unmeasured pool that has captured some of the
tracer. However in this study, if the “theoretical” and
“experimental” isotope enrichment values are different,
we considered that the initial assumption on total element
pool sizes in each compartment was false.

in the litter-layer and Scst(YX) is the mean "X tracer
concentration in soil exchangeable and microbial
biomass pools. Th(YX) and Exp(YX) were then
expressed in 5°°Mg or 5**Ca (%o).

To determine whether the “theoretical” and
“experimental” isotope enrichment values are in
agreement, uncertainty, noted &.,, in the “experi-
mental” isotopic dilution was estimated by applying
Monte-Carlo simulations (n = 1,000). At each itera-
tion, tracer concentrations in the different ecosystem
compartments were randomly selected within a nor-
mal distribution. The mean and standard deviation of
the normal distribution were determined from mea-
sured tracer concentration spatial variability. g.x, was
calculated as the standard deviation of Monte-Carlo
simulations (n = 1,000). Agreement or disagreement
between “theoretical” and “experimental” isotope
enrichment values was as follows:

If the absolute difference, noted A.pich, between
“theoretical” and “experimental” isotope enrich-
ment values [Eq. (9)] was inferior to &, both
isotope enrichments were considered in agreement
and therefore the initial assumption of ecosystem
pools was considered valid.

If Acnrich Was superior to €, both isotope enrich-
ments were considered in disagreement and there-
fore the initial assumption of ecosystem pools was

Aenrich (YX) = |Th(YX) - EXp(YX)’ (9)

Th(*X) = Input("X) considered false.
" Best(X) 4 Lest(X) + Sest(X) + Input(X)
(7)
Bxp("x) = B0 x Best("X) + Lea(X) X Lest("X) + Sest(X) % Sest('X)

Best(X) + Lest(X) + Sest(X)

where YX represents the isotope tracer (i.e. 2°Mg or
4(Ca), X the total element (i.e. Mg or Ca). Th(*X) is the
“theoretical” and Exp(*X) the “experimental” isotope
enrichment. Input(*X) is the initially applied tracer
amount, By (X) is the pool size of element X in tree
biomass, L.s(X) is the pool size of element X in the
litter-layer, S.s(X) is the pool size of element X in the
mineral soil (exchangeable and microbial biomass
pools), Beo("X) is the mean *X tracer concentration in
tree biomass, Leg(*X) the mean "X tracer concentration
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Calculation methodology

Mg and Ca pools in each compartment in 2012 were
estimated from measured pools in 2001 (as described
above) and computed fluxes and input—output budgets
(Table 3) over the 2003—2008 period (van der Heijden
et al. 2013c). However, because these input—output
budgets have not been validated with experimental
data and given the potential uncertainties around
input—output budgets, the input—output budget values
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cannot be directly used to estimate Mg and Ca soil
pools in 2012.

We applied the isotope dilution theory to determine a
range of possible Mg and Ca input—output budget values.
To do so, Aemch(YX) and 8BXP(YX) were calculated for a
range of input-output budgets: from —2.7 to
+4kgha'year™' for Mg and from -5 to
+5 kg ha™! year~' for Ca. The minimum value of Mg
budget range was constrained by the measured exchange-
able Mg pool in the soil in 2001 (Table 3) over 12 years
the maximum depletion rate is —2.7 kg ha™' year™".
This generated an interval of possible Mg and Ca input—
output budgets, noted [Mgin:Mgmax] and [Capyin:Camax]-
The input—output budget value for which Aenricn(7X) was
minimal [Ayicn(*X)min] Was considered to be the best
estimation of the input—output budget (optimal value of
Mg and Ca pools), noted Mg, and Cagp,.

In order to account for the uncertainty in Mg and Ca
pools measured in 2001, a Monte-Carlo approach was
applied. The calculation of Acnricn(7X) and sexp(YX)
over the range of input—output budgets was repeated
1,000 times and at each iteration, Mg and Ca pools
were randomly selected within a normal distribution.
From these Monte-Carlo simulations, uncertainty in
the estimation of Mgmin, MZmax> Camin, Camax, MZopt
and Ca,, were calculated from the standard deviations
of the 1,000 iterations.

Tracer recovery and uncertainty in tracer pool
estimations

Uncertainty in the litter-layer, soil exchangeable and
microbial biomass **Mg and **Ca pools in March 2012
was estimated from spatial variability [standard devi-
ation of the four soil profiles sampled (Table 4)] of
measured isotope enrichment. Uncertainty in the
allometric equation predicting *°Mg and **Ca uptake
by trees was assessed using Monte-Carlo simulations
(n = 1,000 iterations). At each iteration, tracer uptake
for individual trees was randomly selected within the
95 % confidence interval of allometric equations. The
tracer uptake of individual trees was summed at the
plot scale. Uncertainty in tracer uptake was estimated
from the standard deviation of the distribution of the
1,000 iterations.

Tracer recovery was computed from samples
collected in March 2012 and was estimated by
summing tracer pools of each ecosystem compartment

(litter-layer, soil exchangeable, soil microbial biomass
and tree biomass). To assess uncertainty in total tracer
recovery estimates, a Monte-Carlo procedure was
applied. At each iteration, tracer uptake was predicted
with the allometric equation (as described above) and
a randomly selected value of *°Mg or **Ca isotope
enrichment in the litter-layer, soil exchangeable and
microbial biomass was used to computed *°Mg or **Ca
pools in each of these compartments. We assumed that
2Mg and **Ca isotope enrichments followed a normal
distribution (the mean and standard deviation of these
distributions were determined from the four soil
profile replicates). All **Mg or **Ca pools (litter-
layer, soil exchangeable, microbial and tree biomass)
were then summed and uncertainty was estimated
from the standard deviation of the distribution of the
1,000 iterations.

Tracer fluxes in the soil profile

Tracer fluxes in preferential and matrix water flow in
the soil profile were calculated by multiplying tracer
concentrations in ZTLs (for the preferential flow
component) or TCL (for the matrix flow component)
by the estimated preferential or matrix water flux at a
given depth. The latter was estimated using a lump-
parameter hydrological model, BILJOU (Granier et al.
1999), which was calibrated to the beech plot site with
a soil moisture data set over 2006-2009 (TDR probes
at 15, 30 and 60 cm depth, 5 replicates per depth) and
the water tracing experiment with deuterated water
(van der Heijden et al. 2013b).

Results
2Mg and **Ca tracers are presented in this section and
“Discussion” section as a percentage of the initially
applied tracers. The values of measured isotope ratios
in the litter-layer and in the mineral soil are given in
Tables 6 and 7.
26 44 .

Mg and "“Ca tracer recovery in the ecosystem
Tracer recovery in the litter-layer
Mg and **Ca tracers were immediately retained in the

litter-layer (Fig. 2a). Indeed, one day after the tracing
experiment (April 8, 2010), most of the applied tracer
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Table 6 Summary of measured isotope ratios (expressed in %o) in the litter-layer for both exchangeable and total pools

Date 3*°Mg (%o) 3*Ca (%o)
Exchangeable Total Exchangeable Total
Mean STD Mean STD Mean STD Mean STD

08/04/2010 1,226 547 628 159 558 251 468 156
14/04/2010 1,076 377 252 80 611 222 364 39
04/05/2010 870 157 305 63 418 50 292 33
18/05/2010 991 240 302 72 494 219 414 159
15/06/2010 834 72 343 107 492 60 335 23
15/07/2010 983 263 182 102 567 366 450 207
10/08/2010 713 95 126 48 581 211 344 113
08/09/2010 658 45 183 31 428 52 300 22
04/10/2010 759 158 172 74 400 64 403 176
04/11/2010 721 105 199 99 601 208 448 152
03/01/2011 647 78 139 69 547 122 439 91
22/02/2011 756 316 146 29 650 366 543 312
22/03/2011 656 69 278 63 455 108 436 69
19/04/2011 524 125 177 89 390 98 356 111
16/05/2011 555 200 224 158 440 143 404 139
11/07/2011 434 209 115 33 420 191 322 171
05/09/2011 445 116 114 19 312 88 360 118
30/11/2011 351 52 74 14 340 142 256 23
22/03/2012 196 17 60 22 163 38 154 37

was found in the litter-layer: the total **Mg and *‘Ca
pools in the litter-layer represented 80 + 19 and
106 + 36 % of applied *°Mg and **Ca. The release
dynamics of both tracers differed. The **Mg pool
decreased rapidly after the application of tracers.
1 week after the application of tracers (April 14,
2010), the total *°Mg pool in the litter-layer only
represented 33 + 10 % of applied *°Mg. Thereon, the
Mg pool in the litter-layer decreased progressively but
atamuch slower rate. The release of **Ca from the litter-
layer was much slower than *Mg. The retained **Ca
pool only slightly decreased during the first year
(68 + 26 % of **Ca was still retained in April 2011)
and decreased during the second year. 2 years after the
tracing experiment (March 2012), this resulted in a
much higher proportion of applied **Ca still retained in
the litter-layer: 8.0 = 3.0 % of °Mgand 32.8 + 8.6 %
of **Ca.

Mg and **Ca tracers were mainly retained on the
cationic exchange capacity of the litter-layer (Fig. 2b).
On average over the study period, litter CEC extract-
able *°Mg and **Ca pools represented respectively
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90 + 17 and 82 =+ 35 % of total *°Mg and **Ca pools
litter (measured by acid digestion).

Tracer recovery in the mineral soil

Soil microbial immobilization of base cations Throughout
the study period (April 2010-March 2012), the
comparison of fumigated and unfumigated soil CEC
extractions (Fig. 3) evidenced a high immobilization of
Mg in soil micro-organisms. Indeed, Mg levels in
fumigated samples were on average 2.2-fold higher
than in unfumigated samples. Anova tests showed that
the differences were statistically significant for all depths
down to 30 cm (Table 8). K levels in fumigated samples
were also higher (1.4-fold on average) than in
unfumigated samples. However, differences were only
significant in the 0—15 cm soil layer. No difference was
observed between fumigated and unfumigated Ca
extractions.

The isotopic composition of fumigated—unfumigat-
ed extractions was also compared (Fig. 3). Isotopic
composition of unfumigated extractions tended to be
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Table 7 Summary of measured isotope ratios (expressed in %o) in the mineral soil layers for both non-fumigated and fumigated soil

CEC extractions

Date Layer (cm) 826Mg (%0) 3*Ca (%o)
Non-fumigated Fumigated Non-fumigated Fumigated
Mean STD Mean STD Mean STD Mean STD
04/05/2010 0-2.5 334 317 191 219 88 96 109 109
2.5-5 317 414 173 190 100 131 115 135
5-7.5 191 120 106 74 54 32 52 34
7.5-10 141 133 63 48 44 57 43 49
10-15 75 87 29 28 32 36 27 22
04/11/2010 0-2.5 560 257 523 213 277 125 286 133
2.5-5 299 278 251 188 140 107 133 112
5-7.5 193 168 152 102 95 74 83 56
7.5-10 153 84 124 57 70 28 62 20
10-15 158 82 118 45 100 93 92 84
15-20 57 37 27 29
20-25 26 10 10 2
25-30 16 17 8 2
05/09/2011 0-5 484 189 388 160 296 165 290 147
5-10 246 103 198 105 135 87 133 84
10-15 181 106 142 82 91 87 95 80
15-20 110 88 109 78 46 54 50 46
20-25 92 70 81 68 18 19 25 18
25-30 48 38 53 28 10 7 9 7
22/03/2012 0-5 476 55 455 76 342 91 333 97
5-10 308 106 244 95 194 111 166 100
10-15 162 4 123 16 62 15 47 10
15-20 115 43 95 40 28 27 20 14
20-25 99 41 79 47 15 15 30 49
25-30 103 58 90 54 18 18 10 13
30-35 96 49 19 19
35-40 78 49 11 26
40-45 52 35 0 4
45-50 46 22 4 7
50-55 27 10 -3 4
55-60 23 13 =3 4
more enriched in *Mg than fumigated extractions. Tracer recovery in the mineral soil over time While

The difference was statistically significant for the
0-10 cm layer. The *°Mg enrichment of unfumigated
samples was on average 1.6-fold higher than fumi-
gated samples for the 0—10 cm layer. No difference
was observed between the isotopic composition of
fumigated and unfumigated Ca extractions.

the amount of **Mg and **Ca retained in the litter-
layer decreased, the amount of *°Mg and **Ca retained
in the soil (soil exchangeable and microbial biomass
pool) increased during the 2 years after the tracing
experiment (Figs. 4, 5). In the present study, four dates
were selected to best represent the dynamics of
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Fig. 2 Excess Mg and A
44Ca pools in the litter-layer 120%
during the 2 years after the
tracing experiment. a The

total 2°Mg and **Ca pools in 100% - \( f
the litter-layer (measured by S
HNO; digestion) plotted

against cumulated matrix 80% - &( \

water flow since the
application of tracers (mm)

(van der Heijden et al. 60% -
2013b) expressed in

ercentage of applied /
o ; o 40%

tracers. b The percentage of
exchangeable *’Mg and
44Ca in the litter pool:
(exchangeable **Mg or **Ca
litter pool)/(total 26Mg or
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figures, error bars are ° 0 160 260
standard deviations at each
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sampling dates and
cumulated matrix water flow
is given in Table 4
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retention of *°Mg and **Ca in the soil profile: May
2010 (beginning of the first vegetation season),
November 2010 (after the first vegetation season),
September 2011 (after the second vegetation season)
and March 2012 (2 years after the application of
tracers).

In May 2010, ~33 % of applied **Mg was retained
in the soil profile (Fig. 4). 2 years later (March 2012),
67 % of applied **Mg was found in the soil profile.
Between May 2010 and March 2012, *°Mg in the soil
profile increased by ~ 34 % while **Mg in the litter-
layer decreased by ~33 %. A considerable amount of
Mg was rapidly retained in the 0-5 cm layer: in May
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2010 ~24 % of applied *°Mg. The amount of *°Mg
retained in the 0-5 cm layer increased until November
2010 (~37 %) and then remained stable until March
2012. **Mg transferred slowly downwards in the soil
profile during the 2 years and “°Mg pools in the
deeper soil layers increased progressively. A small
proportion of Mg was immobilized in microbial
biomass in May 2010 (~4 %). However, this value
increased until autumn 2010 (~ 16 %) and remained
stable thereon. Microbial biomass immobilized *°Mg
in the 0-30 cm layer however the 0-5 cm layer
represented ~ 50 % of total immobilized **Mg in soil
microbial biomass.
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Table 8 Differences between fumigated and unfumigated extractions for total element (Mg, Ca and K) and isotopic composition
(**Mg/**Mg and **Ca/*°Ca) tested by ANOVA for soil samples collected from 04/2010 to 04/2012

Depth Mg Ca K 3%°Mg/**Mg 3**Ca/*°Ca
0-5 >0.0001 0.4935 0.0128 0.0188 0.8661
5-10 >0.0001 0.8304 >0.0001 0.0008 0.5255
10-15 >0.0001 0.3308 0.0080 0.1286 0.7773
15-20 0.0015 0.8414 0.3897 0.4179 0.5844
20-25 0.0013 0.5582 0.2181 0.8812 0.1316
25-30 0.0066 0.5851 0.1990 0.8469 0.9452

The p value of the ANOVA tests is presented for each element and for each depth from 0 to 30 cm depth
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Fig. 4 Excess Mg in the May 2010 . November 2010
litter-layer (total 26Mg in

- Lier [ er [T
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Fig. 5 Excess **Ca in the litter-layer (total **Ca in litter 15-60 cm) during the 2 years after the tracing experiment
measured by HNOj; digestion), the soil exchangeable and expressed in percentage of applied tracers. Error bars represent
microbial biomass pools in the different soil (0-5, 5-15 and standard deviations
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The **Ca pool in the soil profile increased through-
out the 2 years from ~22 % in May 2010 to ~47 %
in March 2012 (Fig. 5), while the **Ca pool in the
litter-layer decreased by ~68 %. “*Ca was mainly
retained in the 0-5 cm layer (38.1 & 10.5 %) and only
small amounts transferred to deeper soil layers.

Tracers in the soil solution

Soil solutions collected with ZTLs at 0 and 10 cm
depth  Soil solutions collected with ZTL at both 0 cm
(below the litter-layer) and 10 cm depth were highly
enriched in °Mg and **Ca (Fig. 6). 8**Mg and §*'Ca
were highest just after the tracing experiment: at 0 cm,
8*°Mg ~ 3,000 %o and 8*'Ca ~ 1,400 %o and at
10 cm  depth, 626Mg ~ 2,300 % and 8%'Ca ~
1,400 %eo. 826Mg and 8*Ca decreased until January
2011 (361 mm of cumulated matrix water flow) but
thereon remained relatively stable only slightly
decreasing over time: at 0 cm, 826Mg ~ 500 %o and
3*Ca ~ 250 %o and at 10 cm depth, §*°Mg =~

300 %o and 8*Ca ~ 200 %o. Spatial and temporal
variability was much higher in the ZTL collectors at
0 cm than at 10 cm. At both 0 and 10 cm depth, §*H
was highest just after the tracing experiment and
rapidly decreased until August 2010. Thereon 8°H at
both 0 and 10 cm depth was close to natural abundance
<0 %o.

Soil solutions collected with TCL at 15 and 30 cm
depth The separation of 2°Mg and **Ca elution peaks
from the *H elution peak was expressed with the
difference (noted Apg_waer and  Acywaer) Of
cumulated matrix water flow (mm) between the
occurrence of the *°Mg or **Ca elution peak and the
“H elution peak.

At 15 cm depth, each TCL replicate showed a
different sequence of *°Mg, **Ca and *H elution peaks
(Fig. 7). Replicate 15.1 The **Mg and **Ca elution peak
were separated from “H: AMg-water = +347 mm and
Acawaer = 153 mm. Replicate 15.2 The **Mg elution
peak was well separated from the “H peak
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Fig. 6 Isotopic composition (8°H, 5*°Mg and §**Ca) of soil
solution collected with ZTLs at 0 and 10 cm depth plotted
against cumulated matrix water flow since the application of
tracers (mm) (van der Heijden et al. 2013b). Crosses represent

Cumulated matrix water flow (mm)
individual replicates and circles represent the mean value at

each sampling date. Correspondence between sampling dates
and cumulated matrix water flow is given in Table 4
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Fig. 7 Isotopic composition (8°H, 8°Mg, 8*Ca) of soil
solution collected with TCL at 15 cm depth plotted against
cumulated matrix water flow since the application of tracers
(mm) (van der Heijden et al. 2013b). The horizontal dotted line

(Amg-water = +383 mm). 5*Ca was below the detection
throughout the study period. Replicate 15.3 High 8**Mg
and 5*Ca were observed simultaneously to this first 2H
peak. A second H elution peak was observed and a
second *®Mg and **Ca elution peak also occurred but was
separated from the second ’H peak (Ang-water =
4120 mm and Ac, waer = +120 mm). Replicate 15.4
A Mg elution peak occurred  simulta-
neously with the ’H peak (Apg_waer = 0 mm). The
4(Ca elution peak was well separated from “H: 8**Ca
increased progressively during the study period and the
maximum of the elution peak could not be distinguished.

At 30 cm depth, spatial variability was less pro-
nounced for both **Mg and **Ca. Replicates 30.1, 30.2
and 30.4 showed a similar sequence of °Mg, **Ca and
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Cumulated matrix water flux (mm)

represents the analytical detection limit for excess “°Mg and
“Ca (10 %o). Correspondence between sampling dates and
cumulated matrix water flow is given in Table 4

’H elution peaks (Fig. 8). 8**Mg exceeded the detec-
tion limit after ~410 mm (January 2011), ~311 mm
(December 2010) and ~430 mm (February 2011) in
replicates 30.1, 30.2 and 30.4 respectively. 6°°Mg
increased progressively during the study period for all
three replicates. A *°Mg peak occurred after 480 and
600 mm (March—October 2011) in all three replicates.
However, this event only represented the maximum of
the elution peak for replicate 30.1. 8**Ca remained
under the detection limit until October 2011
(~600 mm). Beyond that date, low 5*Ca was
observed in replicate 30.2 (~35 %o0). And no data
was available for replicate 30.1 and 30.4. Replicate
30.3 The *°Mg elution peak occurred simultaneously
to the *H peak. 8°°Mg was maximum at the beginning
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Fig. 8 Isotopic composition (3°H, §*°Mg and 8**Ca) of soil
solution collected with TCL at 30 cm depth plotted against
cumulated matrix water flow since the application of tracers
(van der Heijden et al. 2013b). The horizontal dotted line

of the study period and decreased continuously
thereafter. 3**Ca exceeded the detection limit in
October 2010 (~ 175 mm) and increased progres-
sively throughout the study period. 5°°Mg and 8**Ca
in replicate 30.3 were much higher than the other
replicates. At 60 cm depth and throughout the mon-
itoring period, 8**Mg and 5**Ca in all replicates were
below the detection limit (data not shown).

2H, 26Mg and **Ca tracer flow velocities (millime-
ter of tracer displacement per millimeter of percolated
water) were computed using the cumulated matrix
water flow at the maximum of the elution peak
(Table 9). Because no elution peak could be identified
(either 5**Ca values were below detection limit or the
highest 8*Ca values were at the end of the study
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represents the analytical detection limit for excess **Mg and
4Ca (10 %o). Correspondence between sampling dates and
cumulated matrix water flow is given in Table 4

period) for many replicates at both 15 and 30 cm
depth, maximum velocities were computed.

Tracer recovery in tree biomass

Total immobilized **Mg and **Ca in each sampled tree
was measured and plotted against tree circumference
at breast height (Fig. 9). For both **Mg and **Ca, the
relation between tracer immobilization and tree
circumference was linear. For one sampled tree, both
Mg and **Ca immobilization was particularly low
and did not follow the main linear relation. This
sampled tree was considered as an outlier when fitting
linear models to predict tracer uptake (Table 10).
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Table 9 *H, Mg and **Ca transfer velocity in the soil profile
(mm of tracer displacement per mm of cumulated matrix water
flow) (van der Heijden et al. 2013b)

Flow velocity (mm mm™")

Rep 1 Rep 2 Rep 3 Rep 4

15 cm

’H 2.3 1.6 1.6 2.3

Mg 0.4 0.3 0.7 2.3

4Ca 0.7 <0.2 0.7 <0.2
30 cm

’H 32 1.7 13.6 32

Mg 0.5 0.4 1.4 0.4

4Ca <0.4 <0.4 <0.4 <0.4

Transfer velocities were computed using the maximum of
elution peaks in soil solutions collected at 15 and 30 cm with
tension-cup lysimeters
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Fig. 9 Relation between whole-tree Mg and **Ca uptake
(expressed in mmol of tracer) during the 2 years following the
application of the tracer and tree circumference at breast height
(mm). One sampled tree presented abnormally low tracer uptake
and was considered as an outlier to fit allometric equations
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Mg and **Ca immobilization in the whole-tree
(above and below-ground organs) was positively
correlated to tree circumference.

Tracer recovery in the whole ecosystem

To compute tracer recovery, Mg and Ca input—output
budgets over 2001 and 2012 were assumed to be —0.8
and 0 kg ha~' year™' respectively. These budgets
were applied to measured soil pools in 2001 to
compute Mg and Ca pools in 2012. In March 2012
(Fig. 10), 27 £ 9 and 21 & 6 % of the applied **Mg
and **Ca were immobilized in tree biomass (above-
ground and root biomass). Most of the accounted *°Mg
and **Ca tracer recovery was found in the soil profile
(litter-layer, exchangeable and microbial biomass
pools) 74 and 80 %. The litter-layer still contained
8.0 £ 3 and 33 £ 9 % and the microbial biomass
immobilized a high amount of 26Mg (17 £ 6 %) while
immobilized **Ca in microbial biomass was nil.
Finally, the soil exchangeable pool (0-60 cm) con-
tained 50 &+ 3 and 47 & 14 % of applied *°Mg and
44Ca. The investigation of the different ecosystem
compartments (litter-layer, exchangeable, microbial
and tree biomass) accounted for 102 =3 and
100 + 18 % of the applied **Mg and **Ca.

Mg and Ca pool size change tested
with the isotopic dilution technique

Applying the isotope dilution theory enabled to
estimate Mg and Ca input—output budgets over the
2001-2012 period (Fig. 11). “Theoretical” and
“experimental” isotope enrichment values for the
whole ecosystem were in agreement [i.e. Aemich(%Mg)
and Aeprien(**Ca) inferior to 8(26Mg) and &(**Ca)]
for Mg budgets between —1.2 + 0.1 and —0.6 &+
0.1 kg ha~" year™' and for Ca budgets between
2412 and +32 + 1.2kg ha~' year'. Acpricn
(**Mg) was minimal for a Mg budget equal to
—0.9 + 0.1 kg ha™" year™". Acprien(**Ca) was minimal
for a Ca budget equal to 0 & 1.2 kg ha™' year™ '

Mg and Ca input—output budgets calculated from
conventional methods (van der Heijden et al. 2013c)
were reported in Fig. 11. The conventional Mg I/O
budget was within the [Mg;,:Mg,,] interval but also
within the uncertainty interval around Mg(A,,;,). The
conventional Ca I/O budget was however outside the
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Table 10 Linear regression model parameters for the allometric equations predicting whole-tree **Mg and **Ca uptake (mmol) from

breast height tree circumference (BHC) (mm)

Tracer Parameters Value SD Pr>t R?
Mg Intercept —1.83E400 4.91E—-01 0.065
BHC 1.36E—02 1.89E—03 0.019 0.963
4Ca Intercept —4.28E—01 8.94E—02 0.041
BHC 3.19E—03 3.44E—04 0.011 0.977
44Ca

Total recovery
102.0 + 11.3% ¥

Humus pool
8.0 + 3.0%

Microbial
immobilisation
16.7 + 5.9%

Exchangeable
pool
49.5 +2.5%

Leaching
0%

Total recovery
100.2 + 18%

24 Total uptake
3 3 20.4 £ 5.6%

Humus pool
32.8 +8.6%

Exchangeable
pool
47.1+14.0%

Leaching
0%

Fig. 10 *Mg and **Ca tracer total recovery and tracer distribution in ecosystem compartments 2 years after the application of tracers.
26Mg and **Ca tracers are expressed in percentage of the applied tracer (mean =+ standard deviation)

[Cajnr:Caygyp] interval but within the uncertainty inter-
val around Ca;yy.

Discussion

Soil exchangeable Mg and Ca pool change
over time

Although the isotopic dilution technique is a well-
known technique and has been applied to quantify
many different elements in many different systems

(Achat et al. 2009a, b; Cookson and Murphy 2004;
Forbes and Perley 1951; Stroud et al. 2011; von
Hevesy and Hofer 1934; Willison et al. 1998), we
present here, to our knowledge, the first isotopic
dilution technique applied to the whole ecosystem to
assess Mg and Ca pool size change. This enabled to
determine the range of soil exchangeable Mg and Ca
pool size change between 2001 and 2012 (Fig. 11).
The results show that Mg was depleted from the soil
exchangeable pool between 2001 and 2012 and
suggest that the Mg depletion rate was between —1.2
and —0.6 kg ha~' year™' but was most likely
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Fig. 11 Range of possible values for Mg and Ca input—output
budgets according to the isotopic dilution theory. The vertical
arrows indicate computed input—output budgets over
2003-2008 (van der Heijden et al. 2013c)

—0.9 £ 0.1 kg ha™! yealr_1 [Mg(Anin)]. This value
was very similar to Mg depletion estimated from
conventional input—output Mg budgets,
—0.8 kg ha~! year™!' (van der Heijden et al. 2013c).
It is thus likely that computed input—output Mg
budgets are valid.

The isotopic dilution results for Ca were less
evident. Results suggested that Ca input—output budgets
may have ranged from —2 to 4+3.2 kg ha™' year .
However, results also suggest that the Ca budgets were
most likely close to 0 #+ 1.2 kg ha~' year '. The
results from the isotopic dilution therefore seem in
disagreement with conventional input—output Ca bud-
gets (i.e. —3.1 kgha ' year™"). Although within
uncertainty in the estimation of Cay,¢, Wwe cannot assert
that conventional Ca budgets are not valid. However,
our results strongly suggest that conventional Ca
budgets were in fact false and that Ca depletion did
not occur over the 2001-2012 period. Indeed, the
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conventional Ca budget value was very close to lower
limit of the confidence interval around Ca;,; and very
different from Ca(A,,;,). We therefore hypothesize that
no Ca depletion occurred over the 2001-2012 period.
This implies that either Ca inputs to the soil are
underestimated, or Ca outputs are over-estimated, or a
combination of these factors.

It seems more likely that Ca inputs were underes-
timated. Indeed, an over-estimation of the leaching
flux (1.4 kg ha™' year™") cannot by itself equilibrate
Ca budgets. Furthermore, it seems unlikely that the
leaching or uptake flux were well measured for one
element but not for the other. It is possible that a Ca
weathering source was not taken into account. Indeed,
weathering rates were estimated using the PROFILE
model and the soil mineralogy but the latter doesn’t
take into account amorphous minerals which may
represent an important source of nutrients (Yanai et al.
2005). Another possible Ca-input to the ecosystem
could be foliar absorption. This process has been
evidenced for different plant species (Bukovac and
Wittwer 1957; Chishaki et al. 2007; Wittwer and
Teubner 1959) however remains difficult to quantify.
The midterm monitoring of the tracing plot may
enable to investigate and determine which Ca
source or sink is responsible for Ca budgets at
equilibrium.

Mg depletion may have occurred in the litter-layer
and/or in the soil exchangeable pool. A decrease of the
soil exchangeable Mg pool is plausible because the
isotopic dilution calculations as presented in Fig. 11
was calculated assuming such a decrease. A decrease
of Mg and Ca pools in the litter-layer is however
unlikely. Indeed, recovery of *°Mg and **Ca in the
litter-layer the day following the application of tracers
(calculated using the Mg and Ca pools in the litter-
layer measured in 2001) was close to 100 %: respec-
tively 80 & 19 and 106 £ 36 %. The spatial variabil-
ity of **Mg and **Ca recovery is mainly due to high
spatial variability of nutrient pools in the litter-layer
(Bens et al. 2006; Legout et al. 2008). We may
therefore assume that the Mg and Ca pools in the litter-
layer measured in 2001 are validated.

Overall, our results and methodology show that the
isotopic dilution theory may be used to assess nutrient
pool size change over time. However, the precision of
the results strongly depends on the precision of
measurements of total element pool and fluxes in the
ecosystem. The spatial variability of nutrient pools in



Biogeochemistry (2014) 118:413-442

435

forest soils is very high limits the extent to which clear
conclusion may be drawn from the isotopic dilution
theory. Indeed, compared to tracer concentration
spatial variability and isotope ratio analyse uncer-
tainty, Mg and Ca pool spatial variability was the
major component of isotope dilution uncertainty.

Nevertheless, the dilution of isotopic tracers over
time enabled to discuss the validity of computed
input—output budgets which would most probably not
been possible by resampling the soil in 2012 and
performing conventional CEC extractions. Indeed, the
spatial variability of soil exchangeable pools mea-
sured in 2001 (8 kg ha~' Mg and 428 kg ha' Ca)
was close to predicted Mg and Ca depletion
over 2001-2012 (—8kgha'year™' Mg and
—31 kg ha™' year™' Ca). The Monte-Carlo simula-
tions are a complex procedure to set up but were
essential in this study to be able to assess that
differences between experimental and theoretical
isotope enrichments were significantly different and
not simply due to uncertainty (isotope ratio spatial
variability, total Mg and Ca pools). The isotope
dilution calculation methodology presented here may
be applied using only average element and isotope
pools but such a simplified version would not enable to
judge nutrient budgets values.

Fate of Mg and Ca tracers in the forest ecosystem

Retention and release of *°Mg and **Ca from the litter-
layer

High retention of **Mg and **Ca in the OL-layer of the
litter-layer Organic matter through its’ cationic
exchange capacity plays an important role in the
retention of base cations (Helling et al. 1964; Johnson
2002; Ross et al. 1991; Thompson et al. 1989; Turpault
etal. 1996). The cationic exchange capacity of organic
matter in the litter-layer is commonly associated with
fine fractions of organic matter (OF and OH layers in
the litter-layer or soil organic matter) and with the
presence of carboxyl groups. In the beech plot, the
litter-layer is mainly composed of an OL-layer; OF-
layer is very thin and discontinuous, due to heavy
swathing before the plantation in 1975. The results
from the in situ multi-isotopic tracing experiment
show that coarse organic matter (OL layer) rapidly
retains Mg and Ca inputs to the soil via rainfall or

throughfall (Fig. 2a). The mechanism of retention was
mainly ion exchange. Indeed through the study period
exchangeable *°Mg and **Ca pools in the litter pool
represented respectively on average 90 + 17 and
82 + 35 % of the total Mg and *‘Ca pools
(Fig. 2b). Another possible from of retention could
be precipitation of Mg and Ca oxalate crystals
(Palviainen et al. 2004; Verrecchia et al. 2006). We
may suppose that the coarse OL layer of the litter-layer
in our plot has an important cationic exchange
capacity. The recovery of the litter CEC extraction
protocol used was not measured and was probably
below 100 %. Extracting Mg and Ca from the litter
CEC may require a different extractant with a higher
affinity for organic CEC such as Cu”’*. However,
2°Mg/**Mg and **Ca/*°Ca isotope ratios in such highly
concentrated salt solutions (0.1 mol L' CuCl, or
1 mol L™" KCI) could not be analysed on ICP-MS.

Slow release of *°Mg and **Ca from the litter-
layer The pool of immobilized tracers in the litter-
layer decreased during the 2 years after the tracing
experiment: in March 2012 8 & 3 % of **Mg and
33 + 9 % of **Ca were still retained in the litter-layer
(Fig. 2). As tracers were mainly retained on the
cationic exchange capacity of the litter-layer, 2°Mg
and **Ca tracers may have been released by two
different  mechanisms: (1) organic  matter
mineralization or (2) ion exchange with throughfall.
1 week after the tracing experiment, most of *°Mg
initially retained in the litter-layer was released
(Fig. 2) while almost 100 % of applied **Ca was
retained in the litter-layer during the first year after the
tracing experiment. The different release dynamics
may be explained by a much higher affinity of Ca for
organic CEC than Mg. This has been reported by many
studies (André and Pijarowski 1977; Baes and Bloom
1988; Curtin et al. 1998; DeSutter et al. 2006; Ponette
et al. 1997; Salmon 1964). Whereas Ca ions form
strong complexes with some organic functional
groups, Mg ions mainly bind through electrostatic
bonds (Sentenac and Grignon 1981). However, it is
likely that a large proportion of Mg was not retained on
the organic CEC of the litter-layer but remained in
soluble form. Indeed, only 80 £ 19 % of applied
2Mg was retained in the litter-layer after the 16 mm
simulated rainfall event (deionised water) and only
31 £ 12 % remained 1 week after the tracing
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experiment (18.7 of cumulated rainfall since the
application of tracers).

Vertical transfer of Mg and Ca from the topsoil
to deeper soil horizons

The soil is a chromatographic column The results
from the tracing experiment are evidence that the
elution of base cations in soils follows a
chromatographic model. Mg was more mobile in the
soil profile than Ca and transferred to deeper soil
horizons. This was evidenced by the monitoring of the
isotopic composition of soil CEC and soil solutions.
Significant “°Mg amounts were observed below 15 cm
depth as soon as November 2011 (Fig. 4), whereas
very little *Ca (~1 %) was found below 15 cm after
2 years (Fig. 5). This was reflected by the mapping of
tracers in the soil profile in March 2012: ~33 % of
Mg and only ~9 % of **Ca was found below 5 cm
depth, ~ 15 % of *°Mg was found below 15 cm depth.
The difference of vertical transfer velocities (Table 9)
of Mg and Ca was also evidenced by the monitoring of
the isotopic composition of soil solutions at 15 cm and
30 cm depth (Figs. 7, 8). At 15 and 30 cm depth,
5?°Mg was systematically higher than §**Ca and *°Mg
elution peaks occurred before **Ca in many cases.
Some TCL replicates showed no or very small **Ca
throughout the study period.

Johnson (1995) and Johnson et al. (2000) observed
a similar chromatographic effect during a Mg and Ca
leaching event induced by a pulse of NO3 both cations
peaked simultaneously in the surface soil horizons but
separated with depth. Many studies have used chro-
matographic models to simulate Mg and Ca reactive
transport in soil columns (Mansell et al. 1988, 1993).
In such models, the separation of Mg and Ca elution
peaks is governed by the selectivity coefficients of the
cationic exchange capacity (Kca-mg). Kcamg Was not
measured for the soil profile of the tracing plot.
However, Kc,m, have been measured in many
different soil types (Table 11) and generally range
between 1 and 1.5 indicating a higher affinity of the
cationic exchange capacity for Ca.

Sposito and Fletcher (1985), observed Kcyme
above 1 for a montmorillonitic soil. Authors argued
that Ca—Mg selectivity coefficients of the mineral
component of the cationic exchange capacity was
likely to be close to 1 (Sposito et al. 1983) and that
observed Kc, g in soil samples was probably due to
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Table 11 Calcium-magnesium selectivity coefficients in dif-
ferent soils

Selectivity
coefficient
(Ca-Mg)
Robbins et al. (1980)
Penoyer loam 1.45
Hunting silty clay loam 1.72
Clark (1970)
Wyoming bentonite 0.94
Krishnamoorthy and Overstreet (1950)
Utah bentonite 1.08
Yolo clay 1.42
Paul et al. (1966)
Oakley soil 1.56
Hanford soil 1.85
Arbuckle soil 1.69
Yolo soil 1.49
Sacremento soil 1.51
Salmon (1964)
Wyoming bentonite 1.22
Ellsworth illite 1.22
Peat 5.0
Udo (1978)
Kaolinitic clay 1.47-1.56
Suarez and Zahow (1989)
Montmorillonite soil 1.12
Sposito and Fletcher (1985)
Montmorillonite soil 1.18
Gaston et al. (1993)
Smectitic soils ~1.0
Momii et al. (1997)
Farmland loamy sand (aeric haplaquent) 1.55

the organic component of the cationic exchange
capacity (Fletcher et al. 1984). Indeed, affinity of the
organic cationic exchange capacity for Ca is much
higher than for Mg (André and Pijarowski 1977; Baes
and Bloom 1988; Curtin et al. 1998; DeSutter et al.
2006; Ponette et al. 1997). For instance, Salmon
(1964) measured Kcymg = Sinapeat soil (Table 11).
Given that most selectivity coefficients presented in
Table 11 were measured for agricultural soils with
low carbon content, that carbon content is higher in
forest soils and at the tracing plot soil in particular
(Table 1), it is likely that Ca—Mg selectivity coeffi-
cients of the soil in the tracing plot were much higher.
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Indeed, the soil CEC seems to be mainly composed of
organic CEC (Table 1). Our results were in agreement
with reported proportions of organic CEC in forest
ecosystems: 49 % (Thompson et al. 1989), 75-85 %
(Oorts et al. 2003), 85 % (Turpault et al. 1996). We
hypothesize that soil organic matter and its cationic
exchange capacity governed the different Mg and Ca
dynamics observed in the soil profile during the multi-
isotopic tracing experiment.

It is possible that differences observed between the
Mg and Ca in the soil profile may be due to an
experimental artifact. Indeed, the average Mg:Ca ratio
in throughfall was 0.335 and this ratio was 1.75 in the
applied tracing solution. Such a change in the Mg:Ca
ratio could modify the behavior of Mg and Ca in the
soil. However, in this study, the increased Mg:Ca ratio
would favor a higher retention of Mg on the soil CEC.
It is therefore probable that the difference in Mg:Ca
ratio was buffered by the soil Mg and Ca pools because
applied Mg and Ca tracer flux (0.96 and 0.53 kg ha™")
was small compared to soil pools (70 and
264 kg ha™"). When designing multi-isotopic tracing
experiments, such parameters (cation ratios and total
input flux) need to be considered in order to not disturb
the natural processes in cation cycling.

Evidence of rapid and slow transfer of Mg and Ca
tracers

The monitoring of soil solutions evidenced different
types of Mg and Ca transport in the soil (Figs. 7, 8).
The different types of transport observed may be
explained by the type of water flow (preferential and
matrix flow) and the relative contribution of mineral
and soil organic matter to soil CEC. The spatial
variability of the different transport types was very
high (Fig. 7) and may be explained by the very high
spatial variability of soil physical (soil total porosity,
pore size distribution...) and chemical properties (soil
organic matter content, mineral distribution...). We
summarize hereafter the different types of Mg and Ca
transport observed:

(1) Rapid transfer with preferential water flow

(i) Mineral Pipe flow **Mg and **Ca are
rapidly transferred through the soil with
preferential water flow but interact with the
soil CEC which is mainly composed of

mineral CEC. The transport of Mg and Ca
may thus be delayed compared to the water
flux but Mg and Ca elution peaks are not
separated (Kcamg ~ 1). This type of flow
was illustrated by TCL Replicate 15.3.

H,O > Mg =~ Ca

(i) Organic pipe flow 26Mg and **Ca are
rapidly transferred through the soil with
preferential water flow but interact with the
soil CEC which is mainly composed of
organic CEC. Mg and Ca elution peaks are
delayed compared to water due to interac-
tion with the organic CEC which causes the
separation of Mg and Ca elution peaks
(Kcamg > 1). This type of flow was
illustrated by TCL Replicate 15.4 and 30.3.

H,O > Mg > Ca

(2) Slow transfer in matrix water flow

(i)  Mineral matrix flow **Mg and **Ca are
slowly transferred through the soil with
matrix water flow and interact with the soil
CEC which is mainly composed of mineral
CEC. Mg and Ca are thus delayed compared
to the water flux but Mg and Ca elution
peaks are not separated (Kcamg & 1).

H,O > Mg ~ Ca

(i) Organic matrix flow 26Mg and **Ca are
slowly transferred through the soil with
matrix water flow and interact with the soil
CEC which is mainly composed of organic
CEC. Mg and Ca are thus delayed com-
pared to the water flux and the Ca elution
peak is delayed compared to Mg
(KCa—Mg > 1)

H,0 > Mg > Ca

Influence on the nutrient leaching flux

The deuterium water tracing experiment showed that
preferential water flow had a strong influence on the
deuterium drainage flux (van der Heijden et al. 2013Db).
In this previous study, the chemical composition of
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preferential water flow was estimated from soil
solution collected with ZTL at 10 cm depth. Prefer-
ential water flow may strongly increase nutrient
leaching from the soil profile. However, there was
previously no evidence to support the assumption that
the chemical composition of preferential water flow
does not change with depth.

Throughout the study period, no enrichment above
the detection limit was observed in TCL at 60 cm depth
(data not shown). The matrix flow component of the
*Mg and *'Ca leaching flux was thus nil. The
computed preferential flow component (cumulated
tracer flux at 10 cm depth over the 2 years after the
application of tracers) of the tracer leaching flux
represented 10.7 % of applied *°Mg and 7.7 % of **Ca.
However, there is evidence that the isotopic compo-
sition of preferential water flow changed with depth.

(1) No relation was found between *°Mg and §**Ca
ZTLs at 0 and 10 cm depth.

(2) Isotope enrichments were lower at 10 cm depth
than at 0 cm for both Mg and Ca (Fig. 6).

(3) The cumulated 26Mg and **Ca preferential flux
was lower at 10 cm (11 % of applied **Mg and
8 % of applied **Ca) than at 0 cm (22 and 14 %
respectively).

(4) For TCL in which preferential water flow was
evidenced by the deuterium water tracer, “°Mg
and **Ca elution peaks did not always occur
simultaneously. For instance, in replicate 15.4
and in replicate 30.3, a *°Mg elution peak
associated to preferential water flow occurred
but no such peak occurred for **Ca.

(5) Tracer recovery 2 years after the tracing exper-
iment (102 & 11 % for **Mg and 100 =+ 18 %
for **Ca) suggests that no leaching of tracers
occurred.

Although preferential flow is an important hydro-
logical process that may strongly influence nutrient
dynamics and distribution in the soil profile, our results
do not support the hypothesis that Mg and Ca are
leached with preferential water flow (van der Heijden
et al. 2013b). The chemical composition change of
preferential water flow with depth may be explained by
root uptake along preferential flow paths (Bramley
et al. 2003; Martinez-Meza and Whitford 1996) and/or
reactive transport of cations along preferential flow
paths. However, the separation of **Mg and **Ca
elution peaks along preferential water flow paths
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suggests that the main process is reactive transport of
cations. Whatever the type of transfer (slow or rapid),
Mg and Ca were retained by the soil solid phase.

Tracer uptake The incorporation of °Mg and **Ca
tracers to the biological cycles of Mg and Ca was
surprisingly slow. After 2 years, only 27 & 9 and
20+ 6 % of *Mg and *‘Ca respectively were
immobilized in tree biomass. Given low Mg and Ca
availability in the soil, Mg and Ca tracer inputs were
expected to be directly and rapidly immobilized in tree
biomass. This being to our knowledge the first in situ
ecosystem scale *°Mg and **Ca tracing experiment,
there is no data to compare these results. However
Mg and **Ca uptake was much lower than data
reported for '°N tracer studies. For example, Tietema
et al. (1998) added soluble "N (’NHI’NO;) to
throughfall and found on average 31.6 % of applied
>N in aboveground biomass after only 12 months.
Because allometric equations were fitted on a small
number of sampled trees which did not cover the entire
range of tree circumferences in the tracing plot, it is
possible that tracer uptake was poorly estimated.
However, tracer recovery (Fig. 10) after 2 years
(102 + 11 % of **Mg and 100 £ 18 % of **Ca)
suggests that the estimation of tracer uptake is correct.

If we assume that the percentage of tracer uptake is
representative of the proportion of atmospheric inputs
directly taken up by trees, atmospheric inputs would
only representa 28 and 26 % of Mg and Ca uptake over
2 years. This suggests that the main Mg and Ca source
for plant uptake is the soil. The slow transfer of Mg and
Catracers in the soil as discussed below is in agreement
with such a statement. However, this would contradict
our main hypothesis that Mg and Ca atmospheric
inputs are rapidly incorporated into the biological
cycling of nutrients. Nevertheless, the tracing exper-
iment results show that Mg and Ca cycling is very
conservative. Indeed, the litter-layer, soil microbial
biomass and the soil cationic exchange capacity proved
to be very efficient to retain Mg and Ca inputs.

Conclusions

The in situ isotopic dilution technique using *°Mg and
44Ca at the ecosystem scale was proven to be an
efficient method to assess Mg and Ca pool size change
in the different ecosystem compartments. Decrease in
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the soil exchangeable Mg pool was evidenced. Given
high spatial variability, such a small change
(—0.8 kg ha™" year") could not have been evidenced
with conventional soil exchangeable pool compari-
sons. As soil exchangeable Mg pools decrease with
time, concerns regarding the sustainability of such
forests on base-poor soils are rising. Will Mg pools
further decrease with time or will a compensation
mechanism be triggered to buffer Mg depletion? We
present evidence that conventional nutrient input—
output budgets may largely over-estimate Ca deple-
tion from the soil. To determine the sources of error in
the Ca budgets specific experiments are required to
test the different hypotheses: under-estimated inputs
(atmospheric deposition, mineral weathering, and root
nutrient uptake in deep soil layers) or over-estimation
outputs (nutrient immobilization in tree biomass).
These results confirm the conclusions drawn from the
comparison of soil exchangeable pools in 1976 and
2001 (van der Heijden et al. 2013c): Mg has been
continuously depleted from the soil while Ca pools
appear to have remained constant. The future moni-
toring of *®Mg and **Ca isotope dilution from Mg and
Ca inputs to the ecosystem may enable us to better
understand the dynamics of these nutrients in forest
ecosystems.

Our isotopic dilution model may be used on a wider
range of sites to estimate nutrient budgets and/or
validate computed input—output budgets. Although, in
this study, a very *Mg and **Ca enriched spike was
used, it could be possible to set up experiments with
less enriched material but using mass spectrometry
instruments with higher precision in order to measure
the isotopic dilution as proposed.

The results from the Mg and Ca tracing experiment
show that the incorporation of Mg and Ca inputs to the
nutrient cycles in the forest ecosystem is very slow even
in a base-poor soil where nutrient cycling was expected to
be fast to compensate for small Mg and Ca pools.
However, Mg and Ca nutrient cycles were proven to be
very conservative. Organic matter in the litter-layer and in
the soil profile played an essential role in the incorpora-
tion of Mg and Ca inputs into the biogeochemical cycling
of these nutrients within the forest ecosystem. The litter-
layer, although very thin, very rapidly retained Mg and Ca
inputs by ion exchange processes (cationic exchange
capacity of litter). The vertical transfer of released tracers
from the litter-layer was strongly influenced by prefer-
ential water flow which caused preferential leaching of

Mg and Ca to deeper soil horizons. However, no tracer
loss from the ecosystem was found. The dynamics of both
nutrients differed: Mg was more mobile than Ca (faster
release from the litter-layer and faster transfer to deep soil
layers). We hypothesized that the cationic exchange
capacity of the soil was dominated by organic CEC to
explain such differences.

Tracing experiments using isotopically enriched
material enable to gain considerable insight in nutrient
cycling processes whether at the ecosystems scale or
finer scales from the soil profile scale down to the soil
particle scale. However, the limits of this kind of
approach are due to the fact that the precision of
isotope tracing experiments depends very largely on
the precision of nutrient pool and flux measurements.
Continuous effort to more precisely measure these
pools and fluxes is necessary.

The results from the Mg and Ca tracing experiment
also show the very important role of organic matter in
Mg and Ca cycling in forest ecosystems. Organic
matter, whether in the litter-layer or the soil, appears to
be essential to soil fertility in forest ecosystems on
base-poor soils, by rapidly retaining Mg and Ca inputs
and thus limiting ecosystem losses for these nutrients.
Climate change and silvicultural practices (such as
whole tree harvesting or clear felling) may affect
carbon cycling in soils and may thus strongly impact
soil fertility in forest ecosystems on base poor soils
where the soil total CEC is mainly dominated by
organic CEC. By decreasing carbon pools in the soil
profile, the soil total CEC may rapidly decrease
followed by plant available base cations.
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