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In forest ecosystems, the specific influence of soil resources on stand productivity is difficult to assess because
many other ecological variables also affect tree growth. In this study, we took advantage of a natural soil gradient,
from shallow calcic soil to deep acidic soil, all with similar climate, atmospheric depositions, species composition
andmanagement, to determine the relationship between soil nutritive resources and the growth andmineral nu-
trition of a beech (Fagus sylvatica)mature forest of Northeastern France. Soil resourceswere assessed through the
quantification of the stocks of available water and mineral nutrients (Ca, Mg, K and P2O5). Beech stand growth
andmineral nutritionwere determined through the use of several indicators, i.e., standing aboveground biomass
and annual biomass production, potential growth index (prediction of the height of dominant trees at 100 years)
and foliar nutrient content. We observed a gradient of nutritive resources in soils as well as a gradient of stand
growth on the study site: the current aboveground biomass was highest on the calci-brunisol which presented
the highestwater and nutrient stockswhile itwas lowest on the rendisol, characterized by a very lowwater hold-
ing capacity and a very low stock of available K. However, the growth of beech trees on the rendisol was equiv-
alent to the highest growth classes of beech trees in France, and K nutrition was optimal. Observations on the
study site suggest that, in favorable climate conditions, some biological adaptation processes, such as an efficient
root colonization as well as an efficient nutrient cycling may allow to maintain stand growth and nutrition on
soils with low water and nutrient reserves. The fertility of forest soils has thus to be assessed in a dynamic way
by integrating nutrient fluxes as well as the adaptations of trees to environmental constraints. The biological pro-
cesses become an increasingly important part in the conservation of soil fertility, notably in the perspective of
global changes.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Forest productivity has always been a major concern of land man-
agers, and much research has been directed towards assessment of for-
est productivity in various ecosystems using numerous methods (Grier
et al., 1989; Worrell and Malcolm, 1990; Landsberg and Waring, 1997;
Ollinger et al., 1998; Kimball et al., 2000; Skovsgaard and Vanclay,
2008, Bontemps and Bouriaud, 2013). If climate, topography, and geol-
ogy are most influential in determining the long-term regional produc-
tivity potential of forests, then soil properties inherited from the
parentalmaterial can significantly raise or lower these potentialswithin
the timeframe of forest management (Abbott and Murphy, 2003;
ie des Ecosystèmes Forestiers,
Binkley, 1986; Binkley and Fisher, 2012; Higman et al., 2005;
Schoenholtz et al., 2000). In temperate ecosystems, Seynave et al.
(2008) studied how height growth varies across the geographic range
of beech (Fagus sylvatica L.) in France and found that soil parameters
can explain approximately 30% of the variation in potential beech
growth. For example, they determined that the potential productivity
of beech forests significantly decreased under unfavorable soil condi-
tions such as shallow soil or N limitation. However, it is very difficult
to determine the sole influence of soil properties on forest productivity
because the study of various sites induces not only differences in soil
properties but also many other ecological variables that affect tree
growth, i.e., climate, bedrock composition, atmospheric deposition, to-
pography, competition and constraints on reproduction, among others
(Coomes and Allen, 2007; Pallardy and Kozlowski, 2008; Seynave et
al., 2008).

The objective of the present study was to determine the influence of
soil water/nutrient resources on forest productivity.We took advantage

http://crossmark.crossref.org/dialog/?doi=10.1016/j.catena.2017.03.013&domain=pdf
http://dx.doi.org/10.1016/j.catena.2017.03.013
mailto:contact@ecosustain.fr
Journal logo
http://dx.doi.org/10.1016/j.catena.2017.03.013
http://www.sciencedirect.com/science/journal/03418162
www.elsevier.com/locate/catena


157C. Calvaruso et al. / Catena 155 (2017) 156–169
of a natural soil gradient ranging from a shallow calcic soil to a deep
acidic soil over a small distance (b2 km) where climate, atmospheric
deposition and stand characteristics (species, age, stem density, distri-
bution of tree class diameter, forestry practices) are similar. The stand
is mainly composed of mature beech (Fagus sylvatica) trees that were
naturally regenerated in the 1960s. The soil N and Al availability are
not growth-limiting factors in this study site. It is expected that tree
growth and nutrition will be lower in the shallow rendisol due to its
low water and nutrient reserves. To respond to this objective, we eval-
uated the fertility of three contrasting forest soils, i.e., alocrisol, calci-
brunisol, and rendisol, which belong to the soil sequence, using two ap-
proaches. The first consists in assessing soil water and nutrient re-
sources through the quantification of stocks of available water
(between field capacity and permanent wilting point) and Ca, Mg, K,
P2O5 (exchangeable/assimilable fractions) in the soil volume colonized
by roots. The second approach consists in determining forest productiv-
ity using several indicators, i.e., (i) standing aboveground biomass and
annual biomass production; (ii) potential growth index (prediction of
the height at 100 years of dominant trees); and (iii) status of tree min-
eral nutrition (foliar mineral contents). The data should also allow to
evaluate if the sole quantification of soil availablewater and nutrient re-
sources could be a reliable indicator to predict forest productivity.

2. Material and methods

2.1. Study zone

The studywas performed at the ecosystem research site at Montiers
(http://www.nancy.inra.fr/en/Outils-et-Ressources/montiers-
ecosystem-research), located in Northeastern France, in the Western
part of the Lorraine region in the Meuse department (48° 31′ 54″ N, 5°
16′ 08″ E). It was jointly implemented in 2010 andmonitored beginning
in 2011 by INRA-BEF (French National Institute for Agricultural Re-
search – Biogeochemical cycles in Forest Ecosystems research unit)
and Andra (French National Radioactive Waste Management Agency).
The Montiers site was designed to assess the effect of soil type on bio-
geochemical cycling (water, C, and macro- and micro-element), stand
growth and nutrition in forest ecosystems. The site establishment
consisted of five steps. First, we selected a zone (148 ha) based on
three main criteria: (i) a great diversity of soils (soil sequence) repre-
sentative of the region; (ii) a homogeneous stand (stem density, spe-
cies, age) mainly composed of beech trees and managed according to
regional forestry practices; (iii) the presence of forests dating back to
1830 or earlier to avoid the influence of past practices. For this purpose,
soil mapping and characterization as well as an inventory of stands
(species, stemdiameter, tree height)were performed in 2008. Three ex-
perimental plots of one hectare subdivided into four subplots (repli-
cates) were established on three contrasting soils belonging to this
soil sequence (Fig. 1a). These soils range fromactive saturated (base cat-
ion saturation of the exchange complex) and shallow (15 to 30 cm
thick) calcic soils to deep acidic soils (N2 m thick). According to the
French system of soil classification (AFES, 1995), the soil types ranged
from rendisol (Rendzic Leptosol; WRB FAO) in the lower part and
calci-brunisol (Eutric Cambisol; WRB FAO) in the medium part to
alocrisol (Dystric Cambisol; WRB FAO) at the top of the hillslope (Fig.
1b). Some trees (mainly suppressed and intermediate) at the site
were felled during the winter of 2009–2010 to homogenize stand char-
acteristics (stemdensity and tree distribution by stemdiameter class) in
the three plots so that, as much as possible, only the soil properties dif-
fered between the three plots. Careful attention was paid to avoid
disturbing site properties during forest exploitation. The movement of
machines was restricted in the tailboards. Only stem and N7 cm diame-
ter branches were exported, and b7 cm branches were returned to the
soil. Stand characteristics (stem density, species, trunk diameter at
breast height, tree height) were determined in the three plots and
were recorded as the initial state of stands. The samplings, descriptions
and measurements for the characterization of soil properties were per-
formed in the spring of 2010 in the three plots.

The site altitude lies between approximately 355 m (plot S3,
rendisol) and 385m (plot S1, alocrisol). The local climate is semi-conti-
nental, characterized by cold winters and moderately hot and dry sum-
mers. The average annual temperature over the last ten years was 12.6
°C, withmonthly averages from4.4 to 21.2 °C (Météo-France). The year-
ly average precipitation over the last ten years was 1100 mm, with a
monthly average of 100 mm, except during the drier springs (70 mm/
month). These climate conditions are favorable to beech tree growth
(Brumme and Khanna, 2009). The geology of the Montiers site consists
of two overlapping soil parent materials: an underlying Tithonian lime-
stone surmounted by detrital acidic Valanginian sediments. The calcar-
eous bedrock contains mainly calcium carbonate and ~3.4% clay
minerals (Table 1). The overlying detrital sediments are complex, as
they result from various depositions (Table 1) and are composed of
silt, clay, coarse sand and iron oxide nodules. The forest humus form
ranges from active to acidic mull. The mean N content of sun leaves
over the last four years, measured in summer, was 1.92 ± 0.06% at the
site. Based on the norms of Bonneau (1995) for mature beech trees in
French forests, this value is equivalent to optimal N nutrition, indicating
that soil N availability is not a growth-limiting factor at our study site.
The Al toxicity indicators indicate that whatever the depth, soil ex-
changeable Al content is below the Al toxicity threshold for the three
soils: Al/Ca b 15 and Al/Mg b 30.

The forest population is dominated by a cluster of approximately 50-
year-old beech (88%) mixed with other deciduous species, such as syc-
amore maple (Acer pseudoplatanus), ash (Fraxinus excelsior), peduncu-
late oak (Quercus robur L.), and European hornbeam (Carpinus betulus
L.). As with all state forests, the Montiers forest is managed by the
French National Forest Service (ONF). Management consists of thinning
the stand (approximately 30 tons of drymatter per hectare for amature
forest and exportation of stem and branches with a diameter N 7 cm)
every seven to eight years to optimize the growth of selected trees.
TheMontiers forest has been classified as a forest since at least 1830, in-
dicating no major land-use change during the last 200 years.

2.2. Approaches to assess soil fertility

Fig. 2 summarizes the approaches used and the measurements con-
ducted to assess soil fertility along the soil sequence: soil available re-
sources (water and mineral nutrients) and stand growth and mineral
nutrition.

2.2.1. Approach 1: soil available resources (water and mineral nutrients)
The available water was estimated between field capacity (i.e., the

amount of water remaining in the soil a few days after having beenwet-
ted and after drainage ceased) and permanent wilting point (i.e., water
content below which roots cannot uptake water). Available nutrients
correspond to exchangeable pools for Ca, Mg, and K (as determined
through cobaltihexamine extraction) and assimilable P2O5 (as deter-
mined through extraction with H2SO4 followed by extraction with
NaOH). Consequently, thefirst stepwas to determine the size of the res-
ervoir (i.e., volumeof soilwherewater and nutrient are bioavailable and
accessible to trees) by assessing stone content and root density in the
successive soil layers as well as the mean depth of appearance of lime-
stone bedrock in the soil profiles.

2.2.1.1. Root colonization. The roots were quantified using the “trench
profile” technique (Van Noordwijk et al., 2000), which consists of
counting the root intersections with planes of observations in the soil.

For this purpose, three trenches (4 m × 2 m and at a depth of 2 m)
were dug with an excavator in March–April 2011 at each experimental
plot. A grid divided into squares 10-cm wide was placed in the soil
trench. An operator counted the number of fine (b2 mm diameter)
roots that intersect the soil profile in each square. From this counting,
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Fig. 1.Threebiogeochemical stations at the experimental research site inMontiers. a) Location of three experimental stations (S1: plot 1, S2: plot 2, and S3: plot 3) andflux tower (FT). Each
plotwith a surface area of one hectare comprises three (for soil properties) and four (for stand properties) replicates distributed over the entire surface. b) Schematic representation of the
soil sequence of the Montiers site and photos of the three soil profiles.
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the number of fine roots was determined in a soil layer of 10 cm (0 to
10 cm, 10 to 20 cm, etc.) and a soil surface of 0.1 m2. The maximum
depth of root measurement—defined in this study as the soil layer
where the number of fine roots is below 3 per 0.1 m2 of soil—was
1.00 m for the alocrisol, 1.80 m for the calci-brunisol and 1.90 m for
the rendisol. In total 7, 8, and 5 trench profiles were performed for the
alocrisol, calci-brunisol and rendisol, respectively. The number of trench
profiles performed was higher in the alocrisol and calci-brunisol to
Table 1
Chemical composition of the parent materials in the Montiers site.

Parent material Element (in % of dry soil)

SiO2 Al2O3 Fe2O3

Calcareous bedrock Total 2.34 0.68 0.25
Clay minerals 63.13 17.10 4.86

Detrital sediments 52.91 13.37 23.64
account for higher heterogeneity of the root development in these
trenches.

2.2.1.2. Depth of appearance of limestone bedrock and content of limestone
stones. The depth of appearance of limestone bedrock was only deter-
mined in the calci-brunisol (plot S2) and rendisol (plot S3), as bedrock
appears below the maximum rooting depth in the alocrisol. An excava-
torwas equippedwith a graduated pick from0 to 128 cm.Weestimated
K2O MgO CaO P2O5 Na2O MnO

0.14 0.51 54.63 0.05 0.04 0.01
3.87 1.66 0.29 0.21 0.12 0.01
0.80 0.49 0.14 0.41 0.13 0.20



Fig. 2. Measurements and approaches used to assess soil fertility in three studied soils in Montiers.
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that the bedrockwas reachedwhen the pick no longer dug into the soil.
We then recorded the penetration depth of the pick. Themeasurements
were performed everymeter in the tailboards of the plots and at the pe-
riphery of the plots. This represented approximately 750 and 700 mea-
surements in plots 2 and 3, respectively.

In this study, three trenches (the same trenches as for root quantifi-
cation) were dug in each plot. Soil material was extracted from the pro-
file by layer: 0–5, 5–15, 15–30, 30–45, 45–60 and 60–90 cm. For each
soil layer, the stones were removed from the collected soil, identified
(limestone or iron nodule) and weighed in situ independently. The
stone content (SC) was calculated for each soil layer as follows:

SC ¼ Ms=Dsð Þ= Ms=Dsð Þ þ Mso=Dsoð Þ½ � ð1Þ

with Ms., the mass of stones in g; Ds the density of limestone in g·cm−3

(evaluated through buoyancy method; 2.5) or iron nodule (evaluated
through buoyancy method; 3.0), Mso the mass of soil in g and Dso the
soil bulk density in g·cm−3 (evaluated with a 5-cm diameter calibrated
cylinder).

2.2.1.3. Soil physicochemical properties. Twenty-seven samples per plot
were collected in June 2010 along a 15 × 15 m grid. At each point, sam-
ples were extracted through an auger by layer (0–5, 5–15, 15–30, 30–
45, and 45–60 cm), when possible. In the calci-brunisol, samples were
also extracted for the 60–75 cm layer in three profiles.

Each soil sample was dried in a stream air-drier at 35 °C for one
week. The soil was sieved at 2 mm. The moisture, density and stone
ratio were measured for each soil sample. Soil physicochemical
characteristics were measured for each point by the Laboratory of Soil
Analysis (INRA-Arras, France) using international and French normal-
ized methods; soil texture: organic matter destruction followed by sed-
imentation for clay and silt fractions and sieving for sand fractions
(NFX31-107); organic C (NF ISO 10694): dry combustion followed by
elemental analysis of gas using thermal conductivity (Flash 2000, Ther-
mo Scientific, Courtaboeuf, France); total N (NF ISO 13878): dry com-
bustion followed by elemental analysis of gas using thermal
conductivity (Flash 2000, Thermo Scientific, Courtaboeuf, France); soil
pHwater (NF ISO 10390); CaCO3 (NF ISO 10693): acidification with HCl
in a closed system and measurement of CO2 release; assimilable P2O5

(Duchaufourmethod): acid extractionwithH2SO4 followed by basic ex-
traction with NaOH followed by P2O5 quantification by
spectrocolorimetry (Cary 50, Varian, Les Ulis, France); exchangeable
Al, Ca, Fe, K, Mg andMn (NF ISO 24370): extraction by cobaltihexamine
method and elemental analysis by Inductively Coupled Plasma-Optical
Emission Spectrometry (iCAP 7400, Thermo Scientific, Courtaboeuf,
France), exchangeable Na (NF ISO 24370): extraction by
cobaltihexaminemethod and elemental analysis by FlameAtomic Emis-
sion Spectrometry (SpectrAA 220FS, Varian, Les Ulis, France), and cation
exchange capacity (NF ISO 24370): extraction by cobaltihexamine
method and elemental analysis by spectrocolorimetry (Cary 50, Varian,
Les Ulis, France). The Duchaufour method was selected because, con-
trary to the Olsen method commonly used to quantify soil assimilable
P2O5, it extracts the P2O5 associated with the organic matter (Bonneau
et al., 2003). This accounts for the capacity of trees to extract soil P2O5,
notably through mycorrhizae, which is an important process in forest
soils.
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2.2.1.4. Calculation of stocks of available water and mineral nutrients (Ca,
K, Mg, and P2O5). The stocks of available nutrients in the soil of each ex-
perimental plot were calculated in the fine earth fraction by summing
the amount of a given element in each layer. The following formula
was used to calculate the stock of elements in the whole soil profile
for a surface area of one hectare:

S ¼ ∑H
h¼1 d � c � Dh � 10000 ð2Þ

with S equal to the stock of one element (kg·ha−1), h the soil layer, d
the soil density, c the concentration of the element (exchangeable
form, in g·kg−1 of dry soil) and Dh the thickness of the soil layer (inm).

The water holding capacity of each soil was calculated using a
pedotransfer function, which allows the determination of hydraulic pa-
rameters from physical data (Al Majou et al., 2007). The following for-
mula was used to calculate the soil water holding capacity:

SWHC ¼ 1− SC=100ð Þð Þ � ∑H
h¼1 θ−10 kPa−θ−1500 kPa

� �
� Dh ð3Þ

with SWHC as the soil water holding capacity (mm), h the soil horizon,
SC the rate of stones (%), θ−10 KPa the volume water content at field ca-
pacity (mm/m), θ−1500 kPa the volume water content at the permanent
wilting point (mm/m), and Dh the thickness of the soil layer (m)

with θ−10 KPA ¼ 0:262þ 0:0034 �%Clayð Þ þ 0:0012 �%Sið Þ
þ 0:0002 �%Corg
� �þ −0:0647 � Dað Þ

θ−1500 KPA ¼ 0:0786þ 0:0045 �%Clayð Þ þ 0:0003 �%Sið Þ
þ 0:0004 �%Corg
� �þ 0:0711 � Dað Þ

clay= clay fraction, Si = silt, Corg = organic carbon and Da= apparent
density of the fine earth fraction.

2.2.2. Approach 2: stand growth and mineral nutrition
In this study, we evaluated the current and potential stand produc-

tivity, as well as the standmineral nutrition status in the three different
plots. For this purpose, we used several indicators, i.e., (i) standing
aboveground biomass and annual biomass production, (ii) potential
growth index (prediction of height at 100 years of dominant trees,
Seynave et al., 2008), and (iii) status of stand mineral nutrition (foliar
mineral contents).
Fig. 3. Beech tree density (in stalks per hectare) according to stem diameter at breast
height level. Histograms represent mean values of four replicates for the three soils. Bars
represent standard deviation. In black, dark grey and light grey are the alocrisol, the
calci-brunisol and the rendisol, respectively.
2.2.2.1. Current productivity (aboveground standing biomass and annual
production). The comparison of biomass production across different
soils was possible in this study because the number of trees per hectare
(700, 739, and 714 beeches for the alocrisol, the calci-brunisol, and the
rendisol, respectively), distribution of stem diameter classes (Fig. 3),
age of the stand (45, 54, and 57 years in 2009 for the alocrisol, the
calci-brunisol, and the rendisol, respectively) and forestry practices
were very similar for the three plots.

2.2.2.1.1. Calculation of stand growth. For the three plots, the biomass
of each tree was calculated for each aboveground compartment, i.e.,
branches b4 cm in diameter, branches between 4 and 7 cm in diam-
eter, branches N7 cm in diameter and wood stem and bark stem for
three soils in both 2009 and 2014. To estimate the standing biomass,
we used allometric equations linking easy-to-measure tree attri-
butes (i.e., height, diameter at breast height, and age of trees) to
the biomass of each compartment (Picard et al., 2012). The robust-
ness of the published models for beech trees in Europe (Genet et
al., 2011) was verified thanks to actual biomass measurements of
25 beech trees in the three plots of the Montiers forest (8, 9, and 8
beech trees for the alocrisol, the calci-brunisol, and the rendisol, re-
spectively). Trees were equally distributed over the whole spectrum
of inventoried classes of basal area. These trees were sampled far
from each other to prevent potential correlation between sampled
trees due to competition. Measurements were realized in 2009 fol-
lowing published standards (Picard et al., 2012; Henry et al., 2011),
namely by weighing each tree compartment and tissues (wood and
bark) separately to account for differences in wood density and
moisture content. The allometric equations for the different tree
compartments are presented in Table 2. For each soil type, the differ-
ence between model estimates and measurements on the eight to
nine trees were allowed to calculate the average bias for each com-
partment and each soil. The bias was used as a correction factor
when applying the equations to all inventoried trees.

To simplify sitemeasurements, we developed amodel allowingus to
estimate the total height of beech trees from their stem diameter at
breast level for each soil type. For this purpose, in 2009 and 2013 we
measured the height and diameter at breast level of all dominant
beech trees, and a selection of beech trees belonging to the medium-
and low-class diameter, for each soil type. From these data, we obtained
the following equation:

h ¼ 1:3þ a � 1− exp −b � dð Þð Þc ð4Þ

where h is the total tree height in m, d is the stem diameter at breast
height in mm; and a, b and c are the parameters to estimate.

The annual aboveground biomass production (in tons of dry matter
per hectare and year) was calculated as the difference between the bio-
mass calculated for 2014 and 2009 and divided by five.

2.2.2.1.2. Calculation of nutrient content in tree aboveground compart-
ments. In each plot, the concentrations of Ca, K, Mg, and P were mea-
sured for three different soil types in the various aboveground
compartments, i.e., 0–4 cm diameter branches, 4–7 cm diameter
branches, N7 cm diameter branches, stem bark, and stem wood, for
Table 2
Allometric equations for beech trees specific to the site of Montiers, used for the determi-
nation of the biomass of the different tree compartments. B is the dry biomass (in kg), d is
the stem diameter at breast eight (in m), h is the total tree height (in m).

Tree compartment Allometric equation

Stem wood B = (193.3871 − 112.4017 ∗ e(−0.0482 ∗ age)) ∗ (d2h)0.9756

Stem bark B = (11.6414 + 0.0757 ∗ age) ∗ (d2h)0.8771

N7 cm branch B = 5.0575 ∗ (d2h)2.0578

4–7 cm branch B = (20.2017 − 0.0900 ∗ age) ∗ (d2h)1.5341

b4 cm branch B = (22.3991 + 73.1160 ∗ e(−0.0285 ∗ age)) ∗ (d2h)0.9119



Table 3
Concentrations of Ca, K,Mg, and P (in g·kg−1 of drymatter) in the different tree compartments. Data is themeanvalue (±standarddeviation) of 8, 9, and 8 beech trees for the alocrisol, the
calci-brunisol, and the rendisol, respectively.

Tree compartment Soil type Elements (g·kg−1 of dry matter)

Ca K Mg P

Stem wood Alocrisol 0.83 ± 0.08 1.09 ± 0.14 0.22 ± 0.05 0.11 ± 0.02
Calci-brunisol 0.81 ± 0.14 1.02 ± 0.13 0.26 ± 0.13 0.11 ± 0.02
Rendisol 0.84 ± 0.03 1.19 ± 0.21 0.34 ± 0.13 0.14 ± 0.04

Stem bark Alocrisol 15.85 ± 5.07 2.74 ± 0.36 0.48 ± 0.06 0.47 ± 0.09
Calci-brunisol 20.34 ± 4.15 2.43 ± 0.32 0.39 ± 0.08 0.45 ± 0.05
Rendisol 33.64 ± 6.25 2.80 ± 0.39 0.44 ± 0.39 0.44 ± 0.07

N7 cm branch Alocrisol 1.60 1.37 0.31 0.23
Calci-brunisol 2.01 1.52 0.29 0.26
Rendisol 2.59 1.57 0.43 0.26

4–7 cm branch Alocrisol 2.20 ± 0.87 1.46 ± 0.18 0.34 ± 0.07 0.32 ± 0.08
Calci-brunisol 2.82 ± 0.82 1.57 ± 0.35 0.31 ± 0.05 0.31 ± 0.08
Rendisol 4.61 ± 1.20 1.79 ± 0.18 0.49 ± 0.19 0.39 ± 0.11

b4 cm branch Alocrisol 3.38 ± 0.94 2.17 ± 0.39 0.47 ± 0.12 0.84 ± 0.22
Calci-brunisol 4.02 ± 0.62 2.27 ± 0.37 0.42 ± 0.08 0.72 ± 0.18
Rendisol 6.78 ± 1.96 2.21 ± 0.35 0.49 ± 0.16 0.67 ± 0.16
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the 25 trees used for biomass measurements. Briefly, all tree com-
partments were dried at 65 °C in a stream air-dryer until they
reached constant weight. All samples were ground in two steps:
coarse crushing (Power cutting mill pulverisette 25; Fritsch, Idar-
Oberstein, Germany) followed by fine crushing (Sodemi ball mill,
Zcrusher, South Jinqiao Area, Pudong, Shanghai, China). The samples
were mineralized (HNO3) through a microwave (Multiwave 3000,
Anton Paar, Graz, Austria). Total K, Ca, Mg and P were determined
using an Inductively Coupled Plasma–Atomic Emission Spectrometer
(ICP-AES Agilent Technologies 700 type ICP-OES, Santa Clara, USA)
after alkaline fusion with LiBO2 and dissolution in HNO3 at the
SARM laboratory (CNRS, Vandœuvre-lès-Nancy). The concentrations
of Ca, K, Mg and P in the different tree compartments and for the
three soils are presented in Table 3.

The nutrient content in each tree aboveground compartment for
each soil was computed bymultiplying the average nutrient concentra-
tion and corresponding dry mass. The total nutrient content in the
aboveground tree was obtained by adding the nutrient content in all
compartments.

The annual immobilization of a given nutrient in the biomass was
calculated in each compartment as the difference between its content
in 2014 and its content in 2009 divided by five.

The total annual nutrient immobilization in the aboveground tree
was obtained by adding the annual nutrient immobilization in each
compartment.

2.2.2.2. Potential growth index (model of Seynave et al., 2008). Foresters
also use models to predict stand growth at a given age (Dhôte, 1996;
Saint-André et al., 2008; Skovsgaard and Vanclay, 2008; Weiskittel et
al., 2009; García, 2011). These models are based on the principle of
Eichhorn's rule, according to which the height/age/fertility index is
key to predicting the growth of homogeneous stands. Themeasurement
of potential growth used in this study was the dominant height (i.e.,
mean total height of the 100 largest trees per hectare) in a forest
stand at a reference age. This is the growth performance index most
widely employed in forestry because of its strong correlation with
total production inpure and even-aged stands, which are very nearly in-
dependent of forestry techniques (Assman andDavis, 1970). The poten-
tial height growth index was calculated at an age of 100 years using a
dominant height growth model, fitted using height–age data recorded
from stem analyses from plots located in Northeastern France
(Seynave et al., 2008). The growth equation is:

H0 ¼ K exp f ageð Þ−α� � ð5Þ
where

f ageð Þ ¼ age�
R exp 1þ 1

α

� �
1− ln 1þ 1

α

� �� �� �

Kα

þ ln
K
1:3

� � −1
αð Þ

ð6Þ

where age is the measured dominant age at 1.3 m. The dominant age is
the average number of rings counted on increment cores (horizontal
samples of wood extracted from the bark to the pith) taken from dom-
inant trees. H0 is themeasured dominant height inm. K,α and R are the
height growth curve parameters: K is the asymptote and equals 67.3; α
is the form factor and equals 0.821; and R is the site-specific parameter
and represents the maximum growth rate. The terms K and α are con-
stant values for beech in France. R is calculated for each plot frommea-
sured values of H0 and age.

2.2.2.3. Stand mineral nutrition. We used the concept developed by
Bonneau to estimate the level of tree nutrition using the measurement
of nutrient content in its fresh sun leaves (Bonneau, 1995). Because
leaves are very active organs, their composition is particularly indicative
of the relationship between plant nutrition and growth.

Sampling consisted of collecting near the experimental plots of each
soil type—through rifle shooting—several branches (upper portion of
the canopy, exposed to the light) from three beech trees in August
2011, 2012, 2013, and 2014. For each soil type, leaves were dried in a
stream air-drier at 65 °C on three days, mineralized (HNO3) through a
microwave (Multiwave 3000, Anton Paar, Graz, Austria) and analyzed
using an inductively coupled plasma atomic emission spectrometer
(ICP-AES Agilent Technologies 700 type ICP-OES, Santa Clara, USA) for
Ca, K, Mg and P.

2.3. Statistical analyses

The descriptive statistical parameters (e.g., mean, standard devia-
tion, variation coefficient) were performed using R software (R-3.3.1
version). The normality of distribution was confirmed using the Sha-
piro-Wilk test. As our data did not follow a normal distribution, the
non-parametrical Kruskal-Wallis test was performed to compare
water and nutrient (Ca, K, Mg, P2O5) stocks in the different soil types
and the standing aboveground biomass and annual stand production
at the threshold level of 0.05. The post hoc Bonferroni correction was
used for pairwise comparison.



Table 4
Limestone stone content (% volume) in the three soils of the Montiers site. Data is the
mean value (±standard deviation) of three soil samples for each soil type and depth.
NS: not sampled (rocky layers).

Depth (cm) Limestone stone content (% volume)

Alocrisol Calci-brunisol Rendisol

0–5 0 1.1 ± 0.4 1.6 ± 0.2
5–15 0 1.5 ± 0.3 3.6 ± 1.7
15–30 0 4.7 ± 1.4 29.0 ± 3.7
30–45 0 22.5 ± 7.8 86.7 ± 11.8
45–60 0 36.1 ± 8.3 NS
60–75 0 52.2 ± 10.9 NS
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3. Results

3.1. Soil available resources (water and mineral nutrients)

3.1.1. Depth of appearance of limestone bedrock and content of limestone
stone

From N700 measurements distributed on the entire surface area of
each plot, the mean depths of appearance of the limestone bedrock
were 75 ± 35 cm and 45 ± 17 cm for calci-brunisol and rendisol,
respectively.

The limestone stone content increased from approximately 1% in the
upper soil layer of the calci-brunisol and rendisol to 52.2% in the 60–
75 cm soil layer of the calci-brunisol and 86.7% in the 30–45 cm soil
layer of the rendisol (Table 4). No limestone stone was observed in
the first 75 cm of the alocrisol. The mean depths of appearance of lime-
stone stones were 41 ± 16 cm, and 26 ± 6 cm for calci-brunisol and
rendisol, respectively.

3.1.2. Soil root quantification
The number of fine roots in the upper soil horizons (0 to 30 cm)was

higher in the calci-brunisol and rendisol compared to the alocrisol (Fig.
4). It decreased progressively with depth in the alocrisol and the calci-
brunisol. Surprisingly, the number of fine roots stabilized and remained
relatively important below 60 cm depth in the shallow rendisol (N25
Fig. 4. Quantification of fine roots (b2mm) for each soil horizon and each soil type using the “tr
brunisol and the rendisol, respectively. Histograms representmean valuesof 7, 8, and5 replicate
deviation.
roots for a soil surface of 10 cm2) compared to the alocrisol and the
calci-brunisol (b5 roots for a soil surface of 10 cm2 for both). Approxi-
mately 90% of fine roots are located in the first 60 cm of the alocrisol,
90 cm of the calci-brunisol and 100 cm of the rendisol (Fig. 4). In the
rendisol, fine roots penetrated the fine earth fraction between the
rocks, followed limestone fractures and even crossed through rocks to
reach deeper soil horizons (Fig. 5a and b).

3.1.3. Soil physico-chemical properties of the fine earth fraction (Table 5)
Globally, the organic carbon content, soil pHwater, CEC, saturation

rate and proportion of clay-size fraction increased as follows: alocrisol
b calci-brunisol b rendisol.

Soil pHwater remained stable nomatter the depth in the alocrisol and
the calci-brunisol and increased with depth in the rendisol. It ranged
from 5.7 to 6.8 in the rendisol, between 5.2 and 5.4 in the calci-brunisol,
between 4.8 and 5.1 in the alocrisol.

The CEC decreased in the first soil centimeters and increased in the
deeper horizons in all soils. The CEC ranged from 29 cmolc·kg−1 of
dry soil (DS) in the rendisol (45–60 cm horizon) to 3 cmolc·kg−1 DS
in the alocrisol (15–30 cm horizon).

The organic carbon content decreased with depth in the three soils.
It ranged from39 to 6 g·kg−1 DS in the alocrisol, from41 to 6 g·kg−1 DS
in the calci-brunisol, and from 63 to 18 g·kg−1 DS in the rendisol.

The total nitrogen content decreased with depth in the three soils. It
ranged from 2.6 to 0.4 g·kg−1 DS in the alocrisol, from 2.6 to 0.6 g·kg−1

DS in the calci-brunisol, and from 4.2 to 1.5 g·kg−1 DS in the rendisol.
The C/N ratio decreased from the surface to the deep horizons in the

calci-brunisol and the rendisol; this ratio ranged from 15.6 to 9.6 in the
calci-brunisol and from 14.9 to 12.0 in the rendisol.

Base saturation remained near 100% throughout the entire soil pro-
file in the rendisol. In the alocrisol and the calci-brunisol, base saturation
decreased in thefirst soil centimeters (64 to 26% and 83 to 61% from0 to
30 cm in the alocrisol and the calci-brunisol, respectively) and increased
in deeper horizons (25 to 55%, and 61 to 76% from 30 to 60 cm in the
alocrisol and the calci-brunisol, respectively).

The clay-sized fraction content increased with depth in the three
soils. It ranged from 25% to 35% in the alocrisol, from 24% to 52% in the
ench profile”method. The black, dark grey and light grey represent the alocrisol, the calci-
s for the alocrisol, the calci-brusnisol and the rendisol, respectively. Bars represent standard



Fig. 5. Optical photographs of the root-limestone interface: a) Roots crossing over limestone stone extracted from the rendisol soil profile. b) Traces of dissolution on limestone stones
collected from deep soil horizons of the rendisol.
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calci-brunisol, and from 45% to 71% in the rendisol. The sand content
was stable for all alocrisol depths but decreased with depth in the
calci-brunisol and the rendisol, from 37% to 24% and 16% to 12%,
respectively.

3.1.4. Stocks of available water and mineral nutrient in soils
Fromdata regarding root quantification, content of limestone stones

and depth of appearance of limestone bedrock,we built amean soil pro-
file for each soil type, including the limits of the reservoir of available
water and nutrients for trees (Fig. 6). These limits were defined by the
presence of a fine earth fraction (capacity to store water and nutrients)
and fine roots (capacity to access and take up water and nutrients), and
a threshold of 90% of the total roots in the soil profile was chosen. The
reservoir of nutrients and water was thus assessed at 60, 75 and
45 cm for the alocrisol, the calci-brunisol, and the rendisol, respectively.
Nutrient stocks were compared to fertility norms established for forest
soils (Bonneau, 1995).

Stocks of exchangeable Ca were significantly higher in the calci-
brunisol (10,834 kg·ha−1) and the rendisol (11,474 kg·ha−1) than in
the alocrisol (2547 kg·ha−1) (Fig. 7a). The chemical fertility in Ca was
high for the three soils.

Stocks of exchangeable K were significantly higher in the calci-
brunisol (566 kg·ha−1) compared to the rendisol (304 kg·ha−1) and
the alocrisol (293 kg·ha−1) (Fig. 7b). The chemical fertility in K was
low for the alocrisol and the rendisol andmedium for the calci-brunisol.

Stocks of exchangeable Mg were significantly higher in the calci-
brunisol (479 kg·ha−1) compared to the alocrisol (360 kg·ha−1) and
the rendisol (274 kg·ha−1) (Fig. 7c). The chemical fertility in Mg
was medium for the alocrisol and the rendisol and high in the calci-
brunisol.

Stocks of assimilable P2O5 (Duchaufour method) decreased as fol-
lows: alocrisol (2745 kg·ha−1) N calci-brunisol (1799 kg·ha−1)
N rendisol (622 kg·ha−1) (Fig. 7d). The chemical fertility in Pwasmedi-
um for the rendisol and high for the alocrisol and the calci-brunisol.

Stocks of available water (soil water holding capacity, Fig. 7e) were
significantly higher in the alocrisol (10.1 ± 0.5 cm) and the calci-
brunisol (10.2 ± 2.0 cm) than in the rendisol (4.5 ± 1.4 cm).

3.2. Stand growth and mineral nutrition

3.2.1. Current standing biomass and productivity and nutrient
immobilization

The aboveground biomass of the sampled trees ranged from 9 kg of
dry matter for the smallest tree to 2064 kg for the largest tree (data not
shown). Whatever the soil, stem wood was the main compartment of
aboveground biomass for every tree size class, consistent with previous
findings for European beech (Brumme and Khanna, 2009; Genet et al.,
2011). Stem wood, stem bark, N7 cm diameter branches, 4 to 7 cm
diameter branches and b4 cm diameter branches represent approxi-
mately 68%, 6%, 4%, 8%, and 14% of the aboveground biomass of beech
trees, respectively (data not shown). The beech aboveground standing
biomass in 2009 (at the beginning of the study) was significantly higher
on the calci-brunisol compared to the rendisol whatever the tree com-
partment, except for the stem bark (Table 6). The total aboveground
biomass in 2009 reached 106.5± 6.4 t·ha−1 on the calci-brunisol, com-
pared to 79.2±12.7 t·ha−1 on the rendisol. Nodifferencewas observed
for beech total aboveground biomass between the alocrisol (79.6 ±
22.8 t·ha−1) and the other soils.

The annual increase in beech aboveground biomass between 2009
and 2014 was significantly higher on the alocrisol (8.7 ±
1.3 t·ha−1·yr−1) and the calci-brunisol (7.0 ± 0.6 t·ha−1·yr−1) than
on the rendisol (5.1 ± 0.1 t·ha−1·yr−1) (Table 6). This was mainly
due to significantly higher production of wood stem biomass on the
alocrisol (5.7 t·ha−1·yr−1) and the calci-brunisol (4.5 t·ha−1·yr−1)
than the rendisol (3.5 t·ha−1·yr−1). The relative increment of annual
biomass increase (i.e., annual beech biomass production divided by
the biomass in 2009) was significantly higher on the alocrisol (11%)
compared to the calci-brunisol and the rendisol (approximately 7% for
both soils).

The amounts of Ca, K,Mg, and P immobilized in 2009 in the standing
aboveground biomass of mature beech trees (approximately 50 years)
in the three soils ranged from 163 and 311 kg·ha−1·yr−1 of Ca, 109
and 140 kg·ha−1·yr−1 of K, 23 and 31 kg·ha−1·yr−1 of Mg, and 19
and 24 kg·ha−1·yr−1 of P (Table 7). Although the beech standing bio-
mass in 2009 was similar between the alocrisol and the rendisol (ap-
proximately 80 tons by ha), more Ca was immobilized in the
aboveground biomass on the rendisol, which has significantly higher
Ca stocks. For all soils, the part Ca, K, and Mg immobilized in b7 cm di-
ameter branches (commonly called small woods) and generally not
exported during forest exploitation and represent approximately 30%
of the Ca, K, and Mg immobilized in the total aboveground biomass of
beech trees. Interestingly, the P immobilized in the b7 cm diameter
branches represented approximately 50% of the P immobilized in the
total aboveground biomass of beech trees.

The annual immobilization of Ca, K, Mg, and P in the beech above-
ground biomass on the three soils ranged between 14.7 and
19.3 kg·ha−1·yr−1 of Ca, 7.5 and 11.5 kg·ha−1·yr−1 of K, 2.0 and
2.4 kg·ha−1·yr−1 of Mg and 1.0 and 1.7 kg·ha−1·yr−1 of P (Table 7).
The Ca, K, Mg, and P annually (between 2009 and 2014) immobilized
in the b7 cm diameter branches were similar to that estimated in the
standing aboveground biomass (in 2009), approximately 30% for Ca,
K, and Mg and approximately 50% for P. From these data and the soil
available nutrient reserves, we estimated the time required to exhaust
these available nutrient reserves for each soil type as follows: soil re-
serve of a given element (in kg·ha−1) divided by annual immobilization
of this element in the aboveground biomass of beech trees (in



Table 5
Mean physico-chemical properties of the 3 soils of the Montiers site. In italics, standard deviation. FEF: fine earth fraction, DS: dry soil, wt: weight.

Soil type Depth Samples FEF
density

pHwater Clay Fine silt Coarse
silt

Fine
sand

Coarse
sand

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5

cm g·cm−3 g·kg−1

DS
g·kg−1

DS
g·kg−1

DS
g·kg−1

DS
g·kg−1

DS
%wt
DS

%wt
DS

%wt
DS

%wt
DS

%wt
DS

%wt
DS

%wt
DS

%wt
DS

%wt
DS

Alocrisol 0–5 27 0.98 4.94 255 281 160 185 121 64.3 8.3 14.1 0.25 0.35 0.25 0.35 1.0 0.46
0.04 9 9 6 14 7 1.4 0.3 0.9 0.03 0.03 0.04 0.03 0.1 0.03

5–15 27 0.94 4.85 245 276 162 184 131 65.2 8.3 14.4 0.21 0.33 0.15 0.35 1.0 0.42
0.07 10 11 6 15 9 1.6 0.4 1.0 0.03 0.03 0.02 0.03 0.1 0.03

15–30 27 1.23 4.81 268 280 161 170 115 65.3 8.5 15.0 0.20 0.34 0.14 0.33 1.0 0.41
0.08 19 20 14 28 20 2.2 0.4 1.8 0.02 0.04 0.02 0.04 0.1 0.03

30–45 27 1.36 4.87 306 262 150 161 119 63.1 9.5 16.9 0.18 0.38 0.15 0.29 0.9 0.43
0.07 43 29 18 31 21 4.4 1.0 3.3 0.02 0.07 0.02 0.06 0.2 0.07

45–60 27 1.45 5.06 355 229 126 166 141 61.9 11.0 18.4 0.19 0.48 0.17 0.28 1.0 0.42
0.06 65 29 20 32 26 3.4 1.2 2.4 0.02 0.10 0.04 0.05 0.2 0.06

Calci-brunisol 0–5 27 1.03 5.39 242 242 143 290 83 77.7 6.6 6.2 0.18 0.33 0.24 0.23 0.9 0.20
0.04 19 6 5 14 9 1.4 0.3 1.1 0.03 0.02 0.04 0.01 0.0 0.03

5–15 27 0.91 5.22 241 246 145 287 82 80.0 6.6 6.2 0.15 0.32 0.16 0.24 0.9 0.18
0.06 24 6 5 17 9 2.2 0.2 0.7 0.02 0.02 0.04 0.01 0.0 0.02

15–30 27 1.23 5.29 294 234 136 273 64 78.8 7.5 6.2 0.15 0.38 0.14 0.23 1.0 0.16
0.07 54 9 6 21 4 0.3 0.2 0.3 0.03 0.01 0.02 0.02 0.0 0.02

30–45 21 1.35 5.31 420 188 107 214 71 73.3 10.3 8.1 0.14 0.59 0.19 0.19 1.2 0.17
0.08 98 30 22 44 14 3.9 2.0 1.2 0.03 0.16 0.01 0.02 0.1 0.01

45–60 18 1.32 5.44 523 154 85 176 63 63.2 14.7 11.7 0.12 0.95 0.71 0.15 1.5 0.24
0.11 109 34 26 46 25 4.0 1.8 1.3 0.02 0.17 0.46 0.01 0.2 0.04

Rendisol 0–5 27 0.88 5.71 449 227 123 119 41 63.8 11.4 7.8 0.16 0.71 0.85 0.30 1.32 0.29
0.05 80 54 26 39 15 4.9 1.7 0.8 0.03 0.15 0.24 0.03 0.13 0.04

5–15 27 0.98 5.69 430 224 114 123 59 66.9 11.7 8.7 0.16 0.71 0.68 0.32 1.33 0.27
0.04 82 56 36 37 21 4.1 1.9 1.0 0.03 0.17 0.25 0.05 0.15 0.04

15–30 23 1.06 6.02 516 169 77 102 63 63.3 14.0 9.8 0.14 0.86 1.06 0.27 1.42 0.26
0.09 81 50 38 42 24 4.7 2.0 1.0 0.02 0.18 0.56 0.04 0.13 0.03

30–45 6 1.04 6.38 667 99 51 80 45 59.7 17.3 11.4 0.12 1.06 0.94 0.21 1.64 0.27
0.16 76 45 42 52 29 5.9 2.5 0.2 0.01 0.24 0.35 0.02 0.27 0.05

45–60 2 1.08 6.82
0.08

Soil type Depth Samples H+ Alexch Caexch Mgexch Kexch Naexch Feexch Mnexch CEC
cobalti

Base
saturation

N tot. C org. C: N

cm cmol
+ kg−1

DS

cmol
+ kg−1

DS

cmol
+ kg−1

DS

cmol
+ kg−1

DS

cmol
+ kg−1

DS

cmol
+ kg−1

DS

cmol
+ kg−1

DS

cmol
+ kg−1

DS

cmol
+ kg−1

DS

% g·kg−1

DS
g·kg−1

DS

Alocrisol 0–5 27 0.307 1.34 4.04 0.484 0.248 0.028 0.029 0.439 6.7 64.2 2.6 38.7 14.8
0.049 0.25 1.29 0.091 0.027 0.005 0.005 0.057 1.1 8.8 0.3 4.6 1.2

5–15 27 0.249 2.00 1.54 0.172 0.113 0.022 0.032 0.230 4.2 35.0 1.6 24.8 15.8
0.034 0.23 0.96 0.035 0.014 0.004 0.003 0.023 0.8 7.9 0.2 3.5 2.2

15–30 27 0.177 2.15 0.74 0.129 0.073 0.017 0.045 0.201 3.5 25.9 0.9 15.0 16.4
0.028 0.41 0.44 0.045 0.011 0.005 0.015 0.045 0.6 9.2 0.2 3.5 2.4

30–45 27 0.163 2.19 1.21 0.269 0.083 0.017 0.063 0.173 4.2 36.2 0.6 8.5 16.2
0.044 0.62 0.39 0.102 0.020 0.003 0.018 0.037 1.1 10.3 0.1 1.8 3.0

45–60 27 0.125 1.64 2.55 0.811 0.097 0.023 0.063 0.119 5.7 55.1 0.4 5.8 18.6
0.028 0.45 1.04 0.373 0.022 0.006 0.019 0.023 1.7 14.3 0.1 0.9 4.3

Calci-brunisol 0–5 27 0.268 0.77 7.53 0.777 0.311 0.041 0.012 0.440 9.9 83.3 2.6 41.3 15.6
0.033 0.21 1.98 0.123 0.037 0.005 0.001 0.043 2.0 5.3 0.2 5.5 2.1

5–15 27 0.266 1.71 5.01 0.349 0.139 0.039 0.017 0.293 7.6 59.1 1.6 25.9 16.0
0.033 0.35 2.81 0.099 0.026 0.007 0.002 0.043 2.7 8.9 0.3 6.0 3.3

15–30 27 0.249 1.87 4.70 0.329 0.145 0.039 0.024 0.277 7.6 60.9 1.0 15.5 14.3
0.030 0.32 1.58 0.038 0.021 0.005 0.005 0.024 1.4 8.8 0.1 2.8 3.3

30–45 21 0.207 2.59 9.20 0.567 0.199 0.049 0.031 0.166 12.9 68.4 0.8 9.7 11.7
0.056 1.60 5.42 0.214 0.055 0.014 0.010 0.034 4.5 18.8 0.3 3.3 1.8

45–60 18 0.164 2.78 12.82 0.823 0.257 0.057 0.044 0.145 17.2 75.6 0.6 6.2 9.6
0.059 1.81 8.00 0.274 0.054 0.012 0.021 0.074 6.7 13.9 0.2 1.8 0.5

Rendisol 0–5 27 0.167 0.25 22.57 1.544 0.470 0.075 0.010 0.296 24.9 97.8 4.2 63.1 14.9
0.081 0.41 8.74 0.380 0.114 0.018 0.004 0.131 8.3 5.4 0.9 15.5 1.4

5–15 27 0.144 0.47 17.93 0.900 0.261 0.074 0.011 0.249 20.0 94.2 2.9 41.2 14.3
0.057 0.74 8.09 0.306 0.085 0.017 0.003 0.103 7.9 6.6 0.8 13.4 2.1

15–30 23 0.170 0.19 22.52 0.515 0.224 0.073 0.017 0.127 23.2 99.3 1.9 24.4 12.8
0.002 0.22 7.30 0.126 0.037 0.014 0.006 0.072 6.4 5.3 0.4 5.6 1.1

30–45 6 0.091 0.10 27.27 0.721 0.316 0.083 0.021 0.103 29.0 97.5 1.5 18.2 12.0
0.063 0.06 9.28 0.078 0.011 0.011 0.011 0.056 9.0 2.1 0.6 7.9 0.8

45–60 2
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kg·ha−1·yr−1). This time ranged from 152 years (alocrisol) to
737 years (calci-brunisol) for Ca, from 25 years (alocrisol) to 64 years
(calci-brunisol) for K, from 137 years (rendisol) to 240 years (calci-
brunisol) for Mg and from 622 years (rendisol) to 1499 years (calci-
brunisol) for P. These values do not consider nutrient input/output
fluxes (atmospheric deposits andmineral weathering/leaching) and in-
ternal nutrient recycling (branch fall), which replenish/deplete soil
available nutrient stocks.



Fig. 6. Mean soil profiles for the alocrisol, the calci-brunisol and the rendisol based on root profiles, pick and auger soundings. The rectangles represent limestone bedrock, which is
surmounted by saprolite (in brown). The dotted line represents the mean depth of appearance of limestone stones. The percentage corresponds to the limestone stone content in this
layer (41 to 75 cm for the calci-brunisol and 26 to 45 cm for the rendisol). The thick black line on the left of each soil profile represents soil thickness, which contains 90% of the fine
roots quantified in the total soil profile (using the root impact method). The dotted rectangles represent the volume of soil considered as the reservoir of available water and nutrients
for trees. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2.2. Potential growth index: simulation of the height of dominant beech
trees at 100 years

According to Eq. (5), the mean potential height of dominant beech
trees at 100 years was 38.1 ± 1.0 m, 37.0 ± 2.0 m, and 32.3 ± 2.0 m
for the alocrisol, the calci-brunisol and the rendisol, respectively, at
the Montiers site.

3.2.3. Stand mineral nutrition
Mineral nutrition levels, as assessed through the chemical analysis of

sun leaves collected in August between 2011 and 2014 according to
Bonneau (1995), was optimal or near optimal for Ca, K, and P (Fig. 8a,
b and d), whatever the soil type. In contrast, the Mg content in leaves
was suboptimal for the three soils and near the deficiency threshold
for the alocrisol and the calci-brunisol (Fig. 8c).

4. Discussion

When studying the influence of soil available water andmineral nu-
trient resources on stand productivity, the choice of the study site and
assessment methods are of paramount importance. In this work,
preliminary observations, sampling and analysis of the different compo-
nents of the ecosystemwere performed to select a zonewith a great di-
versity of soils but equivalent ecological variables (e.g., climate, stand
characteristics, management). Careful attention was paid to avoid
disturbing site properties during management, implementation, and
sampling operations. Several approaches adapted to site characteristics
combinedmeasurements and inference models with several replicates;
thesewere used to accurately quantify soil available resources aswell as
stand growth and nutrition in the three soils. However, the absence of
replications at landscape scale precludes generalization of the results.

4.1. Soil availablewater and nutrient resources influence stand productivity

The calci-brunisol presents the best nutritive potential among the
studied soils. This soil has the highest stocks of Ca, K and Mg, a high
stock of P2O5 and a high water-holding capacity (N10 cm). In contrast,
the rendisol presents the lowest stocks of Mg and P2O5 and the lowest
water holding capacity (4.5 cm) due to its low thickness. Despite its
thickness, the alocrisol has lower available nutrient stocks than the
calci-brunisol (except for P2O5). This can be explained by the relatively
low proportion of the clay-sized fraction (approximately 30%) in the



Fig. 7. Soil-available Ca (a), K (b), Mg (c), P2O5 (d) andwater (e) reserves for the alocrisol (60 cm), the calci-brunisol (75 cm) and the rendisol (45 cm). Bars represent standard deviation.
Histogramswith different letters are significantly different according to a Kruskal-Wallis test at the threshold P value level of 0.05. For Ca, K,Mg, and P, the grey zone represents amedium
chemical fertility with respect to the considered element, as defined by Bonneau (1995). Above this zone, soil fertility is high. Below this zone, soil fertility is low.
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alocrisol, which reduces its capacity to fix exchangeable nutrients and
the nutrient-poor quality of the underlying Valanginian sediments. In-
deed, the parent material of a soil determines the original supply of nu-
trients released by weathering and influences the balance between
nutrient loss and retention (Anderson, 1988). According to the
Table 6
Standing dry biomass (in 2009) and annual aboveground dry biomass production (between 20
mean value of four replicates (±standard deviation) for each soil and tree compartment. Value
threshold level of a P value of 0.05.

Soil type Standing aboveground biomass (t·ha−1) and annual abovegrou

b4 cm branch 4–7 cm branch N7 cm br

Alocrisol 12.8 ± 3.5ab 6.1 ± 2.0b 2.8 ± 0.9
1.1 ± 0.1b 0.9 ± 0.2a 0.6 ± 0.1

Calci-brunisol 14.5 ± 0.9a 9.5 ± 0.4a 5.6 ± 0.2
0.7 ± 0.1a 0.8 ± 0.1a 0.7 ± 0.1

Rendisol 10.8 ± 1.6b 5.7 ± 1.1b 2.9 ± 0.6
0.6 ± 0.0a 0.5 ± 0.0b 0.3 ± 0.0
classification of Bonneau to French forest soils (Bonneau, 1995), stocks
of available nutrients are high in the three studied soils for Ca, medium
(rendisol and alocrisol) to high (calci-brunisol) for Mg, very low
(alocrisol and rendisol) to medium (calci-brunisol) for K, and medium
(rendisol) to high (alocrisol and calci-brunisol) for P2O5. Current and
09 and 2014) by tree compartments on the three soils of the site of Montiers. Data is the
s with different letters are significantly different according to a Kruskall-Wallis test at the

nd dry biomass production (in t·ha−1·yr−1)

anch Stem bark Stem wood Total aboveground

b 3.6 ± 0.9a 54.3 ± 15.4ab 79.6 ± 22.8ab
a 0.5 ± 0.1a 5.7 ± 0.9ab 8.7 ± 1.3a
a 4.1 ± 0.3a 72.8 ± 4.5a 106.5 ± 6.4a
a 0.4 ± 0.0a 4.5 ± 0.4a 7.0 ± 0.6a
b 4.7 ± 0.7a 55.1 ± 8.7b 79.2 ± 12.7b
b 0.3 ± 0.0a 3.5 ± 0.1b 5.1 ± 0.1b



Table 7
Amount of Ca, K, Mg, and P immobilized in beech standing aboveground biomass and an-
nual immobilization of Ca, K, Mg, and P in the different tree compartments on the three
soils of the Montiers site. b4 Br, 4–7 Br, N7 Br, SB, SW, and TA represent the b4 cm diam-
eter branches, the 4 to 7 cm diameter branches, the N7 cm diameter branches, the stem
bark, the stemwood, and the total aboveground biomass of beech trees, respectively. Data
is the mean value of four replicates for each soil type, element and tree compartment. For
the total aboveground biomass, values with different letters are significantly different ac-
cording to a Kruskall-Wallis test at the threshold level of a P value of 0.05.

Soil type Amount of element immobilized in beech standing aboveground
biomass (in kg·ha−1 in 2009) and annual immobilization of
element (in kg·ha−1·yr−1 between 2009 and 2014)

Ca K
b4
Br

4–7
Br

N7
Br

SB SW TA b4
Br

4–7
Br

N7
Br

SB SW TA

Alocrisol 43 13 4 57 45 163c 28 9 4 10 59 109b

3.7 2.0 0.9 7.0 4.8 16.7ab 2.3 1.3 0.8 1.2 6.2 11.5a

Calci-brunisol 58 27 11 83 59 239b 33 15 9 10 74 140a

2.8 2.3 1.4 7.0 3.6 14.7b 1.6 1.3 1.0 0.8 4.5 8.8b

Rendisol 73 26 7 158 46 311a 24 10 4 13 66 118b

3.7 2.2 0.9 9.6 3.0 19.3a 1.2 0.9 0.5 0.8 4.2 7.5b

Mg P
b4
Br

4–7
Br

N7
Br

SB SW TA b4
Br

4–7
Br

N7
Br

SB SW TA

Alocrisol 6 2 1 2 12 23b 11 2 1 2 6 21ab

0.5 0.3 0.2 0.2 1.3 2.4a 0.9 0.3 0.1 0.2 0.6 1.7a

Calci-brunisol 6 3 2 2 19 31a 10 3 1 2 8 24a

0.3 0.3 0.2 0.1 1.2 2.0ab 0.5 0.3 0.2 0.2 0.5 1.2b

Rendisol 5 3 1 2 19 30ab 7 2 1 2 7 19b

0.3 0.2 0.1 0.1 1.2 2.0b 0.4 0.2 0.1 0.1 0.5 1.0b
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potential stand productivity are lower in less fertile soil, i.e., the rendisol.
The annual aboveground production between 2009 and 2014 was 26%
and 41% lower than in calci-brunisol and alocrisol, respectively. The po-
tential growth index revealed that the height of dominant beech trees at
Fig. 8.Mean concentration of Ca (a), K (b), Mg (c), and P (d) in fresh sun leaves collected in Au
grey zone and dotted line represent, for each nutrient, the level of optimal nutrition and the defi
dry matter.
100 years was 5 and 6 m lower, respectively, in the rendisol than the
calci-brunisol and the alocrisol, confirming the results obtained by
Seynave et al. (2008).

4.2. Discrepancy between low soil available resources and high stand pro-
ductivity on the rendisol

For the potential growth index, beech standproductivity in the three
soils was in the highest class according to beech yield classes for North-
eastern France (Decourt, 1973; Seynave et al., 2008; Bontemps et al.,
2009). In a forest exploited since at least 1830, how can we account
for the high growth and optimal K nutrition of trees growing in soil
with low reserves of availablewater andK (soil available K stocks equiv-
alent to 38 years of tree needs)? First, the very favorable regional cli-
mate conditions with notably abundant precipitation (1100 mm/yr)
which are well distributed throughout the year and continuously re-
plenish the reservoir; thus, except during dry periods, water reserves
at a level sufficient for plant growth are replenished. Second, in non-fer-
tilized ecosystems, soil available nutrient stocks are continuously sup-
plied by input fluxes, i.e., mineral weathering and atmospheric
deposition, and depleted by output fluxes, i.e., biomass exportation
and leaching. The evolution of these stocks results from the difference
between the input and output fluxes (Ranger and Turpault, 1999;
Ponette et al., 2014). If input fluxes exceed output fluxes, the soil avail-
able nutrient reserves are continuously replenished, thus maintaining
soil fertility. Weathering of soil minerals is the main source of nutrients
such as Ca, K, Mg, and P2O5 in forest ecosystems (Osman, 2013; Berner
and Berner, 2012; Binkley and Fisher, 2012). Nutrient release from soil
minerals is a function of the parent material, which constitutes the
total mineral nutrient reserve and interactions between soil com-
pounds, i.e., minerals, organic matter, biota and solution (Drever,
2005). Simonsson et al. (2007) and Barré et al. (2008) notably
gust 2011, 2012, 2013, and 2014 from beech trees. Bars represent standard deviation. The
ciency threshold, respectively, as defined by Bonneau (1995) for French beech stands. DM:



168 C. Calvaruso et al. / Catena 155 (2017) 156–169
demonstrated that K release and fixation rates were highly dependent
on soil K balance and are reversible processes that depend on root up-
take. This suggests that in low-K availability soils such as the rendisol,
the release of K from soil minerals increases when the available K pool
is depleted by plant uptake, thus maintaining K reserves at a level suffi-
cient for tree nutrition. The ability of plants to respond appropriately to
water and nutrient availability is of fundamental importance for their
adaptation to the environment. Forest ecosystems growing on low-nu-
trient soils are known to efficiently recycle elements through biological/
biochemical processes such as internal translocation of nutrients within
trees, recretion as well as mineralization of large amounts of organic
matter returned to the soil via litterfall (Vaughan and Malcolm, 1985;
Tiessen et al., 1994; Ranger et al., 2000; Laclau et al., 2003; Van Der
Heijden et al., 2013). This strategy allows the conservation of stocks of
elements in low concentration in soils. In our study, we also observed
a densification of fine roots in the surface horizons and prospection in
deeper soil horizons, which favor nutrient mobilization and water/nu-
trient acquisition by increasing soil prospection. The production of
many fine roots and root hairs significantly increases the surface area
at the root and soil interface (Coutts, 1987). Roots can also access nutri-
ent and water sources by colonizing the deep soil horizon (Johnson and
Todd, 1998; Dijkstra and Smits, 2002; Bailey et al., 2003; Bréda et al.,
2006). This strategy is of great importance during dry summer periods
because water stocks of surface soil horizons are exhausted. According
to Bréda et al. (2006), deep roots (N1 m) can contribute to 90% of the
water alimentation of trees during dry summers. Their association
with ectomycorrhizal fungi, which is common for most temperate tree
species (Smith and Read, 1997) is also recognized to increase water up-
take and water use efficiency (Parke et al., 1983; Guehl and Garbaye,
1990), particularly during drought. In addition, the limestone fractures
colonized by roots constitute preferential flow paths andmay represent
a significant source of water and nutrients. This efficient soil coloniza-
tion by roots also enhances nutrient mobilization through the
weathering of minerals as the contact surface between roots and min-
erals increases. Furthermore, roots can access limestone clays, which
are K-rich minerals (approximately 4% of mineral weight) with un-
weathered and very reactive surfaces (Carroll and Starkey, 1971). The
presence of dissolution traces (Fig. 5b) on the surface of limestone
stones under roots is likely due to the production of weathering agents
by roots and rhizosphere microorganisms, as demonstrated by Jaillard
and Hinsinger (1993). In forest ecosystems, this ability of roots and rhi-
zosphere microorganisms (fungi and bacteria) to increase mineral
weathering in low-nutrient conditions, thus improving plant nutrition,
is well known (Bakker et al., 2005; Jongmans et al., 1997; Uroz et al.,
2009).

5. Conclusion

Soil available water and nutrient resources influenced stand growth
and nutrition in a beech temperate forest. The productivity of a beech
stand developed on shallow soil, such as the rendisol (characterized
by very low available water and K reserves), was lower than that devel-
oped on deeper andmore fertile soil, such as the calci-brunisol. Howev-
er, the growth of the beech stand is high, and tree K nutrition was
optimal in the rendisol. The discrepancybetween lowwater andK avail-
able stocks in the rendisol and the high stand productivity on this soil is
further evidence that the sole assessment of soil availablewater and nu-
trient resources is not a reliable indicator to predict forest productivity.
On the one hand, our results suggest that the nutrient reservoir of this
soil might be replenished continuously by input fluxes, mainly through
the mineral weathering process. On the other hand, trees can adapt to
environmental constraints through biological processes that may favor
nutrient recycling, nutrient mobilization, and water and nutrient acqui-
sition by increasing soil prospection. As suggested by Legout et al.
(2014), the contribution of biological processes to the cycle of water
and nutrients may thus become dominant compared to geochemical
processes under nutrient-poor conditions. Interestingly, this study re-
veals a discrepancy in nutrient status between soil and biomass; K avail-
ability appears to be more limiting in soils, whereas only Mg appears
deficient in foliar tissue. These results confirm that the relationships be-
tween tree growth/nutrition, soil resources, andplant response towater
and nutrient deficiencies are complex (Jandl et al., 2004; Bréda et al.,
2006; Jonard et al., 2009; Miller and Watmough, 2009, Van Der
Heijden et al., 2013).

Further research is thus needed in the medium term to assess input
and outputfluxes (water andmacro/micro-nutrient budgets), biological
nutrient recycling and biological adaptation (roots and associated mi-
croorganisms); the evolution of available nutrient reserves and foliar
concentration in the different soils should also be investigated. This
should allow better definition of biogeochemical cycles in the forests
of the region and will provide important information for proposing for-
est management practices (species, level of biomass exportation…)
adapted to soil properties and to climate change.
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