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Forests dominated by beech (Fagus sylvatica L.) cover large parts of Europe where they

occupy a broad ecological niche in terms of soil fertility. This indicates a large potential

to adapt to different soil conditions over long time periods. Recent changes in tree

mineral nutrition across Europe raise the question to what degree beech can acclimate

to changing soil conditions in the short term. In this study, we aimed at assessing the

plasticity of root traits and rhizosphere properties of young beech trees from populations

that are adapted to either high or low nutrient supply, when growing in soils differing in

their fertility. We sampled beech saplings from two forest sites of contrasting nutrient

supply, most distinctly in terms of phosphorus. We grew them for 2 years in rhizoboxes

in mineral soil either from their own site or from the other site. We assessed the

influence of the factors “plant origin” and “current soil” on root traits and rhizosphere

properties. Fine root traits related to growth (biomass, length), architecture (branching),

and morphology (diameter) responded strongly to the factor “current soil.” Provenance

(factor “plant origin”) modified the response. The modifying effect was consistent with

an influence of the plant status in those nutrients, which were not in sufficient supply

in the soil. An additional genotypic difference in the sensitivity of the beech saplings to

different soil nutrient supply could not be excluded. Fine root parameters normalized

for length, mass, or volume (root tip density and frequency, specific root length and

area, and root tissue density) did not differ among the treatments. Differences in

percentage of mycorrhizal root tips and rhizosphere parameters related to phosphorus

mobilization potential (pH, abundance of organic acid anions, and phosphatase activity)

were small and mainly determined by the “current soil.” Provenance had only a minor

modifying effect, possibly due to differences in the ability of the plants to transfer carbon

compounds from the shoot to the root and the fungal partner. Our results indicate a high

plasticity of young beech trees to adapt their root system to different soil nutrient supply,

thereby also taking into account internal nutrient reserves.

Keywords: root growth, root architecture, root morphology, mycorrhizal colonization, rhizosphere, potential
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INTRODUCTION

Forests dominated by European beech (Fagus sylvatica L.) cover
large parts of Europe where climatic conditions are suitable
(Durrant et al., 2016). Considering the distribution of important
tree species in temperate forests, beech belongs to a group that
is relatively insensitive to differences in soil nutrient supply
(Walthert and Meier, 2017) and thus occurs at a wide range of
soil chemical properties including strongly acid to alkaline pH, as
well as low to high N and P availability (Leuschner et al., 2006).
This indicates a large potential of beech to adapt to different soil
nutrient supply over long periods of time. Considering the recent
changes in tree mineral nutrition across Europe (Jonard et al.,
2015), the question arises to what degree beech can acclimate
to changing soil conditions in the short term. Of particular
concern is phosphorus (P), since plant-available P occurs at
only low concentrations in the soil solution, while most P is
present in unavailable forms adsorbed to reactive surfaces of the
soil solid phase or is bound in minerals or soil organic matter
(Hinsinger, 2001).

Root–soil interactions have been shown to play a major
role in adaptation to given soil conditions in relation to
nutrient acquisition. Such interactions can include alterations
of root growth, architecture and morphology, formation of
mycorrhizae, and root exudation affecting nutrient availability in
the rhizosphere (Richardson et al., 2009).

Root growth, architecture and morphology can be highly
plastic in response to soil nutrient availability (Hodge et al., 2009).
In particular, alterations in reaction to low soil availability of P
and major nutrient cations (Mg, K, and Ca) that have been found
across a large range of plant species include inhibition of primary
root growth and promotion of lateral root growth (Gruber et al.,
2013; Niu et al., 2013). Relations are not so clear in the case of N,
which is demonstrated by maximum root length and branching
of the model plant Arabidopsis at intermediate N limitation (Kiba
and Krapp, 2016), and effects on branching depend in addition
on the chemical form of N (nitrate or ammonium). While these
mechanisms have been well established for crops, evidence for
trees is scarce, and assessing effects of nutrient availability in
the field is often made difficult by interaction with other soil
properties such as texture (Weemstra et al., 2017), environmental
factors such as the availability of water (Hertel et al., 2013) or light
(Minotta and Pinzauti, 1996), or stand age (Finér et al., 2007).
Preferential root proliferation in nutrient-enriched patches and
layers has been observed frequently (Hodge, 2006; Chen et al.,
2016). Particularly important for trees growing in nutrient-
poor soils in temperate forests is preferential exploration of the
topsoil, including the organic surface layer (Borken et al., 2007;
Hauenstein et al., 2018).

Uptake via the mycorrhizal pathway is of major importance
for N and P nutrition of trees in temperate zones (Plassard and
Dell, 2010; Chalot and Plassard, 2011). While fertilization with
P often decreases mycorrhization in inoculation experiments
(Garbaye and Wilhelm, 1985; Kazantseva et al., 2009), under
field conditions, relationships between soil P availability and
measures of mycorrhization or mycorrhizal P uptake are less
clear and might differ seasonally (Yang et al., 2016; Spohn

et al., 2018). In most studies on the effect of N availability,
mycorrhizal colonization increased with decreasing N availability
(e.g., Brunner and Brodbeck, 2001; Sun et al., 2010); however,
under natural concentration gradients, higher colonization was
also found at lower C:N ratios (Hawkins et al., 2015). Under field
conditions, the effects of both N and P supply on mycorrhization
have to be considered as well (e.g., Bahr et al., 2013). Studies
assessing host effects on ectomycorrhizal fungi provide a variable
picture on the degree to which trees can actively shape the
rhizosphere fungal community (Ishida et al., 2007; Lang et al.,
2017; Spohn et al., 2018). There can also be competition between
fungal partner and host plant, leading to limited nutrient transfer
to the host (e.g., Simon et al., 2017).

On a small scale in the rhizosphere, root exudation can
lead to an increase in the abundance of compounds that
potentially increase the bioavailability of P, including protons,
low-molecular-weight organic acid anions, and phosphatases
(Hinsinger et al., 2011). However, under field conditions, it is
often difficult to differentiate between the different sources of
these compounds. Organic acid anions and phosphatases can be
produced and released to the soil by roots, mycorrhizal hyphae,
and free-living microorganisms (Gianfreda and Ruggiero, 2006;
Oburger et al., 2011; Plassard et al., 2011). Therefore, also little
is known to which degree plants are able to influence the
P mobilization potential in their rhizosphere directly via root
exudation and/or indirectly via stimulatingmicrobial activity and
growth or shaping the soil microbial community. For example,
root exudates can stimulate P mineralization by heterotrophic
bacteria in the rhizosphere (Spohn et al., 2013). Phosphatase
activity (PA) in soil is often linked to soil P availability (Marklein
andHoulton, 2012; Hofmann et al., 2016), but this relation can be
masked, e.g., by the generally strong correlation with soil organic
matter content (Nannipieri et al., 2011). The root exudation of
organic acid anions may be induced by a low P nutritional status
of the plant, as has been shown for crops (Hinsinger, 2001).
However, it can also be a reaction to other conditions such as
high Al concentrations in acid soils (Richardson et al., 2009) or
be part of constitutive release of excess carbon (Heim et al., 2001;
Eldhuset et al., 2007). Although proton exudation by roots can be
induced by P deficiency (e.g., Shahbaz et al., 2006), alteration of
rhizosphere pH often depends on the form of mineral nitrogen
taken up by the plant (Riley and Barber, 1971; Hinsinger, 2001).

Signaling of the plant nutritional status has been shown to be
involved in controlling root development, initiating mycorrhizal
symbiosis, and producing and exuding mobilizing substances
(Chalot and Plassard, 2011; George et al., 2011; Niu et al., 2013;
Xuan et al., 2017). Thus, differences in this status could affect
the root response of beech populations that are adapted to sites
differing in resource availability, when growing in soils with
different nutrient supply. However, genotypic differences related
to adaptation to specific site conditions could also be involved.
Beech populations across central Europe have been shown to be
genetically closely related in terms of neutral markers, such as
microsatellite loci, but to differ in genes related to adaptive traits
(e.g., Buiteveld et al., 2007). Nevertheless, genotypic diversity has
often been found to be larger within than among populations,
also including also adaptive traits (e.g., Cuervo-Alarcon et al.,
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2018). In contrast to the lack of studies on acclimation to changes
in nutrient supply, the ability of beech populations from sites
with different climatic conditions to acclimate, in the short
term, to increased drought frequency has recently received much
attention (Meier and Leuschner, 2008; Cuervo-Alarcon et al.,
2018). Specifically, Meier and Leuschner (2008) found that while
root traits, such as relative fine root growth and turnover, of
beech populations from sites differing in precipitation responded
generally strongly to drought treatment, the effect of provenance
was small. Aboveground adaptive traits related to resource
acquisition such as photosynthetic activity have been considered
in the so-called “resource economics” framework (Craine,
2009). This differentiates between “acquisitive” and “conservative
resource strategies” exhibited by plants growing at resource-
rich and resource-poor sites, respectively. However, Weemstra
et al. (2016) concluded from their review that there is little
evidence for root physiological and morphological traits being
indicative of specific nutrient acquisition strategies. Specifically,
fine root diameter had often been found to correlate with root
longevity and therefore been considered a respective potential
belowground indicator. Taking together the information on
genotypic relations among beech populations, their acclimation
to drought, and relation between belowground plant traits and
nutrient acquisition strategies, we do not expect strong genotypic
provenance effects on root traits during acclimation to a different
soil nutrient supply.

In this study, we aimed at assessing the plasticity of root
traits and rhizosphere properties of young beech trees from
populations, which are adapted to either high or low nutrient
supply, when growing in soils differing in their fertility. To this
end, we sampled beech saplings from two forest sites differing
most distinctly in the supply P. We grew the saplings in mineral
soil either from their own site or from the other site. In all four
experimental treatments, we assessed the influence of the factors
“plant origin” and “current soil” on root growth, architecture
and morphology, mycorrhization, and the occurrence of P
mobilizing compounds in the rhizosphere. In this “cross-
exchange” approach, the factor “current soil” was considered to
reflect differences not only in physicochemical soil properties
but also in microbial communities adapted to these properties.
Potential confounding effects by differences in so-called “plant-
soil feedback” (reviewed, e.g., by Bever et al., 2012), are expected
to be small when comparing different populations of the same
plant species (Wagner et al., 2011; Gundale et al., 2014).

We hypothesized, first, that the assessed root traits and
rhizosphere parameters are determined mainly by the factor
“current soil.” We hypothesized, second, that the factor “plant
origin” modifies the effects of the soils and that the modifying
effect can be attributed mainly to differences in the plant
nutritional status.

MATERIALS AND METHODS

Plant and Soil Materials
Plant and soil materials were collected at the core research
sites of the priority programme 1685 “Ecosystem nutrition” of

the German Science Foundation (DFG)1 in Unterlüss (Lower
Saxony, Germany, LUE) and Bad Brückenau (northern Bavaria,
Germany, BBR). The sites both sustain mature mono-specific
beech stands, but differ in environmental conditions and soil
properties (Lang et al., 2017), as summarized in Supplementary

Table S1. The site LUE has a drier climate than the site BBR. The
soil at BBR containsmoreN and P than the one at LUE in terms of
total element stocks, as well as concentrations in organic surface
layer and mineral soil. In particular, the P concentration in the
mineral soil is much higher at BBR, whereas the organic surface
layer is an important source of N and P at LUE. Both organic
surface layer andmineral soil at LUE aremore acidic and exhibit a
lower base saturation than their BBR counterparts. Furthermore,
the mineral soil at BBR has a loamy texture with a higher cation
exchange capacity than the sandy mineral soil at LUE. Mature
beeches are of similar age and height at both sites, however, their
average diameter is much smaller at LUE.

Saplings of beech (F. sylvatica L.) of similar size were collected
during their dormancy period in December 2014 and stored at
4◦C with their roots embedded in soil until planting. Based on
tree-ring counting, they were between 12 and 15 years old at the
end of our experiment (Meller et al., 2019). Total N contents
in various plant compartments were determined by combustion
using an elemental analyzer (NC 2500, Carlo Erba Instruments),
and total P, Mg, K, and Ca contents were determined by
inductively coupled plasma optical emission spectrometry of
digests (for details, see Meller et al., 2019).

Soil materials were taken from the Bh horizon in LUE and
the uppermost part of the Bv horizon in BBR. This choice
represented a compromise between root density within the soil
profile—and thus potential importance for nutrient uptake—and
organic matter content of the material being sufficiently low
to not interfere with the assessment of rhizosphere properties.
Soils were air-dried at 15◦C, sieved to 4 mm, and homogenized.
Plant residues were removed. Selected physical and chemical
properties of the soils are summarized in Table 1 and were
mostly determined as described byMeller et al. (2019). Sequential
P extraction was performed according to Hedley et al. (1982)
as modified by Tiessen and Moir (2006). In Table 1, resin
exchangeable inorganic P (Presin), inorganic P (Pi) in various
extracts (0.5 M NaHCO3, 0.1 M NaOH before and after
sonication, 1 M HCl, concentrated HCl), and organic P (Porg) in
the NaHCO3 and NaOH extracts are shown. The soil material
from BBR exhibited a finer texture; a higher pH; a higher
content in exchangeable nutrient cations; a higher organic carbon
content; lower Corg/Ntot , Corg/Porg, and Ntot/Porg ratios; and
much higher concentrations of all inorganic and organic P
fractions than thematerial from LUE. On the other hand, the LUE
soil exhibited a higher proportion of Porg than the BBR soil, and
the base cation-to-Al ratio was similar in both soils.

Experimental Setup
In April 2015, rhizoboxes were set up with beech saplings planted
either in the soil from their site of origin or in the contrasting
soil from the other site. In a completely randomized design,

1http://www.ecosystem-nutrition.uni-freiburg.de/
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TABLE 1 | Properties of the soil materials from the forest sites Bad Brückenau

(BBR, Bv horizon) and Unterlüss (LUE, Bh horizon); BC/Al refers to the ratio

between the sum of exchangeable base cations (Mg, K, Ca) and exchangeable Al;

inorganic P (Pi ) and organic P (Porg) used in element ratios refer to the respective

total extractable fractions; data are from Meller et al., 2019 except for the

concentration of P fractions.

BBR Bv LUE Bh

General soil properties

Sand (g kg−1) 287 811

Clay (g kg−1) 253 43

pH in H2O 4.8 4.0

Sum of exchangeable Mg, K, Ca (mmolc kg−1) 3.3 1.4

BC/Al (molc molc
−1) 0.08 0.07

Corg (g kg−1) 41.2 18.5

Ntot (g kg−1) 3.2 0.7

Inorganic P (Pi )

resin Pi (mg kg−1) 5.3 0.4

NaHCO3 extractable Pi (mg kg−1) 88.2 1.9

NaOH extractable Pi (mg kg−1) 334.9 5.9

NaOH extractable sonic Pi (mg kg−1) 52 1.2

1 M HCl extractable Pi (mg kg−1) 240 1.6

HClconc extractable Pi (mg kg−1) 195.9 18.1

Total extractable Pi (without residual P) (mg kg−1) 916.3 29.1

Organically bound P (Porg)

NaHCO3 extractable Porg (mg kg−1) 78.9 12.3

NaOH extractable Porg (mg kg−1) 1036.2 42.5

NaOH extractable sonic Porg (mg kg−1) 140.9 34.3

Total extractable Porg (without residual P) (mg kg−1) 1256 89.1

Porg/Pi (g g−1) 1.37 3.07

Stoichiometric ratios

Corg/Ntot (g g−1) 12.8 24.7

Corg/Porg (g g−1) 33 208

Ntot/Porg (g g−1) 2.6 8.4

each treatment was replicated six times. The rhizoboxes had
inner dimensions of 60 cm × 25 cm × 1.5 cm. They consisted
of PVC walls and a removable transparent front plate made of
polymethyl methacrylate. The soil was filled into the boxes at
a bulk density of 1.2 kg/dm3. After 1 week of soil conditioning
under irrigation as described below, the saplings were planted. At
this time point, saplings possessed up to 10-cm-long tap roots of
0.5–1.5 cm diameter but almost no fine roots, which presumably
had died off during storage. The roots were washed with tap
water to remove sticking soil, and approximately 2 cm of tap
root was cut to stimulate new root formation. For each tree,
the front plate of one rhizobox was opened, the roots pressed
into the soil, and the front plate closed again. Rhizoboxes were
placed in a greenhouse with temperature control (day, 22 ± 2◦C;
night, 18 ± 2◦C), natural light, and shading from the direct
sun. Since shading with movable blinds was the only means for
active cooling, at some days in summer, temperatures higher
than 22◦C occurred for short periods. The soil was kept dark by
covering the rhizoboxes with black plastic foil, and to stimulate
the formation of a quasi-planar root system along the front
plate, the rhizoboxes were inclined at an angle of about 30◦. Soil

water potential in the rhizoboxes was kept at approximately -
8 kPa by using irrigation tubes (“Rhizon irrigators,” Rhizosphere
research products, Wageningen, The Netherlands), providing
P-free artificial rain solution based on the composition of natural
precipitation [2.1 µM K2SO4, 3.7 µM Na2SO4, 3.0 µM CaCl2,
4.4 µM CaSO4, 1.9 µM MgCl2, 26.4 µM NH4NO3, and 2.0 µM
Ca(NO3)2; Holzmann et al., 2016]. During summer, additional
periodic irrigation from the top was needed to compensate for
high evapotranspiration. At the end of the first growing season
(end of September 2015), the rhizoboxes were placed outside of
the greenhouse, but protected by a roof, to induce dormancy.
In November 2015, they were moved to a dark cold room at
4◦C and periodically irrigated with artificial rain from the top.
End of March 2016, after the last frost, the rhizoboxes were
moved first to the protected area outside of the greenhouse,
and in May, after appearance of the first leaves, back into the
greenhouse with temperature control set to the same conditions
as in the year before.

Measurement of Rhizosphere
Parameters
In August 2015 and 2016, non-destructive and minimally
invasive membrane-based methods were applied to the surface-
exposed roots after carefully removing the front plate. For each
rhizobox, all measurements, as described in detail in the following
paragraphs, were performed on the same day in the following
order: pH (8–9 a.m.), exchangeable anions (10 a.m. to 1 p.m.),
and potential PA (2–4 p.m.). For this, the rhizoboxes were laying
horizontally on their back side. Two or three rhizoboxes were
assessed per day within 2 weeks, and the order of replicates
among the four treatments was selected randomly. Five replicates
per plant/soil combination were selected. Since some of the LUE
saplings growing in LUE soil died during the first months after
planting, replication was only 3 in this case.

pH Distribution
The pH in the rhizosphere was mapped using prototypes of
planar optodes with an optimal measurement range between
pH 3.5 and 5.0 and signal detection by a VisiSens camera
(PreSens GmbH, Regensburg, Germany). The optodes consisted
of a 10-µm-thick foil composed of a proton-permeable polymer
matrix, with a pH-sensitive and a pH-insensitive dye fixed
in this matrix. Upon contact with soil or buffer solution,
pH is measured as the ratio between the fluorescence of the
pH-sensitive indicator dye and the fluorescence of the pH-
insensitive reference dye (for more details of the principle, refer
to Blossfeld and Gansert, 2007). For this, photos taken with the
VisiSens camera were separated into a red and green channel
corresponding to the fluorescence of the sensitive and non-
sensitive fluorophores, respectively. For calibration, small pieces
of optodes were equilibrated in a buffer of pH 4 overnight and
then placed for 30 min in buffered standard solutions with pH
values ranging from 3 to 5. Five to ten measurements of each
membrane were averaged. The calibration curve was sigmoidal
with a quasi-linear range and thus optimum sensitivity, between
pH 3.5 and 4.5. For soil measurements, optodes of about 1 × 2 to
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2 × 2 cm2 were equilibrated in pH 4 buffer overnight, applied to
the terminal part of at least three newly grown roots per rhizobox
including the surrounding soil, and left to equilibrate for 15 min,
protected with a small piece of clear acrylic glass. In initial tests,
an equilibration time of 15min was found to be optimum to reach
stable conditions and to avoid artifacts caused by drying of the
membrane at longer application times. Then, photos were taken
with the VisiSens camera using a cylindric aluminum spacer of
6 cm length between camera and acrylic glass. In order to cover its
whole area, several overlapping partial areas of each optode were
measured, and photos were subsequently merged into one image
using Adobe Photoshop (Supplementary Figure S1). After use,
optodes were rinsed with deionized water and stored in a buffer
of pH 4 in a dark plastic bag at 4◦C, because they are damaged
by drying and re-wetting and exposure to light. After overlaying
the pH maps with a mask for the location of the roots, using
Adobe Photoshop, two zones were defined: root surface (values
in the middle of the root) and bulk soil (>2 mm from root edge).
Averaged values of bulk soil and root surface per rhizobox were
used in the statistical analysis.

Nutrient and Organic Acid Anions
Nutrient and organic acid anions (nitrate, phosphate, sulfate,
oxalate, and citrate) were collected from the rhizosphere using
anion exchange membranes (AEMs; Shi et al., 2011). Strips of
AEMs (2 cm × 0.5 cm; No. 55164 2S, BDH Laboratory Supplies,
United Kingdom) were soaked in deionized water for 24 h and
then converted into HCO3

− form by equilibration with 2.2 ml of
various agents per cm2 as follows: (i) for 10 min with 0.5 M HCl,
(ii) twice for 1 h with 0.5 M NaCl, and (iii) three times for 30 min
with 0.5 M NaHCO3. In between and at the end, the AEMs were
rinsed with deionized water and stored in deionized water at 4◦C
until use. The membranes were applied to at least three newly
grown roots including tip, elongation zone, side roots, and the
respective rhizosphere per rhizobox for 3 h, covered with a plastic
sheet to keep them moist during this time. After collection, the
AEMs were rinsed with deionized water to remove sticking soil
and extracted for 3 h with 0.3 ml of 1.75MHCl in 2ml Eppendorf
tubes (opened periodically to release an excess of CO2 produced)
using an end-over-end shaker at room temperature. The extracts
were measured with ion chromatography (Thermo Scientific
DIONEX ICS-3000 with InGuard Ag and Na Column 9∗24 mm,
an Ultratrace Anion Concentrator Column and a conductivity
detector). Data from all membranes per rhizobox were averaged.

Potential PA
Spatial distribution of potential PA in the rhizosphere and bulk
soil was mapped using zymography as developed by Spohn
and Kuzyakov (2013) with slight modifications. Polyamide
membranes (pore size 0.45 µm, Sartorius Stedim Biotech GmbH,
Goettingen, Germany) were coated with 4-methylumbelliferyl
phosphate (MUF-P, Sigma-Aldrich) by soaking in a 12 mM
solution of this substrate in 10−4 M HCl (unbuffered solution
with pH similar to soil pH) directly before application.
Membranes of approximately 150 cm2 and varying shapes—
to match the roots—were applied to newly grown long roots

including the surrounding soil with a 1 mm protective layer
of agarose gel (in 10−4 M HCl) between membrane and soil
for 20 min. After incubation, the membrane was exposed to
UV light (366 nm) in a dark chamber (UV cabinet camag,
Muttenz, Switzerland) to visualize the fluorescence of the reaction
product (4-Methylumbelliferone, MUF). Images (RGB) of the
membrane were taken from a fixed distance of 28 cm using a
NikonD3200 Camera with an AF-S Nikkor 18–55mm lens. Of all
zymograms, several images were taken with different exposures.
For quantification, an image without overexposure was selected
and compared with the image of a series of MUF standards taken
with the same exposure. Standards were prepared by soaking
small pieces of the membrane in solutions of MUF in 10−4

M HCl with concentrations of 0, 35, 70, 130, and 200 µM
MUF, yielding a linear calibration curve. The amount of MUF
per unit area was calculated based on the amount of solution
taken up and the surface of the membrane. The images of the
standard curve and zymograms required further processing for
which the intensities of the green channel of the RGB images
were used without conversion (Image J version 1.18; Schneider
et al., 2012). First, a correction was made for variations in
light reaching the camera sensor. In our setting, this variation
had a circular shape with a maximum near the center of the
image and decreasing linearly toward the peripheries. Maximum
and gradient of the corresponding function were defined based
on spatial variations in light reflection from the homogeneous
table background, which was part of each image. For this, we
wrote a custom R [version 3.1.2 (2014-10-31)] code. Then, the
intensities of individual pixels of zymograms, membranes with
unreacted substrate, and standards were scaled based on this
function. Second, the zymograms were corrected for background
fluorescence of unreacted substrate on a piece of membrane that
was not placed in contact with the soil but photographed in
the same image. Third, we overlaid the corrected zymograms
with masks representing the root distribution. For this, visible
roots in a photograph of the open rhizobox were traced manually
using Adobe Photoshop. This drawing, together with markings
for the edges of the rhizobox was laid over a photograph of
the rhizobox with substrate-soaked membranes applied. From
this, masks were created showing root distribution and markings
for the edges of the membranes. Finally, the mirrored masks
were laid over the zymograms and the membrane markings
in the masks aligned with the membranes in the zymogram.
Intensities assigned to pixels on the root surface and in the
bulk soil (areas > 2 mm from the edge of a root mask)
were ranked and calibrated using a standard curve obtained as
described above. For each rhizobox value, median values of PA
for root and bulk soil of all individual membranes applied to this
box were averaged.

Root Morphology
The whole root systems of the saplings were excavated at the end
of the experiment (August 2016), rinsed with tap water, and then
scanned and analyzed for morphological characteristics using the
WinRHIZO software employing 0.1 mm steps for root diameter.
Specific root length (m g−1) was calculated as length of fine
roots (diameter ≤ 2 mm) divided by their dry mass (M), specific
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root area (m2 kg−1) as surface of fine roots divided by M, and
root tissue density (RTD) (kg m−3) as M divided by volume
of fine roots. Root tip density and frequency are expressed as
number of root tips per unit length and per unit dry mass of
fine roots, respectively. Branching was calculated as the number
of forks divided by the total length of fine roots. In order to
determine the mycorrhization of root tips for a given sapling,
the whole fine root system was cut into small pieces, which were
mixed in a bowl filled with water. Three replicate subsamples of
30 ml of root suspension were transferred to a petri dish each.
The number of mycorrhized and non-mycorrhized root tips was
counted for each replicate using a binocular, and the percentages
of mycorrhized root tips were averaged.

Carbon, Nitrogen, and Phosphorus in
Soil Microbial Biomass
At the end of the experiment, bulk soil and rhizosphere soil—
defined as soil sticking to the roots after gentle shaking—were
collected from the rhizoboxes. Microbial biomass C and N (Cmic,
Nmic) were determined using chloroform fumigation–extraction
(Brookes et al., 1985), following the detailed instructions by
Voroney et al. (2006). Specifically, soils were fumigated for 24 h
and extracted with 0.5 M K2SO4 at a soil-to-extractant ratio
of 1:5. Organic C and total N in the extracts were measured
using a TOC/TN analyzer (Shimadzu TOC-V). The measured
values for Cmic and Nmic were used without factors accounting
for soil-specific recovery. Microbial biomass P (Pmic) was
determined using the hexanol fumigation method introduced
by Kouno et al. (1995) as described by Bünemann et al.
(2004). Briefly, slurries of 0.5 g soil in 30 ml of deionized
water with and without addition of 1 ml of hexanol were
incubated together with an AEM in bicarbonate form (for
preparation see above) for 16 h. Then, the AEMs were removed
and extracted with 0.5 M HCl. Phosphate in the extracts was
analyzed colorimetrically using malachite green (Ohno and
Zibilske, 1991) and a phosphate standard curve in 0.5 M
HCl. The re-sorption of P released by hexanol fumigation was
accounted for by employing a third replicate incubation with
addition of a suitable P spike as described by Bünemann et al.
(2004).

Statistical Analysis
All analyses were performed in R [R version 3.1.2 (2014-10-
31)]. Differences among individual treatments were assessed
by using analysis of variance (ANOVA) followed by a Tukey
post hoc test. In addition, results were tested for an influence
of the factors “plant origin” and “current soil” as well as their
interactions using two-way ANOVA. The following variables
were log transformed to meet the requirements of the ANOVA:
concentrations of resin-extractable phosphate in the first and
second season, exchangeable nitrate in the first season, foliar
N/Ca ratios in the first and second season, foliar K concentrations
and N/P ratios in the second season. Because of unequal group
sizes, we used the ANOVA model from the R package “car” that
employs a “type II” test of the factors (for details of the definition

of “type II” testing in “car,” refer to the respective reference
manual)2.

RESULTS

Nutritional Status of the Beech Saplings
During the experiment, the nutritional status of the beech
saplings underwent a drastic change from mainly reflecting their
site of origin in the first growing season to a major influence of
the experimental soil in the second growing season. Important
exceptions were K with a strong additional influence of the factor
“current soil” already in the first season and P with a still strong
additional effect of the factor “plant origin” in the second season.
The respective data are provided inTable 2 and described inmore
detail in the following.

Foliar concentrations and concentration ratios in the first
growing season revealed, irrespective of the soil, a higher supply
of beech saplings from LUE with N and a lower supply with P
and Mg than saplings from BBR. Compared to leaves of BBR
plants, leaves of LUE plants exhibited about 10% higher N, 30%
lower P, and 50% lower Mg concentrations, as well as about 50%
higher N/P and twice as high N/Mg ratios. These differences
were not all significant, but the corresponding effect of the factor
“plant origin” was. The additional influence of the factor “current
soil” on foliar K in the first growing season was stronger for
saplings from LUE than from BBR. As a consequence, foliar K
concentrations were about 40% higher for LUE plants growing
in LUE soil than in all other treatments. These differences were
significant, as were the effects of both experimental factors and
their interaction. Similar differences were observed for the N/K
ratios (35 and 15% lower for LUE and BBR saplings, respectively,
when comparing growth in LUE with growth in BBR soil), but
only the factor “current soil” was significant.

In the second growing season and irrespective of their
site of origin, the leaves of saplings growing in the BBR soil
exhibited a lower supply with N and K but a higher supply
with Mg and Ca than leaves of saplings growing in the LUE
soil. The corresponding effects of the factor “current soil” on
foliar concentrations and concentration ratios were all significant
except for N/K. The same applied to the respective differences
between plants from the same origin growing in the different
soils. The smallest difference was about 25% for N concentrations
of BBR saplings, and the largest difference was about 100% forMg
concentrations of saplings from both sites of origin. Additional
small but significant effects of the factor “plant origin” indicated
that LUE plants were better supplied with N, and less supplied
with Mg and Ca than BBR plants when comparing growth in
the same soil. The respective differences in Ca concentrations
were small and not significant. By contrast, differences in N
concentrations and N/Mg ratios were large (30 and 250%,
respectively) and significant, but only for growth in the LUE
soil. The strong combined effects of both factors, “current soil”
and “plant origin,” on foliar P were expressed by 50% lower P
concentrations and five times higher N/P ratios for LUE than

2https://cran.r-project.org/web/packages/car/car.pdf
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TABLE 2 | Nutrient concentrations and ratios in full season leaves, as well as average nutrient concentrations in the whole plant for beech (Fagus sylvatica L.) saplings

originating from the sites Bad Brückenau (BBR) and Unterlüss (LUE), respectively.

Source of variation

BBR in BBR BBR in LUE LUE in BBR LUE in LUE Current soil Plant origin Current soil × plant origin

Leaves season 1

N (mg g−1) 21.5 ± 0.9a 21.0 ± 0.9a 23.3 ± 0.4a 24.2 ± 1.5a 1.2 ns 7.2* 0.6 ns

P (mg g−1) 1.2 ± 0.1ab 1.4 ± 0.1a 0.9 ± 0.1b 1.0 ± 0.1ab 2.0 ns 9.9** 0.2 ns

Mg (mg g−1) 2.5 ± 0.2a 2.0 ± 0.2ab 1.3 ± 0.2b 1.2 ± 0.1b 3.9 ns 28*** 1.1 ns

K (mg g−1) 4.4 ± 0.3b 4.9 ± 0.3b 4.7 ± 0.3b 7.1 ± 0.6a 16.2** 9.4** 8.3*

Ca (mg g−1) 7.0 ± 0.3a 5.7 ± 0.7a 7.8 ± 0.5a 6.4 ± 1.6a 3.5 ns 1.2 ns 0.01 ns

N/P (g g−1) 18 ± 1bc 15 ± 2c 25 ± 2a 24 ± 3ab 1.1 ns 19** 0.1 ns

N/Mg (g g−1) 9 ± 1b 11 ± 1b 19 ± 2a 21 ± 2a 1.7 ns 33*** 0.0 ns

N/K (g g−1) 4.9 ± 0.2a 4.3 ± 0.1ab 5.1 ± 0.3a 3.4 ± 0.1b 18*** 0.9 ns 4.1 ns

N/Ca (g g−1) 3.1 ± 0.2a 3.9 ± 0.5a 3.1 ± 0.2a 4.3 ± 1.0a 4.4 ns 0.04 ns 0.2 ns

Leaves season 2

N (mg g−1) 16.1 ± 1.3c 22.0 ± 1.5b 17.6 ± 0.9bc 28.4 ± 1.0a 38*** 7.3* 3.5 ns

P (mg g−1) 1.6 ± 0.1a 0.9 ± 0.1b 0.9 ± 0.1b 0.7 ± 0.3b 14** 13** 3.1 ns

Mg (mg g−1) 2.8 ± 0.3a 1.5 ± 0.2b 2.4 ± 0.2a 1.1 ± 0.5b 28*** 2.6 ns 0.04 ns

K (mg g−1) 5.9 ± 0.6b 9.4 ± 1.0a 5.5 ± 0.2b 11.3 ± 0.4a 36*** 0.3 ns 1.9 ns

Ca (mg g−1) 6.9 ± 0.4ab 4.1 ± 0.2c 8.3 ± 0.5a 5.0 ± 1.1bc 32*** 5.3* 0.3 ns

N/P (g g−1) 11 ± 1c 25 ± 2ab 20 ± 2b 51 ± 15a 41*** 20*** 0.0 ns

N/Mg (g g−1) 6 ± 0.3b 16 ± 2b 7 ± 1b 39 ± 12a 29*** 7.8* 9.2**

N/K (g g−1) 2.9 ± 0.4a 2.4 ± 0.2a 3.2 ± 0.1a 2.5 ± 0.02a 4.2 ns 0.8 ns 0.2 ns

N/Ca (g g−1) 2.4 ± 0.2b 5.4 ± 0.4a 2.2 ± 0.1b 6.3 ± 1.4a 81*** 0.0 ns 1.2 ns

Whole plant

N (mg g−1) 5.8 ± 0.3b 8.2 ± 0.6a 5.8 ± 0.3b 9.5 ± 0.5a 47*** 1.6 ns 2.3 ns

P (mg g−1) 0.9 ± 0.1a 0.7 ± 0.1b 0.4 ± 0.03c 0.3 ± 0.1c 12** 72*** 0.1 ns

Mg (mg g−1) 1.5 ± 0.1a 1.1 ± 0.1b 1.3 ± 0.1ab 0.7 ± 0.1c 43*** 14** 2.7 ns

K (mg g−1) 2.5 ± 0.1b 3.2 ± 0.1a 2.1 ± 0.1b 3.3 ± 0.3a 54*** 1.8 ns 2.8 ns

Ca (mg g−1) 3.5 ± 0.2ab 3.1 ± 0.1b 4.1 ± 0.2a 4.1 ± 0.3a 1.5 ns 15** 1.8 ns

The saplings were grown in material from the Bv horizon at BBR or from the Bh horizon at LUE. The first four data columns show mean values ± standard error of

replicate plants; different letters indicate significant differences between means according to the Tukey post hoc test. The last three columns show results of the two-way

analysis of variance on the factors “current soil” and “plant origin”; shown are F(1, 14) values for the factors and their interactions; statistical significance is indicated as

***P < 0.001, **P < 0.01, *P < 0.05; ns, not significant. P data are taken from Meller et al. (2019).

BBR plants growing in the soil from their own site, and values
in between for the other two treatments.

The average concentrations of N, Mg, and K in the whole
plant at the end of the experiment in the second growing season
reflected the situation in the leaves and were also determined
mainly by the factor “current soil.” By contrast, average P
concentrations in the whole plant were still mainly determined
by the factor “plant origin” and were about 50% lower in saplings
from LUE than from BBR, when comparing growth in the same
soil. In addition, average Ca concentrations were determined
significantly by “plant origin” only with about 25% higher values
in saplings from LUE than BBR.

Growth, Architectural, and
Morphological Traits of Fine Roots
Fine root traits of the beech saplings at the end of the
experiment related to size, branching, and diameter were mainly
determined by the “current soil,” but with an additional effect
of “plant origin,” which was more pronounced for growth in
the LUE soil. The respective data are presented in Table 3

and Figure 1, and the results of the ANOVA are shown in
Table 4.

Irrespective of their origin, beech saplings exhibited a
larger root system—in terms of mass, length, and number
of root tips—in the BBR than the LUE soil. However, the
respective trait differences were larger for saplings from
LUE (three to five times higher values in BBR than LUE
soil) than for saplings from BBR (about 50–75% higher
values in BBR than LUE soil). The differences were not
all significant, but the effects of both experimental factors
were in all cases. Furthermore, beech saplings from LUE
growing in soil from LUE had developed a fine root system
with half the branching of plants in all other treatments.
This led to a significant interaction between the two
experimental factors.

Fine root diameters were identical for saplings from both
sites of origin when growing in soil from BBR, with 40%
of all fine roots being thinner or equal to 0.1 mm. By
contrast, the distribution of root diameter categories differed
between the plants from the two sites of origin for growth
in the LUE soil. When compared to the growth in the
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TABLE 3 | Morphological traits of fine roots (<2 mm diameter), as measured during the second growing season in a rhizobox experiment with beech (Fagus sylvatica L.)

saplings originating from the sites Bad Brückenau (BBR) and Unterlüss (LUE), respectively.

BBR in BBR BBR in LUE LUE in BBR LUE in LUE

Total mass (g) 2.6 ± 0.4a 1.5 ± 0.4ab 1.9 ± 0.2ab 0.6 ± 0.2b

Total length (m) 9.1 ± 0.6a 5.6 ± 1.0b 7.6 ± 0.8ab 1.7 ± 0.4c

Branching (cm−1) 14.8 ± 0.7a 12.6 ± 0.6a 15.1 ± 0.9a 7.4 ± 0.2b

Number of root tips (no.) 29′213 ± 2′674a 19′449 ± 2′525a 25′2497 ± 3′868a 4′804 ± 869b

Root tip density (cm−1) 3.9 ± 0.3a 4.1 ± 0.1a 3.9 ± 0.4a 3.7 ± 0.4a

Specific root length (m g−1) 37 ± 4a 41 ± 4a 44 ± 6a 28 ± 4a

Specific root area (m2 kg−1) 35 ± 3a 39 ± 4a 40 ± 5a 30 ± 4a

Root tissue density (kg m−3) 201 ± 15a 198 ± 21a 190 ± 20a 265 ± 36a

Root tip frequency (mg−1) 12.1 ± 1.8a 14.7 ± 1.9a 14.3 ± 2.3a 8.4 ± 1.3a

Mycorrhization (%) 49 ± 3ab 66 ± 7a 42 ± 2b 51 ± 8ab

The saplings were grown in material from the Bv horizon at BBR or from the Bh horizon at LUE. Mass-based parameters are as or related to dry weight. Data represent

mean values ± standard error of replicate plants; different letters indicate significant differences between means according to the Tukey post hoc test.

FIGURE 1 | Fractions of fine roots in different diameter categories in (%) of

total length of fine roots with diameter ≤ 2 mm, as measured in August of the

second growing season in a rhizobox experiment with beech (Fagus sylvatica

L.) saplings originating from the sites Bad Brückenau (BBR) and Unterlüss

(LUE). The saplings were grown in material from the Bv horizon at BBR or

from the Bh horizon at LUE. Data represent mean values ± SE for replicate

saplings (n = 5, except n = 3 for LUE in LUE); lines serve as visual aid only.

BBR soil, LUE plants growing in LUE soil exhibited a lower
proportion of the thinnest roots but higher proportions of
roots with diameters between 0.1 and 0.3 mm. On the
other hand, BBR plants growing in LUE soil exhibited the
same proportion of thinnest roots, a higher proportion of
roots between 0.1 and 0.3 mm, and a lower proportion
of fine roots larger than 0.4 mm, when compared to
growth in BBR soil.

In contrast to the aforementioned root traits, fine root
parameters normalized for length, mass, or volume (root tip
density and frequency, specific root length and area, and RTD)
were equal for all four plant-soil combinations (Table 3) and the
experimental factors did not exert any significant effect (Table 4).

TABLE 4 | Two-way analysis of variance for different fine root traits of beech

(Fagus sylvatica L.) saplings, as measured in the second growing season of a

rhizobox experiment; saplings originated from the sites Bad Brückenau (BBR) and

Unterlüss (LUE) (factor “plant origin“) and were grown in material from the Bv

horizon at BBR or from the Bh horizon at LUE (factor “current soil”); shown are

F(1, 14) values for the factors and their interactions; statistical significance is

indicated as ***P < 0.001, **P < 0.01, *P < 0.05; ns, not significant.

Source of variation

Current soil Plant origin Current

soil × plant origin

Total mass 13.4** 6.4* 0.0ns

Total length 35.4*** 10.3** 2.3ns

Branching 37.8*** 6.5* 13.3**

Number of root tips 23.2*** 7.7* 3.2ns

Root tip density 1.9ns 0.9ns 3.3ns

Specific root length 0.8ns 0.0ns 3.7ns

Specific root area 0.1ns 0.0ns 2.8ns

Root tissue density 1.9ns 0.9ns 3.3ns

Root tip frequency 0.2ns 0.3ns 4.6*

Fractions of root

diameter categories:

0.0–0.1 mm 17.4*** 5.0* 14.4**

0.1–0.2 mm 59.9*** 5.0* 3.4ns

0.2–0.3 mm 17.9*** 1.0ns 0.7ns

0.3–0.4 mm 2.5ns 0.1ns 0.0ns

Mycorrhization 7.7* 3.9ns 0.7ns

Mycorrhizal Colonization of Fine Roots
and Soil Microbial Biomass
After two growing seasons, mycorrhizal colonization of root tips
did not differ strongly among the four treatments. Fine roots
of saplings from the same site of origin tended to be more
highly colonized when growing in the LUE than the BBR soil
(Table 3). The corresponding effect of the factor “current soil”
was significant (Table 4). On the other hand, in the same soil,
BBR plants tended to have more highly colonized roots than LUE
plants. The corresponding effect of the factor “plant origin” was
weak [F(1, 14) = 3.9; P = 0.06].
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TABLE 5 | Soil microbial biomass C, N, and P concentrations (per dry weight) in the bulk soil (bulk) and the rhizosphere (RS), as well as ratios in the rhizosphere, as

measured during the second growing season in a rhizobox experiment with beech (Fagus sylvatica L.) saplings originating from the sites Bad Brückenau (BBR) and

Unterlüss (LUE).

BBR in BBR BBR in LUE LUE in BBR LUE in LUE

Cmic bulk (mg kg−1) 224 ± 13a 51 ± 8b 219 ± 17a 43 ± 16b

Cmic RS (mg kg−1) 259 ± 13a 65 ± 7b 251 ± 15a 48 ± 11b

Nmic bulk (mg kg−1) 31.6 ± 0.9a 5.0 ± 0.6b 31.6 ± 1.7a 4.7 ± 0.9b

Nmic RS (mg kg−1) 35.7 ± 0.8a 8.0 ± 0.7b 32.8 ± 0.8a 4.4 ± 1.4b

Pmic bulk (mg kg−1) 6.2 ± 1.5a 1.9 ± 0.2ab 4.4 ± 1.2ab 1.2 ± 0.4b

Pmic RS (mg kg−1) 5.9 ± 1.1a 2.4 ± 0.4a 5.2 ± 1.2a 2.3 ± 0.3a

Cmic/Nmic bulk (g g−1) 7.1 ± 0.6a 10.5 ± 1.6a 7.0 ± 0.7a 10.3 ± 4.6a

Cmic/Nmic RS (g g−1) 7.3 ± 0.4b 8.0 ± 0.5ab 7.6 ± 0.4b 11.6 ± 2.4a

Cmic/Pmic bulk (g g−1) 49.6 ± 19a 25.8 ± 4.6a 84.8 ± 31a 67.7 ± 49a

Cmic/Pmic RS (g g−1) 58 ± 19a 29 ± 6a 86 ± 39a 26 ± 2a

Nmic/Pmic bulk (g g−1) 6.5 ± 2.1ab 2.4 ± 0.1b 11.2 ± 3.3a 5.1 ± 1.8ab

Nmic/Pmic RS (g g−1) 5.2 ± 0.4ab 3.5 ± 0.9ab 6.3 ± 1.3a 2.3 ± 0.6b

The saplings were grown in material from the Bv horizon at BBR or from the Bh horizon at LUE. Data represent mean values ± standard error of replicate rhizoboxes;

different letters indicate significant differences between means according to the Tukey post hoc test.

Microbial biomass in bulk soil and rhizosphere at the end of
the experiment was much higher in the BBR than the LUE soil
with almost no effect of the origin of the beech saplings growing
in the soil. Microbial biomass C (Cmic) in BBR soil was about
4.5 times, that in Nmic was about 6 times, and that in Pmic was
about 3 times higher than in LUE soil (Table 5). The differences
in Cmic and Nmic were significant, while those in Pmic were not.
The corresponding effects of the factor “current soil” were highly
significant for Cmic and Nmic, but only weakly significant for Pmic

(Table 6). The Cmic:Nmic ratios in LUE soil tended to be a bit
higher, the Cmic:Pmic ratios were up to three times lower, and the
Nmic:Pmic ratios were two to three times lower than in the BBR
soil. Considering both bulk soil and rhizosphere data for all plant-
soil combinations, there was a weakly significant rhizosphere
effect for Cmic (P = 0.02) and Nmic (P = 0.008) with slightly higher
concentrations in the rhizosphere.

Rhizosphere Properties
Although the variability of all measured rhizosphere properties
was large and differences among treatments were mostly
not significant, ANOVA revealed significant effects of the
experimental factors. Most of the parameters differed between
the first and the second growing season in terms of magnitude,
effects of the two experimental factors, or both. The influence of
the factor “current soil” was higher in most cases in both years
except for a larger effect of “plant origin” on the abundance of
low-molecular-weight organic acids in the first growing season.
The respective data are shown in Figures 2–4, and the results of
the ANOVA are shown in Table 6.

In the second growing season, we observed small pH increases
from bulk soil to the roots for all plant-soil combinations
(Figure 2). However, effects of neither “plant origin” nor “current
soil” were significant. Unfortunately, measurements performed
in the first growing season provided no reliable data.

Resin-extractable nitrate in the rhizosphere exhibited different
patterns in the two growing seasons (Figure 3A). Comparing
growth in the BBR with growth in the LUE soil in the first year,

TABLE 6 | Analysis of variance for microbial biomass C, N, and P (Cmic, Nmic,

Pmic) in bulk soil (bulk) and rhizosphere (RS), the difference between pH on the

root and in the bulk soil (1pH), resin extractable anions (nitrate, phosphate,

oxalate, and citrate) in the rhizosphere, and phosphatase activity (PA) on the root

and in the bulk soil, as measured in the first and/or second growing season of a

rhizobox experiment with beech (Fagus sylvatica L.) saplings; saplings originated

from the sites Bad Brückenau (BBR) and Unterlüss (LUE) (factor “plant origin”),

and were grown in material from the Bv horizon at BBR or from the Bh horizon at

LUE (factor “current soil”); shown are F(1, 14) values for the factors and their

interactions; statistical significance is indicated as ***P < 0.001, **P < 0.01,

*P < 0.05; ns, not significant.

Source of variation

Current soil Plant origin Current soil × plant origin

Cmic bulk (season 2) 138.73*** 0.16ns 0.017ns

Cmic RS (season 2) 221.70*** 0.78ns 0.10ns

Nmic bulk (season 2) 525.93*** 0.04ns 0.03ns

Nmic RS (season 2) 922.03*** 12.17** 0.13ns

Pmic bulk (season 2) 11.60** 1.86ns 0.03ns

Pmic RS (season 2) 5.06* 0.24ns 0.05ns

1pH (season 2) 0.22ns 1.27ns 0.00ns

Nitrate (season 1) 19.54*** 4.13ns 0.49ns

Nitrate (season 2) 3.62ns 0.05ns 1.01ns

Phosphate (season 1) 14.57** 0.04ns 1.20ns

Phosphate (season 2) 1.29ns 0.08ns 0.43ns

Oxalate (season 1) 1.51ns 10.96** 1.21ns

Oxalate (season 2) 4.55* 0.15ns 0.58ns

Citrate (season 1) 0.15ns 3.50ns 0.49ns

Citrate (season 2) 0.14ns 1.71ns 0.14ns

PA root (season 1) 9.15** 0.18ns 0.01ns

PA root (season 2) 6.20* 3.24ns 0.97ns

PA bulk soil (season 1) 2.69ns 0.92ns 0.93ns

PA bulk soil (season 2) 11.89** 8.05* 3.43ns

PA/Pmic root (season 2) 1.53ns 1.28ns 0.33ns

PA/Pmic bulk (season 2) 3.94ns 2.30ns 1.12ns

nitrate in the rhizosphere of roots of BBR and LUE plants was
about three and five times higher, respectively. The respective
influence of the factor “current soil” was significant. In the second
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FIGURE 2 | Difference between pH measured with optodes on the surface of

roots and in the bulk soil (1pH) in August of the second growing season in a

rhizobox experiment with beech (Fagus sylvatica L.) saplings originating from

the sites Bad Brückenau (BBR) and Unterlüss (LUE). The saplings were grown

in material from the Bv horizon at BBR or from the Bh horizon at LUE. Shown

are box plots based on values for replicate rhizoboxes in the second growing

season (n = 5, except n = 3 for LUE in LUE and n = 2 for BBR in BBR);

different letters indicate significant differences between means according to

the Tukey post hoc test.

growing season, nitrate concentrations remained similar to the
first year in the BBR soil but increased strongly in the LUE soil
and were larger than in the BBR soil. The differences were not
significant, though, and the effect of the factor “current soil” was
weak [F(1, 14) = 3.6; P = 0.08].

During the first growing season, resin-extractable phosphate
was also significantly determined by the factor “current soil”
with about two times higher concentrations in the BBR than the
LUE soil (Figure 3B). In the second growing season, the pattern
remained the same as a trend and concentrations were generally
higher but also more variable than in the first growing season.

Oxalate and citrate were the only detectable resin-extractable
low-molecular-weight organic acid anions, with oxalate
occurring in about 10 times higher amounts than citrate
(Figures 3C,D). In the first growing season, amounts of oxalate
in the rhizosphere of the BBR plants were around 5 nmol cm−2,
while amounts in the rhizosphere of LUE plants were about
two times lower (BBR soil) or below the detection limit of 0.05
nmol cm−2 (LUE soil). This pattern led to a significant effect of
“plant origin.” Citrate showed the same trends, but the effect of
“plant origin” was not significant. In the second growing season,
amounts of oxalate were generally lower than in the first year at
around 0.15 nmol cm−2. There was no plant effect anymore, but
a weak effect of “current soil” with a tendency to slightly higher
amounts in the LUE soil. The few cases of detectable amounts

of citrate suggest a similar, but not significant, effect of “plant
origin” as in the first year.

In general, potential PA was highest on the main roots,
intermediate on the side roots, and lowest in the bulk soil (see
example in Supplementary Figure S2). During the first growing
season, PA tended to be higher in the BBR than in the LUE soil,
irrespective of the origin of the beech saplings (median values
differed by about 15% in the bulk soil and by about 25% on the
root; Figure 4A). This effect of “current soil” was significant for
PA on roots but not for the bulk soil. In the second growing
season, up to 30% lower PA were measured than in the first year,
but the patterns among the treatments remained similar. The
respective effect of “current soil” was significant for PA on roots
and in the bulk soil. In contrast to the first year, the soil effect
was overlaid by a weak effect of “plant origin“—albeit significant
in the case of bulk soil—with a tendency to slightly higher values
for saplings from BBR. In contrast to PA, PA per unit microbial P
(PA/Pmic) exhibited a tendency toward higher values in the LUE
soil, both on the root and in the bulk soil (Figure 4B).

DISCUSSION

Availability of Nutrients in the Soil and
Plant Nutritional Status
Our results showed that after two growing seasons, the nutrient
concentrations in different compartments of the beech saplings,
irrespective of their provenance, had become largely determined
by the experimental soil, with the notable exception of P
(Table 2). In this section, we discuss these results by first reflecting
on the soil conditions and plant characteristics at the sampling
sites and then evaluating the plant nutritional status in our
experiment as basis for the discussion of root and rhizosphere
data in the following sections.

The comparison of the climatic conditions and soil properties
at the two sites indicates more favorable conditions for plant
growth at BBR than LUE in terms of both water and nutrients.
An overall adaptation of the ecosystem at LUE to the low fertility
of the mineral soil is the recycling of nutrients via a thick organic
surface layer (Bünemann et al., 2016; Lang et al., 2017).

While the beech population at BBR is putatively
autochthonous, this is not certain for the one at LUE (Dietrich
and Meesenburg, personal communications). Nevertheless,
considering (i) the generally close relationship between beech
populations from different sites (see section “Introduction”),
(ii) the age of the stands, and (iii) the generally strong selection
of trees at the juvenile stage, which allows for fast adaptation
(e.g., Kremer et al., 2012), trait differences between beeches at
the two sites are likely to a large degree due to adaptation to
the specific site conditions. These adaptations are expressed in
a slower growth of the mature beeches at LUE than at BBR, as
is indicated by a smaller stem diameter. When grown under
identical climatic conditions in undisturbed soil cores from
their own site, saplings from natural rejuvenation at LUE
produced smaller leaves with a lower photosynthetic activity and
stomatal conductance than saplings from natural rejuvenation
at BBR (Yang et al., 2016; Zavišić et al., 2018). In particular,
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FIGURE 3 | Nitrate (A), phosphate (B), oxalate (C), and citrate (D) collected with anion exchange membranes in the rhizosphere in a rhizobox experiment with

beech (Fagus sylvatica L.) saplings originating from the sites Bad Brückenau (BBR) and Unterlüss (LUE). The saplings were grown in material from the Bv horizon at

BBR or from the Bh horizon at LUE. Shown are box plots based on values for replicate rhizoboxes in August of the first (dark gray) and second (light gray) season

(n = 5, except n = 3 for LUE in LUE); different letters indicate significant differences between means according to the Tukey post hoc test (uppercase letters, first

growing season; lowercase letters, second growing season).

the difference in photosynthetic activity can be considered
an indication of a more conservative resource strategy of the
beech saplings at LUE (Craine, 2009; Weemstra et al., 2016).
Comparing foliar nutrient concentrations and nutrient ratios
with threshold values by Mellert and Göttlein (2012); ratios)
and Göttlein (2015); concentrations in mature trees), the
mature beeches at BBR exhibited a balanced nutrition except

for a latent deficiency in K and N/K ratios above the normal
range, while the trees at LUE showed a latent deficiency in
P and N/P, N/Mg, and N/Ca ratios above the normal range.
A lower P nutritional status of juvenile beech trees from LUE
than from BBR was documented by Zavišić et al. (2018).
They found a respective difference in P concentration for all
plant compartments.
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FIGURE 4 | Potential phosphatase activity (PA) measured in the bulk soil and on the surface of the roots using zymography (A) and the ratio between potential PA

and microbial P (Pmic) in bulk soil and in the rhizosphere (PA on the root divided by Pmic in the rhizosphere) (B) in a rhizobox experiment with beech (Fagus sylvatica

L.) saplings originating from the sites Bad Brückenau (BBR) and Unterlüss (LUE). The saplings were grown in material from the Bv horizon at BBR or from the Bh

horizon at LUE. Shown are box plots based on values for replicate rhizoboxes in August of the first (dark gray) and second (light gray) season (n = 5, except n = 3 for

LUE in LUE); different letters indicate significant differences between means according to the Tukey post hoc test (uppercase letters, first growing season; lowercase

letters, second growing season).
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FIGURE 5 | Evaluation of plant nutritional status and effective nutrient

availability in the soil in a rhizobox experiment with beech (Fagus sylvatica L.)

saplings originating from the sites Bad Brückenau (BBR) and Unterlüss (LUE).

The saplings were grown in material from the Bv horizon at BBR or from the

Bh horizon at LUE. For the plant nutritional status (i) the comparison of foliar

nutrient concentrations and ratios (Table 2) with published threshold values

(Mellert and Göttlein, 2012; Göttlein, 2015; green normal or surplus; red

deficient or above/below normal) and (ii) the average nutrient concentrations in

the whole plant (green low, red high) are considered; the assessments agree

except for *: foliar Ca in deficient range, N/Ca in normal range; **: foliar P in

deficient range, N/P above normal range, whole plant P high; effective nutrient

availability in the soil (green sufficient, red not sufficient) is estimated from the

influence of the factor “current soil” on the plant nutritional status in the

second year of the experiment.

The beech saplings from natural rejuvenation used in our
experiment were of similar age to those investigated by Yang et al.
(2016) and Zavišić et al. (2018). In contrast to the strong influence
of “current soil” on the N, Mg, and K concentrations in the
second year, P concentrations in different plant compartments
were still similar to P concentrations of saplings from the two
sites when grown in their natural soil (Zavišić et al., 2018). In
the following, we assess the relative nutritional status of the
saplings and its change during the experiment (i) by evaluating
the foliar nutrient concentrations based on threshold values for
juvenile beech trees by Göttlein (2015) and foliar N-to-nutrient
ratios based on threshold values by Mellert and Göttlein (2012)
and (ii) by comparing the average concentrations in the whole
plant among the treatments. Figure 5 summarizes the results
of this assessment for the second year. The figure also shows
the results of an assessment of the effective nutrient availability
in the soil. This assessment is based on the influence of the
factor “current soil” on the nutrient concentrations in the plant
as it should reflect what the plant effectively took up from the
soil. According to this assessment, saplings from LUE growing
in the soil from LUE exhibited in both years a low P, Mg, and
Ca status and thus reflected well the nutritional status at the
provenance site throughout the experiment. When saplings from
LUE were growing in the soil from BBR, they also maintained
a low P status throughout the experiment, but were low in K
instead of Mg and Ca in the first year, and became low in N in
the second year (although N/P was still above normal). In the
first year, and irrespective of the “current soil” the saplings from
BBR were low in K, as were the mature trees at this site. In the
second year, the K status had improved, but N was low when
growing in the soil from BBR, and Ca was low when growing
in the soil from LUE. In the latter case, the P status was low in

terms of foliar concentrations but still high when considering
the concentrations in the whole plant. The reason for the low
N status in the second year of saplings growing in the BBR soil
becomes apparent neither from the chemical properties of our
experimental soils, nor when inspecting the microbial C, N, and
P concentrations and related nutrient ratios in the second year.
A possible explanation is competition between beech saplings and
mycorrhizal partner expressed as limited transfer of N to the plant
(Simon et al., 2017). While ammonium has been shown to be the
preferred N form taken up bymycorrhizal roots of beech (Gessler
et al., 2005), nitrate appears to be much better transferred to the
plant (Leberecht et al., 2016). This explanation is thus consistent
with the tendency to lower resin-extractable nitrate in the BBR
than the LUE soil in the second year. In summary, based on
the assessment of the plant nutritional status at the end of the
experiment, two of the experimental treatments represent the
growth of beech saplings differing in P and Mg status in a soil
that does not provide sufficient P, Mg, and Ca. In the other two
treatments, beech saplings differing in P status grew in soil that
did not provide sufficient N (Figure 5).

Root Growth and Morphology
The dominant effect of the experimental factor “current soil” on
root growth, as well as on architectural and morphological root
traits, demonstrates a high plasticity of the root system of juvenile
beech trees when growing in soils differing in nutrient supply
(Tables 3, 4 and Figure 1). The stronger reaction of the beech
saplings from LUE than BBR to the differences in soil nutrient
supply points to a modifying effect of the factor “plant origin”
and thus of provenance. We cannot rule out that this may be
due to a genotypic difference in sensitivity. However, taking into
account the assessment of plant nutritional status and effective
soil nutrient availability at the end of our experiment from the
previous section, the provenance effect is also consistent with
an influence of the plant nutritional status. In this respect, and
for growth in a given soil, those nutrients are critical, which are
not in sufficient supply in this soil. Specifically, when grown in
the LUE soil, which did not provide sufficient P, Mg, and Ca,
the beech saplings from the two sites differed in their P and Mg
status and their fine roots strongly differed in growth, branching,
and diameter. By contrast, when grown in the BBR soil, the
saplings from the two sites exhibited a very similar root system,
particularly in terms of branching and fine root diameter. In this
case, the saplings differed mainly in their nutritional status in P,
which was supplied sufficiently by the soil, but not in their status
in N, which was not supplied sufficiently by the soil. Furthermore,
when accepting the modifying role of the plant nutritional status,
the results suggest that the observed differences in root traits
can be mainly attributed to differences in the supply of P and/or
Mg rather than N. To further examine this, we compare in the
following our findings on specific root traits with the results from
earlier studies on the effects of P, Mg, or N supply.

Our results on biomass and length of fine roots (Table 3) are
consistent with either inhibition of root growth by low P and/or
Mg supply or its stimulation by low N supply. They are thus
in agreement with the general finding that P and Mg starvation
inhibit primary root growth (Gruber et al., 2013; Niu et al., 2013).

Frontiers in Forests and Global Change | www.frontiersin.org 13 September 2020 | Volume 3 | Article 535117

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


Meller et al. Beech Roots and Nutrient Supply

Effects of differences in N supply on root growth are less clear.
This is emphasized, e.g., by results for themodel plantArabidopsis
showing that mild N deficiency increases and strong N deficiency
decreases root growth (Gruber et al., 2013). Independent on the
considered nutrient, findings are more variable under natural
than under controlled laboratory conditions. For beech under
natural conditions, only small effects of soil fertility on root
growth have been found (Leuschner et al., 2004). This can be
attributed partly to interaction with other factors that can affect
root growth, such as soil texture (Hertel et al., 2013; Weemstra
et al., 2017), water availability (Leuschner et al., 2004; Hertel
et al., 2013), stand age (Finér et al., 2007), or light (Minotta and
Pinzauti, 1996; Yang et al., 2016). Soil texture cannot be excluded
as a factor explaining differences in root growth between our two
experimental soils. However, such an effect would be opposite
to results of earlier studies that found higher fine root growth
of beech in sandy than loamy or clayey soils (Hertel et al., 2013;
Weemstra et al., 2017).

The lower root branching of the saplings from LUE growing
in LUE soil than of the ones in all other treatments (Table 3)
is mainly consistent with inhibition by a low combined P
and/or Mg supply from soil and plant reserves. This is in
contrast to the findings of many studies across different plant
species, including trees, that P starvation promotes lateral root
growth (Niu et al., 2013; Zhou et al., 2018). However, a lower
branching at low P availability was observed earlier for pine
(Theodorou and Bowen, 1993).

Our results on root diameter (Figure 1) are consistent with
thicker fine roots at low P and/or Mg supply or with finer fine
roots at low N supply. There are conflicting reports on how fine
root diameter depends on soil P availability. Considering only
trees, Yan et al. (2019) found thicker fine roots at low P supply for
various tree species, but Razaq et al. (2017) found the opposite
for maple. Reports on the effect of different N supply on root
diameter aremore coherent. Mostly thinner roots at lowN supply
have been reported for trees (e.g., Razaq et al., 2017; Yan et al.,
2017). There are little indications that the differences in fine root
diameter in our experiment are affected by genotypic differences
in plant “resource strategy” (Weemstra et al., 2016; see also the
section “Introduction”). On one hand, the relatively thick fine
roots of saplings from LUE when growing in the soil from LUE
could reflect a “conservative resource strategy” as expressed by
these saplings at their site of origin. On the other hand, when the
same saplings were grown in the BBR soil, they exhibited thin
roots of the same diameter as those of saplings from BBR, which
are rather indicative of an “acquisitive resource strategy.” Vice
versa, the BBR saplings formed significantly thicker roots when
growing in the soil from LUE.

In contrast to growth, branching, and diameter, fine root
traits normalized for length, mass, or volume were insensitive
to differences in nutrient supply (Tables 3, 4). Generally, these
traits appear not to be affected strongly or uniformly by soil P
availability. Again, considering only trees, specific root length
(SRL) was found to be smaller at lower P supply, e.g., for spruce
(Clemensson-Lindell and Asp, 1995), while the opposite was
found, e.g., for pine (Zhang et al., 2013). The few reports on RTD
show rather higher values at lower P supply (e.g., Zhang et al.,

2013). There are more studies that investigated these root traits
in dependence on N supply, but also for this nutrient, the results
are variable. A higher SRL at higher N supply was observed, e.g.,
for larch (Liu et al., 2009) and the opposite was observed, e.g.,
for maple (Razaq et al., 2017). A higher specific root area at low
N supply was reported, e.g., for spruce (Gong and Zhao, 2019).
RTD was higher at low N availability, e.g., for spruce (Gong and
Zhao, 2019), while the opposite was observed, e.g., for poplar
(Yan et al., 2019).

In summary, the comparison with the literature shows that
attributing the differences in root traits mainly to differences in
the combined supply from soil and plant reserves in P and/orMg,
is consistent with earlier findings on root growth. On the other
hand, N supply may have played an additional role determining
fine root diameter.

In our “cross-exchange” setup, it cannot be completely ruled
out that differences in “plant-soil feedback” may have affected
the results on root growth and morphology. In particular, better
growth of beech saplings from LUE in BBR than LUE soil
would be consistent with negative plant-soil feedback. This
kind of feedback is a commonly observed mechanism that has
developed between plant species and soil microbial communities
over longer time periods and helps to maintain the diversity of
plant communities (Bever et al., 2012). It is based on specific
root exudates stimulating host-specific pathogens, which in turn
restrict root development. This can be enhanced by “auto-
toxicity” effects of extracellular DNA leached from decomposed
litter and accumulated in the soil (Mazzoleni et al., 2015; Nagler
et al., 2018). The absence of such inhibitory effects can lead
to better growth when plants are transferred to a “foreign”
soil. However, in contrast to different plant species, different
populations of the same plant species appear to exhibit similar
feedback when grown in the same soil, as was shown for grasses
(Wagner et al., 2011) and trees (Gundale et al., 2014). Considering
the latter studies and the similar root growth of the beech
saplings from BBR in both soils, we conclude that negative plant-
soil feedback likely had a negligible effect on root growth and
morphology in our experiment.

Mycorrhizal Colonization
Compared to root traits, mycorrhizal inoculation appeared to
be relatively insensitive to the treatments. Nevertheless, as for
root traits, the results indicate soil properties as the main and
plant provenance as a modifying factor (Tables 3, 4). Taking
into account our assessment of plant nutritional status and
effective nutrient availability (section “Availability of Nutrients
in the Soil and Plant Nutritional Status”), there are two potential
explanations for higher mycorrhization of beech saplings from
the same site when growing in the LUE than the BBR soil. This
behavior could be related either to the lower P availability in the
LUE soil or to a reaction of the plants to the limited transfer of N
from the fungal partners in the BBR soil, as postulated above.

Although a weak effect, the somewhat higher mycorrhization
of beech saplings from BBR than LUE, when considering growth
in the same soil (Table 3), may point to a higher ability of the
saplings with an overall higher nutritional status to provide the
fungal partner with carbon compounds. A similar enhancing
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effect of high plant nutritional status was observed for stimulation
of root growth of Helianthus in reaction to reduced N supply
(Bowsher et al., 2016).

Phosphorus Mobilization Potential in the
Rhizosphere
As for mycorrhizal inoculation, the results from the second year
of our experiment indicate a less sensitive reaction of rhizosphere
properties related to P mobilization to the treatments than root
traits (Figures 2–4 and Table 6). Among these properties, the
potential to mineralize organic P appeared to be most strongly
affected with a main influence of the factor “current soil.”

Higher rhizosphere concentrations of phosphate in the BBR
than LUE soil, irrespective of plant origin, as observed in the first
year (Figure 3B), reflect the better P availability in the former soil.
The general increase in exchangeable phosphate concentrations
between the first and the second year points to a respective
difference in the balance between P mobilization and uptake
by organisms. A similar reasoning may apply for the increase
in nitrate from the first to the second year in the LUE soil
(Figure 3A). The importance of nitrate for the N nutrition of our
beech saplings was also indicated by the general increase of pH in
the rhizosphere. Root exudation of OH− in exchange for NO3

−

is well known (e.g., Marschner et al., 1996). As a side effect, in
acid soils, a pH increase in the rhizosphere, as observed in our
experiment (Figure 2), could contribute to a better P solubility
due to a decrease of the positive soil surface charge density and
thus weaker sorption of phosphate (Hinsinger, 2001).

As reviewed in section “Introduction,” the source of organic
acid anions in the rhizosphere can be root exudation, exudation
by mycorrhizal hyphae, or release by free-living microorganisms,
but it is difficult to distinguish between the different sources.
Following a similar argument as for exchangeable phosphate
and nitrate, the much larger oxalate and citrate concentrations
in the first than the second year (Figures 3C,D), in particular
in the BBR soil, point to a difference in the balance
between exudation/release to and microbial degradation in
the rhizosphere. The significance of microbial degradation for
the effectiveness of low-molecular-weight organic acid anions
in mobilization of sorbed or mineral bound inorganic P
was emphasized earlier (e.g., Hinsinger, 2001). The higher
concentration of organic acid anions in the rhizosphere of the
BBR than the LUE saplings in the first year is likely related to
a higher constitutive root exudation by the saplings from BBR,
which increased the organic acid anion concentrations either
directly or via stimulation of the production and release by free
living microorganisms. Studies on trees have so far provided
no evidence for organic acid anion exudation by roots being
induced by specific soil conditions (Heim et al., 2001; Eldhuset
et al., 2007). The weak effect of “current soil” in the second
growing season with slightly higher abundance of oxalate in the
rhizosphere of saplings growing in LUE than BBR soil was thus
more likely due to lower microbial degradation than a reaction to
lower soil P availability.

The higher PA in the BBR than the LUE soil in both years
(Figure 4A) is in good agreement with results for mineral bulk

soil from the same sites (Bünemann et al., 2016; Spohn et al.,
2018), and with the often observed good correlation between PA
and soil organic matter content (Feller et al., 1994; Nannipieri
et al., 2011). However, PA per unit microbial P, representing
the relative investment of the microorganisms in phosphatases,
tended to be higher in the LUE than the BBR soil and suggests
a reaction to the differences in P supply (Figure 4B). The
lower PA in the second than the first growing season in all
treatments, both on the roots and in the soil, may be explained
as feedback to an increased P availability in the rhizosphere
as indicated by the resin-extractable phosphate concentrations.
Soil PA has been shown to react sensitively to increased P
availability (Marklein and Houlton, 2012; Hofmann et al., 2016).
The stronger reaction in the treatments with saplings from LUE
is in good agreement with the results by Hofmann et al. (2016)
who found a significant fertilization effect only in the rhizosphere
of LUE saplings and not in the one of BBR saplings when growing
in soil from their own site.

As organic acid anions, phosphatases can be produced
and released by roots, mycorrhizal hyphae, and free-living
microorganisms (see the section “Introduction”). The higher PA
on the roots than in the bulk soil in our experiment can then
be attributed either to production and release by the roots or to
stimulation of microbial enzyme production in the rhizosphere
by root exudation of easily degradable carbon compounds.
Hofmann et al. (2016) argued that root exudation of such
compounds could, in addition, alleviate the main C limitation
of the microorganisms, as found for mineral soils from BBR
and LUE by Heuck et al. (2015), and as a consequence induce
P deficiency and further stimulate production of phosphatases.
Similarly, the significant plant effect in the second growing season
with slightly higher PA in the treatments with saplings from BBR
could be explained by the higher constitutive root exudation by
these saplings, as discussed above.

CONCLUSION

From our cross-exchange experiment with beech saplings and
mineral soil material from two acid forest sites differing in
nutrient supply, we draw the following conclusions.

Beech saplings exhibited a high plasticity in adapting
their root system to soils, differing in their nutrient supply,
in terms of root traits related to growth, architecture, and
morphology. The results confirm our first hypothesis that the
plastic reactions were determined mainly by the soil properties.
Confirming our second hypothesis, plant provenance had a
modifying effect that was consistent with an influence of the
plant status in those nutrients, which were not in sufficient
supply in the soil. However, we cannot completely rule out
an additional genotypic difference between the beech saplings
from LUE and BBR in their sensitivity to differences in soil
nutrient supply.

Compared to root traits, differences among treatments in
mycorrhizal inoculation and rhizosphere parameters related to
P mobilization were small and mainly determined by the soil
properties. Plant origin had only a minor modifying effect,
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possibly due to differences in the ability to transfer carbon
compounds from the shoot to the root and the fungal partner.
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