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A B S T R A C T

The objective of this study was to determine temporal variations of phosphorus (P) uptake by young beech trees
(Fagus sylvatica L.) and soil microorganisms in two forests with contrasting P stocks with the aim to better under-
stand P dynamics in forest ecosystems. For this purpose, we conducted a mesocosm experiment and determined
P uptake by F. sylvatica, total soil microbial biomass (SMB) and ectomycorrhizal fungi (EMF) at the root tip based
on 33P labeling at five times during the year. Furthermore, we measured EMF community composition, potential
acid phosphatase activity (APA), and abundance of bacterial acid phosphatase (phoN) genes. The results showed
that plant P uptake was elevated in summer and autumn in the mesocosms from the P-poor site, while it was
elevated only in autumn in the mesocosms from the P-rich site. P uptake by SMB was higher in the organic layer
at the P-poor site than in the organic layer at the P-rich site throughout the year, underlining the importance
of the microbial P pool in the organic layer of P-poor forests. The finding shows that the SMB was able to com-
pensate for the lower P availability in the soil of the P-poor site. The EMF community composition was very
variable over the year, and plant P uptake seemed to be independent of EMF community composition. Despite
the high species turnover in the EMF community, the potential APA was high throughout the year, indicating
functional redundancy of the microbial community with respect to P mineralization. Taken together, our results
show important differences in temporal patterns of P uptake by F. sylvatica and the SMB as well as in the total
partitioning of P between the SMB and F. sylvatica across the sites. Moreover, decreasing P availability in forests
would not only change the size of P stocks and of P cycling rates, but would also affect temporal dynamics of P
uptake and the overall partitioning of P between different biotic compartments.

1. Introduction

Despite the importance of phosphorus (P) for plant nutrition, lit-
tle is known about the temporal patterns of plant P uptake in forest
ecosystems and about the factors that control them (Vance et al., 2003;
Plassard and Dell, 2010). During the last decades, foliar P concentra-
tions of several tree species in temperate forests have decreased, and
the reasons for this decrease are not yet known (Flückiger and Braun,
1998; Duquesnay et al., 2000; Ilg et al., 2009; Braun et al., 2010;
Crowley et al., 2012; Jonard et al., 2015; Talkner et al., 2015). This

calls for a better understanding of P dynamics in the interplay of soil,
ectomycorrhizal fungi (EMF), soil microbial biomass (SMB), and plant
and microbial activities in temperate forests.

P availability in soil is largely affected by sorption (Hinsinger, 2001;
Giesler et al., 2002). Since phosphate is rapidly sorbed to the soil ma-
trix, only a small proportion of the total soil P is plant available. Thus,
plants, bacteria and especially EMF have developed several mecha-
nisms to solubilize bound inorganic P by releasing organic acid an-
ions, protons and siderophores (Jones and Oburger, 2011; Jansa et al.,
2011; Smits et al., 2012). Furthermore, they can mineralize organic
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P by releasing extracellular phosphatases, which renders P plant avail-
able (Plassard and Dell, 2010; Nannipieri et al., 2011). Microbial or-
ganic phosphorus mineralization in the vicinity of the root can increase
the plant available inorganic P concentration (Richardson et al., 2009;
Spohn et al., 2013). Besides mobilizing P, EMF can be very efficient in
P uptake from soil because their hyphae reach micropores that are not
accessible to roots and have a very high surface area-to-volume ratio
(Jansa et al., 2011).

Only few studies explored P uptake kinetics of ectomycor-
rhizal-forming tree species (Van Tichelen and Colpaert, 2000;
Brandtberg et al., 2004; Jonard et al., 2009; Desai et al., 2014; Kavka
and Polle, 2016). Tracer studies with 33P showed that P uptake systems
of non-mycorrhizal roots are limited because their Michaelis-Menten
constants (Km) are higher than typical concentrations of free Pi in the
soil solution (Van Tichelen and Colpaert, 2000; Desai et al., 2014; Kavka
and Polle, 2016). In mycorrhizal trees, the Km is strongly decreased and
the uptake rate drastically enhanced (Van Tichelen and Colpaert, 2000;
Desai et al., 2014), which underpins the relevance of EMF for plant P
uptake. It is not known yet, whether high plant P uptake is associated
with a specific EMF community or whether there is a functional redun-
dancy in EMF communities with respect to P mobilization. Moreover,
since previous experiments (Van Tichelen and Colpaert, 2000) were
conducted in hydroponic solutions in the absence of soil bacteria and
saprotrophic fungi, which may strongly affect tree nutrient uptake, the
environmental factors that influence P acquisition of EMF and their host
trees are still unknown.

Microbial biomass P can represent a substantial fraction of the total
soil P. In temperate coniferous and broadleaf forests it amounts on av-
erage to 4.3 and 8.6% of the total P in the mineral soil, respectively (Xu
et al., 2013). In the organic layer of beech forests, about 22–47% of the
total P is sequestered in the microbial biomass (Zederer et al., 2017).
Especially in relatively nutrient poor temperate forests with the humus
form moder, a large proportion of the total soil P is stored in the SMB
(Zederer et al., 2017).

While there are only few studies that explored P uptake kinetics of
trees and microorganisms using 33P, uptake kinetics have been studied
more intensively for nitrogen (N) using 15N. In many studies, in which
N uptake by trees and SMB was compared, it was found that initially
the SMB took up a significantly larger percentage of the added 15N than
the tree. This was documented for Acer saccharum in northern hardwood
forests (Zogg et al., 2000), for Quercus douglasii in California (Cheng
and Bledsoe, 2004), for birch forests in subarctic Sweden (Grogan and
Jonasson, 2003), for Fraxinus excelsior in France (Bloor et al., 2009), and
for Fagus sylvatica in Germany (Pena et al., 2013; Leberecht et al., 2015;
Dannenmann et al., 2016). 15N immobilized in the SMB was only very
slowly released during the following months (Zogg et al., 2000; Grogan
and Jonasson, 2003).

In ecosystems with pronounced seasonality, such as temperate and
alpine ecosystems, plant N uptake and microbial N uptake are often an-
ticyclical in the way that plants take up N mostly during the growing
season, while microbial N uptake is highest in autumn, stimulated by
high inputs of leaf litter during this time of the year (Jaeger et al., 1999;
Lipson et al., 1999; Kaiser et al., 2011). At the end of winter, microbial
N decreases again due to thawing-and-freezing events that induce mi-
crobial cell lysis (Jaeger et al., 1999; Lipson et al., 1999; Kaiser et al.,
2011). It is not known yet, whether such dynamics also occur in tem-
perate forest soils with respect to P uptake.

The objective of this study was to determine temporal variations
of P uptake by SMB and by young beech trees (Fagus sylvatica) along
with the root-associated EMF assemblage, potential acid phosphatase
activity (APA) and abundance of the bacterial acid phosphatase (phoN)
genes in two forests differing in total P stocks. For this purpose, young
beech trees were extracted with intact soil cores from two forest sites
that differ in total soil P stocks and P availability (Zavišić et al., 2016),

and were exposed to ambient conditions in a common garden study. We
hypothesized, first, that uptake of P by beech trees is higher in sum-
mer, when the trees are photosynthetically more active than in autumn
(Yang et al., 2016), while P uptake by the SMB is highest in autumn due
to inputs of plant detritus during this time of the year. Second, we hy-
pothesized that a larger proportion of P is taken up by the SMB in the
P-poor forest compared to the P-rich forest throughout the year. Third,
we hypothesized that P uptake by F. sylvatica is independent of specific
EMF species due to a high diversity and functional redundancy of EMF
species.

2. Materials and methods

2.1. Study site

Soils and juvenile trees were collected at two sites with contrasting
soil P availability (Table 1). The site Bad Brueckenau (BBR) that has
a high soil P availability is located in the Rhoen Mountains, close to
the city of Fulda, Germany (N 50° 21.38′, E 9° 55.71′) at 825 m above
sea-level. The mean annual rainfall is 1031 mm and the mean annual
temperature is 5.8 °C. The soil is a Dystric Skeletic Cambisol derived
from basalt, and the prevailing tree species is European beech (Fagus
sylvatica L.). The site Luess (LUE) that has a low soil P availability is lo-
cated in the Lueneburg Heath, close to the city of Hamburg, Germany
(N 52° 50.32′, E 10° 16.06′) at 115 m above sea-level. The mean annual
rainfall amounts to 730 mm and the mean annual temperature is 8 °C.
The soil is a Hyperdystric Folic Cambisol developed from sandy Pleis-
tocene sediments, and the dominant tree species is also Fagus sylvatica
L. More details have been reported by Zavišić et al. (2016).

Table 1
Properties of the soils of the P-poor site LUE and the P-rich site BBR together with the soil
chemical features of soil in the mesocosms from the two sites, and the average soil mass,
fine root abundance, and water content during the experiment. Different letters indicate
significant differences (p < 0.05) in soil chemical parameters between all four soil layers.

Luess (LUE) Bad Brueckenau (BBR)

Soil order
(WRB)

Cambisol Dystric Skeletic Cambisol

Parent
material

Glacial sands Basalt

Humus form Mor-like Moder Mull-like Moder
Depth of the
organic layer
[cm]

12 7

Organic
layer

Mineral
soil

Organic
layer

Mineral
soil

Dry weight
per mesocosm
[g]*

276
(±133)

1226
(±391)

180
(±76)

788
(±184)

Relative fine
root
abundance ×

Average
water content
[%]*

0.64
(±0.05)
18.8
(±4.6)

0.36
(±0.05)
50.3
(±4.6)

0.32
(±0.02)
33.9
(±6.7)

0.68
(±0.03)
42.4
(±10.8)

Total C [g
kg−1]×

223.6
(±19.1)c

48.4
(±4.9)a

141.5
(±7.6)b

62.7
(±2.7)a

Total N [g
kg−1]×

8.96
(±0.76)c

1.75
(±0.19)a

7.88
(±0.36)c

3.79
(±0.12)b

Total P [g
kg−1]*

0.5
(±0.2)b

0.1
(±0.0)a

2.8
(±0.3)c

2.8
(±0.4)c

Labile P [mg
kg−1]*

52.7
(±37.8)b

5.9
(±4.2)a

120.0
(±81.9)c

11.9
(±37.8)a

Soil pHH2O
× 4.3b 3.8a 5.1c 4.3b

*n = 100, ×n = 5.
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2.2. Sampling and experimental setup

Young beech trees of 0.3–0.4 m height were excavated on the sites
BBR and LUE at the end of October 2013. For this purpose, polymer
tubes with a diameter of 12 cm and a height of 20 cm were hammered
into the soil around the young tree and subsequently extracted with the
plant and the intact soil core. In total, 150 tubes with young beech trees
and soil from each forest site (Table 1) were transported to the Forest
Botanical Garden of the University of Goettingen, where they were kept
outdoors, under natural climatic conditions throughout the experiment
(for air temperature and soil water content during the experiments see
Additional online material Fig. 1). In order to avoid confounding effects
of position within the common garden, the mesocosms with the beech
seedlings were randomly interspersed. The position of all mesocosms
were changed randomly on a weekly basis throughout the experiment.
Because root damage could not be entirely excluded, when harvesting
field-grown young trees, the beech trees in the tubes were left undis-
turbed for six months before using them for experiments.

2.3. Labeling, harvest and biomass

At five dates during the first year, which corresponded to five phe-
nological stages as described by Yang et al. (2016), 15 mesocosms from
each of the two sites were labeled with 33P. Additionally, another 15
mesocosms from each site were labeled in the following year in sum-
mer, leading to a total of six labeling dates; spring (April 2nd, 2014):
bud swelling; early summer (May 12th, 2014): young leaves, late sum-
mer (July 21st, 2014): mature leaves; fall (September 22nd, 2014): leaf
senescence; and winter (February 9th, 2015): dormancy (no leaves),
and additionally, a second late summer (July 16, 2015). For this pur-
pose, 1912 kBq carrier free H3

33PO4 (Hartmann Analytic GmbH, Braun-
schweig, Germany) was added in 40 ml of tap water, amounting to a
total of 0.017 nmol P per plant. It should be noted that the amount
of P added is negligible, and 33P served only as a tracer without af-
fecting the P availability. Subsequently, each plant was watered with
40 ml tap water in order to distribute the tracer throughout the soil
core. To avoid loss of label via leaching, a plastic saucer was placed
underneath each open soil core and if leachate appeared it was im-
mediately re-applied on the soil. The homogeneous distribution of the
tracer was previously tested with mesocosms from both sites using the
dye coomassie blue. During each experiment, 20 mesocosms from each
site were destructively harvested. Five non-labeled mesocosms of each
site were destructively sampled at the day of tracer application. La-
beled mesocosms of each forest site were destructively sampled 1, 7 and
thirty days after labeling (n = 5 mesocosms per time point and site).
Since there were six labeling dates and two sites, a total of 240 meso-
cosms were destructively harvested in this study. For this purpose, the
plant with the soil core was completely removed from the tube. The
organic layer and the mineral soil of each mesocosm were separated
and weighed. Subsequently, the stem was cut at the shoot-root junc-
tion and the roots were carefully removed from the soil to avoid dam-
aging EMF. The mineral soil and the organic layer were kept separately
and each fraction was thoroughly mixed. Leaves, buds, coarse roots
and fine roots (<2 mm diameter) were separated using scissors, and an
aliquot of the plant material was flash frozen and stored at −80 °C. The
remaining plant material was oven-dried at 40 °C for one week. Fine
roots were dried after morphotyping. Fine root distribution was deter-
mined for selected samples that were not included in other analyses.
For this purpose soil cores were cut at the border of the mineral soil
and organic layer, all roots per soil layer were carefully removed, sep-
arated according to coarse and fine roots and dried at 40 °C for one

week. Total dry weight of all plant components (leaves, buds, stem,
coarse roots, and fine roots) and mineral and organic soil was measured.
An aliquot of each fresh soil fraction was stored at −80 °C for phos-
phatase activity and phoN gene abundance measurements. Further fresh
soil aliquots were used for determination of microbial biomass C and
P, labile soil P, soil moisture and dry mass. The mass of the ectomyc-
orrhiza was determined as a mean based on 150 vital mycorrhizal root
tips from six soil cores from each of the two sites. For this purpose, the
tips were cut directly at the fungus mantle (as described in Valtanen et
al., 2014). The 150 mycorrhizal tips of each soil core were dried and
weighed together. The weight of one ectomycorrhiza was calculated as a
mean based on the six independent replicates each calculated from 150
samples.

2.4. Ectomycorrhizal species composition

Vital and dead roots tips of each plant were identified by their
turgescent or dry and shrunken appearance under a dissecting micro-
scope (Leica M205 FA; Leica, Wetzlar, Germany). Labeling studies with
15N showed that dry and shrunken root tips were physiologically inac-
tive (Pena and Polle, 2014). Therefore these root tips were considered as
dead root tips. Vital and dead root tips were counted. Ectomycorrhizal
morphotypes were identified based on color, shape, branching pattern,
mantle surface texture, hyphal morphology and rhizomorph connec-
tion/shape according to Agerer (2006). Each morphotype was collected
(n = 5–20 root tips) and stored at −20 °C. Total genomic DNA was iso-
lated from the morphotypes using the innuPREP Plant DNA Kit (Ana-
lytik Jena AG, Jena, Germany) as described by the manufacturer. The
rRNA ITS-region was amplified by the polymerase chain reaction (PCR)
with the primer pair ITS1F and ITS4 (Eurofins MWG Operon, Ebersberg,
Germany) (White et al., 1990) using either the original genomic DNA
sample or a dilution (1:10 or 1:100) to remove inhibitors of the PCR
as described previously (Lang and Polle, 2011). Purification of all PCR
products was done by addition of 35 μl 2-propanol (Roth, Karlsruhe,
Germany). DNA was subsequently precipitated for 1 h at room tempera-
ture, and centrifuged for 30 min at 20,000×g (Centrifuge 5417R, Eppen-
dorf, Hamburg, Germany). The obtained pellet was fully dehydrated for
10 min at 50 °C (Concentrator 5301, Eppendorf, Hamburg, Germany)
and dissolved in 30 μl ultrapure H2O (Applichem GmbH, Darmstadt,
Germany). The purified DNA was used for Sanger sequencing (Applied
Biosystems 3730XL DNA Analyzer, Seqlab GmbH, Göttingen, Germany).
Sequence alignment was done using the Staden Package software (4.10,
http://staden.sourceforge.net) and blasted in the NCBI GenBank. With
a sequence homology of >97% and a score >900 bits, the name sug-
gested by the database was accepted. Sequences were deposited in the
NCBI Genbank with the accession numbers KX168637-KX168665 (see
also Additional online material Table 1).

2.5. Soil microbial biomass, labile P and total C and N

Soil microbial biomass C and P (SMBC and SMBP), comprising C
and P of archaea, protozoa, bacteria as well as saprotrophic and myc-
orrhizal fungi, were determined in fresh soil using the chloroform fu-
migation extraction method (Brookes et al., 1982; Vance et al., 1987).
10 g of fresh mineral topsoil and 5 g of organic layer were fumigated
with chloroform for 24 h. P was extracted from the fumigated and the
non-fumigated soil in Bray-1 solution (0.03 M NH4F - 0.025 M HCl)
and quantified by the molybdate blue assay using an injection flow
photometer (FIA-LAB, MLE Dresden, Germany). A conversion factor of
2.5 was used to calculate SMBP (Brookes et al., 1982). The inorganic
P concentration in the Bray-1 extracts of the non-fumigated soils (see
above) were considered the labile P fraction. C was extracted from the
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fumigated and the non-fumigated soil in 40 ml 0.5 M K2SO4 and were
measured using a TOC/TN analyzer (Multi N/C 2100S, Analytik Jena
AG, Jena, Germany). A conversion factor of 2.2 was used to calcu-
late SMBC (Joergensen, 1996). Total C and N were determined using a
CNS elemental analyzer (EA1108, Carbo Erba Strumentazione, Rodano,
Italy).

2.6. 33P activity

Plant components (leaves, buds, stem, coarse roots, and fine roots)
and EMF samples were milled (Retsch MN 400, Haan, Germany) and
extracted in 65% HNO3 at 160 °C for 12 h according to Heinrichs et al.
(1986). Total P in the extracts was measured by ICP-OES (iCAP 6000
Series ICP–OES, Thermo Fisher Scientific, Dreieich, Germany). 33P in all
HNO3 and in Bray-1 extracts was determined by a Perkin-Elmer scin-
tillation counter (Tri-Carb TR/SL 3180, Waltham, MA, USA), using a
scintillation cocktail (Rotiszint eco plus, Roth, Karlsruhe, Germany). The
signal was corrected for radioactive decay, and a background correction
value was subtracted that was measured using only scintillation cocktail
and extraction solution.

2.7. Potential acid phosphatase activity (APA)

Potential APA that is produced by plants and soil microorganisms
(including EMF) was measured using a modified disodium phenylphos-
phate method. For this purpose, 5 g of soil was incubated in 10 ml of
acetate buffer (pH 5) and 5 ml of 20 mM buffered disodium phenylphos-
phate solution at 37 °C for 3 h; the release of phenol was determined
colorimetrically at 614 nm, using 2,6-dibromchinone-chlorimide as col-
oring reagent (Hoffmann, 1968; modified by Öhlinger, 1996).

2.8. Abundance of phoN genes

Total genomic DNA was extracted from the soil of day 0 of each
labeling experiment using the “NucleoSpin Soil Kit” (Macherey-Nagel,
Germany) according to the manufacturer's protocol. Quantification of
the bacterial phoN gene was performed using quantitative real-time PCR
and target specific primers phoN-FW and phoN-RW (Bergkemper et al.,
2016) on a 7300 Real-Time PCR System (Applied Biosystems, Germany)
together with SybrGreen (Life Technologies, USA) as fluorescent dye.
After each qPCR run a melting curve analysis was performed to ver-
ify the amplicon specificity. The quantification of the target gene was
conducted by using serial dilutions of plasmid encoded phoN genes (107

to 101 gene copies μl−1) derived from Salmonella enterica DSM 10062.
Based on a previous dilution test all samples were diluted in a 1:16 ra-
tio to avoid inhibition during amplification caused by co-extracted hu-
mic substances. The efficiency of the qPCR was calculated as: Efficiency
(%) = [10(−1/slope) − 1] and was always above 86% while the R2 of the
standard curve was above 0.99.

2.9. Calculations and statistical analyses

We calculated the total 33P taken up by the plant for distinct points
in time as follows.

The 33P enrichment of the plant biomass was calculated as follows.

The total 33P of EMF in one mesocosm was calculated based on the
33P enrichment of the EMF biomass as follows.

The 33P enrichment of the SMB per gram dry soil was calculated sep-
arately for the mineral soil and the organic layer.

The total amount of 33P taken up into the SMB in one mesocosm was
calculated separately for the mineral soil and the organic layer as fol-
lows.

Total 33P in the labile P fraction was calculated separately for the
mineral soil and the organic layer for the harvest thirty days after 33P
application as follows.

Total P taken up by SMB, EMF and plants during thirty days was
calculated taking into account the specific 33P activity of the bioavail-
able soil P pool. This approach has been applied in many previous radio-
phosphorus labeling studies for calculating P mobilization by plants and
soil microorganisms (Fardeau et al., 1995; Morel and Fardeau, 1989;
Bünemann et al., 2007; Oberson et al., 2010; Schneider et al., 2017),
and it corrects for the different dilutions of the added 33P with P present
in soil. The approach was applied separately for the organic layer and
for the mineral soil.

The total amount of P taken by the SMB was calculated separately
for the organic layer and for the mineral soil as follows:

Specific 33P activity of a soil P pool is defined as follows

Total P taken up by F. sylvatica during thirty days was calculated
based on the relative P availability and the relative root abundance in
the mineral soil and the organic layer as follows.

4
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where

and

The relative P availability in the mineral soil and the relative root
distribution in the mineral soil were calculated accordingly. The total P
taken up by EMF was calculated in the same way as the total P uptake
by the plant, i.e. by taking into account the relative P availability and
the root abundance both in the mineral soil and in the organic layer.

Homogeneity of variance was tested by the Levene-test. Differences
between sites and dates or seasons were tested by ANOVA followed by
Scheffé post-hoc test using R (R Core Team, 2013). We used the software
package PAST 3.08 (http://folk.uio.no/ohammer/past/, Hammer et al.,
2001) to calculate Shannon index (H), Simpson index, species richness
and evenness of the EMF. To achieve species saturation, the data of the
root systems of five plants sampled per time point, soil type and season
were pooled. To compare the diversity of EMF in different soil types, all
values obtained across the whole year were compared by a paired rank
test. The similarity of the EMF community structures was analyzed by
non-metric multidimensional scaling (NMDS) using Bray Curtis as the
similarity measure.

3. Results

3.1. EMF, SMB and labile P

The number of root tips colonized by EMF was lower in the meso-
cosms from the P-poor site LUE than in the mesocosms from the P-rich
site BBR throughout the year (p < 0.001; Fig. 1a). The community com-
position of EMF taxa showed seasonal fluctuations indicated by the sep-
aration along coordinate 1 of the NMDS (Fig. 2). The communities in
spring and early summer formed one cluster, while a second clustered
was formed by the communities in late summer, autumn, and winter
(Fig. 2, Additional online material Table 2). The communities from LUE
and BBR differed significantly in their structure shown by the separa-
tion along coordinate 2 (Fig. 2, Additional online material Table 2). This
separation was due to higher EMF species richness on the roots from
BBR than from LUE, and divergent composition of the assemblages (Ad-
ditional online material Table 3). In the EMF assemblages of BBR, Xero-
comellus pruinatus, Tuber sp, Tomentellopsis sp. and Clavulina coralloides
were dominant, whereas in LUE Russula ochroleuca, Lactarius blennius,
Scleroderma citrinum, and Genea cf. anthracina dominated. Cenococcum
geophilium was the only species that formed a symbiosis with the trees
from both sites throughout the year (Additional online material Table
1).

Concentrations of labile P were higher in the organic layer than in
the mineral soil in the mesocosms from both forest sites (p < 0.001;

Fig. 1b). While there was no significant difference in the labile P con-
centration in the mineral soil between the sites (p > 0.05), the labile
P concentration in the organic layer was on average 2.4-times higher
(p < 0.01) in the mesocosms from BBR than in the mesocosms from LUE
throughout the year (Fig. 1b). Concentrations of labile P showed large
variations in the organic layer between the mesocosms from one site,
and no clear seasonal trend was observable neither in the organic layers
nor in the mineral soils.

The SMBC concentration was higher in the organic layer than in
the mineral soil of both sites (p < 0.01). In the mineral soil, the SMBC
concentration at BBR was higher than at LUE throughout the year
(p < 0.01; Fig. 1c). No significant seasonal variation in SMBC in the
mineral soil and in the organic layer of both sites was found (p > 0.05;
Fig. 1c). In the organic layer, the SMBC was significantly (p < 0.05) cor-
related with the gravimetric water content across seasons (R2 = 0.30
and 0.25 in LUE and BBR, respectively).

3.2. 33P enrichment and recovery

The young beech trees from the P-rich site BBR showed similar
33P enrichment during all seasons, except in autumn when the high-
est 33P enrichment was found (p < 0.01, Fig. 3a). In contrast, 33P up-
take by the young beech trees from the P-poor site LUE showed more
pronounced seasonal dynamics (Fig. 3a). The plants from LUE exhib-
ited increased 33P enrichment in early summer compared to spring
(p < 0.01), and they further increased the 33P enrichment during late
summer (p < 0.01). 33P enrichment in EMF was fast during the first
seven days after tracer addition and slowed strongly afterwards in the
mesocosms from both sites (Fig. 3b). The same trend was observed for
33P uptake by the SMB in the mineral soil and especially in the organic
layer (Fig. 3c and d). The 33P uptake per unit SMB was similar at both
sites (data not shown). The dynamics in the 33P uptake by plants and
EMF observed in late summer, were confirmed in the second year. How-
ever, the 33P uptake in late summer by SMB proceeded more evenly in
the second year compared to the first year (Additional online material,
Fig. 2).

Taking into account the soil dry mass in the mesocosms, in total
more 33P was recovered from the organic layer than from the mineral
soil in LUE than in BBR, whereas the mineral soil sequestered more 33P
in BBR than in LUE (Fig. 4 and Additional online material Fig. 3). The
total amount of 33P recovered from the plant, the SMB and the labile
P pool in the organic layer and in the mineral soil together, was quite
stable across all five experiments (Fig. 4), and amounted on average to
44.4 and 23.4% of the initially added tracer in LUE and BBR, respec-
tively. The largest proportion of added 33P was stored in abiotic soil P
fractions (63.6% in BBR and 76.6% in LUE), and was not recovered in
the labile P fraction or in the biotic pools that were extracted (Fig. 4).

The specific 33P activity of the labile P pool was slightly higher in
LUE than in BBR both in the organic layer and in the mineral soil
throughout the year (Additional online material Fig. 4). It was also
larger in spring and in winter than in early and late summer (Additional
online material Fig. 4), which is important for the calculation of the to-
tal P uptake.

3.3. Total P uptake

Total P taken up by the beech trees over thirty days in late sum-
mer amounted to 15.10 mg in the mesocosms from LUE and was signif-
icantly higher than P uptake by the young beech trees from BBR dur-
ing the same time (1.75 mg in thirty days, Fig. 5). However, in autumn,
total plant P uptake over thirty days was similar in LUE and BBR and
amounted to 10.04 and 13.13 mg P per plant, respectively (Fig. 5). P
uptake by EMF collected from the fine roots did not differ significantly
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Fig. 1. Mycorrhizal root tips (A), labile inorganic P (B) and the soil microbial biomass C (C) from the P-poor (LUE) and the P-rich (BBR) site during all five labeling experiments. The
number of mycorrhizal root tips was log10 transformed to meet the requirements of normal distribution. Psites < 0.05 indicates significant differences between sites. Each data point was
calculated based on five mesocosms (n = 5). Error bars show standard deviations.
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Fig. 2. Non-metric multidimensional scaling of the ectomycorrhizal fugal communities with Bray Curtis as similarity index. Su stands for summer.

between sites and seasons (p > 0.05). In autumn the uptake was in-
creased at both sites, but this was not statistically significant due to vari-
ation between the mesocosms (Fig. 5). The net amount of new P taken
up during thirty days by EMF collected at the fine roots did not exceed
0.02 mg P per mesocosm during most of the year, and only increased
to 0.20 and 0.25 mg P per mesocosm, in LUE and BBR respectively, in
autumn (Fig. 5). However, it has to be taken into account that we only
measured P in EMF directly at the root, thus, the total amount of P taken
up by the total EMF biomass is very likely much larger.

The total amount of P taken up over thirty days by the SMB in the
organic layer in LUE was significantly larger (p < 0.05) than in BBR in
early summer, late summer and autumn. The amount of P taken up by
the SMB in the organic layer and in the mineral soil together was higher
than the amount of P taken up by the plant throughout the year (Fig. 5).
The amount of P taken up by the SMB in the mineral soil both in meso-
cosms from LUE and BBR did not differ significantly between the sea-
sons (p > 0.05), whereas we found seasonal differences for the organic
layer (p < 0.01). In LUE, P uptake by SMB in the organic layer was sig-
nificantly larger in late summer than in winter (p < 0.01). In BBR, P
uptake by SMB in the organic layer was significantly higher in spring
than in winter (p < 0.01).

3.4. Acid phosphatases

In LUE, the potential acid phosphatase activity (APA) of the organic
layer was higher in spring than late summer and winter, while in the
mineral soil it was higher in spring than in early summer. In BBR, the
APA of the organic layer was greater in spring than in late summer, au-
tumn and winter, while in the mineral soil it was higher in spring and
early summer compared to late summer (Table 2). APA in the organic
layer was correlated with the gravimetric water content (Supplementary
material Fig. 1B) across seasons (R2 = 0.30 and 0.51 in BBR and LUE,
respectively), while no significant correlation between water content
and phosphatase activity was found for the mineral soil. APA was cor-
related with SMBC and with the abundance of the bacterial phoN genes,
especially in the mineral soil (Table 3).

4. Discussion

4.1. Methodological considerations

This is the first study to show that P uptake rates of a young tree,
and of the SMB differ seasonally, and between contrasting forest sites.
Since our study was conducted in a common garden, effects of low wa-
ter availability were avoided, which are known to impact nutrient up-
take under field conditions (Bimüller et al., 2014; Dannenmann et al.,
2016; Leberecht et al., 2016).

We calculated total P uptake rates based on the 33P uptake and the
specific 33P activity of the labile P pool, following previous 33P label-
ing studies (Fardeau et al., 1995; Morel and Fardeau, 1989; Bünemann
et al., 2007; Oberson et al., 2010; Schneider et al., 2017; Spohn and
Widdig, 2017). This procedure corrects for the different dilutions of the
added 33P with P present in soil. The similar total recoveries of 33P
across all seasons (Fig. 4) indicate that additional P taken up by the
plants in summer and/or autumn was derived from the labile P pool
and was not mobilized from more stable soil P pools, supporting our ap-
proach to consider the Bray-1 pool as the bioavailable P pool. However,
it has to be taken into account that the Bay-1 P pool contains more P
than present in the soil solution. Hence, it gives a rather high estimate
of plant available P and therefore also of the P taken up by plants and
microorganisms. In all five labeling experiments, the 33P recovery in the
soils from LUE was higher than in the soils from BBR (Fig. 4). The reason
for this is that the fine-textured soil from BBR was formed from basalt
and has a higher P sorption capacity than the sandy soil from LUE, as
previously described by Bünemann et al. (2016).

4.2. P uptake by plants and EMF and EMF community composition

We found that plant P uptake was increased in autumn in the meso-
cosms from the P-rich site BBR, and in late summer in the P-poor site
LUE (Fig. 5). The temporal difference in plant P uptake between the
sites might be due to lower P storage in the young trees from LUE,
which required the trees to increase their uptake rates earlier in the
year in LUE than in BBR. The high plant P uptake at the end of the
growing season at both sites went along with strong growth of fine
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Fig. 3. 33P enrichment of young beech trees (plant, A), ectomycorrhizal fungi (EMF, B), and soil microbial biomass (SMB) in the organic layer (C) and SMB in the mineral soil (D) in
mesocosms from the P-poor site LUE and the P-rich site BBR during five consecutive labeling experiments. Each data point was calculated based on five mesocosms (n = 5). Error bars
show standard deviations.
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Fig. 4. Total amount of 33P in young beech trees (plant), in ectomycorrhizal fungi (EMF) at the root tip, in the soil microbial biomass (SMB), and in the labile P pool in the mineral soil
and in the organic layer in mesocosms from the P-poor site LUE and the P-rich site BBR thirty days after tracer application at five different times of the year. Each column was calculated
based on five mesocosms (n = 5), taking into account the mass of the organic and the mineral soil in each mesocosm. Su stands for summer. Please note that the 33P activity in the EMF
at the roots tip was very low and can only be seen for autumn in this projection.

roots (data not shown), which might be the reason for the increased P
uptake at this time of the year (details about plant P allocation are dis-
cussed in Zavišić and Polle, accepted). In LUE, the highest plant P up-
take did not go along with significant increases in P accumulation in the
ectomycorrhiza (Fig. 5). The reason for this is likely that the concentra-
tion of P in the EMF does not reflect the P flux to the plant, and the P
concentration may be low even if the flux is high.

The EMF community was affected by season as well as by site and
showed a large spatial and temporal variability (Fig. 2) similar as pre-
viously described for other forests (Van der Heijden et al., 2000; Koide
et al., 2007; Walker et al., 2008; Pena et al., 2010). The finding that the
number of root tips colonized by EMF was lower at LUE than at BBR in-
dicates that P availability in the soils is only one out of many variables
that affected EMF colonization of plant roots. Higher EMF species rich-
ness on the roots from BBR than from LUE is in accordance with a study
on five beech forest sites in Germany that reported that variation in EMF
species richness was unrelated to P concentrations in the soils (Zavišić
et al., 2016). Our findings indicate that P nutrition of the young beech
trees under study was not as critical as to be the main factor affecting
EMF colonization. The EMF communities from LUE and BBR were dif-
ferent from each other during all seasons of the year. Despite the high
species turnover in the EMF community, the potential APA was high
throughout the year (Enowashu et al., 2009; Margalef et al., 2017), indi-
cating functional redundancy of the microbial community with respect
to P mineralization.

Scleroderma citrinum, which dominated the EMF community in late
summer associated with the plants from LUE, was found to often coex-
ist with biotite-weathering bacteria (Uroz et al., 2009). This is in agree-
ment with a study on the microbiome of the soils from LUE and BBR,

reporting a high number of Proteobacteria and Acidobacteria in LUE
known to be able to mineralize biotite (Bergkemper et al., 2015). Russu-
laceae such as Lactarius blennius and Russula ochroleuca were also abun-
dant in P poor soils (Zavišić et al., 2016; this study); these species are
known to produce organic acids to mobilize inorganic P (Courty et al.,
2010). In contrast, roots grown in soil from BBR were dominated by
the EMF Hydnum repandum during late spring, which can produce high
phytase activity (Goud and Suryam, 2009). During summer and autumn
the EMF species Tuber sp. was found to be dominant on the root tips
of plants from BBR. Tuber sp. produces a high amount of phosphatases,
and has a high ability to mineralize N from N-containing biopolymers
(Pena and Polle, 2014), along with being able to store large amounts of
nutrients in its mantle (Walker et al., 2014). The different P availability
of the sites was likely only one factor among others, such as stand age,
water availability and the availability of N and of micronutrients that
shaped the EMF community as indicated also by a recent study on the
sites BBR and LUE (Zavišić et al., 2016).

4.3. P uptake by SMB and phosphatase activity

We found relatively stable SMBC concentrations over the year (Fig.
1c), which is in accordance with previous studies on beech and spruce
forests in Germany (Von Lützow et al., 1992; Bauhus and Barthel, 1995).
P uptake by SMB was higher in the organic layer in LUE than in BBR
throughout most of the year as hypothesized, which is in accordance
with previous studies reporting that the SMB is a very important P
pool in the organic layer of P-poor forests (Saggar et al., 1998; Chen et
al., 2003; Achat et al., 2010; Zederer et al., 2017). The reason for the
larger P uptake by the SMB in the organic layer in LUE than in BBR
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Fig. 5. Total P taken up during thirty days by ectomycorrhizal fungi (EMF) at the root tip, F. sylvatica (plant) and the soil microbial biomass (SMB) in mesocosms from the P-poor site LUE
and the P-rich site BBR at five different times of the year. Each data column was calculated based on five mesocosms (n = 5), taking into account the mass of the organic and the mineral
soil in each mesocosm. Different capital letters indicate significant differences (p < 0.05) between different variables in one season, while different lowercase letters indicate significant
differences (p < 0.05) in one variable across seasons. Su stands for summer.

is mostly the larger mass of the organic layer in LUE (Table 1) that over-
compensated for the lower SMB concentrations at this site (Fig. 3C) and
together with a similar P uptake per mass SMB led to larger total P up-
take by the SMB in the organic layer in LUE than in BBR. This finding
shows that the SMB at both sites was able to immobilize available P
very efficiently, leading to very low net P mineralization rates as shown
previously (Heuck and Spohn, 2016). The efficient uptake is likely fa-
cilitated by the ubiquitous presence of microorganisms in soil. P uptake
by the SMB in the organic layer in LUE was high in summer, coincid-
ing with the highest plant P uptake in the mesocosms from this site. The
reason for this might be that the organic layer in LUE was dominated by
EMF as indicated by the similar 33P uptake kinetics of EMF and SMB in
the organic layer (Fig. 3b and c). A dominance of EMF over saprotrophs
in the organic layer at LUE is also supported by a study on the microbial
community of LUE and BBR (Zavišić et al., 2016) that reported higher
EMF-derived ergosterol concentrations in the organic layer in LUE com-
pared to BBR. In contrast to the organic layer, phosphatase activity in
the mineral soil was dominated by bacteria as indicated by higher corre-
lations between potential APA and copy number of bacterial phoN genes
in the mineral soil than in the organic layer (Table 3). This is in agree-
ment with Zavišić et al. (2016), reporting that the vast majority of myc-
orrhizal root tips in LUE and BBR were found in the organic layer.

In accordance with studies on N uptake by microorganisms and
trees (Zak et al., 1990; Zogg et al., 2000; Cheng and Bledsoe, 2004;
Grogan and Jonasson, 2003; Bloor et al., 2009; Dannenmann et al.,
2016), we found that a larger proportion of phosphorus was immobi-
lized in the SMB than in the plant during most seasons (Fig. 5). Similar

as for N uptake, this was mostly due to the ubiquitous presence of mi-
croorganisms in soil and due to the relatively large mass of soil with
respect to the plant biomass. In contrast to studies on N dynamics (Zak
et al., 1990; Zogg et al., 2000; Cheng and Bledsoe, 2004; Grogan and
Jonasson, 2003; Bloor et al., 2009; Dannenmann et al., 2016), we found
that most of the added P tracer was sequestered in abiotic P pools, and
was not recovered in the labile P pool (Fig. 4), showing that sorption
plays a very important role for P availability in these soils.

Our finding that soil phosphatase activity underwent seasonal
changes is in disagreement with a recent study that did not find sea-
sonal differences in phosphatase activity in the rhizosphere of F. sylvat-
ica and in the bulk soil in BBR and LUE during all four seasons of the
year (Hofmann et al., 2016). The reason for the disagreement is likely
that the soil water content was maintained constant in the previous ex-
periment, while it was variable in the present study, and positively cor-
related with the phosphatase activity in the organic layer (R2 = 0.30
and 0.51 in BBR and LUE, respectively, p < 0.05). Despite the elevated
phosphatase activity in spring, labile P concentrations (Fig. 1b) were not
increased during this time of the year.

4.4. Conclusions

Revisiting the hypotheses, we conclude, first, that in contrast to our
expectations, we found an increased plant P uptake in summer exclu-
sively in the P-poor site, whereas in the P-rich site, plant P uptake in-
creased only in autumn. Second, P uptake by SMB was higher in the
organic layer in LUE than in BBR throughout the year as hypothesized,
underlining the importance of the microbial P pool in the organic layer
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Table 2
Potential acid phosphatase activity and copy numbers of the bacterial acid phosphatase gene phoN in soil of mesocosms from the P-poor site LUE and the P-rich site BBR at five different times of the year. Each value was calculated based on five mesocosms
(n = 5) at the first day after each labeling experiment. Significant seasonal differences (p < 0.05) in one variable tested separately for the organic layer and the mineral soil are indicated by different letters. Pseason indicates the P value of the ANOVA testing
difference between seasons. Su stands for summer.

LUE BBR

Spring Su_early Su_late Autumn Winter Pseason Spring Su_early Su_late Autumn Winter Pseason

Organic
layer

Phosphatase
activity
[mg Phenol (3 h)−1 g−1]

30.14b

(±15.96)
15.48ab

(±5.54)
8.07a

(±1.61)
19.07ab

(±5.35)
9.37a

(±3.05)
<0.01 16.19b

(±2.83)
12.40ab

(±4.26)
7.71a

(±3.77)
8.40a

(±3.65)
7.28a

(±2.70)
<0.01

Number of phoN genes
[×100,000 g−1]

2.22
(±0.89)

0.58
(±0.49)

0.68
(±0.44)

0.76
(±0.29)

0.21
(±0.06)

>0.05 1.46
(±0.72)

0.52
(±0.21)

0.57
(±0.31)

0.88
(±0.30)

0.25
(±0.11)

>0.05

Mineral soil Phosphatase
activity
[mg Phenol (3 h)−1 g−1]

1.49b

(±0.63)
0.59a

(±0.23)
1.01ab

(±0.13)
0.93ab

(±0.30)
0.73ab

(±0.04)
<0.01 2.23b

(±0.81)
2.28b

(±0.52)
1.19a

(±0.22)
1.79ab

(±0.64)
1.73ab

(±0.38)
<0.05

Number of phoN genes
[×100,000 g−1]

0.27
(±0.11)

0.14
(±0.05)

0.08
(±0.09)

0.15
(±0.05)

0.05
(±0.04)

>0.05 0.82
(±0.24)

0.64
(±0.23)

0.36
(±0.19)

0.64
(±0.23)

0.05
(±0.04)

>0.05
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Table 3
Correlation coefficients (R2) among potential acid phosphatase activity, copy numbers of
the bacterial acid phosphatase phoN genes, and soil microbial biomass carbon (SMBC) in
the mineral soil and the organic layer of the mesocosms across seasons. ***p < 0.001;
*p < 0.05.

Phosphatase
activity
[mg Phenol
(3 h)−1 g−1]

SMBC
[μg
g−1]

Organic layer
(LUE and
BBR)

Number of phoN
genes [g −1]

0.21∗∗∗ 0.10∗

Phosphatase activity
[mg Phenol
(3 h)−1 g−1]

– 0.11∗∗∗

Mineral soil
(LUE and
BBR)

Number of phoN
genes [g −1]

0.40∗∗∗ 0.41∗∗∗

Phosphatase activity
[mg Phenol
(3 h)−1 g−1]

– 0.35∗∗∗

Organic layer
and mineral
soil
(LUE and
BBR)

Number of phoN
genes [g −1]

0.33∗∗∗ 0.26∗∗∗

Phosphatase activity
[mg Phenol
(3 h)−1 g−1]

– 0.41∗∗∗

of P-poor forests. The finding shows that the SMB was able to compen-
sate the lower P availability in the soil of the P-poor site LUE. Third,
the EMF community composition was very variable over the year, and
P uptake by F. sylvatica seemed to be independent of EMF community
composition. Despite the high species turnover in the EMF community,
the potential APA was high throughout the year, indicating functional
redundancy of the microbial community with respect to P mineraliza-
tion. Taken together, our study revealed important differences in tem-
poral patterns of P uptake by F. sylvatica and the SMB as well as in the
total partitioning of P between the SMB and F. sylvatica across the sites.
The results indicate that decreasing P availability in forests would not
only change the size of P stocks and of P cycling rates, but would also
affect temporal dynamics of P uptake and the overall partitioning of P
between different biotic compartments.
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