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Abstract
Drying and rewetting (D/W) of soils often leads to a pulse of total dissolved phosphorus (TDP) by lysis of sensitive microor-
ganisms. The relevance of D/Won the P cycle in ecosystems depends on the duration of the TDP release. In forest soils, the forest
floor represents a hotspot of microbial activity and is often prone to D/W. Here, we investigated the dynamics of TDP, the
microbial P pool (Pmic), and the composition of microbial communities after D/W. Samples were taken fromOi and Oe layers of
a European beech and a Norway spruce site and desiccated up to − 100MPa (pF 6) at 20 °C, while controls were kept moist. TDP
and Pmic were measured 0, 1, 3, 7, and 14 days after rewetting and the composition of microbial communities was analyzed by
automated ribosomal intergenic spacer analysis after 14 days. After D/W, the largest TDP net release (D/W-control) was fromOe
layers with 40–50 mg P kg−1 and inorganic P as the dominant fraction. The TDP concentrations decreased strongly in Oi layers
within 1 (beech) to 4 (spruce) days, while remaining stable in Oe layers. The TDP dynamics were linked to the decrease and
recovery of Pmic after D/W. Pmic dynamics differed between layers and stand types, suggesting the influence of microbial
communities with different D/W sensitivities. The composition of microbial communities varied strongly among sites and layers,
while D/W only affected the composition of bacterial and fungal communities in the spruce Oe layer. D/W of forest floors
increases the plant available P and affects the P cycle in forest ecosystems.
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Introduction

Drying and rewetting (D/W) of soils represents a stress to soil
microorganisms (Blackwell et al. 2010; Fierer and Schimel
2002). Rewetting of desiccated soil can cause a pulse of sol-
uble N and P and an increase in soil respiration (Borken and
Matzner 2009; Butterly et al. 2009; Bünemann et al. 2013;

Gordon et al. 2008). The release of soluble N and P after
rewetting is often attributed to the lysis of soil microorgan-
isms, their biomass representing a significant pool of organic
N and P in soils (Achat et al. 2012; Bünemann et al. 2013;
Dinh et al. 2016; Turner and Haygarth 2001). The microbial
biomass pools of N and P may decline by D/W up to 50%
(Chen et al. 2016; Gordon et al. 2008; Mondini et al. 2002;
Yevdokimov et al. 2016). The released N and P due to the lysis
of microorganisms in turn of D/W may be used by plants and
surviving microorganisms.

The uptake by plants or leaching of the released soluble
nutrients depends on the change of their concentrations fol-
lowing the rewetting. Investigations on the dynamics of solu-
ble N and P after D/W are sparse for mineral soils and even
more scarce for forest floors, despite the latter being hotspots
of microbial activity in forest soils. In experiments with min-
eral soils, highest concentrations of dissolved P were observed
2 h after rewetting and concentrations decreased by about
50% after 50 h (Blackwell et al. 2009). In contrast, Butterly
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et al. (2011) showed that dissolved P concentrations can re-
main constant in some mineral soils for 50 h after rewetting.

An important sink of released N and P might be the immo-
bilization into the recovering microbial biomass after D/W.
Intensive microbial immobilization of dissolved P into the
microbial biomass was reported in a 33P labeling experiment
with mineral soils within 12 h after rewetting (Yevdokimov et
al. 2016). In addition, several studies reported a recovery of
the microbial biomass within 1 to 9 days after rewetting of
desiccated mineral soils (Chen et al. 2016; Hamer et al. 2007;
Wu and Brookes 2005).

In the forest floor, the effect of D/W on the release of P
directly after D/W differed between the layers, with larger
release from Oe layers than from Oi layers despite similar
microbial biomass (Dinh et al. 2016). As the different forest
floor layers are inhabited by different microbial communi-
ties (Kohl et al. 2015; Voříšková et al. 2014), the soil mi-
crobial community composition might influence the effects
of D/W cycles. Moreover, different groups of soil microor-
ganisms reacted differently to D/W and soil fungi are con-
sidered to be more resistant to desiccation than bacteria
(Bapiri et al. 2010; Sheik et al. 2011; Yuste et al. 2011).
Hence, D/W might reduce the ratio of bacteria to fungi
(Kakumanu et al. 2013) and change the composition of
bacterial communities (Fierer and Schimel 2002).

Here, we investigated the dynamics of soluble P, microbial
biomass P, and the changes in microbial community compo-
sition following the drying and rewetting of forest floors. We
hypothesized that after rewetting, (1) the soluble P will de-
crease with time due to the recovering of the soil microbial
biomass, (2) the desiccation and recovery of the soil microbial
biomass goes along with changes in its community composi-
tion, and (3) the impact of D/Won microbial biomass and the
community composition depends on the initial microbial com-
munity in the different layers of forest floors. To test these
hypotheses, we conducted a D/W batch experiment using for-
est floor samples from a European beech and a Norway spruce
forest to measure water-soluble and microbial biomass P over
14 days as well as the composition of microbial communities
after D/W.

Materials and methods

Study sites and sample preparation

Samples were collected from a European beech stand near
Bayreuth (N 49° 58.23′, E 11° 35.8′) and from a Norway
spruce site at Waldstein (N 50° 8.33′, E 11° 32.20′) in
Germany. Both sites have a loamy texture and the parent ma-
terial is upper Triassic Sandstone at Bayreuth and Granite at
Waldstein. Samples were collected fromOi (intact needles and
leaves) and Oe layers (moderately decomposed needles and

leaves) in late autumn 2016. Samples were homogenized by
hand, roots, and twigs were removed, and the Oi samples were
cut into pieces of 1–2 cm. The initial litter properties of beech
and spruce forest are presented in Table 1.

Experimental design

Moist samples were arranged as a 1-cm layer in petri-dishes
with 200 mm diameter. All samples were adjusted to a water
content equivalent to 50% of the maximum water holding
capacity (WHC) and pre-incubated for 3 weeks in a climate
chamber at 20 °C to allow the microbial activity to adjust. At
the end of the pre-incubation period, the D/Wexperiment was
started by opening the petri-dishes. The control petri-dishes
were kept closed. Soil water potentials were measured daily
by a dew point potentiometer (WP4C, Decagon Devices,
USA) until a water potential of about − 100 MPa (pF 6) was
reached. At this point of desiccation, the D/W samples were
rewetted to 50% WHC by spraying with deionized water.
Following rewetting, the D/W samples were maintained at
50% WHC throughout.

Analytical methods

The D/W treatment and controls were sampled at 0 h (directly
after rewetting), 3 h, 8 h 1, 3, 7, and 14 days after rewetting. At
each time point, 4 D/W and 4 control petri dishes were de-
structively harvested. Subsamples of 8 g were extracted in
deionized water (soil:water ratio of 1:10) by shaking for
140 min on a horizontal shaker to measure the total water-
soluble P (TDP) and water-soluble inorganic P (DIP). Water
extracts were filtered through a cellulose membrane acetate
filter (0.45 μm, Sartorius AG, Göttingen, Germany). DIP
was measured spectrophometrically by using the colorimetric
molybdate-ascorbic acid method (Murphy and Riley 1962).
TDP was determined by ICP-OES (Jobin-Yvon Horiba
Group, JY2000, Varian Inc., Palo Alto, California, USA).
Water-soluble organic P (DOP) was calculated as the differ-
ence between TDP and DIP. The net release P was determined
as the difference between the P release from the D/W and the
control samples.

Microbial biomass P (Pmic) was measured immediately
after rewetting (time 0) and at days 1, 3, 7, and 14 by the
chloroform fumigation-extraction method (Brookes et al.
1982; Oberson et al. 1997; Vance et al. 1987). The samples
were extracted with Bray 1 solution (0.025 M HCl + 0.03 M
NH4F) with a sample:solution ratio of 1:10 (Aponte et al.
2010; Bray and Kurtz 1945). Pmic was calculated as differ-
ence of inorganic P in the fumigated and non-fumigated ex-
tracts using a conversion factor of 2.5 (Brookes et al. 1982;
Jenkinson et al. 2004). Inorganic P in the solutions was mea-
sured spectrophotometrically using the colorimetric
molybdate-ascorbic acid method (Murphy and Riley 1962).
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Forest floor samples were dried at 60 °C for 48 h prior to
total C, total N, and total P measurements. Total P was deter-
mined after digestion with HNO3 using an ICP-OES (Jobin-
Yvon Horiba Group, JY2000, Varian Inc., Palo Alto, CA,
USA). Total C and total Nwere determined using an elemental
analyzer (Vario MAX, Elementar, Hanau, Germany).

Microbial community analysis

Microbial communities of the Oi and Oe layers were charac-
terized using an automated ribosomal intergenic spacer anal-
ysis (ARISA; Fisher and Triplett 1999) as previously de-
scribed (Weig et al. 2013). Community profiles were deter-
mined from samples collected prior to D/W as well as D/W
and control samples from day 14 after rewetting. Ribosomal
intergenic spacers and internal transcribed sequences were
PCR-amplified in two separate reactions using bacteria-
specific (ITSF and ITSReub; Cardinale et al. 2004) and
fungi-specific primers (ITS1F-Z; Weig et al. 2013 and ITS2;
White et al. 1990), respectively. Bacterial and fungal specific
amplification products were separated on a fragment Analyzer
equipped with the 55-cm long capillary array using the DNF-
910 reagent kit (Advanced Analytical, https://www.aati-us.
com/). A primary data matrix (sample vs. peak size) of
absolute peak height of the bacterial and fungal fragments in
the range from 200 to 1000 base pairs was used for further
analysis.

Data analyses

Primary data matrices based on the bacterial and fungal frag-
ments were analyzed in PRIMER 7 (Plymouth Routines in
Multivariate Ecological Research, v. 7.0.13, PRIMER-E
Ltd., UK): Raw peak height values were standardized as per-
centage of the sample total and sample-specific ARISA pro-
files were created by cumulating the values of each sample in
fragment size order. Resemblance matrices of bacterial and
fungal ARISA profiles were created by using the Manhattan
distance for resemblance measure. Non-metric multidimen-
sional scalings (NMDS) were performed using a maximum
of 50 restarts and a minimum stress threshold of 0.01.
Differences between specific sample groups were tested by

Analysis of similarities (ANOSIM) using a maximum of 999
restarts. No differences were found between samples collected
prior to D/W and control samples collected 14 days after
rewetting of the D/W samples (bacteria = ANOSIM: r =
0.059, p = 0.079; d: fungi = ANOSIM: r = 0.001, p = 0.389).
Therefore, only D/W and control samples were included in
further analyses. The whole fungal and bacterial community
datasets were analyzed for differences among sites and layers
by ANOSIM (one factor with four levels: spruce Oi, spruce
Oe, beech Oi, and beech Oe). Further, the communities in
each layer were tested independently for variations among
the treatments (D/W and controls).

All other statistical analyses and graphics were done in R
environment for statistical computing (R Core Team 2014).
Normality and homogeneity of the data were tested using
Shapiro-Wilk test and Levene’s test, respectively. Student’s
t test was used to test for statistical differences among
groups. Wilcoxon rank-sum tests were used if data were
not normal and/or variances were not homogeneously
distributed.

Results

The concentrations of TDP in the controls were generally
lowest in the beech Oi samples and highest in spruce Oe
samples (Fig. 1). The rewetting of dried organic layers caused
a significant increase of TDP in all samples (p < 0.05). The
increase of TDP was always largest immediately after
rewetting. The maximum TDP concentrations after rewetting
were observed in spruce Oe reaching up to 118 mg TDP kg−1,
while concentrations of 20 mg TDP kg−1 were observed in
beech Oi after rewetting.

The net release of TDP (D/W – control) decreased with
time in all samples, but differences between the forest floor
layers emerged: In beech and spruce Oi, the net release de-
creased with time from 12 mg TDP kg−1 to near zero after day
1 (beech) and from 55 to 10 mg TDP kg−1 in spruce, with a
sharp decline at day 4 (Fig. 2). In contrast, the net release of
TDP from Oe layers decreased much less. For beech Oe, the
net release of TDP decreased continuously from 50 immedi-
ately after rewetting to 30 mg kg−1 at day 14. For spruce Oe,
the net release of TDP decreased from 47 to about 40 mg kg−1

after 8 h and remained constant from then on.
In all samples, the net release of TDPwasmostly in form of

DIP (Fig. 2). DOP amounted to about 25% of TDP in spruce
Oi and Oe and in beech Oi, but only to about 7.5% of TDP in
beech Oe. The time trends of the net release of DIP and DOP
were both similar to those observed for TDP. The maximum
net release of both compounds was at time 0. Like with TDP,
the net release DIP and DOP decreased stronger in Oi than in
Oe samples.

Table 1 Properties of the forest floor layers

Site Layer TOC TN TP TOC: TN TOC: TP pHH2O

[g kg−1]

Beech Oi 491 9 0.6 54.5 877 7.0

Oe 493 20 0.7 24.7 704 5.3

Spruce Oi 503 17 1.0 29.6 484 5.5

Oe 493 20 1.2 24.7 411 4.7

TOC total organic C, TN total N, TP total P
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In the controls, the amount of Pmic was in the range of 400
to 700 mg kg−1 in beech Oi, Oe, and in spruce Oi, but Pmic
was less (around 350 mg kg−1) in spruce Oe (Fig. 3). After
rewetting (time 0), the D/W treatment caused a reduction in
Pmic in spruce Oi and Oe. In spruce Oi, Pmic decreased by
about 6% (32 mg kg−1) in comparison to the controls. In
spruce Oe the difference of Pmic to the controls immediately
after rewetting was 94 mg kg−1. While Pmic recovered in
spruce Oi already at day 1, the reduction of Pmic by D/W in
spruce Oe persisted until day 14. In contrast to spruce, the
effect of D/Won Pmic of beech Oi and Oewas not statistically
significant. However, for beech Oe, there was a tendency for a
decrease of Pmic immediately after rewetting by about 16%
(92mg kg−1) in comparison to the controls. This tendencywas
no longer observed at day 1.

The ARISA revealed that the composition of bacterial as
well as fungal communities differed significantly among all 4
layers (spruce Oe, spruce Oi, beech Oe, and beech Oi; all
pairwise-tests: p < 0.05; Fig. 4a, b). In the spruce Oe layer,
the composition of bacterial and fungal communities of the
D/W samples differed significantly from the controls 14 days
after rewetting (Fig. 4c, d). In the beech Oe layer, similar
patterns were observed for the composition of bacterial com-
munities, but the differences were not significant at the p <
0.05 level. D/W had no effect on the microbial community
composition in the spruce as well as the beech Oi layers.

Discussion

Drying and rewetting caused a release of TDP from the forest
floors of both tree species. The largest net release of TDP was
from the Oe layer with 50 and 40 mg kg−1 for beech and
spruce, respectively. The net TDP release in the present study
was more than 30 times higher than the reported release of
TDP after D/W from mineral soils (Butterly et al. 2011). This
is not surprising, considering that differences in microbial bio-
mass between organic layers and mineral horizons are in a
similar range (e.g., Dinh et al. 2016). In agreement with
Butterly et al. (2009) and Blackwell et al. (2013), DOP release
decreased with incubation time after rewetting and DOP con-
centrations were smaller than DIP concentrations. DOP may
be rapidly mineralized during the 2 h of rewetting (Bünemann
et al. 2013; Macklon et al. 1997) and converted to DIP (Zhang
et al. 2016).

The TDP released after rewetting strongly decreased prob-
ably due to immobilization with incubation time in the Oi
layers of both tree species to very low levels after day 1 in
beech and day 4 in spruce. In contrast, TDP release after
rewetting was rather stable in Oe layers and still observable
at day 14. In mineral soils, Blackwell et al. (2009) reported a
sharp decline of the TDP release already 1 day after rewetting.
The continuing TDP net release in the Oe layers for more than
14 days indicates that the D/W might have a high relevance

Fig. 1 Total dissolved
P (TDP) following drying
and rewetting of Oi and Oe
layers of beech (a, c) and spruce
forest floors (b, d) (Mean ± SEM;
n = 4)
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for the P transport from the forest floor into the mineral soil
by leaching and for the uptake of P by plant roots. We
extrapolated the potential release of P after D/W from forest
floors (data on forest floor stocks from Gerstberger et al.
2004) based on the net releases from this experiment. The
total TDP net release from Oi + Oe layers ranges from
1.4 kg P ha−1 (beech stands) to 2.0 kg P ha−1 (spruce stands)
immediately after rewetting and from 0.7 kg P ha−1 (beech
stands) to 1 kg P ha−1 (spruce stands) 14 days after
rewetting. This release may provide a substantial pool of
available P, as the total annual P uptake of trees in temperate
forest (litterfall + increment) is in the range of 4–7 kg P ha−1

a−1 (Ilg et al. 2009). Bünemann et al. (2013) reported that
plant roots took up about 30% of the P released by D/W in a
grassland soil, emphasizing the relevance of D/W cycles for
the P cycling in the soil-plant system. However, as the
rewetting in our laboratory experiment was fast and mas-
sive, the P net release after rewetting of a forest floor under
field conditions might be less due to only a partial rewetting
based on the hydrophobicity of surfaces and preferential

flow paths (Bogner et al. 2008; Borken and Matzner
2009). Hence, the P release in the laboratory experiment
likely represents the upper limit of D/W effects.

The dynamic of Pmic is suggested to be a driver of the TDP
net release after D/W and the subsequent immobilization of
TDP by the growing and previously declined microbial bio-
mass (Zhang et al. 2016). Relating the dynamics of Pmic to
those of the TDP net release in forest floors is hampered as the
amount of TDP released after D/W was less than 10% of the
Pmic pool in our experiment. However, the observed decrease
of Pmic after drying in spruce Oe (by 90 mg kg−1) and spruce
Oi (by 30 mg kg−1) was in a similar range to the net TDP
release. This supports the conclusion that Pmic is a major
source of the TDP release. The relative reduction of Pmic in
Oe layers was similar to studies with grassland or arable min-
eral soils. Chen et al. (2016) found a decrease of Pmic by 21%
after drying, and a full recovery 7 days after rewetting.
Nguyen and Marschner (2005) observed that Pmic decreased
by 25% after drying followed by a rapid increase after 1 day
rewetting.

Fig. 2 Net release (D/W –
controls) of total dissolved P
(TDP), dissolved inorganic P
(DIP) and dissolved organic P
(DOP) after drying and rewetting
in Oi and Oe layers of beech (a, c,
e) and spruce forest floors (b, d, f)
(Mean ± SEM; n = 4)
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The spruce Oe layer showed not only the most pronounced
but also stable reduction of Pmic, coinciding with the dynam-
ics of the net TDP release and indicating a minor immobiliza-
tion of released P in the microbial biomass. In contrast, no
clear change in microbial biomass was seen in the beech Oi
layer following D/W which coincided to the small TDP net
release.

In accordance with the Pmic data, the ARISA revealed that
D/W only affected the microbial community composition in
the spruce Oe layer 14 days after D/W. In all other layers, D/W
had minor or no effects on the microbial community compo-
sition. Therefore, and since Pmic had fully recovered 14 days
after D/W, the proportion of microorganisms being sensitive
to D/W in forest floor Oi layers seems to be less than in Oe

Fig. 3 Microbial biomass
P (Pmic) following drying and
rewetting of Oi and Oe layers of
beech (a, c) and spruce forest
floors (b, d) (Mean ± SEM;
n = 4, * = p < 0.05; + = p < 0.1)

Fig. 4 Non-metric
multidimensional scaling
ordination (NMDS) of the
microbial communities among
organic layers of the spruce and
the beech site (a: bacteria =
ANOSIM: r = 0.588, p = 0.001, all
pairwise-tests: p < 0.05; b: fungi =
ANOSIM: r = 0.627, p = 0.001, all
pairwise-tests: p < 0.05) and in the
spruce Oe layer between D/Wand
control samples 14 days after
rewetting (c: bacteria = ANOSIM:
r = 1.000, p = 0.029; d: fungi =
ANOSIM: r = 0.635, p = 0.029).
Microbial communities were
characterized by automated
ribosomal intergenic spacer
analysis (ARISA)
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layers and in grassland or arable soils. The frequent exposition
of Oi layers to D/W seems to shift the community composi-
tions towards resistant species with low responses in P release.
These community shifts require further attention and a more
direct approach like high-resolution sequencing is necessary
to enable a detailed taxonomic determination of the microbial
community composition in future studies (cf. Schöler et al.
2017; Vestergaard et al. 2017).

In a previous study, we showed that the net release of
TDP after D/W varies among microbial groups and was in
the order gram-negative bacteria > > gram-positive bacte-
ria = fungi (Dinh et al. 2017). This suggests that the effect
of D/W on Pmic largely depends on the microbial commu-
nity composition, with fungi and gram-positive bacteria
being less susceptible to D/W than gram-negative bacteria.
Schmitt and Glaser (2011) and Kohl et al. (2015) observed
that the ratio of fungi to bacteria was much larger in Oi
layers than in Oe and Oa layers. This is supported by
Yevdokimov et al. (2016) who observed a strong reduction
of Pmic after D/W in pH neutral Chernozem and Phaeozem
soils, but not in an acidic Podzol with soil microbial com-
munities likely dominated by fungi. Moreover, a slower
recovery of declined Pmic is to be expected in fungi dom-
inated than in bacteria dominated soils. Therefore, differ-
ences in the TDP release between Oi and Oe layers in our
experiment are likely based on variations in fungi to bacte-
ria ratios as supported by the variation of the composition of
microbial communities between the layers.

Overall, the dynamics of Pmic and the composition of mi-
crobial communities in our experiment support the postulated
role of microbial biomass for the TDP net release and its
temporal development after rewetting.

Conclusions

This study demonstrated that D/W can increase the pool of
water soluble and plant available P for at least 14 days. The
release of soluble P and its temporal dynamics seem to be
matched by the decline and recovery of the Pmic pool. The
effect of D/W on the release of P from the forest floor was
layer and tree stand specific. This suggests that the degree of
decline and recovery of the Pmic pool after D/W is specific for
the soil microbial communities inhabiting the different layers
of the forest floor.
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