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Abstract
Soil P pools are strongly driven by microbial activities, and vice versa, P pools shape bacterial communities and their functional
potential. Biological soil crusts (biocrusts) represent a microbial hotspot for nutrient turnover. We compared biocrusts and bulk
soil samples from different temperate beech (Fagus sylvatica L.) forests representing a gradient in soil texture, nutrient concen-
trations, and pH values at biocrust peak biomass. We measured the total and plant-available P and N concentrations and assessed
the bacterial potential to mineralize (phoD, phnX), solubilize (gcd), and take up P (pstS and pitA) and mineralize (chiA, apr) and
fix N (nifH) by quantifying the respective marker genes (qPCR). We found an increase of absolute and relative bacterial
abundance involved in P turnover in biocrusts, but the strategy to acquire P differed between the regions as bacteria harboring
the starvation-induced pstS gene were most abundant where labile P was lowest. In contrast, the region with lowest total P
concentrations has a higher potential to utilize more stable phosphonates. N mineralization was strongly correlated to P turnover
at regions with increased labile N and P concentrations. Interestingly, the potential to fix Nwas highest in the bulk soil where total
P concentrations were highest. Even though the correlation of N and P turnover is strongest if their ratio is low, the acquisition
strategy strongly depends on soil properties.

Keywords Biological soil crust . Microbial N turnover . Microbial P turnover . Temperate forest . qPCR . Biodiversity
Exploratories

Introduction

Many terrestrial habitats are limited in the major nutrients P
and N (Elser et al. 2007). The P concentration of the parent

rock material, the turnover of the internally bound organic P,
and the sorption of P onto soil particles most importantly
determine the P availability in forest soils, as fertilizer hardly
plays a role (Walker and Syers 1976). Changes in P pools are
strongly driven by microbial activities and dependent on mi-
crobial community composition and its activity pattern
(Richardson and Simpson 2011; Rodríguez et al. 2006).
Vice versa, the composition of P pools in soil shapesmicrobial
communities and determines their functional potential
(Bergkemper et al. 2016a). However, not only P pools and P
availabilities drive P transformation processes, but also the
overall nutrient stoichiometry strongly influences microbial
P turnover, as microorganisms keep a stable ratio of macro-
nutrients in their biomass (Cleveland and Liptzin 2007). For
example, Sorkau et al. (2018) described a positive correlation
of microbial P and N in soils of different temperate forest
regions. Moreover, a positive correlation of bioavailable P
fractions in soil and microbes potentially able to fix N was
found (Bergkemper et al. 2016a). Vice versa, inorganic P (Pi)
limitation can repress N assimilation as the respective genes
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are under the control of the Pho regulon, which contains sev-
eral genes controlled by a two-component system, which de-
tects Pi concentrations in the environment (Santos-Beneit
2015). Highest turnover rates for plant-available nutrients like
N, P, or C have been described for biological hotspots like
rhizosphere or drilosphere in soil (Hoang et al. 2016;
Kuzyakov and Blagodatskaya 2015; Lipiec et al. 2016;
Reinhold-Hurek et al. 2015; Schulz et al. 2013; Uksa et al.
2015). Biological soil crusts (biocrusts) can be considered as
such hotspots. Biocrusts are mostly dominated by organisms
like phototrophic cyanobacteria, microalgae, lichens, or
mosses, which drive the input of nutrients into the system.
Together with associated heterotrophic microorganisms such
as archaea, bacteria, or fungi, they create stable microhabitats,
for example, by the excretion of polysaccharides (Cania et al.
2020; Mugnai et al. 2018, Vuko et al. 2020). Biocrusts have
been mostly studied in arid and nutrient-poor habitats (Belnap
et al. 2001), where they are the predominant vegetation form
and their growth is limited by water and nutrient availability.
Biocrusts from those regions contribute about half of the ter-
restrial N2 fixation (Elbert et al. 2012). Moreover, it was dem-
onstrated by Beraldi-Campesi et al. (2009) that biocrusts are
not only enriched in N but that this also comes along with
higher total P concentrations underlining the importance of
balanced nutrient concentrations as proposed by Cleveland
and Liptzin (2007). Less is known and only a few studies
exist, which describe biocrusts as hotspots for nutrient turn-
over in temperate regions (Baumann et al. 2019; Brankatschk
et al. 2013; Corbin and Thiet 2020; Gypser et al. 2016; Schaub
et al. 2019; Schulz et al. 2016; Szyja et al. 2018), especially
within well-developed ecosystems like forests (Baumann et al.
2017; Glaser et al. 2018; Williams et al. 2016). Atmospheric P
inputs by dry and wet deposition in forests contribute as well
since forests are dust traps also for particles from irrigated,
highly fertilized agricultural soils (Aciego et al. 2017;
Berthold et al. 2019) and those might be entrapped in the
polymeric matrix of biocrusts. However, the relative contribu-
tion to P pools strongly depends on the bulk soil P concentra-
tion (Aciego et al. 2017). The role of biocrusts in P transfor-
mation in temperate forests has been described by Baumann
et al. (2017), who found that, similar to biocrusts from arid
regions, the P concentrations in biocrusts are enriched com-
pared with adjacent bulks soils. Additionally, they demon-
strated that especially the concentration of P-containing min-
erals decreased and of organic P concentrations increased in
biocrusts compared with bulk soil. Thus, we hypothesize that
(i) microorganisms colonizing biocrusts are involved in solu-
bilization of mineral P and its transformation to biomass and
thus abundances of those microorganisms are higher in
biocrusts compared with bulk soil. (ii) As it was supposed that
P and N turnover are closely linked, we further hypothesize
that similar to P mineralization, also the potential for N min-
eralization is more pronounced in biocrusts, because of the

higher microbial abundance, while the energy demanding fix-
ation of N is less important in biocrusts from nutrient-rich
forest soils. (iii) The strength of correlations between N and
P turnover strongly depends on the N/P ratio of the bulk soil.

To test these hypotheses, we compared biocrust and bulk
soil samples from temperate beech (Fagus sylvatica L.) for-
ests, along a gradient in soil texture, nutrient concentrations,
and pH values. Samples were taken once when biomass of
biocrusts was highest. As the lifetime of biocrusts in temperate
forests is short (they typically occur only at the end of the
winter period before trees develop leaves) and the size of
biocrusts is small as they newly develop every season, which
excludes repeated sampling of the same biocrust, we abstained
from repeated samplings but instead increased the number of
analyzed replicates. Bacterial genes coding for proteins cata-
lyzing P mineralization (alkaline phosphatase—phoD;
phosphonoacetaldehyde hydrolase—phnX), solubilization
(quinoprotein glucose dehydrogenase—gcd), and uptake (sub-
strate binding protein of the phosphate ABC transporter—
pstS; low-affinity Pi transporter—pitA) as well as N mineral-
ization (bacterial chitinase group A—chiA; alkaline
metalloprotease—apr) and N2 fixation (dinitrogenase reduc-
tase subunit of the nitrogenase—nifH) were used as proxies
for the abundance of the respective functional bacterial
groups. We used qPCR to measure the abundance of bacterial
genes involved in P and N turnover and correlated the data
with the stable and labile P and N pools.

Material and methods

Sampling regions and procedure

All sampled forest sites are part of the Biodiversity
Exploratories, a platform for interdisciplinary biodiversity re-
search in Germany, with sites located in the southwest
(Schwäbische Alb (ALB)), central (Hainich (HAI)), and
northeast (Schorfheide-Chorin (SCH)) part of Germany
(Fischer et al. 2010, www.biodiversity-exploratories.de).
The three experimental regions differ gradually from south
to north in altitude (ALB: 758 m, HAI: 415 m, SCH: 68 m),
mean annual precipitation (year 2018, ALB: 806 mm, HAI:
357 mm, SCH: 539 mm), soil texture (silty clay in ALB and
HAI, loamy sand in SCH), pH (ALB: pH 5.7 ± 0.8, HAI:
pH 5.8 ± 1.2, SCH: pH 4.9 ± 1.5), and nutrient status (Alt
et al. 2011; Grüneberg et al. 2010). The size of the regions
ranges from 420 to 1300 km2 and each exploratory includes
50 grassland and 50 forest plots with differing land use
intensity.

Samples were taken in spring 2018 before bud break from
3 to 4 plots per region focusing on managed beech (Fagus
sylvatica L.) forest plots with an even-aged tree population. At
each plot, biocrust and bulk soil samples were collected from
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skid trails at one to three spots, depending on their prevalence.
Overall, 27 biocrust samples, visually recognized as green
cover on the ground, were collected (see Fig. 1 and
Supplement Table 1 for original plot numbers and number
of biocrusts sampled). Biocrust samples (approx. 10 cm in
diameter and 5 mm in thickness) were taken with a sterile
Petri dish and transported on ice to the lab. As control, we
sampled biocrust-free bulk soil (0–5 mm depth) close to the
biocrust (max. distance of approx. 1 m), resulting in 54 sam-
ples in total. Samples for nutrient analyses were frozen at −
20 °C and samples for microbial analysis at − 80 °C until
further analysis.

Abiotic soil properties

The pH was measured using 2 g of fresh sample material after
15 min shaking in 20 ml of a 0.01 M CaCl2 solution. The
water content was determined gravimetrically by the loss of
weight after drying (60 °C, 24–48 h). The dried material was
further used for phosphate and Ntotal analyses.

Ntotal was measured using approx. 30 mg of dried sample
material in a CNS-Analyzer (vario EL, Elementar, Germany).
The more alkaline soil samples of ALBwere treated with 10%
HCl and subsequently dried at 60 °C to remove carbonates
prior measurement.

For the measurement of inorganic N compounds (ex-
changeable NH4

+–N and NO3
−-N) as well as total dissolved

nitrogen (TDN), 0.5 g material was extracted using 20 ml of a
0.01 mol l−1 CaCl2 solution. The extracts were then filtered
and stored frozen until analysis. The two inorganic fractions
were directly analyzed using a constant flow analyzer
(Flowsys, Alliance Instruments, Austria). For TDN, an aliquot
of 10-ml extraction filtrate was digested according to Berthold
et al. (2015) with peroxydisulfate for 24 h at 90 °C. The
samples were neutralized after digestion and measured for
NO3

−-N concentration like described above. The values for
dissolved organic nitrogen (DON) were calculated by the sub-
traction of summed inorganic N fractions from the total dis-
solved N values.

All measurements of inorganic phosphate (after extraction
or digestion) were carried out using the molybdenum blue
photometric method (Hansen and Koroleff 1999). The absor-
bance was measured at 885 nm in a 5-cm optical glass cuvette
using a photometer (UV1200, Shimadzu, Japan). Two easily
available inorganic phosphate fractions of the Hedley fraction-
ation (Hedley et al. 1982) were sequentially analyzed for H2O-
soluble phosphate (PH2O) and NaHCO3-fraction (PNaHCO3)
using approx. 1.5 g dried material. For total P (Ptotal) analysis,
approx. 100 mg dried material was digested according to
Berthold et al. (2015) for 24 h at 90 °C using an acid
peroxydisulfate solution and neutralized before measurement.

DNA extraction and quantification

Phenol chloroform extraction of nucleic acids was performed
with approx. 0.5 g of sample material according to Töwe et al.
(2011) or without added material for extraction blanks, which
served as extraction control (four processed controls). For ho-
mogenization, LysingMatrix Tubes E (MPBiomedicals, USA)
and the Precellys24 Instrument (Bertin Technologies, France)
were used. The purity of the extract was checked by measuring
the ratios of adsorption of 260 nm/280 nm and 260 nm/230 nm
as given by NanoDrop®ND-1000 spectrophotometer (Thermo
Fisher Scientific, USA). Yields of extracted DNA were quanti-
fied using Quant-IT™ Picogreen® dsDNAAssay Kit (Thermo
Fisher Scientific, USA). The DNA concentration of the four
extraction controls was below detection limit, and thus, DNA
contamination during the extraction could be excluded.

Real-time quantitative PCR

A SYBR Green® based approach was applied by using a
7300 real-time qPCR machine (Applied Biosystems,
Germany) to quantify gene abundances according to the man-
ufacture’s protocol. The reaction mix contained 12.5 μl of
SYBR Green® (Thermo Fisher Scientific, USA), forward
(F) and reverse (R) primers (Metabion, Germany), 0.5 μl
BSA (3%, Sigma, Germany), and DEPC-treated water and

Fig. 1 Biological soil crusts in skid trails of region. a ALB, b HAI, c SCH
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was set to 25 μl. Reaction conditions, primers, calibration
standards, and full names of the chosen marker genes are
summarized in Table 1. To exclude inhibitory effects, dilution
tests were performed prior running qPCRs. Standard series
(r2 > 0.99), no template controls and samples diluted to 1/64
were included in each run. To evaluate the quality of the
qPCR, melting curve analyses were performed and randomly
chosen samples were checked by electrophoresis on a 1.5%
agarose gel. The qPCR efficiency was calculated for each
primer pair with the formula Effslope = 10^(− 1/slope) − 1 and
was in all measurements between 74 and 90%. Values below
detection limit of 10 copies (according to manufacturer’s pro-
tocol) per reaction were set NA.

Statistical analysis

Data analysis was performed in R version 3.6.1 (R Core Team
2019). Linear mixed effect models (function lme in R package
nlme (Bates and Pinheiro 1998)), which are particularly well
suited for unbalanced sample designs, were used to investigate
variances caused by the region (ALB, HAI, SCH) and sample
type (biocrust, bulk soil). Plot number was set as random factor
to consider multiple sampling within one plot. Models were fit
by maximizing the restricted log-likelihood. To validate the
linear mixed effects models, residual vs. fitted plots and plots
showing sample quantiles vs. theoretical quantiles based on the
model were tested for homogenous variance and normal

distribution of residuals. If either conditions of normality were
not met or homogeneity of variance had to be improved, data
was log transformed, except DON and PH2O that were square
root transformed. To test for significant differences (p < 0.05)
between the investigated factors, pairwise comparisons were
conducted by a Tukey post hoc test (R package lsmeans)
(Lenth 2016). The dot and crossbar plots were created using
the ggplot2 package (Wickham 2016); for Pearson correlation
plots, the qgraph package (Epskamp et al. 2012) was chosen.

To see how abiotic properties and gene abundances differ
on average between biocrust and bulk soil samples, we de-
fined the ratio r, which is based on the mean of biocrust and
bulk soil for each variable. In case the values of biocrust were
higher than bulk soil values, this was calculated as r =
biocrust/bulk soil, else as r = −bulk soil/biocrust.

Results

Soil chemical properties

Soil chemical properties are shown in Fig. 2 and results of
statistical analysis are summarized in Tables 2 and 3. The dif-
ferences between the values of each pair of biocrust and bulk
soil are shown in Supplement Fig. 1. Ntotal, Ptotal, and NO3

−-N
concentrations and pH increased significantly (p ≤ 0.001) in
biocrusts and bulk soil to the same extent from SCH (Ntotal

Table 1 qPCR reaction conditions and calibration standards for qPCR of functional genes

Protein Target
gene

Reaction conditions Calibration
standard source

F- and R-
primer
(pmol μl−1)

Thermal profilea Primer Reference

Dinitrogenase reductase
subunit of the nitrogenase

nifH 0.5 45 s/95 °C, 45 s/55 °C, 45 s/72 °C nifH-f and -r Rösch et al. (2002) Sinorhizobium
meliloti 30136

Alkaline metalloprotease apr 1 45 s/95 °C, 45 s/53 °C, 45 s/72 °C apr-f, apr-r Bach et al. (2001) Pseudomonas
aeruginosa 5071

Bacterial chitinase
group A

chiA 1 30 s/95 °C, 30 s/60 °C, 60 s/72 °C chiA-f, chiA-r Xiao et al. (2005) Streptomyces
griseus

16S ribosomal RNA 16S rRNA
gene

0.5 45 s/94 °C, 45 s/58 °C, 45 s/72 °C FP and RP 16S Bach et al. (2002) Pseudomonas putida

Alkaline phosphatase phoD 0.8 20 s/95 °C, 60 s/60 °C, 30 s/72 °C,
60 s/81 °C

phoD-F, phoD-R Bergkemper et al.
(2016b)

Bradyrhizobium
japonicum

Phosphonoacetaldehyde
hydrolase

phnX phnX-F, phnX-R Salmonella enterica
DSM 17058 (DSMZ)

Quinoprotein glucose
dehydrogenase

gcd gcd-F, gcd-R Salmonella enterica
DSM 17058 (DSMZ)

Phosphate inorganic
transporter

pitA pitA-F, pitA-R Pseudomonas
fluorescens

Phosphate-specific
transporter (periplasmic
phosphate-binding protein)

pstS pstS-F, pstS-R Bradyrhizobium
japonicum

a Performed in 40 cycles
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2289 ± 919 mg kg−1 dw; Ptotal 149 ± 47 mg kg−1 dw; NO3
−-N

7.26 ± 5.5 mg kg−1 dw) over HAI (Ntotal 3782 ± 768 mg kg−1

dw; Ptotal 327 ± 114 mg kg−1 dw; NO3
−-N 12.88 ± 5.8 mg kg−1

dw) to ALB (Ntotal 4588 ± 1402 mg kg−1 dw; Ptotal 624 ±
263 mg kg−1 dw; NO3

−-N 18.09 ± 7.7 mg kg−1 dw)). The same
trendwas observed for TDN, which spanned a range fromALB
to SCH from 37.70 ± 8.74 mg kg−1 dw to 25.74 ± 9.15 mg kg−1

dw. In contrast, PNaHCO3 values were lower in HAI (9.79 ±
2.33 mg kg−1 dw) and SCH (12.48 ± 3.42 mg kg−1 dw) than
in ALB (31.96 ± 21.14 mg kg−1 dw). Interestingly, PH2O (11.2
± 8.0 mg kg−1 dw) was detected at highest concentrations in
SCH and DON was on the same level for all regions even
though Ntotal and Ptotal were lowest.

Differences between biocrusts and bulk soil for N concen-
tration were most obvious in SCH, where NO3

−-N concentra-
tion and exchangeable NH4

+-N and TDN concentrations were
twice as high in biocrusts, and in ALB, where the concentra-
tions of TDN and DON decreased in biocrusts, even though
none of them was significant (see Fig. 2 and Table 2). In SCH
also, the amount of PH2O was higher in biocrusts than in bulk
soil. In contrast, PNaHCO3 was detected in lower concentra-
tions in biocrusts of SCH and ALB.

Gene abundances

Absolute gene abundances were calculated as gene copy num-
bers g−1 dw and are displayed in Fig. 3, and the statistical

results are shown in Tables 2 and 3. The differences between
the values of each pair of biocrust and bulk soil are shown in
Supplement Fig. 2.

Abundances were 1.1 (pstS, HAI) and up to 2.37 times
(pitA, SCH) higher in biocrust samples for most of the genes.
Regarding solubilization of P, the abundance of gcd gradually
decreased from ALB to SCH from 2.3 × 107 ± 1.4 × 107 to
1.0 × 107 ± 8.3 × 106 mean gene copies g−1 dw. The abun-
dance of gcd in SCH was the single significant difference
between biocrust and bulk soil in P turnover, where gcd
showed higher values in biocrusts. The abundances of the
genes for the mineralization of P (phoD, phnX) were generally
lowest. Especially, phoD was six to five times lower in SCH
compared with ALB and HAI, respectively, and only reached
1.3 × 106 ± 6.1 × 105 copies g−1 dw in SCH. The gene abun-
dance of phnX did not differ between regions. However, the
phnX abundance in biocrusts of HAI was two times as high as
in bulk soil of HAI. In SCH, the abundance of phnXwas more
than six times higher in biocrusts compared with the respec-
tive bulk soil. Regarding the abundance of marker genes for P
uptake, pstS was higher compared with pitA, especially in
ALB and HAI. The abundance of pitA in bulk soil and
biocrusts was stable across all regions with mean gene abun-
dances of 8.7 × 106 ± 5.1 × 106 and 1.5 × 107 ± 9.9 × 106 cop-
ies g−1 dw, respectively. In contrast, pstS abundance was low-
est in SCH where at the same time the difference between
biocrust and bulk soil (r = 1.43) was highest.

The gene abundances of microbes catalyzing N turnover
were higher compared with genes triggering P turnover in all
regions, except for nifH in SCH, which was in the same range
as genes linked to P transformation processes. nifH was one
order of magnitude higher abundant (p < 0.015) in ALB
(2.1 × 108 ± 1.6 × 108 copies g−1 dw) and HAI (1.4 × 108 ±
9.2 × 107 copies g−1 dw) compared with SCH (1.2 × 107 ±
9.4 × 106 copies g−1 dw). Moreover, the nifH gene abundance
was nearly two times lower (p = 0.029) in the biocrust of the
ALB compared with the bulk soil. The opposite trend was
observed in SCH where in the biocrust, the nifH gene abun-
dance was two times higher. The same pattern as for nifH was
observed for chiA abundance with lowest values in SCH
(4.1 × 107 ± 1.8 × 107 copies g−1 dw) and highest in ALB
(2.1 × 108 ± 1.2 × 108 copies g−1 dw). Even though biocrusts
and bulk soil did not differ significantly in chiA abundance,
gene abundances in biocrusts of HAI and SCH were 1.3 and
1.5 times higher, respectively. The apr gene abundance did
not differ between regions and sample type and ranged from
5.7 × 107 to 1.2 × 108 copies g−1 dw. Still, in SCH, 1.7 times
more apr could be detected in the biocrust compared with the
bulk soil. The abundance of bacterial 16S rRNA genes (see
Fig. 3c) did not differ significantly between the regions or
sample type (Table 2). Detected values varied from 3.4 ×
1010 (bulk soil—SCH) to 5.96 × 1010 gene copies g−1 dw
(biocrust—HAI).

Table 2 p values of linear mixed effect models. Significant values
(p < 0.05) are shown in italics

Variable pExploratory pSample type

Abiotic soil properties Ntotal 0.024 0.283

TDN 0.011 0.951

NH4-N 0.744 0.184

NO3-N 0.042 0.875

DON 0.766 0.924

Ptotal 0.005 0.707

PNaHCO3 0.081 0.143

PH2O 0.125 0.521

N/P 0.284 0.265

pH > 0.001 0.322

Bacteria 16S rRNA gene 0.732 0.487

N cycle nifH > 0.001 0.344

chiA > 0.001 0.647

apr 0.486 0.745

P cycle phoD 0.002 0.021

phnX 0.989 0.007

gcd 0.298 0.003

pstS 0.061 0.310

pitA 0.894 0.010
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Fig. 2 Abiotic soil properties as
pH (a), the N/P ratio (based on
mg/kg) (b), the P (c), and N pools
(d) are shown as dot plots and
crossbars. Crossbars are marked
by the mean values and standard
deviation. The P pools include
total P (Ptotal) and labile P (PH2O

and PNaHCO3) and the N pools
include total N (Ntotal), total dis-
solved N (TDN), exchangeable
NH4

+-N, NO3
−-N, and dissolved

organic N (DON). The values are
grouped by region and sample
type. Above each group, the ratio
r is displayed to see how biocrust
and bulk soil differ on average.
Values with − 1.1 ≥ r ≤ 1.1 are not
shown

Table 3 Significant p values of
Tukey post hoc test of linear
mixed effect models. Only
variables being significantly
affected by region or sample type
are shown

Variable Contrast pPost Hoc

Abiotic soil properties pH ALB, bulk soil - SCH, bulk soil > 0.001

HAI, bulk soil - SCH, bulk soil 0.003

ALB, biocrust - SCH, biocrust > 0.001

HAI, biocrust - SCH, biocrust 0.001

Ntotal ALB, bulk soil - SCH, bulk soil 0.039

TDN ALB, bulk soil - SCH, bulk soil 0.013

Ptotal ALB, bulk soil - SCH, bulk soil 0.016

ALB, biocrust - SCH, biocrust 0.016

N cycle nifH ALB, bulk soil - SCH, bulk soil > 0.001

ALB, bulk soil - ALB, biocrust 0.029

HAI, bulk soil - SCH, bulk soil 0.003

ALB, biocrust - SCH, biocrust 0.011

HAI, biocrust - SCH, biocrust 0.015

chiA ALB, bulk soil - SCH, bulk soil 0.002

HAI, bulk soil - SCH, bulk soil 0.020

ALB, biocrust - SCH, biocrust 0.022

HAI, biocrust - SCH, biocrust 0.033

P cycle phoD ALB, bulk soil - SCH, bulk soil 0.005

HAI, bulk soil - SCH, bulk soil 0.042

gcd SCH, bulk soil - SCH, biocrust 0.013
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To also account for minor changes in bacterial biomass
between bulk soil and biocrust, relative gene abundances
were calculated as copy numbers per 16S rRNA gene
abundance. The results are shown in Supplement Fig. 3
and statistical results are shown in Supplement Table 2
and 3. Regarding N cycle genes, tendencies of relative
gene abundances were similar to absolute gene abun-
dances, and only for nifH gene abundances, differences
between bulk soil and biocrust in ALB were less pro-
nounced. Also, for P cycle genes, the pattern of relative
gene abundances was mostly comparable with those of
the absolute gene abundances with more pronounced dif-
ferences between exploratories for phoD relative gene
abundance and between bulk soil and biocrust in HAI
for pitA relative gene abundance. Only, the relative gene
abundance of gcd was higher in the bulk soil of SCH,
while it was higher in the biocrust for the absolute gene
abundances.

Correlation of soil chemical properties and gene
abundances

In total, 18 variables were included in the correlation analyses.
The significant Pearson correlations (r2 > 0.6, r2 < − 0.6,
p < 0.05) are shown in Fig. 4. From Table 4 and Fig. 4, it
can be concluded that the total number of significant correla-
tions is comparable between sample types in each region but
the type of connections can be quite different. In general, the
total number of correlations decreased from ALB and SCH to
HAI, while the number of negative correlation was lowest in
ALB and highest in SCH.

In particular, in ALB, the difference in numbers of corre-
lations was highest between biocrust and bulk soil and result-
ed in 30 and 42 positive correlations, respectively. Here, we
found strong correlations of genes driving N and P turnover
with each other. The P pools revealed a strong intra-
correlation in bulk soil and biocrusts in ALB. In bulk soil,
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TDN and NO3
−-N concentrations were correlated with all

abundances of genes, except phnX to TDN. In contrast,
TDN concentration was only correlated to phoD abundance
and NO3

−-N concentrations to chiA abundance in biocrusts
while the other abundances of genes (pstS, phnX, nifH, and
apr) were correlated to exchangeable NH4

+-N concentration.
Interestingly, no correlations for nifH abundances were found
in bulk soil, even though it was the highest abundant gene in
bulk soil of ALB compared with all other samples. However,
we detected a strong correlation between nifH abundance and
exchangeable NH4

+-N concentrations in biocrusts.
In HAI, we observed fewest correlations comparedwith the

other regions (ntotal = 66). In bulk soil, a strong correlation of
phoD, pitA, and chiA abundances could be observed, while
pstS abundance was not correlated even though it was highly
abundant. pH was strongly correlated in biocrust and bulk
soil, in biocrusts especially to abundances of P turnover genes.
In biocrusts, a similar correlation pattern between gene abun-
dances was found as described for ALB.

The highest number of negative correlations was detected
in SCH (ntotal = 77, nr

2
<0 = 21) which were equally distributed

between biocrust (n = 29, nr
2
<0 = 12) and bulk soil (n = 27, n-

r
2
<0 = 9). In bulk soil, chiA and nifH abundances revealed the

highest number of correlations, mostly with abundances of
genes involved in P turnover. We found a strong correlation
of pitA and nifH abundances, and Ntotal, which was also obvi-
ous in bulk soil of HAI, but weaker. Further, PNaHCO3 con-
centration was negatively correlated to pH, phoD, chiA, and
apr abundances in bulk soil and to TDN and exchangeable
NH4

+-N concentrations in biocrusts of SCH samples. No cor-
relations for pstS abundance in biocrusts were found, even
though it was much higher abundant compared with bulk soil.

Discussion

Parent material determines P acquisition strategy in
biocrusts

The aim of this study was to investigate the correlation of
the bacterial driven P and N turnover in biocrusts from for-
ests, which differ in nutrient stocks, soil texture, and pH. To
be able to correlate nutrient concentrations and abundance of
major functional microbial groups, we did one extensive

sampling campaign during peak biomass of the biocrusts.
In nutrient-poor habitats, biocrusts are important first colo-
nizers and described as “mantels of fertility” by Garcia-
Pichel et al. (2003) as they are known to increase nutrient
concentrations due to activities of C and N2 fixing
phototrophic organisms and thus contain higher abundances
of microorganisms compared with bulk soils in arid environ-
ments (Castillo-Monroy et al. 2011; Maier et al. 2018). In
the forest biocrusts, we neither detected significantly higher
nutrient concentrations nor significantly increased bacterial
abundance (16S rRNA gene) in most of the biocrusts
(Table 2), even though well-developed biocrusts were pres-
ent at all investigated plots (see Fig. 1) which was further
corroborated by the conspicuous presence of algae (Glaser
et al. 2018). The well-developed forest soils are generally
rich in nutrients and organic substances, which allow for
already high microbial abundances in bulk soil. For exam-
ple, the sample with the lowest bacterial abundance reached
3.4 × 1010 gene copies g−1 dw (bulk soil—SCH), which can
be hardly reached in biocrusts from arid environments but is
definitely several orders of magnitude higher compared with
the respective bulk soils (e.g., Couradeau et al. 2016; Maier
et al. 2018; Nagy et al. 2005). Moreover, in temperate for-
ests, biocrusts are mostly only temporally abundant during
spring, when soil temperature is above freezing point and
light is available in sufficient photon flux rates before the
vegetation period. Further, strong disturbances of biocrusts,
e.g., by management, are likely. Both factors result in high
dynamics of biocrust development in temperate forests and
yearly formations are typical for such environments. Only at
the early vegetation period, the additional input of C by the
phototrophic organisms may favor the establishment of a
biocrust community. The combination of high nutrient con-
centrations in bulk soil and short periods of biocrust forma-
tion and persistence explain the less pronounced difference
of bacterial abundance and nutrient concentrations between
biocrusts and bulk soil.

In ALB, the P pools and gene abundances of bacteria in-
volved in P turnover did not differ significantly between bulk
soil and biocrust (Table 3). In contrast in HAI and SCH, the
absolute and relative abundance of bacteria specifically in-
volved in P turnover increased much more in the biocrust,
while Ptotal did not differ in any region. PNaHCO3 on the other
hand was slightly decreased in biocrusts compared with bulk

Table 4 Number of significant
Pearson correlations as shown in
Fig. 4

ALB HAI SCH

Bulk soil Biocrust Bulk soil Biocrust Bulk soil Biocrust

r2 > 0.6 42 30 29 26 27 29

r2 < − 0.6 1 5 7 4 9 12

Total sum per sample type 43 35 30 36 36 41
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soil in ALB and SCH. Moreover, the ALB had highest gcd
gene abundances, indicating the highest potential for P solu-
bilization. Solubilization was also identified as key process in
other P-rich forest regions (Bergkemper et al. 2016a) as well
as in agricultural fields with sufficient P supply (Grafe et al.
2018). The additionally high PNaHCO3 concentration might
point to an efficient release of P from iron and aluminum
oxides, which have a good solubility in the pH range of the
ALB (Lindsay 1979).

In comparison with ALB, the Ptotal concentrations of HAI
and SCH were significantly lower. Interestingly, the bacterial
potentials to acquire P in the biocrusts differed between those
two sites with respect to P uptake and mineralization of or-
ganic P. In HAI, similar to ALB, the mineralization of P in
biocrusts was dominated by bacteria carrying the phoD gene,
which are able to hydrolyze phosphomonoesters and –diesters
under favorable conditions. Furthermore, the labile P pools
were very low in HAI, which coincides with the highest
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Fig. 4 Correlations within
biocrusts and bulk soil are shown
as Pearson correlation plot for
each region. The analysis
included pH, N/P ratio (based on
mg/kg), N pools (Ntotal, TDN,
NH4

+-N, NO3
−-N, DON), P pools

(Ptotal, PH2O, PNaHCO3), as well as
the gene abundance for N (nifH,
chiA, apr) and P cycle genes
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circle colors. The size of each
circle indicates the degree of cor-
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correlation, ranging between r2 =
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abundance of the phosphate-inducible transporter gene pstS.
In biocrusts and bulk soil from SCH, bacteria carrying the
phnX gene were much more abundant than phoD and in-
creased in biocrusts. However, as our analysis was done on
DNA level, we cannot conclude that this is also true for the
expression of those genes. For P-poor soils, it was demonstrat-
ed that the pool of easily degradable phosphomono- and dies-
ters is depleted quickly, and that instead more recalcitrant
phosphonates remain in the soil as organic P source
(Bergkemper et al. 2016a; Condron et al. 2005; Lang et al.
2017). For SCH, this could indicate that the supply with
mono- or diesters is not high enough, so that the P demand
is fed by the additional degradation of phosphonates. In this
regard, Baumann et al. (2017) concluded that P solubilized
from the minerals is directly transferred and immobilized by
the microbiome of the biocrusts, because the combination of
low pH and sandy texture reduces the sorption capacity of
soils in SCH, as low concentrations of iron and aluminum
minerals can be assumed (Lang et al. 2017). This is further
underlined by the high PH2O and low PNaHCO3 concentrations.
Thus, immobilization by sorption to minerals is unlikely and
corroborated by the significantly reduced relative abundance
of gcd in biocrusts of SCH, even though absolute gcd numbers
slightly increased in biocrusts their relative abundance com-
pared with total 16S rRNA gene abundance dropped.
Additionally, an increase of pstSwas observed in the biocrusts
of SCH. pstS is part of the Pho regulon and important for P
uptake under P limitat ion (Santos-Beneit 2015).
Consequently, during biocrust development, P might get lim-
ited and uptake via the pstS pathway displays an advantage.
Surprisingly, also the abundance of pitA was higher in
biocrusts from SCH compared with the other sites. The pitA
gene codes for the unspecific Pi transporter (Wanner 1993;
Willsky and Malamy 1980). Thus, bacteria from these
biocrusts are well equipped for the uptake of P under fluctu-
ating conditions.

Labile pools determine the correlation of bacterial P
and N turnover

For forests, Cleveland and Liptzin (2007) postulated a well-
constrained molar N/P ratio of 9:1 for microbial biomass and
of 15:1 for forest soils. Regarding the different sites of our
study, a similar ratio between N and P in the soil were mea-
sured for the ALB (N/P ratio of 8.5 ± 4.6), while the difference
between Ntotal and Ptotal concentrations increased from HAI to
SCH. Thus, we assumed that in ALB processes to acquire N
and P are closely interlinked, while in HAI and SCH, the
microbes are facing P limitation which is in line with higher
potentials for P acquisition.

Regarding ALB, our data underlines a strong link between
N and P turnover; both abundances of N mineralization genes
(apr, chiA) measured are significantly correlated to

abundances of all P cycle genes. However, it has to be taken
into account that there are much more enzymes able to min-
eralize organic N sources, like neutral proteases or subtilisin,
than the ones which we analyzed in this study. Nonetheless,
our chosen marker genes cover chitinolytic and proteolytic
proteins. Moreover, our observation is based on statistical
analyses, with a lack of additional experimental testing, for
example, by fertilization, which is a classical drawback of
field studies, but compensated by a high number of replicates
in this study (up to 11 replicates). The strong correlation be-
tween N and P cycle genes might indicate that the mineraliza-
tion of organic sources is used to deliver both N and P to the
same extent. A similar observation was described by Heuck
and Spohn (2016), who demonstrated in an incubation exper-
iment of organic horizons from temperate forests that net N
and P mineralization are strongly correlated and increased
with decreasing N/P ratio. Against this backdrop, it is not
surprising that the abundance of bacteria harboring the nifH
gene was generally highest in the ALB and contrary to our
hypothesis, significantly increased in the bulk soil compared
with the biocrust (p = 0.029). Taken into account that the fix-
ation of one molecule N2 needs 16 molecules of ATP (Zehr
et al. 2003), a relatively better supply with P and also C could
potentially increase N2 fixation rates (Reed et al. 2007). Thus,
in the ALB, this displays an additional source to fuel the labile
N pool. Even though the nifH gene abundance was signifi-
cantly lower in the biocrusts, the nutrient pools did not differ
between bulk soil and biocrusts in the ALB, which is not
compensated by higher N mineralization gene abundance.
However, we also have to consider that nifH is phylogeneti-
cally widely distributed (Gaby and Buckley 2012) and that the
primers used only cover sequences of nifH cluster I, which
comprises aerobic N fixers like Proteobacteria, Frankia,
Paenibacillus, and some Cyanobacteria like Anabaena,
Nostoc, and Plectonema but excludes others, which might
be associated with biocrusts (Rösch et al. 2002). Within this
study, we also determined the nitrification potentials as re-
vealed by the quantification of the amoA marker gene coding
for a subunit of the ammonia monooxygenase of bacteria and
archaea. And indeed, when nifH was increased in bulk soils,
also ammonia-oxidizing bacteria or archaea were increased in
over 70% of the replicates (data not shown). The ammonium
produced during N2 fixation might be used as substrate for the
nitrification process, which in turn might have caused a reduc-
tion of exchangeable NH4

+-N. This hypothesis is supported
by a strong positive correlation of nifH abundance to NH4

+-N
in the biocrusts, which is a plausible hint that the NH4

+-N is
not immediately oxidized to NO3

−-N in the biocrusts.
Moreover, Sorkau et al. (2018) demonstrated that 86% of
microbial P variation in the forest soils of the same regions
can be explained by microbial N while also organic C, soil
moisture, and soil type were main drivers for microbial P. A
limitation of P is unlikely in ALB, neither in biocrusts nor in
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bulk soil, as we could detect high Ptotal, quite high PNaHCO3

concentrations, and high potentials for solubilization (gcd).
Only in SCH, the abundance of the microbes which drive N

and P turnover was always higher in the biocrust compared
with the bulk soil samples. Moreover, their abundances were
always positively correlated with each other. Probably, the
sandy soil and the generally low nutrient stocks in SCH rather
reflect a nutrient-poor habitat, where biocrusts are described
as nutrient and microbial hotspots (Brankatschk et al. 2013;
Hernandez and Knudsen 2012; Kidron et al. 2015; Schulz
et al. 2013; Xiao and Veste 2017). While total nutrient stocks
were significantly lowest in SCH, the labile nutrient pools
were comparable with the other regions or even higher in
the biocrusts for PH2O. One explanation might be that the P
and Nmineralization and subsequent accumulation were driv-
en by the microbial need for C. This phenomenon was already
described in other forest ecosystems (Spohn and Kuzyakov
2013) but also in glacier forefields where especially at well-
developed sites, microbes were limited by C rather than N or P
(Göransson et al. 2011). Consequently, N and P remain in the
soil and built up a higher labile nutrient pool. Moreover, the
transcription of the ammonium transporter gene amtB is under
the control of the Pho regulon (Santos-Beneit 2015). Thus,
under P starvation, also NH4

+-N uptake is reduced.
In contrast to SCH and ALB, lowest number of correlations

were found in HAI as well as lowest labile P concentrations,
while exchangeable NH4

+-N was highest in HAI and even
enriched in the biocrusts but less than the ones from SCH.
On the one hand, this could point towards different uptake
strategies for N and P or on the other hand different mineral-
ization activities. However, as this study is based on DNA
analyses, which only reflect the bacterial potential and nutrient
pools in the soil, it is impossible to disentangle these strate-
gies. Biocrusts are small micro-habitats, which do not allow to
sample large amounts, which is for example needed for addi-
tional microbial biomass analyses or RNA sampling, as there-
fore much more sub-samples per biocrusts need to be ana-
lyzed to account for daily fluctuations of gene transcription
pattern. However, what was remarkable in bulk soil samples
from HAI was the prominent correlation of pitA, chiA, and
phoD abundance. This would rather point towards a specific
mineralization of either N- or P-containing sources in HAI
bulk soil samples, as chitin for example does not contain any
P moieties. What was conspicuous in HAI was the high var-
iability of the pH, which ranged from pH 4.13 to 7.22. This
might mask a lot of effects, as pH differences are frequently
described as main driver for differences in other soil proper-
ties, microbial community composition, and functionality
(Fierer and Jackson 2006; Rousk et al. 2010; Stempfhuber
et al. 2015, 2017). In the frame of the Biodiversity
Exploratories, Stempfhuber et al. (2017) demonstrated that
pH has a strong impact on the nitrifying community as the
ratio of ammonium to ammonia is changed and causes

changes in potential activities and the community composi-
tion. The lower the pH, the more ammonia-oxidizing archaea
prevail, which have a lower turnover rate (Stempfhuber et al.
2017). Thus, especially the extremely low pH values mea-
sured in the HAI biocrusts might have caused an accumulation
of exchangeable NH4

+-N.

Conclusion

In conclusion, our data demonstrate that the potential to
biogeochemically turnover P is an essential microbial function
in biocrusts, as such microbes were more abundant in the
biocrusts compared with bulk soil at all investigated regions on
the level of absolute and relative abundance. In contrast to our
initial hypothesis that low nutrient concentrations cause a strong
correlation of N and P turnover, we found most positive correla-
tions in the regionwith the highest nutrient concentrations but the
lowest N/P ratio. Especially, the potential for additional N input
by fixation seems to be of importance at sites with lowN/P ratios.
Potential N mineralization was strongly correlated to P turnover
at sites where labile N and P pools were increased. Even though
the correlation ofN and P turnover is strongest if their availability
is comparable, the potential acquisition strategy obviously
strongly depends on soil properties. Future studies should con-
firm the abundance pattern of certain functional microbial groups
in subsequent years. However, as biocrusts in temperate regions
newly develop every year at distinct places, a direct comparison
is often difficult, as (micro)environmental conditions may differ
even if the same site is analyzed. Additionally, despite the short
life time of biocrusts mainly in temperate forests, also repeated
samplings during the succession would be of interest to under-
stand tipping points of different developmental stages. This
would need possibilities for a miniaturization of analytical tools
to ensure the availability of material for all needed analysis as a
result of the small sizes of biocrusts. However, especially, in
regions with inconclusive results as in HAI, in-depth microbial
community analyses including non-targeted metagenomic ap-
proaches might help to disentangle region-specific and
biocrust-specific effects. As our data based on measurements
on DNA level future work should consider combining microbial
activity measurements and actual turnover rates to identify under
which conditions the detected potential is accessed.
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