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Plants andmicroorganisms, besides the climate, drive nitrogen (N) cycling in ecosystems.

Our objective was to investigate N losses and N acquisition strategies along a

unique ecosystem-sequence (ecosequence) ranging from arid shrubland through

Mediterranean woodland to temperate rainforest. These ecosystems differ in mean

annual precipitation, mean annual temperate, and vegetation cover, but developed on

similar granitoid soil parent material, were addressed using a combination of molecular

biology and soil biogeochemical tools. Soil N and carbon (C) contents, δ15N signatures,

activities of N acquiring extracellular enzymes as well as the abundance of soil bacteria

and fungi, and diazotrophs in bulk topsoil and rhizosphere were determined. Relative

fungal abundance in the rhizosphere was higher under woodland and forest than

under shrubland. This indicates toward plants’ higher C investment into fungi in the

Mediterranean and temperate rainforest sites than in the arid site. Fungi are likely to

decompose lignified forest litter for efficient recycling of litter-derived N and further

nutrients. Rhizosphere—a hotspot for the N fixation—was enriched in diazotrophs

(factor 8 to 16 in comparison to bulk topsoil) emphasizing the general importance of

root/microbe association in N cycle. These results show that the temperate rainforest

is an N acquiring ecosystem, whereas N in the arid shrubland is strongly recycled.

Simultaneously, the strongest 15N enrichment with decreasing N content with depth

was detected in the Mediterranean woodland, indicating that N mineralization and

loss is highest (and likely the fastest) in the woodland across the continental transect.

Higher relative aminopeptidase activities in the woodland than in the forest enabled

a fast N mineralization. Relative aminopeptidase activities were highest in the arid

shrubland. The highest absolute chitinase activities were observed in the forest. This

likely demonstrates that (a) plants and microorganisms in the arid shrubland invest
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largely into mobilization and reutilization of organically bound N by exoenzymes, and (b)

that the ecosystem N nutrition shifts from a peptide-based N in the arid shrubland to

a peptide- and chitin-based N nutrition in the temperate rainforest, where the high N

demand is complemented by intensive N fixation in the rhizosphere.

Keywords: nitrogen, rhizosphere, microbial abundance, natural abundance of 15N, nitrogen fixation, nitrogen

uptake

INTRODUCTION

In terrestrial ecosystems, precipitation affects nitrogen (N)
cycling through its effect on leaching, soil erosion, and microbial
activity (1). Increased precipitation can result in significant
leaching and run-off events, decreasing N retention and
increasing N losses (2). Since more than 90% of soil N is bound
in soil organic matter (SOM), the availability of N in most
terrestrial ecosystems is controlled by microbial mineralization,
which is strongly dependent on soil moisture and temperature
(3). Optimal soil moisture and temperature conditions for
N transformation in arid ecosystems, for example, are only
present after rainfall pulses (4). Under these conditions, soil
microorganisms can mineralize N, but low plant activity and,
consequently, low N absorption by roots can result in the
accumulation of easily available N in soils that is potentially
prone to be leached in case of strong rainfall events (5–
7). With increasing precipitation and soil moisture, microbial
activity increases, accelerating N mineralization, on the one
hand, but increasing N immobilization within the growing
microbial biomass, on the other hand (8, 9), both affecting the
N distribution along soil profiles—frommicrobial-active topsoils
toward subsoils with low microbial abundances and activities.

The balance of N inputs and outputs of an ecosystem can be
assessed by vertical soil δ15N signatures (10, 11). The relationship
of soil δ15N and N content [mathematically expressed as -
ln(%N)] with depth represents an integration of the soil 15N
enrichment with increasing soil age. Thereby, an intensive N
transformation of soil organic matter is indicated by a strong 15N
enrichment of the remaining soil N (12, 13).

Simultaneous increase in plant productivity and plant N
uptake under higher water availability intensify the competition
for N between plants and microorganisms (5, 14, 15). Thus,
depending on the climatic conditions, plants have to adapt their
N acquisition strategies. Under dry conditions, leaching losses
are generally low and soil N can be recycled by means of
extracellular enzymes. However, soil N losses by leaching under
high precipitation calls for mechanisms to replenish depleted
N pools and optimization of recycling processes to decrease
leaching losses.

Biological N fixation, by symbiotic diazotrophic
microorganisms and free-living microorganisms that can fix N
independent of root presence, is the major natural source of N
in most terrestrial ecosystems (16, 17). Free-living and symbiotic
diazotrophs possess the nifH gene (Hirsch andMauchline, 2015),
a key structural gene encoding the reductase subunit of the
nitrogenase enzyme, which catalyzes N2 reduction to biological

available forms (18, 19). The nifH gene has commonly been
used as a genetic marker in studies of diazotroph diversity and
abundance (20, 21) and could be a potential indirect approach
to the assessment of levels of biological N fixation in soils (22).
Biological N fixation provides diazotrophs with an ecological
advantage in N limited environments (23). However, the growth
efficiency of diazotrophs is negatively affected due to the high
energy costs of N2 fixation (24) and the costs for providing an
oxygen-free environment as a prerequisite for the nitrogenase
activity (25). Thus, C vs. N demand define the abundance of
diazotrophs in ecosystems.

Studies along continental transects of ecosystems (i.e.,
ecosequence) distinct in mean annual precipitation, mean annual
temperate, vegetation cover, and composition, but with common
soil parent material, can be valuable study objects to evaluate
acquisition strategies depending on climate conditions. In
previous work (26), specificmutualism of arbuscular mycorrhizal
fungi across biomes of a climate gradient was identified as
an efficient strategy to compensate for low nutrient uptake
capacities from arid to temperate rainforest ecosystems. The
objective of the present study was to investigate N-specific
acquisition strategies across the same climatic gradient from arid
to temperate rainforest soils, developed on a similar granitoid
parent material using a combination of molecular biology and
soil biogeochemical tools.

To reveal the N acquisition strategies, extracellular enzyme
activities and N2-fixing potential in topsoil to saprolite, together
with the bacterial and fungal abundance, were investigated.
To assess N availability and turnover, C and N contents and
soil signatures of stable N isotopes, were determined. We
hypothesized that [1] the N transformation increases with
increasing precipitation, reflected by a stronger 15N enrichment
with decreasing N content with depth, [2] the activity of recycling
agents (extracellular enzymes) per unit soil organic carbon (SOC)
decreases with increasing precipitation, and [3] the importance
of diazotroph bacteria (to newly acquire N) increases with
increasing precipitation, as higher primary productivity allows:
(a) the investment in C expensive process and (b) greater N
leaching losses decrease the reutilization of N and increase the
need for new input.

MATERIALS AND METHODS

Study Sites
The study areas are located in the Coastal Cordillera of Chile
(from 29◦ to 38◦ southern latitude). They cover a gradient
across biomes (ecosequence) ranging from arid [Santa Gracia
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Natural Reserve and Quebrada de Talca (arid shrublands)] to
Mediterranean [La Campana National Park (Mediterranean
woodland)] and humid-temperate [Nahuelbuta National
Park (temperate rainforest)]. The mean annual precipitation
(Supplementary Table 1), (27) and temperature changed from
80mm and 18.8◦C in the arid site, to about 400mm and 13.1◦C
in the Mediterranean site, and to >1,500mm and 7.4◦C in the
temperate rainforest site (28). From similar granitoid parent
material developed Cambisols under arid (pH 5.5–7.0) and
Mediterranean (pH 4.5–6.1) conditions, and Umbrisols (pH
3.7–5.1) under humid conditions (29). Vegetation in arid sites
covered 45% of the Cambisols and is dominated by cacti and
drought-deciduous shrubs (30). In the Mediterranean woodland,
vegetation is dominated by a dense herb layer, deciduous shrubs,
and evergreen-sclerophyllous trees which covered 100% of
the Cambisols (29). In the temperate rainforest, vegetation is
dominated by dense coniferous forest which covered 100% of
the Umbrisols and Podzols (29). The study areas are located
outside the northern limit of the Last Glacial Maximum (31).
Rivers and catchments that drained areas with Alpine glaciers
at the latitudes of the study areas were excluded from the site
selection (www.earthshape.net). The selected catchments are
located in national parks or nature preserves and cover the
typical vegetation for the respective climate zone with low
anthropogenic influence. More details regarding the geological
conditions, denudation rates, soils, and vegetation of the study
areas can be found in the studies by Bernhard et al. (29), Canessa
et al. (30), Oeser et al. (32), and Schaller et al. (33).

Soil Sampling
Three soil sample sets were analyzed in this study. Two
sample sets were collected in the later austral summer 2016
(i.e., in March) from the sites Santa Gracia, La Campana and
Nahuelbuta. The third sample set was collected in the austral
spring 2016 (i.e., November) at the sites Quebrada de Talca,
La Campana, and Nahuelbuta. Both arid shrubland sites lie
in similar distance to the Pacific Ocean and similar soil and
vegetation compositions can be found. The vegetation cover in
Quebrada de Talca, however, is denser than in Santa Gracia due
to the exclusion of grazing.

The first sample set (rhizosphere set) served to determine the
belowground C input via rhizodeposits and the importance of
N fixation by root associated diazotrophs. At each site, samples
were taking from four soil pits: one soil pit on a north-facing
slope at mid-slope position and three on a south-facing slope,
arranged as a catena (top-, mid-, and toe-slope) (i.e., four field
replicates). From each pit, the rhizosphere soil (0–6mm distance
from root) was collected in 3 depth increments. Therefore, the
soil profile from the surface to the saprolite was defined as 100%,
and samples were collected from 0–50% and 50–100% solum
depth, and >100% which comprised the saprolite. For absolute
depths, please refer to Koester et al. (34). The results of the
rhizosphere samples are presented as means of all soil profiles as
slope exposure did not have a notable effect.

With the second sample set (bulk soil set) the long-term N
cycling was evaluated, i.e., whether the N cycling within an
ecosystem is open or closed. Bulk samples were collected with a

soil auger to a maximal depth of 60 cm (arid shrubland), 120 cm
(Mediterranean woodland), and 200 cm (temperate rainforest)
from two slopes at mid-slope position (i.e., 8 field replicates).
The samples were divided into 10 cm (shrubland, woodland)
and 25 cm (forest) depth increments, respectively. The different
sampling depths derive from the difference in maximal soil
depths [see Bernhard et al. (29)].

The third sample set (bulk topsoil set) was taken to evaluate the
effect of litter C input on N cycling and specifically on N fixation
by free living diazotrophs. Therefore, bulk topsoil samples were
collected from 0–10 cm, 10–20 cm, and 20–30 cm depth, in four
field replicates.

Stable Nitrogen Isotope Ratios, N and C
Contents
Stable isotope ratios of nitrogen (δ15N) were simultaneously
determined with total N and organic C contents of dried
and grounded soil from the second sample set, using an
elemental analyzer (Flash Elemental Analyzer, Thermo Fisher
Scientific, Bremen, Germany) coupled to an isotope ratio
mass spectrometer (Delta Plus with Confo III, Thermo Fisher
Scientific, Bremen, Germany). The discrimination factor (β) was
calculated from the relationship between soil δ15N and -ln(%N)
(12, 13). This represents an integration of the soil 15N enrichment
with depth (i.e., with soil age) and provides indications about
the N transformation and loss from soil. To calculate the
discrimination factor, the δ15N values and the total N contents of
the bulk samples down to a maximum of 100 cm were used. δ15N
values and N contents below 100 cm were excluded as N (and C)
contents were exceptionally high in 100–125 cm soil depth under
the temperate rainforest (see Figure 1).

Extracellular Chitinases and
Aminopeptidases Activities
Extracellular activities of chitinases (β-1,4-N-
acetylglucosaminidase) and aminopeptidases were determined
in the rhizosphere soil (first sample set) in a previous study
(35) focusing on environmental controls of extracellular enzyme
production, and hence on enzyme activities involved in C, N, and
P cycling along the ecosequence. The data on enzyme activities
in the rhizosphere involved in N cycling were reevaluated in
this study to include the plant N acquisition from organic
matter decomposition via enzymes in comparison to the plant
N acquisition via associated diazotrophs (i.e., recycling N vs.
new N input). Therefore, the enzyme activities were normalized
to the SOC content in the rhizosphere samples (nmol substrate
mg−1 SOC h−1) The normalization of the activities to SOC (a
relative proxy for the total available substrate) served to reduce
the factor of available substrate amount when comparing enzyme
activities between study sites. Briefly, activities were determined
using synthetic fluorogenic substrates at the extinction of 355 nm
and emission of 460 nm. The maximal rate of activity (Vmax;
nmol substrate g−1 soil h−1) was determined by fitting the
activities with the Michaelis-Menten Equation. Aminopeptidase
activity was calculated as the sum of individually determined
tyrosine-aminopeptidase and leucine-aminopeptidase activities.
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FIGURE 1 | Total nitrogen content (A), soil C:N ratio (B), and δ15N values (C) in soil profiles in the temperate rainforest, Mediterranean woodland, and arid shrubland.

Data are presented as means (n = 8) with standard errors. Arrows indicate direction of increasing aridity. Nitrogen contents and C:N ratios decrease markedly with

increasing aridity. δ15N values were lowest in soil under Mediterranean woodland.

Soil DNA Extraction
Total genomic DNA was extracted from 0.5 g of soil (first
and third sample set) using the FastDNA SPIN Kit for
Soil (MP Biomedicals, Solon, OH, USA), following the
manufacturer’s protocol with modifications including an initial
three homogenization cycles with 2min ice incubations in
between. Final DNA extracts were eluted in 80 µL sterile
ultrapure water. DNA concentration and quality were measured
with a NanoDrop 2000C (Nanodrop 2000, Thermo Fisher
Scientific, Waltham, MA, USA). DNA extracts were stored at
−20◦C for further analyses.

Quantification of Microbial Abundance and
nifH Gene by qPCR
The abundance of bacterial and fungal DNA as well as
diazotrophs was determined by qPCR. The primers used for the
qPCR are listed in Supplementary Table 2. Bacterial abundance
of 16S rRNA gene was quantified using the primer pair Bac27F
(36, 37) and Bac338R (38) targeted on 16S rRNA marker. Fungal
abundance was quantified using the primer pair NL1F (39) and
LS2r (40) targeted on 28S rDNA. In addition, the gene copy
number of the nifH gene, which as a molecular marker for
diazotrophs (41), was determined using the primer pair PolF (42)
and PolR (42).

qPCR reactions were performed in a total reaction volume of
10 µL using the iTaq Universal SYBR Green Supermix (BioRad,
Hercules, CA, USA) following the manufacturer’s instructions.

Quantification reactions were carried out in the CFX96 Real-
Time PCR Detection System (BioRad) with the following
cycling parameters for all primer sets: initial denaturation at
95◦C for 5min, followed by 40 cycles of denaturation at
95◦C for 5 s and annealing-extension at 60◦C for 1min. For
real-time data collections during the annealing-extension step,
fluorescence at 520 nm was monitored. The melting curve was
constructed by increasing temperature by 0.5◦C (from 65 to
95◦C) and measuring fluorescence at 520 nm after each step.
Every qPCR run included negative controls and calibration
standards previously used to construct standard curves. At least
one dilution of each soil sample was included to avoid the
inhibitory effects of co-extracted substrates. Each sample had
four biological replicates, with three technical replicates for every
biological replicate. Data analysis was carried out using the
BioRad CFX ManagerTM 3.1 (BioRad).

qPCR for microbial abundance was performed against
standard curves generated by plotting logarithm values of serial
dilutions of target genomic DNA in triplicate, ranging from 10
ng to 10 pg, vs. the quantification cycle (Cq) values generated
from qPCR analysis (43). Equal concentrations of DNA extracts
from four bacterial (or fungal) strains (Supplementary Table 3),
isolated from Chilean soil samples, were used as standard
templates for bacterial (or fungal) quantification. A Standard
curve to estimate nifH gene abundance was generated using a
10-fold serial dilutions of a purified PCR product containing the
nifH gene fragment (361 bp) and amplified using primers PolF
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and PolR. DNA extract from Vibrio ruber Gal42 (44) was used as
a standard template for primers PolF/PolR.

Statistics
Statistical analyses were conducted with R 3.6.3 (45). Differences
between regression slopes of soil δ15N against -ln(%N) were
evaluated with z-Tests according to Paternoster et al. (46).
Principal component analyses (PCA) were performed after
variables were scaled and centered. The variables included: N and
C contents, δ15N, abundance of bacterial and fungal DNA, and
gene copy number of nifH and 16S rRNA genes. A biplot (scaled
for correlation) of the PCA was generated using the package
“ggbiplot” (47).

RESULTS

Nitrogen Contents and δ
15N Signatures

Total soil nitrogen contents were up to 2.7-fold and 6.8-fold
higher under temperate rainforest than under Mediterranean
woodland and arid shrubland, respectively (Figure 1A). Soil
C:N ratios were highest in the temperate rainforest. In
the Mediterranean woodland and arid shrubland, soil C:N
ratios decreased in the upper 30 cm but were similar below
30 cm (Figure 1B). Soil δ15N in the temperate rainforest and
Mediterranean woodland increased with increasing depth, while
no change was observed in the arid shrubland (Figure 1C). In
the first 20 cm, δ15N values were lowest in the Mediterranean
woodland—between 1 and 2‰—compared to the other two sites,
where δ15N ranged between 3 and 10‰. The 15N discrimination
factor (β) was 1.7-fold and 5.9-folds higher in the Mediterranean
woodland than in the temperate rainforest and arid shrubland,
respectively (Figure 2).

Activities of Aminopeptidases and
Chitinases
Activities of aminopeptidases and chitinases decreased with
increasing soil depths at all sites, except for chitinase activities
under arid shrubland (Figures 3A,B). Chitinase activities
in the topsoil decreased with increasing aridity and were
6.5-times higher under temperate rainforest than under
arid shrubland. Aminopeptidase activities were also lowest
under arid shrubland (1.8-times lower than under temperate
rainforest) but were similar between temperate rainforest and
Mediterranean woodland (Figure 3B). In the subsoil, chitinases
and aminopeptidase activities were similar between all sites.
Chitinase activities per unit SOC, on the contrary, were similar
across biomes, while aminopeptidase activities per unit SOC
were highest in soil under arid shrubland (Figures 3C,D).

Bacterial and Fungal Abundance Along the
Soil Depths
DNA quantification by qPCR showed a decrease in the
abundance of bacterial and fungal DNA in soil with increasing
aridity (Figures 4A,B). In bulk topsoils, samples from the
temperate rainforest had the highest abundance in bacterial and
fungal DNA with a maximum amount of 4.6 x 105 and 9.0 x 103

ng of DNA g−1 soil at depth 20–30 cm, respectively. Amounts

are considerably lower with decreasing ecosystem precipitation
and reach a minimum at the arid shrublands with 1.1 x 105 and
2.0 x 102 ng of DNA g−1 soil at depth 20–30 cm, respectively
(Figure 4A). Differences of bulk topsoil between sites were
always lowest in the top 10 cm of the profile and significantly
increased with increasing depth.

Pronounced site-specific differences in the DNA content of
the rhizosphere soil were observed along its two-meter-deep
profile. The abundance of bacteria and fungi in the rhizosphere
was highest in soil under temperate rainforest in comparison to
the Mediterranean woodland and arid shrubland. At a depth of
0–50 cm, forest rhizosphere soil had a maximum abundance of
bacterial and fungal DNA of 3.0 x 105 and 3.5 x 103 ng g−1

soil, respectively. Then they decreased at the arid shrubland to
a minimum of 4.7 x 104 and 6.6 x 101 ng of DNA g−1 soil,
respectively (Figure 4B).

In bulk topsoil, the abundance of bacteria and fungi relative to
SOC was highest at a depth of 0–10 cm under arid shrubland and
Mediterranean woodland compared to the temperate rainforest
(Figure 4C). A similar observation was found for bacterial
abundance per SOC in the rhizosphere. Interestingly, abundance
of fungi relative to SOC in the rhizosphere was highest in the
temperate rainforest and Mediterranean woodland at all depths
(Figure 4D). Whereas the depth effect was present in nearly all
datasets when considering absolute amounts of DNA, it largely
disappeared when normalizing the DNA amounts per g soil
C (Figures 4C,D). This suggests that litter and rhizodeposition
inputs, as microbial growth resource, largely determine microbial
distribution along soil profiles, with exception of the most
arid site where microbial DNA per SOC strongly decreases
in the rhizosphere and bulk topsoil suggesting further growth
limitations to play a role in subsoils. Regardless of the sampling
site or soil depth, bacterial DNA was ∼30 to ∼700 folds more
abundant in comparison to fungal DNA.

Abundance of the Diazotrophic Community
in Soil
In bulk topsoil, nifH gene copy number ranged from 5.8 x
108 to 5.6 x 107 copies g−1 soil (Figure 5A). While in the
rhizosphere, it ranged from 2.9 x 109 to 7.0 x 107 copies g−1 soil
(Figure 5B). In bulk topsoil and rhizosphere soil, the nifH gene
copy numbers decreased along the ecosequence with decreasing
precipitation. At depth 0–10 cm, bulk soil from the temperate
rainforest had a maximum amount of 5.7 x 108 nifH copy
numbers g−1 soil, whereas soil from Mediterranean and arid
sites contained 2.8 x 108 and 2.1 x 108 gene copy numbers
g−1 soil, respectively (Figure 5A). Similarly, rhizosphere soil of
temperate rainforest at depth 0–40 cm had maximum nifH gene
copy number g−1 soil of 2.9 x 109 and decreased to a minimum
of 1.4 x 108 in arid shrubland (Figure 5B). The site effect in
bulk topsoils was weakest in the top 10 cm and increased—
at least for the comparison of temperate rainforests to the
more arid sites—in the deeper depth increment. However, when
comparing rhizosphere soil along the complete profile down to
the saprolite, the nifH gene copy number at all sites was not
significantly different at the lowest depth (i.e., in the saprolite) but
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FIGURE 2 | Estimation of N turnover in soil based on the regressions of δ15N vs. -ln(%N) for the arid shrubland (A), Mediterranean woodland (B), and temperate

rainforest (C) as well as the regression slopes (beta) presented with the regression standard errors (D). The dashed line represents non-significant regression. Lower

case letters indicate significant differences between regression slopes.

pronounced site effects in the nifH abundance could be found in
the topsoil rhizosphere.

The percentage of diazotrophs in the prokaryotic community
was determined by comparing the total copy number of the
nifH gene to that of 16S rRNA. Quantification of nifH genes
indicates cells that can fix nitrogen, while 16S rRNA genes
reflect total bacterial abundance. The percentage of diazotrophs
in bulk topsoil, decreased with depth at all sites except the
temperate rainforest, where the percentage of diazotrophs did
not differ significantly (Figure 5C). Only at the temperate
rainforest site the percentage of diazotrophs with depth in the
rhizosphere decreased, whereas it increased in arid shrubland
and Mediterranean woodland (Figure 5D). Rhizosphere had a
frequently more than factor 10 higher percentage of diazotrophs
compared to bulk topsoil at all sites. The percentage of
diazotrophs in the rhizosphere ranged between 2.09 and 8.20%,
while those from bulk topsoil varied between 0.18 and 0.64%.

Soil under temperate rainforest had the highest percentage of
diazotrophs regardless of depth (Figures 5B,D).

Effects of Soil Biochemical Properties on
Microbial Abundance
PCA of microbial and other soil properties showed separation
of sites to a different degree for bulk soil and rhizosphere
soil, but not between north and south-facing slopes. For bulk
topsoil, all sites were separated (Figure 6A). The temperate
rainforest was separated from the arid shrubland and the
Mediterranean woodland by all variables (except δ15N) along
with principal component 1 (PC1, 72.4% of variance). δ15N,
on the other hand, separated the Mediterranean woodland
from the two other sites and was correlated with principal
component 2 (PC2, 13.9% of variance). In the rhizosphere, the
temperate rainforest was also largely separated from the other
two sites by all variables except δ15N along PC1 (80.9% of
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FIGURE 3 | Extracellular enzyme activities (Vmax) of chitinase and aminopeptidase per g of soil (A,B) and standardized per unit of SOC (C,D). Data are presented as

means (n = 4) with standard errors.

variance) but showed some overlap with the arid shrubland
(Figure 6B). δ15N, which was correlated with PC2 (12.4% of
variance) separated the forest from theMediterranean woodland,
while the arid shrubland overlapped with both sites along
this axis.

DISCUSSION

Nitrogen Availability and Transformation
The quality of the organic matter input influences the
mineralization and recycling of organically bound N (48). One
important factor for the decomposability of organic matter

is the initial N content and C:N ratio of the material (49,
50). Material with high C:N ratios (i.e., low quality substrate)
is unfavorable to be decomposed as it provides less N for
the decomposer community. Under restricted N accessibility,
microorganisms incorporate the gained N in their biomass
and recycle only within the cell (microbial N immobilization)
rather than releasing it for plant uptake (51, 52). During
the decomposition of high-quality substrate (i.e., with low
C:N ratios), on the contrary, the accessible N can exceed the
microbial N demand and mineralized N is available for plant
uptake (51, 52). Low soil C:N ratios under arid shrubland
and Mediterranean woodland (Figure 1B) indicated that the N
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FIGURE 4 | Quantification of microbial abundance along the depth in (A,C) bulk topsoil and (B,D) rhizosphere by qPCR using bacterial (Bac27f/338r) and fungal

(NL1f/LS2R) primers in temperate rainforest, Mediterranean woodland, and arid shrubland. Data in A and C are expressed as ng of DNA per g soil, while in (B,D) they

are expressed as ng of DNA per g organic carbon as sampled from the soil profile wall. Data represent means of four biological replicates, with three technical

replicates for every biological replicate. Error bars represent standard errors of the mean.

mineralization is higher than the microbial N immobilization,
providing mineralized N accessible for plants. High soil C:N
ratios in the temperate rainforest (Figure 1B), on the contrary,
indicated that microbial organic matter decomposition is likely
N limited and that N is rather immobilized in the microbial
biomass than mineralized and available for plant uptake (51–53).
Two times higher C:N ratios in the forest than in the shrubland
and woodland indicated an overall low litter quality implying
that microorganisms can mineralize only a smaller proportion
of the organic matter and subsequently the N in the forest
than in the shrubland or woodland. Not only the overall N
content but also the chemical composition of the organic matter
affects its decomposability (54). The recalcitrant nature of the
forest litter likely hampers its decomposition and mineralization
of N in the early stages of decomposition, additionally (30),
reducing the N availability for plants and microorganisms in
this ecosystem.

Due to the high precipitation, the mineralized N in the
temperate rainforest is easily lost by leaching. The vertical
profile of the soil 15N enrichment can provide information
on the extent of N transformation with soil age and the N
loss from the soil. During N transforming processes, such as
mineralization, nitrification, or denitrification, N pools will be
isotopically fractionated by discrimination against the heavier
N isotope 15N (55, 56). Subsequently, characteristic vertical
profiles of increasing 15N enrichment with increasing soil
depth can develop when the isotopically lighter pools are lost
from soil via leaching (NO−

3 loss), volatilization (NH+

4 loss),
denitrification, or plant N uptake of 15N depleted mineral
pools (55–57). Such characteristic profiles were observed in the
temperate rainforest and Mediterranean woodland, but not the
arid shrubland (Figure 1C). This indicated that N is transformed
(with discrimination against 15N) and subsequently lost from the
soil in the rainforest and the woodland.
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FIGURE 5 | Abundance of nitrogenase reductase (nifH) gene (qPCR) depending on depths in temperate rainforest, Mediterranean, and arid soils. (A,C) nifH gene in

bulk topsoil, (B,D) nifH gene in the rhizosphere of the complete profile down to the saprolite. Abundance of nifH gene is expressed in gene copy number (A,B) and

percentage of diazotrophy in prokaryotic parts of community (C,D). Data are expressed as gene copy number per gram soil and represent means of four biological

replicates, with three technical replicates for every biological replicate. Error bars represent standard errors of the mean.

The extent of discrimination depends on the N demand
and N availability for microorganisms and plants (13, 58).
The absence of 15N enrichment with soil depth in the arid
shrubland thus indicated that the discrimination against 15N
is either minimal (i.e., microorganisms need to use all N
present to cover their demand) and/or that the translocation of
mineral N pools via leaching or denitrification is low (13, 58).
The low N content in the arid shrubland (Figure 1A) likely
drives microorganisms to reutilize N intensively minimizing
each type of loss. This was supported by about 2- and 8-
times higher aminopeptidase activities per unit SOC in
the arid shrubland than in the Mediterranean woodland
and temperate rainforest, respectively, while the bacterial
abundance per unit SOC was similar in all sites (Figures 3D,
4D). This supported the interpretation that plants and
microorganisms in the arid shrubland invest largely into
the mobilization and reutilization of organically bound N

(i.e., exoenzyme production) as typical for a strongly N
recycling system.

In the Mediterranean woodland, the vertical increase of 15N
enrichment with depth—which was even more pronounced
than in the rainforest soil (Figure 1C)—indicated a stronger
discrimination against 15N and/or the translocation and loss of
15N-depleted inorganic N than in the arid shrubland (55, 56).
The soil C:N ratios in the Mediterranean woodland were as low
as in the arid shrubland (indicating good decomposability of
the organic matter), while the N content in the Mediterranean
woodland soil was almost 4-times higher (Figure 1A). This
pointed to a high potential of N mineralization, as the microbial
decomposition of organic matter is likely not limited by N (52).

The interpretation of a strong N mineralization in the
Mediterranean woodland was supported by the discrimination
factor (Figure 2D). The highest discrimination factor across the
ecosequence was found in the woodland (i.e., the strongest
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FIGURE 6 | Principal component analyses (PCA) generated from N and C contents, δ15N, abundance of bacterial and fungal DNA, and gene copy number of nifH and

16S rRNA genes in (A) bulk topsoil and (B) rhizosphere soil. Name of the respective variable is indicated at each arrowhead. Colors indicate study sites and symbol

shapes indicate north- or south-facing slopes. Ellipses show two standard deviations of an assumed two-dimensional normal distribution for each study site.

15N enrichment with decreasing N content with depth), which
indicated the most intense N mineralization which most likely
results in the highest N losses from soils at this side across the
ecosequence (12). Consistent with this, aminopeptidase activities
were as high or higher (per unit SOC) in the Mediterranean
woodland than in the temperate rainforest (Figures 3B,D),
pointing as well to a fast mobilization of organically bound N,
but overall N demand of this ecosystem is lower, fueling losses
which result in the observed highest 15N discrimination. Higher
N mineralization but less precipitation in the Mediterranean
woodland than in the temperate rainforest could lead to an
accumulation of mobile 15N-depleted NO−

3 . Especially the strong
seasonality of rainfall in the Mediterranean site can amplify
this accumulation. For one, brief water pulses in dry periods
can decouple the mineralization activity of fast responding
microorganisms and the nutrient uptake of slow(er) responding
plants (4, 59–61).

Furthermore, strong rainfall events during dry periods can
result in the cell rupture of water saving microorganisms in dry
soils, due to a rapid increase of osmotic pressure (8, 62, 63).
Thereby, easily available N will be released that can be rapidly
mineralized by surviving microorganisms and inorganic, mobile
N can accumulate (8, 62, 63). The decoupling of microbial
and plant activity in dry periods makes the accumulated
(and 15N-depleted) NO−

3 highly susceptible to leaching during
subsequent rainfall events (60, 61, 64).

Microbial Contribution to N Cycle Along
the Ecosequence
High N losses under Mediterranean woodland and high N
demand in temperate rainforest call for N recycling. This
became evident with high N acquiring enzyme activities under
Mediterranean woodland and temperate rainforest (Figure 3).
While aminopeptidase activities did not differ between the two
sites, activities of β-1,4-N-acetylglucosaminidase, a chitinase
important for mineralizing N from chitin (65), increased
with increasing precipitation (Figures 3A,B). As described in
Stock et al. (35), increasing chitinase activities reflect a source
shift of organic N, from a peptide-based dominated nutrition
under arid and Mediterranean conditions to a peptide- and
chitin-based N nutrition for microorganisms in the temperate
rainforest. This nutritional shift was also reflected in the fungal
abundance relative to SOC (Figure 4D). Soil fungal biomass
positively correlate to chitinases enzyme activity (66) because
their cell walls contain N-acetylglucosamine, the main substrate
of chitinases (67). Moreover, several publications showed a
negative correlation between fungal biomass and organic matter
quality linked to the N availability for plants (68–70). This is
consistent with our results in which abundance of fungi per
SOC was found highest in the rhizosphere of the temperate
rainforest (Figure 4D) characterized by the highest chitinase
activity and highest C:N ratio along the ecosequence (Figure 3).
This supports findings of Stock et al. (26), that plants in the
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temperate rainforest outsource their nutrient acquisition to
arbuscular mycorrhizal fungi. Fungal abundance per unit SOC
in the rhizosphere of arid shrublands was much lower compared
to other sites (Figure 4D) indicating that plants under arid
conditions invest less into fungi than plants of Mediterranean
shrubland or temperate rainforests.

Soil fraction (bulk topsoil vs. rhizosphere) influenced the
percentage of diazotrophs of the prokaryotic part of the
community. The percentage of diazotrophs in the rhizosphere
was generally higher than in bulk topsoil at all sites (∼10, ∼8,
and ∼16 folds under arid shrubland, Mediterranean woodland,
and temperate rainforest, respectively) (Figures 5C,D). This
represents the frequently reported rhizosphere effect (71, 72)
and underlines the importance of C and energy supply and
thus the rhizosphere habitat for soil N cycling (73). Even
though litter input is an important C source in the temperate
rainforest, the quality and amount of C needed by diazotrophs
for N fixation may not be met by litter C input. In contrast,
the rhizosphere environment can supply diazotrophs with the
needed C and energy, considering that roots supply more
easily available C into the soil than rainforest floor litter (74,
75). Symbiotic N-fixing microorganisms, such as Rhizobia,
and free-living N-fixing bacteria, such as Azotobacter, are
both profiting from the benefits that root association provides
(76, 77), where plant photosynthesis supplies diazotrophs
with C in exchange for N (78). Generally, nifH gene copy
number decreased from temperate rainforest to arid shrubland
(Figure 5). Biological N-fixation is an immensely C and energy
costly process, which can only be supported if environmental
conditions (such as nutrient, water, or light availability)
allow sufficient plant primary production and, thus, plant C
investment in diazotrophs (71, 79). A higher net primary
productivity in rainforest than woodland or shrubland (80)
allows rainforest plants, with conservative root traits and
a lower nutrient uptake capacity (26), to increase their N
supply by the support of diazotrophs in high abundance in
their rhizosphere.

Also, water shortage under arid and Mediterranean
conditions likely hampers the investment of plants in N-
fixing microorganisms. Greater soil moisture with increasing
mean annual precipitation (29), on the contrary, results in
more frequent anaerobic conditions favorable for free-living
rhizosphere diazotrophs, and thus increases biological N-
fixation (81). Interestingly, the abundance of diazotrophs in the
rhizosphere decreases with depth of the temperate rainforest,
whereas it increases with depth in the rhizosphere under the
Mediterranean woodland and arid shrubland. This altered N
fixation profile along soil depth might indicate distinct patterns
of plant C allocation between sites. Plants in the arid shrubland
seem to dominantly allocate C to the subsoil, which may remain
partly moist even in the dry season, whereas plants in the
temperate rainforest seem to focus their C allocation to nutrient-
rich topsoils. The absolute abundance of diazotrophs decreased
with increasing aridity (Figure 5C). The relative abundance
(as percentage of diazotrophs in the prokaryotic community
(Figure 5D) also decreased from the temperate rainforest to
Mediterranean woodland but was similar in the woodland and

arid shrubland. This pointed to a high relative importance of N
fixation to cover the N demand of plants in the dry sites.

CONCLUSIONS

By combining molecular biology and soil biogeochemical tools
along a continental transect, we were able to examine N
acquisition strategies in ecosystems distinct in mean annual
precipitation, mean annual temperate, and vegetation cover,
but developed on similar granitoid soil parent material. While
the accessibility of organic matter-bound N for microorganisms
is restricted in the temperate rainforest, and N is rather
immobilized in microbial biomass than mineralized, the organic-
bound N in soils under Mediterranean woodland and arid
shrubland is more available. Low N contents and low annual
precipitations in the shrubland likely drive microorganisms to
intensively recycle N. In contrast, a fast N mineralization and
high leaching potential in the Mediterranean woodland likely
result in larger N losses and a less intensive recycling of N than
in the shrubland. Chitinase activities and relative bacterial and
fungal abundance indicate an N source shift: from a peptide-
based nutrition with intensive recycling of litter N at the arid and
Mediterranean sites to a peptide- and chitin-based N nutrition
in the temperate rainforest, where fungal necromass plays a
crucial role as intermediate N pool. The absolute abundance
of diazotrophs in the rhizosphere increased with increasing
precipitation. Relative abundance (as percentage of diazotrophs
in prokaryotic community) was of similar importance in both
the arid and Mediterranean sites. This indicates the importance
of diazotrophs for plant N nutrition under dryer ecosystems.
The percentage of diazotrophs from the microbial bulk soil
community was between 0.18% and 0.64% and increased to 2.09
and 8.20% in the rhizosphere. 8- to 16 times higher abundance
of diazotrophs in the rhizosphere than in bulk soil highlights the
importance of the rhizosphere as hotspot for the N fixation from
atmosphere irrespective of the biotic and abiotic constraints.
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