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Abstract

Background and aims While large differences in micro-
bial biomass and extracellular enzyme activities (EEAs)
between rhizosphere and bulk soils have been demon-
strated, the potentially different response of microbes
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and their EEAs in rhizosphere and bulk soils to nitrogen
(N) deposition is still not elucidated.

Methods We analyzed the microbial biomass and EEAs
in the rhizosphere and bulk soils of Sibiraea angustata
in an alpine shrubland on the eastern Qinghai-Tibet
Plateau after chronic N application. We also analyzed
the stoichiometric linkages between plants, microbes,
enzymes and soils to clarify the coupled responses of
aboveground plants and belowground ecological
processes.

Results Microbial nutrient concentrations and activities
of EAAs responded differently to N addition in the
rhizosphere and bulk soils. In the rhizosphere, N addi-
tion caused a significant increase in microbial biomass
carbon (C), N and phosphorus (P) concentrations and
greater P-degrading enzyme activity (relative to the
activities of C- and N-degrading enzymes), which in-
duced a significant reduction in enzyme C:P and N:P
ratios. The rhizosphere enzyme N:P ratio was negatively
correlated with the N:P ratios of plant, soil and microbe,
implying that increased plant and microbial P uptake
under N addition may gradually aggravate rhizosphere P
limitation. However, for the bulk soil, N addition did not
affect microbial biomass but significantly enhanced C-
degrading enzyme activity and decreased the enzyme
C:N ratio. Meanwhile, the bulk-soil enzyme C:N ratio
was negatively correlated with the soil C:N ratio but
independent of the plant C:N ratio, implying that N
addition may enhance bulk-soil microbial C limitation.
Conclusions Our study suggests that elevated N depo-
sition may induce differential microbial nutrient limita-
tion between the rhizosphere and bulk soils due to the
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plant-microbe-soil interactions in the rhizosphere. This
study highlights the importance of incorporating rhizo-
sphere microbial processes into biogeochemical models
describing environmental changes.

Keywords Rhizosphere and bulk soils - Microbial and
enzymatic stoichiometry - Nitrogen addition - Alpine
shrubland - The Qinghai-Tibet plateau

Introduction

Global atmospheric nitrogen (N) deposition has in-
creased two-fold over the last century and has been
predicted to increase further in most regions in the next
decades (Galloway et al. 2008). Previous studies
showed that N deposition could affect the cycles of
carbon (C) and nutrients in terrestrial ecosystems by
altering aboveground biomass and nutrient contents
(Reay et al. 2008; Thomas et al. 2010), whereas consid-
erable uncertainty is associated with the responses of
belowground C and nutrient cycling to N enrichment.
Specifically, N addition can increase soil C storage by
suppressing heterotrophic respiration, decreasing micro-
bial biomass and altering microbial community compo-
sition and C-degrading enzyme activity (Janssens et al.
2010 Liu and Greaver 2010), while others have reported
that N deposition has neutral or negative effects on soil
C storage (Lu et al. 2011; Mack et al. 2004). Moreover,
exogenous N input was reported to decrease N mineral-
ization as well as the activities of N-degrading enzymes
(Midgley and Phillips 2016), while opposite findings
were also observed in some studies (Corre et al. 2010;
Dalmonech et al. 2010). Furthermore, N inputs can
enhance phosphatase production and consequently
cause some ecosystems to shift from relative N limita-
tion to P limitation (Marklein and Houlton 2012). Given
recent efforts to incorporate the interactions of above-
ground and belowground processes into climate-C feed-
back models (Thomas et al. 2013), developing a unify-
ing framework of how N deposition affects these pro-
cesses is critical.

Soil microbes (bacteria and fungi) produce a series of
extracellular enzymes to decay organic C, N and P
(Allison et al. 2011). The relative activities of extracel-
lular enzymes involved in C, N and P acquisition reflect
the stoichiometric equilibrium between microbial bio-
mass and resources (Sinsabaugh et al. 2009). Therefore,
the stoichiometry of extracellular enzyme activities
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(EEAs) has been suggested to be a useful indicator of
the relative resource limitations of microbial metabolism
(Zechmeister-Boltenstern et al. 2015). By measuring
EEAs such as 3-1,4-glucosidase (BG), leucine amino-
peptidase (LAP), 3-1,4-N-acetyl-glucosaminidase
(NAG), and acid phosphatase (AP) (Table 1),
Sinsabaugh et al. (2009) observed a mean global ratio
of C:N:P acquisition, In(BG):In(NAG+LAP):In(AP), of
approximately 1:1:1. Although a large amount of evi-
dence suggests that N addition can affect microbial
biomass and EEAs, most of these studies did not differ-
entiate between bulk and rhizosphere soils (Treseder
2008; Jian et al. 2016; Yue et al. 2017). The interactions
between plant, microbe and soil within the rhizosphere
which is the soil zone directly impacted by root activity
further increase the uncertainty and complexity of be-
lowground C and nutrient cycling in response to N
deposition (Hiltner 1904; Bennett and Klironmos
2018). Specifically, plants can regulate soil physico-
chemical and microbial properties not only through the
uptake of water and nutrients (Moreau et al. 2019) but
also by allocating 20~60% of net-fixed C into the rhi-
zosphere soil to stimulate rhizosphere microbial bio-
mass and EEAs and then accelerate soil organic matter
(SOM) decomposition (Jones et al. 2009; Brzostek et al.
2013). When soil N availability is improved, plants
likely reduce belowground C allocation to the rhizo-
sphere microbial community and subsequently reduce
their ability to break down SOM (Phillips et al. 2011;
Carrara et al. 2018). In addition, N enrichment can affect
rhizosphere microbial activity and composition by alter-
ing the physicochemical environment based on plant/
root growth and turnover and the formation of mycor-
rhizae (Philippot et al. 2013; Freedman et al. 2015). All
these changes may lead to different responses of rhizo-
sphere microbial nutrient processes to N addition and
changes in the underlying mechanisms compared with
those of bulk soil. Although the responses of rhizo-
sphere processes to N addition at ecosystem scales have
received increasing attention recently (Yin et al. 2013;
Carrara et al. 2018), how N addition affects the linkage
of rhizosphere stoichiometry with aboveground stoichi-
ometry has not been clearly examined.

Alpine ecosystems on the Qinghai-Tibet Plateau
(QTP) are typical and important components of global
alpine ecosystems and respond sensitively to environ-
mental changes (Fu and Shen 2017). Alpine grasslands
(including alpine steppes and shrub-meadows) are the
most dominant ecosystems on this plateau, occupying



Plant Soil (2020) 449:285-301

287

Table 1 Description of the extracellular enzymes included in this study

Abbreviation Fluorometric substrates

Function

4-Methylumbelliferyl

Hydrolyzes glucose from cellobiose

[3-p-glucopyranoside

Enzyme name EC

number
-p-Glucosidase 32.1.2.1 BG
L-leucine aminopeptidase 32.1.14 LAP

[3-1,4-N-acetylglucosaminidase 3.4.11.1 NAG

Acid phosphatase 3.1.32 AP

4-Methylumbelliferyl
N-acetyl-3-D-glucosaminide

4-Methylumbelliferyl phosphate

L-Leucine-7-amino-4-methylcoumarin  Hydrolyzes leucine and other
hydrochloride

hydrophobic amino acids from the
N terminus of polypeptides

Degrades chitin and other (3-1,4
glucosamine polymers

Hydrolyzes phosphosaccarides and
phospholipids to release phosphate

more than 60% of its total area (~2.5 x 10° km?). The
soil organic C and total N storages in the top 1 m of the
mineral soil layer are estimated to be 7.36 Pg C and 0.96
Pg N (1 Pg=10"® g), with an average density of 6.52 C
kg m 2 and 0.86 N kg m 2, respectively (Yang et al.
2009). Previous studies have reported that N is a key
limiting factor for plants in these alpine ecosystems on
the QTP (Jiang et al. 2013), whereas microbes in the
rhizosphere and bulk soils suffer from relative C and
phosphorus (P) limitations compared to the N limitation,
and these limitations are enhanced along an increasing
altitudinal gradient (2800-3500 m a.s.l.) (Cui et al.
2019). Therefore, the responses of plant and microbe
nutrient statuses in these alpine ecosystems to environ-
mental changes remain unclear. Recently, background N
deposition in this region was estimated to be 10—
15 kg N ha ' year ' (Yu et al. 2019). Given that rhizo-
sphere stoichiometry has been confirmed to be a useful
tool for connecting the dynamics of aboveground and
belowground processes (Bell et al. 2014), identifying
the effect of N deposition on rhizosphere stoichiometry
represents a key step in incorporating the coupled rela-
tionship of aboveground and belowground processes
into ecosystem models and then accurately predicting
biogeochemical consequences in these alpine ecosys-
tems under future climatic conditions.

In this study, we conducted a field experiment of N
addition (with levels of 0, 50, and 100 kg N ha ' yr ') in
an alpine Sibiraea angustata (S. angustata) shrubland
on the eastern QTP. S. angustata was chosen as a model
plant for rhizosphere analysis in this study because
shrubland is the second largest vegetation type on the
eastern QTP and S. angustata is an endemic and repre-
sentative shrub species (Wu 1998; Zhao et al. 2018). We
examined microbial nutrient (C, N and P)

concentrations and EEAs (involved in organic C, N
and P degradation) in the rhizosphere and bulk soils of
S. angustata to clarify the effects of N addition on the
microbial nutrient status in the rhizosphere and bulk
soils. We also examined the stoichiometric relationships
between extracellular enzymes, microbial biomass, soil
(rhizosphere and bulk soils) and plant (roots and leaves)
to assess the coupled changes in aboveground responses
and belowground processes under N addition. Our pre-
liminary study revealed that N addition significantly
reduced the C input by root exudation of S. angustata
by nearly 45% compared with that in the controls
(P<0.001, He et al. 2017). We hypothesized that the
difference in C source quality between the rhizosphere
(labile easily degradable C as exudates) and bulk soils
(more recalcitrant C as soil organic matter (SOM) and
litter) (Land et al., 2006; Koranda et al., 2011; Bengtson
et al., 2012) would result in different effects of N addi-
tion on microbial biomass and EEAs in the rhizosphere
soil as compared to the bulk soil. In particular, we
expected N addition to lower microbial biomass and
EEAs in the rhizosphere soil through reduction of C-
supply via root education; whereas in the bulk soil, N
addition would have a weaker effect on microbial bio-
mass and EEAs because of the relative low C availabil-
ity which would constrain microbial growth and
metabolism.

Materials and methods
Study site

This study was conducted at the Field Research Station
of Alpine Shrubland Ecosystems located in Songpan
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County, Sichuan Province (32°59'N, 103°40'E,
3300 m a.s.l.). This region has a typical alpine climate,
and the average annual temperature and precipitation are
4.8 °C and 693.2 mm, respectively (Wang et al. 2017).
The plant community includes temperate and cold-
temperate vegetation, and the dominant plant species
was S. angustata in our study site (Table 1, Wang
et al. 2017). The soil is classified as a Cambisol (IUSS
Working Group, WRB).

Experimental treatments

The N addition experiment was initiated in May 2012. A
randomized block design with three replicated blocks of
three treatments was established prior to the experiment:
control (no N fertilizer), low-N (50 kg N ha! yearﬁl),
and high-N (100 kg N ha ' year ). Each block included
three 5 x 5 m plots, and each plot was surrounded by 10-
m-wide buffer strips. An ammonium nitrate (NH4NO3)
solution has been sprayed onto the forest floor in 6 equal
doses in the first week of each month from May to
October (the growing season) each year since 2012.
For each N addition event, the fertilizer was weighed,
dissolved in 20 L of water, and sprayed evenly using
backpack sprayers. An equal volume of water was
sprayed on the control plots.

Soil and plant sampling

Soil was collected from each plot three times during
2017 (May, July and September). Sampling was con-
ducted one week before each N-treatment event. At each
sampling point, we collected five cores from each plot
with a 6-cm-diameter soil core (15-cm depth). The
living roots of S. angustata in each core were empiri-
cally identified by features that included shape, color,
and elasticity. The soil adhering to the roots was care-
fully separated from the roots using fine forceps. This
compartment was operationally defined as rhizosphere
soil, and nonadhering soil was considered bulk soil
(Phillips et al. 2011). The mass ratios of thizosphere soil
to bulk soil were approximately 1:4, 1:7, and 1:9 in the
control, low-N and high-N plots, respectively. All soil
samples were passed through a 2-mm-mesh sieve on site
and then transported to the laboratory on ice. Each soil
sample was divided into three subsamples: one was
stored at —20 °C for microbial biomass analysis, enzyme
activity analysis and DNA extraction, one was stored at
4 °C for available nutrients analysis, and one was air-
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dried for chemical analysis. Mature leaves of
S. angustata were randomly collected from 5 to 10
individuals in each plot in July 2017 and then mixed
to form a sample for each plot. For elemental analysis,
the sample from each plot was divided into 3 subsam-
ples. However, the values from the three subsamples per
plot were then pooled, and only the mean value per plot
was used in statistical analysis. All plant material was
oven-dried at 65 °C for 72 h and then milled to pass
through a 0.15-mm-mesh sieve. The root biomass was
weighed before milling.

The total C (TC) and N (TN) of the soil and plant
tissue were analyzed using an elemental analyzer (Vario
EL Cube, Elementar Corp., Germany). The plant tissue
P concentration was determined by the molybdenum
antimony colorimetric method after digestion with an
H,SO,4 + HCIO, solution (Liu 1996). Dissolved organic
C (DOC) in soil was extracted with 0.5 M K,SO, and
then determined on a TOC analyzer (Vario TOC cube,
Elementar Corp., Germany). Soil NH,* and NO5~ were
extracted by 2 M KCI (soil:solution = 1:5) and then
determined on a continuous flow injection analyzer
(SEAL Analytical, Germany). The dissolved inorganic
N (DIN) was the sum of NH,* and NO; . The soil
available P was extracted with Bray-I solution (0.03 M
NH4F - 0.025 M HCI) (Bray and Kurtz 1945) and then
measured using the same colorimetric method used for
total P determination.

Microbial nutrient concentrations

The concentrations of microbial biomass C, N and P
(MBC, MBN and MBP) were determined by the chlo-
roform fumigation method (Brookes et al. 1985). For
chloroform fumigation, twenty grams of fresh rhizo-
sphere and bulk soil from each treatment plot was fumi-
gated with ethanol-free chloroform for 48 h in the dark
before extraction. Subsamples of fumigated and
nonfumigated soil were shaken with 0.5 M K,SO, for
30 min (soil:solution = 1:5) (Vance et al. 1987). Extract-
able organic C and total N were determined simulta-
neously on a TOC analyzer (Vario TOC, Elementar
Corp., UK) after tenfold dilution of the extracts. The
remaining part of the fumigated and unfumigated soil
was extracted by Bray-I solution (soil:solution = 1:4),
and then the total P in the solution was determined by
the colorimetric method after digestion with 0.2 mL of
H,0; (30%, v/v) and 0.5 mL of HCIO4 (70%, v/v) (Wu
et al. 2000). MBC, MBN and MBP were calculated
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based on the differences of extractable organic C, total N
and TP between the fumigated and nonfumigated sam-
ples, respectively, and the values were corrected for
unrecovered biomass using a factor of 0.45 for MBC
and MBN and 0.40 for MBP (Jenkinson et al. 2004).
The C:N, C:P and N:P ratios of soil microbial biomass
were expressed on a molar basis.

Enzyme activity assays

The potential activities of one organic C-degrading en-
zyme (p3-1,4-glucosidase, BG), two organic N-
degrading enzymes (;-leucine aminopeptidase, LAP;
[3-N-acetylglucosaminidase, NAG) and one organic P-
degrading enzyme (acid phosphatase, AP) were mea-
sured to evaluate the microbial nutrient status
(Sinsabaugh et al. 2009). The specific functions of each
enzyme are shown in Table 1. The EEAs were deter-
mined within 1 week after field sampling using a fluo-
rometric microplate assay with 4-methyl-umbelliferyl-
substrate conjugate (Saiya—Cork et al. 2002). The assay
was conducted by homogenizing 2.00 g of soil in
125 mL of 50 mM sodium acetate buffer (pH=5.0) in
a homogenizer for 1 min to form a slurry. Black 96-well
microplates were used for fluorometric analysis. Micro-
plates were assigned to six parts, including the sample
assay, sample control, quench control, reference stan-
dard, negative control, and blank wells. First, 200 pL of
buffer was pipetted into the blank, reference standard
and negative control wells. Second, 50 pL of buffer was
pipetted into the blank and sample control wells. Third,
200 puL of the soil slurry was pipetted into the sample
assay, sample control, and quench control wells, and
then 50 puL of 10 uM 4-methylumbelliferyl (MUB, for
BG, NAG and AP enzyme analysis) or 7-amino-4-
methylcoumarin (AMC, for LAP enzyme analysis)
was pipetted into the reference standard and quench
standard wells. Finally, 50 uL of the corresponding
substrate (200 M) was pipetted into the negative con-
trol and sample assay wells. There were eight replicate
wells for each enzyme per soil sample. After incubation
for 4 h at 25 °C in the dark, 10 pL of 1 M NaOH was
added to each well to terminate the reaction. The micro-
plates were scanned on a Varioskan Flash multiplate
reader (Thermo Scientific, USA) using a 365-nm exci-
tation filter and 450-nm emission filter. EEAs are
expressed in nmol MU g™ soil (dry weight) h™'. The
C:N, C:P and N:P stoichiometric ratios of extracellular
enzymes are expressed as Ln(BG):Ln(LAP+NAG),

Ln(BG):LN(AP) and Ln(LAP+NAG):Ln(AP)
(Sinsabaugh et al. 2009).

DNA extraction and quantitative PCR

In this study, we also measured the bacterial/fungal gene
abundance and the ratios of fungi to bacteria (F:B ratio)
in the rhizosphere and bulk soils to monitor the change
of microbial community under N addition. DNA was
extracted from 0.25 g of soil using MoBio Power Soil
DNA isolation kits (MoBio Laboratories, CA, USA).
DNA concentration was measured using a NanoDrop
spectrophotometer (NanoDrop, DE, United States) and
agarose gel electrophoresis (1% w/v in TAE), followed
by storage at —20 °C prior to amplification. Quantitative
PCR (qPCR) was utilized to quantify the gene copy
numbers of bacterial 16S rRNA and fungal ITS rRNA
using the primer pairs 515F/909R and ITS7F/ITS4R,
respectively (Li et al., 2014; Schulz et al., 2018). Each
10-pL reaction contained 5 pL of SybrGreen (2x) PCR
Master Mix (Bio-Rad, USA), 0.5 uL of each primer (10
pM), 2 uL of DNA template and 2.5 uL of sterilized
water. Bacterial 16S rRNA amplification was performed
at 95 °C for 5 min, followed by 40 cycles of 95 °C for
30 s, 55 °C for 30 s, and 72 °C for 30 s, with a final
extension cycle for 8 min at 72 °C. The qPCR standards
for quantification were prepared from PCR products of
target genes from environmental DNA with each primer
set using the method described by Hou et al. (2010).
Each sample was tested with four replicates. The ampli-
fication efficiencies of the 16S rDNA gene and ITS gene
were 90% and 92%, respectively, with R? values higher
than 0.99, and no signals were observed in the negative
controls. The F:B ratio was calculated based on the gene
copy numbers of fungi and bacteria.

Statistical analyses

Data were transformed to meet the assumptions of nor-
mality and variance homogeneity when necessary. One-
way analysis of variance (ANOVA) with Tukey’s hon-
estly significant difference (HSD) test was performed to
test the effects of N addition on nutrient concentrations
and their stoichiometric ratios in plants (roots and
leaves) and in soils (rhizosphere and bulk soils). The
effects of N addition on microbial and enzymatic pa-
rameters in the rhizosphere and bulk soil during the
growing season were analyzed using repeated measures
ANOVA with mixed-effect models. We included the
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dependent factors (season and soil compartment) and
the independent factor (N doses) as fixed effects and the
factor “block™ as a random factor in the models (Fig. 1
and Fig. 2). Post-hoc comparisons among N-treatment
plots were made using Tukey’s HSD test. Pearson cor-
relations with P-values adjusted by Bonferroni correc-
tion were calculated to identify the stoichiometric rela-
tionships between plant nutrients, available nutrients,
microbial biomass, and extracellular enzymes in the
rhizosphere and bulk soils. All analyses were conducted
using SAS 8.0 for Windows (SAS Institute Inc., Cary
NC, USA). Graphic illustrations were generated using
Origin 8.0 software (OriginLab Corporation, Northamp-
ton, MA, USA). Statistically significant differences
were identified at P < 0.05 unless otherwise stated.

Rhizosphere Bulk soil

Results

Nutrient concentration and stoichiometry in plants
and in two soil compartments

A survey conducted in 2013 (Wang et al. 2017) showed
that N addition had no significant effect on plant com-
munity structure, but N addition significantly increased
the total biomass of S. angustata and grass (both above-
ground and belowground; P = 0.04; Table 2). Neverthe-
less, the foliar biomass of S. angustata did not increase
significantly (Table 2). N addition significantly in-
creased the foliar N and P concentrations, leading to a
significant decrease in the foliar C:N ratio but an in-
crease in the foliar N:P ratio (all P<0.05; Table 2).

Rhizosphere Bulk soil
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Fig. 1 Effects of N addition on microbial biomass C, N and P (a-
¢) and their stoichiometric ratios (d-f) in the rhizosphere and bulk
soils of an alpine shrubland during the sampling period (May, July
and September 2017). Values are the means; bars are +£1 SE (n=
3). The concentrations and ratios of microbial elements (C, N and
P) were expressed on a molar basis. The abbreviations “S”, “N”,
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“T”, “SxN”, “Sx T, “N x T” and “S x N x T indicate the indi-
vidual and interactive effects of soil compartment (“S”, rhizo-
sphere vs. bulk soils), N addition (“N”, control, low-N and high-
N: 0, 50, and 100 kg N ha™" yr ', respectively), and sampling time
(“T”). P<0.05: “*”; P<0.01: “**7; P<(0.00]: %>
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Fig. 2 Effects of N addition on the activity of activity C-, N-, and
P-degrading enzymes (a-d) and their stoichiometric ratios (e-f) in
the rhizosphere and bulk soils during the sampling period (May,

July and September 2017). Values are the means; bars are +£1 SE
(n=3). The abbreviations “S”, “N”, “T”, “S x N, “S x T”, “N x

There was a significant increase in the root N concen-
tration but a decrease in the root P concentration (both
P <0.05), which caused a significant increase in the root
N:P ratio (P=0.02) (Table 2).

The chemical and biological characteristics of the
rhizosphere soil were significantly different from those
of the bulk soil as the rhizosphere soil had significantly
higher concentrations of TC, DOC, and available P and
a higher C:N ratio than the bulk soil (Table 3). Addi-
tionally, rhizosphere and bulk soils differed in their
responses to N addition. In the rhizosphere soil, the
DIN concentration increased by 40% (P=0.01) and
the TC decreased by 16% (P=0.03) in the high-N
addition plots relative to the control plots, whereas N
addition caused only a slight increase in DIN and a 30%
increase in TC in bulk soil (Table 3). DOC was consis-
tently high and was not affected by N application in the

T” and “S x N x T” indicate the individual and interactive effects
of soil compartment (“S”, rhizosphere vs. bulk soils), N addition
(“N”, control, low-N and high-N: 0, 50, and 100 kg N ha-1 yr-1,
respectively), and sampling time (“T”). P<0.05: “*”; P<0.01:
i P (.00]:

rhizosphere, whereas its concentration in bulk soil was
significantly decreased by N addition (Table 3). In con-
trast, available P was not significantly affected by N
addition in either rhizosphere o bulk soil (Table 3).

Microbial biomass and nutrient stoichiometry

N addition had a significant effect on microbial biomass in
the rhizosphere soil but not in the bulk soil. For the
rhizosphere soil, N addition significantly increased the
microbial biomass C (P=0.01) and P (P=0.01), and the
increases were most pronounced in the middle of the
growing season and less pronounced in the early and late
of the growing season. The same tendency, although not
significant, was observed for microbial N (Fig. 1a-c). The
mean values of microbial biomass C, N and P in the high-
N plots increased by 39%, 34% and 23%, respectively,
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Table 2 Basic information of the community structure, plant
biomass and nutrient characteristics in an alpine shrubland on the
eastern Qinghai-Tibet Plateau. The plant community and biomass
were surveyed in August 2013 (Wang et al. 2017). The leaf and
root samples were collected in July 2017 (after 5 years of N
addition). Values are the means (1 SE), n=3. Plant nutrient data

are based on dry weights (65 °C). The concentrations and ratios of
plant elements (C, N and P) were expressed on a molar basis. The
control, low-N and high-N treatment plots received 0, 50, and
100 kg N ha™' yr™!, respectively. Different lowercase letters in the
same row indicate statistically significant differences between

treatments at P < 0.05

Category Observation Control Treatment High-N
Low-N
Basic properties of shrubland community ~ Coverage (%) 53 (6)a 58(3)a 63 (4)a
structure (S. angustata)’ Basal diameter (cm) 0.6200.100a  0.59(0.04) a 0.58(0.11) a
Height (m) 1.03(0.07) a 1.01(0.03) a 0.98(0.05) a
Plant biomass of shrubland comrnuni'fy§ Shrub total biomass (kg m?) 8.10 (0.45) a 9.33(0.42) ab 9.97 (0.30) b
Shrub foliar biomass (kg m?) 0.65(0.01) a 0.66 (0.06) a 0.69 (0.02) a
Grass total biomass (kg m?) 0.33(0.03) a 0.92(0.09) b 0.92(0.08) b
Leaves of S. angustata C (mol kgfl) 41.67 (0.08) 41.41 (0.46) 41.08 (0.47)
N (mol kg " 1.90 (0.05) a 2.14 (0.00) ab 2.51 (0.06) b
P (mol kg ) 0.053 (0.002) a  0.061 (0.001) ab  0.068 (0.001) b
CN 21.93(0.57)a  19.35(0.26) b 16.37 (0.34) b
N:P 38.00 (1.62)a  35.67 (0.48) b 35.86 (0.68) b
Fine root of S. angustata Fine root biomass (g dry mass mﬁz) 1740(220) a 1560 (70) a 1510 (160) a
C (mol kg ) 35.15(0.76)a  38.26 (0.45) a 36.71 (0.40) a
N (mol kg ) 1.09 (0.03) a 1.32(0.10) ab 1.40 (0.06) b
P (mol kg ") 0.016 (0.001)a  0.009 (0.002) ab  0.007 (0.001) b
CN 32.22(093)a 2937 (2.14)a 2627 (0.87) a
N:P 71.04 (7.02)a  101.33 (36.47)b 199.73 (13.95) b

compared to the control plots. Due to the concomitant
increases in microbial biomass nutrients, the rhizosphere

Table 3 Effects of N addition on soil physicochemical properties
in the rhizosphere and bulk soils in an alpine shrubland. The soil
samples were collected in May, July and September 2017 (after
5 years of N addition). Data are the mean values (1 SE), n=3. TC:
total carbon; DOC: dissolved organic C; DIN: dissolved inorganic
N, NH,* plus NO3"; Soil C:N: the ratio of DOC to DIN; Soil C:P:
the ratio of DOC to available P; Soil N:P: the ratio of DIN to

microbial element ratios were not significantly affected by
N addition (all P> 0.05; Fig. 1d-f), and the mean C:N:P

available P. The concentrations and ratios of soil elements (C, N
and P) were expressed on a molar basis. Different uppercase letters
in the same column indicate statistically significant differences in
the control plots between the rhizosphere and bulk soils at
P <0.05. Different lowercase letters in the same column indicate
statistically significant differences between treatments at P < 0.05
in the rhizosphere or bulk soils

Soil N TC DOC DIN Available P Soil C:N Soil C:P Soil N:P
compartment  treatment mol kg ' mmol kg ' mmol kg™' mmol kg
Rhizosphere ~ Control ~ 9.11 (0.29A 2938 (1.36)  1.63(0.12) A 0.27(0.02) A 18.02 (1.80)  108.81 (19.49)  6.04(0.28) A

soil a Aa a a Aa Aa a
Low-N 8.46(0.33) 23.65(2.05a 226(0.12)b 0.28(0.01)a 10.46 (0.39)b 84.46 (18.61)b 8.07 (0.15)b
ab
High-N 7.68 (2.50)b 24.52 (1.77)a 2.28(0.18)b 0.29(0.01)a 10.75(0.33)b 84.55(10.11)b 7.86 (0.05) b
Bulk soil Control 6.10(0.43)B 16.86 (0.90) 1.23(0.08) B 0.21(0.01) B 13.71 (1.62) 80.29 (11.10) B 5.86(0.82) A
a Ba a a Ba a a
Low-N 8.04 (0.52) b 14.35(1.15) 1.53(0.09)b 0.21(0.01)a 9.38(1.09)b 6833 (15.04)a 7.89 (0.62)
ab ab
High-N 8.65(0.09) ¢ 12.67(093)b 1.68(0.18)b 0.20(0.01)a 7.54(0.94)b 83.35(5.73)a 8.40(0.41)b
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ratio was approximately 45 (£3):10 (£ 0.3):1 (£ 0.7) across
treatment plots. In contrast, for the bulk soil, the microbial
biomass C, N and P and their C:N:P stoichiometry were
not significantly changed by N addition (all P> 0.05; Fig.
1). The mean C:N:P ratio in the bulk soil across treatment
plots was approximately 47 (+2):11 (+ 0.3):1 (£ 0.4).

Extracellular enzyme activities (EEAs) and enzyme
stoichiometry

The effects of N addition on EEAs and enzymatic C:N:P
stoichiometric ratios were different in the rhizosphere
and bulk soils. Compared to enzymatic stoichiometric
ratios (C:N, C:P and N:P), the N-effect on the absolute
values of enzyme activity was almost greater and the
significance level was greater in the rhizosphere soil
than in the bulk soil. Specifically, in the rhizosphere
soil, N addition significantly increased the activities of
C-acquiring enzymes (BG; P=0.02; Fig. 2a) and P-
acquiring enzymes (AP; P <0.001; Fig. 2d) during the
growing season. While the effect of N addition on the
activity of N-acquiring enzymes (NAG and LAP) was
not significant (P =0.183 and P=0.097 for the NAG
and LAP, respectively; Fig. 2b, ¢), LAP activities also
had a tendency to increase with N dose (Fig. 2b). Cor-
responding to the changes in MBC and MBP in the
rhizosphere, the increase in BG and AP activities was
most pronounced in the middle of the growing season
and less pronounced in the early and late of the growing
season (Fig. 2a, d). LAP activity also showed a similar
tendency during the sampled seasons (P =0.34), al-
though the change without statistical significance. The
mean BG activity was 28% higher in the high-N plots
than in the control plots, while the mean AP activity
increased by 48% and 69% in the low-N plots and high-
N plots, respectively, compared to the control plots. The
enzyme C:P (P<0.001) and N:P (P =0.004) ratios sig-
nificantly decreased with increasing N input over time
(Fig. 2f, g). The mean enzyme C:P ratio decreased from
1.20+0.02 in the control plots to 1.09 + 0.01 in the high
N plots. The mean enzyme N:P ratio decreased from
0.99 +0.01 in the control plots to 0.90 + 0.01 in the high
N plots.

In the bulk soil, N addition had no significant effect
on the activities of N- and P-degrading enzymes
(P>0.05; Fig. 2b-d) but significantly increased the
BG enzyme activity (P=0.02) during all seasons (Fig.
2a). The BG activity showed an increase of 35% in the
high-N plots compared to the control plots. N addition

significantly increased the enzyme C:N ratio (P =0.014)
and C:P ratio during all seasons (P =0.025; Fig. 2e, f).
The mean enzyme C:N ratio increased from 1.20 +0.02
in the control plots to 1.27+0.01 in the high N plots.
The mean enzyme C:P ratio increased from 1.26 +0.02
in the control plots to 1.31£0.02 in the high N plots.

Microbial gene abundance and F:B ratio

Analysis of bacterial/fungal gene abundance was per-
formed the soil collected in the middle of the growing
season (July) because soil microbes are most active
(highest microbial biomass and enzyme activities,
Figs.1 and 2) at this time due to optimal environmental
conditions. The response patterns of bacterial gene
abundance to N addition were consistent with the re-
sponse pattern of microbial biomass, showing a positive
effect of N addition in the rhizosphere but no effect in
bulk soil (Fig. 3a). In the rhizosphere, bacterial gene
abundance was greatest in the high-N addition plots
(P=0.01), but fungal gene abundance was not affected
by N addition (P>0.05; Fig. 3b). The F:B ratio de-
creased after the addition of N (P=0.02; Fig. 3c). In
contrast, N addition had no effect on either bacterial or
fungal gene abundance or the F:B ratio in the bulk soil.

Relationships between aboveground and belowground
stoichiometry

The aboveground stoichiometric ratios, to some extent,
were closely correlated with rhizosphere stoichiometric
ratios (Table 4). Following the increase of N addition,
the N:P ratios of the leaves and roots had positive
relationships with the rhizosphere soil N:P ratio (the
correlation coefficients (r) were 0.883 and 0.828, re-
spectively, with P=0.02 and P=0.04). The enzyme
N:P ratio was negatively correlated with the microbial
N:P ratio (r=—0.859; P=0.03) and soil N:P ratio in the
rhizosphere soil (r=—-0.880, P=0.01). In the bulk soil,
however, the soil C:N ratio was positively correlated
with the foliar C:N ratio (r=0.896; P=0.01) and neg-
atively correlated with the enzyme C:N ratio (r=
—0.879; P=0.02).

Discussion

The lack of data on rhizosphere stoichiometry in re-
sponse to N addition limits our further understanding
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Fig. 3 The abundance (10° copies g ' dry soil) of total bacterial
genes (16S) and fungal genes (ITS) and the ratio of fungi to
bacteria (F:B) in the rhizosphere and bulk soils of an alpine
shrubland site after five years of experimental N addition. For
analysis of bacterial/fungal gene abundance, soil samples collected

of plant—microbe interactions associated with
ecosystem-level processes under N deposition (Bell
et al. 2014). Here, we started to close this gap and
provided direct evidence that N addition has differenti-
ated effects on the stoichiometric ratios of microbes and
extracellular enzymes between rhizosphere and bulk
soils and depends on their relationships with above-
ground stoichiometry in an alpine shrubland ecosystem
dominated by S. angustata (Fig. 4). In the rhizosphere
soil, N addition increased the microbial biomass C, N
and P concentrations and induced greater AP enzyme
activity (relative to C- and N-degrading enzyme activi-
ties), resulting in a lower enzyme N:P ratio. Meanwhile,
the significant negative relationships between the rhizo-
sphere enzyme N:P ratio and the N:P ratios of plant
tissues, rhizosphere soil and microbes under N addition
suggest that the mitigation of N limitation of plant and
microbes may enhance the P demand of S. angustata
and the rhizosphere microbial community and then ag-
gravates P limitation in the rhizosphere soil. On the
contrary, in the bulk soil, N addition had no significant
effect on the microbial biomass C, N and P or their
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in the middle of the growing season (July) in 2017 were used.
Different uppercase letters denote a significant difference
(P <0.05) between the rhizosphere and bulk soils, and different
lowercase letters denote a significant difference (P <0.05) be-
tween treatments in the rhizosphere or bulk soils

stoichiometry but significantly enhanced C-degrading
enzyme activity and the enzyme C:N ratio. The enzyme
C:N ratio was negatively correlated with the soil C:N
ratio following N addition, suggesting that N addition
may aggravate microbial C limitation in bulk soil. Pre-
vious studies have revealed the close relationship be-
tween enzyme stoichiometry and microbial nutrient lim-
itation. For example, the enzyme N:P ratio decreased
from 1.73 to 1.49 following an increase in DIN concen-
tration, suggesting that microbial nutrient limitation
shifted from N to P limitation (Fanin et al. 2016).
Waring et al. (2014) found that in tropical soils, which
are characterized by relatively low P bioavailability, the
enzyme C:P and N:P ratios (0.21 +0.05 and 0.13 £0.05
for the C:P and N:P ratios, respectively) were lower than
those in the temperate soils (Sinsabaugh et al. 2008) and
the soils in our current study. Similarly, in neighboring
alpine ecosystems, the enzyme N:P ratios in rhizosphere
soils decreased from 0.63+0.98 to 0.15+0.15 as the
elevating of altitudes, suggesting that microbial P limi-
tation was gradually enhanced and thus soil microbes in
high-altitude ecosystems will be more vulnerable to
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Table 4 Pearson’s correlation coefficients for plant tissue stoichi-
ometry and belowground stoichiometry (soil nutrients, microbial
biomass nutrients, and extracellular enzymes) between the rhizo-
sphere and bulk soils for all treatment plots. Pearson correlation

coefficients with significance at P <0.05 for the rhizosphere and
bulk soils are presented outside and inside parentheses, respective-
ly. “NS” indicates a nonsignificant relationship between two
factors

Enzyme  Enzyme MBC:N MBC:P MBN:P Soil C:N Soil Soil Foliar Foliar Root Root
C:P N:P C:P N:P C:N N:P C:N N:P
Enzyme NS NS NS NS NS NS NS NS NS NS NS NS
CN (NS) (NS) (NS)  (NS) (NS)  (-0.879) (NS) (NS) (NS) (NS) (NS) (NS)
Enzyme  0.866 NS 0.860 0.845 NS NS -0.905 NS NS NS NS
CP (NS) (NS)  (NS) (NS) (NS) (NS)  (NS) (NS) (NS) (NS) (NS)
Enzyme NS NS —0.859 NS NS —0.880 0.844 -0.849  0.650  —0.664
N:P (NS)  (NS) (NS) (NS) (NS)  (NS) (NS) (NS) (NS) (NS)
MBC:N NS NS NS NS NS NS NS NS NS
(NS)  (NS) (NS) (NS)  (NS) (NS) (NS) (NS) (NS)
MBC:P NS NS NS NS NS NS NS NS
(NS)  (NS) (NS)  (NS) (NS) (NS) (NS) (NS)
MBN:P NS NS 0.890 NS NS NS —0.865
(NS) (NS) (NS) (NS) (NS) (NS) (NS)
Soil C:N NS NS NS NS NS NS
(NS)  (NS)  (0.896) (NS) (NS) (NS)
Soil NS NS NS NS NS
C:P  (0.881) (NS) (NS) (NS) (NS)
Soil NS 0.883 NS 0.828
N:P (NS) (NS) (NS) (NS)
Foliar -0.936 NS NS
CN  (0.936) (NS) (NS)
Foliar NS NS
NP (NS) (NS)
Root —0.941
CN  (-0.941)
Root
N:P

nutrient imbalance under excess N addition (such as N
deposition or fertilization) (Cui et al. 2019).

It should be noted that the level of N addition in the
current study was 3- and 5- fold higher than the maxi-
mum of background N deposition in this region. The N-
treatment level was chosen for the following three rea-
sons: (1) the low-N treatment was chosen to study the
ecological consequences of alpine shrubland ecosys-
tems beyond the maximum “critical load threshold”
(50 kg N ha! yr_l, Zhu et al., 2015); (2) since a
cumulative effect of N addition (or low-level N deposi-
tion) can drive N-limited ecosystems to gradually be-
come N-saturation ecosystems (e.g., Emmett et al.,
1998; Templer et al., 2007; Blanes et al., 2013), high-
N addition can mitigate the N-limitation of alpine shrub-
land ecosystems in a shorter time; and (3) the two levels
of N addition were a useful comparison with those in

many previous N fertilization experiments conducted in
various ecosystems (Xiao et al., 2018; Zhou et al. 2017).

Effects of N addition on microbial biomass
and stoichiometry in the rhizosphere and bulk soils

The increase in microbial biomass in the rhizosphere
was unexpected since it was contrary to our hypothesis
that it would decrease due to decreased root-C exudation
under an elevated N supply. Previous studies showed
that N addition has positive, neutral, and negative effects
on the rhizosphere microbial biomass in temperature
forests (Drake et al. 2013; Phillips et al. 2011; Carrara
et al. 2018). The differing results suggest that various
factors, e.g., soil C availability, the imbalanced C:N
stoichiometry between microbes and resources (root
exudates), the different response of microbial
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Fig. 4 Conceptual framework of the effects of nitrogen input on
microbial biomass and enzymatic activities and the relationship
between aboveground and belowground stoichiometry in the rhi-
zosphere (a) and bulk soils (b) of an alpine shrubland. The red
numbers with plus signs indicate the increases in parameters

communities (bacteria vs. fungi), mycorrhizal infection,
and root exudation rate, may control rhizosphere mi-
crobes in response to N addition. One possible reason
for the increase in rhizosphere microbial biomass with N
addition observed in the current study is that the rhizo-
sphere environment is characterized by a surplus of
casily available C, which results in strong nutrient lim-
itation rather than C limitation for rhizosphere microbes
(Kuzyakov 2002). This finding was supported by our
observation that the DOC concentration and soil C:N
ratio (DOC:DIN) were higher in the rhizosphere soil
than in the bulk soil (Table 3). The literature clearly
indicates that rhizosphere microbes are able to acquire
enough N to support the synthesis of additional biomass
and exoenzymes, which have a low C:N ratio and thus a
high N requirement (Elser et al. 2000; Sterner and Elser
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(expressed in percentages) in the high-N addition plots relative
to the control plots, while the green numbers (with minus signs)
indicate the decrease in parameters. “NS” indicates no significant
difference between the high-N addition and control plots

2002; Cleveland and Liptzin 2007). In this case, N
addition can relieve the imbalanced C:N stoichiometry
between microbes and root exudates and then stimulate
microbial activity, which is similar to the findings of
other studies (Waldrop et al. 2004; Zhou et al. 2017).
Another possible reason is that the additional N allevi-
ated N limitation of microbial growth in the rhizosphere,
which is rich in bioavailable labile C but not N, which is
taken up by plants as a nutrient. It has been widely
confirmed that different microbial groups have different
nutrient preferences, with bacteria preferring to utilize
labile C and N pools and their growth and activity
reaching maximum values in soils with high nutrient
content and fungi showing greater competition in
decomposing substrates with low N availability (Fierer
et al. 2007; Ramirez et al. 2012). Our results were
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similar to those of previous studies that showing a
significant positive effect of N addition on bacterial
biomass (most likely copiotrophic bacteria; Cusack
et al. 2011; Ramirez et al. 2010). Although the labile C
pool size and net C mineralization were not measured in
this study, we found that N addition significantly de-
creased the total C concentration in the rhizosphere soil
(Table 3), which means that microbes (mainly bacteria)
may consume other labile C sources in the rhizosphere
soil. Further research is needed to elucidate the linkages
among SOC pools (e.g., light vs. heavy fraction or labile
vs. recalcitrant fraction), C fluxes and microbial com-
munity structure in the rhizosphere and bulk soils as
well as their responses to N addition.

However, in the bulk soil, N addition did not signif-
icantly affect the microbial biomass, which was mir-
rored by the pattern of microbial gene abundance in
the fertilized and unfertilized bulk soils (Fig. 3). The
most likely reason for the absence of a microbial re-
sponse to N addition in the bulk soil was the enhanced C
limitation in the microbial community induced by in-
creased N availability (Rappe—George et al. 2017; Chen
et al. 2018). This was supported by our finding that the
decrease in DOC and the soil C:N ratio due to increased
N input was more pronounced in the bulk soil than in the
rhizosphere soil under N addition (Table 3). Berg and
Matzner (1997) has indicated that when labile C pools
are depleted or the soil C:N ratio is close to the microbial
C:N ratio, the response of microbial biomass to long-
term N addition is neutral or even negative. The molar
ratios of C:N:P in the microbial biomass remained con-
stant (homeostatic) despite large changes in the rhizo-
sphere and bulk-soil nutrient ratios due to N addition
(Fig. 1). These results suggest that soil microbial com-
munities, to some extent, can maintain stoichiometric
homeostasis under changes in resource nutrient status.
To maintain elemental homeostasis, microbes can alter-
natively adjust their extracellular enzyme production to
maximize the mobilization of substrates rich in the
limiting elements (Mooshammer et al. 2014b). This
was also observed in this study, where enhanced AP
activity resulted in a decrease in the enzymatic N:P ratio
in rhizosphere soil and enhanced BG activity resulted in
an increased in enzyme C:P ratio in bulk soil because the
corresponding enzymes that hydrolyzed nonlimiting N
and P, respectively, were not concomitantly increased
(Fig. 4). In accordance with other studies (Allison and
Vitousek 2005; Marklein and Houlton 2012), the ob-
served negative correlations of soil and microbial

biomass stoichiometry (N:P in rhizosphere, C:N in bulk
soil) can be explained by a selective increase in the
enzymatic activities hydrolyzing the rarer, limiting
element.

Effects of N addition on extracellular enzyme activity
and stoichiometry in the rhizosphere and bulk soils

As mentioned above, the divergent effects of N addition
on extracellular enzyme activity between the rhizo-
sphere and bulk soils were strongly dependent on the
changes in microbial nutrient demand. In the rhizo-
sphere soil, AP enzyme activity was more significantly
stimulated by N addition relative to the activities of
other classes of enzymes, leading to lower enzyme C:P
and N:P ratios (Fig. 4a). This result was consistent with
the results of previous studies (Dalmonech et al. 2010;
Turner and Wright 2013) and large-scale meta-analyses
(Deng et al. 2017; Marklein and Houlton 2012). Mean-
while, we found that the microbial biomass P concen-
tration and bacterial gene abundance were correspond-
ingly increased by N addition. This finding supports the
view that the fast growth of bacteria requires large
amounts of P because P is one of the essential elements
for the synthesis of the bacterial cell wall (i.e., phospho-
lipid fatty acids) and RNA nucleotides (Elser et al.
2000). Moreover, we found that significantly negative
relationships between the enzyme N:P ratio and the N:P
ratio of plant tissues, soil and microbes following N
addition, which further suggests that N addition can
stimulate the growth of plants and microbes and conse-
quently aggravate competition between plants and mi-
crobes for available P (Kuzyakov and Xu 2013). As a
consequence, microbes need to produce more phospha-
tase to stimulate P mobilization in the context of N
enrichment (Li et al. 2016; Deng et al. 2017). There
were two pieces of evidence to support this inference in
this study: (1) the total plant biomass of S. angustata
increased gradually with the increasing N level; and (2)
The plant N pool (foliar N content + root N content) was
increased from 19.92+0.90 kg N m > to 24.69 +
1.90 kg N m 2 with the increasing N level. However,
regardless of the difference in P allocation between
leaves and fine roots, the plant P pool (foliar P content
+ root P content) was not significantly affected by N
addition, ranging from 1.24+0.11 kg P m % to 1.51+
0.18 kg P m 2 among the treatment plots. As a conse-
quence, the fine root and foliar N:P ratios were increased
by N addition. The imbalance in soil availability of N
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and P under greater N input stimulates plants to take up
more N for biomass production but limits their P uptake.
This increases their demand for phosphorus and further
induces P limitation, resulting in negative feedback on
plant growth in response to the increase in foliar N
concentration under N addition (Li et al. 2016; Deng
et al. 2017). Although the fine root biomass and P
concentration did not significantly increase with N ad-
dition, the coarse root biomass significantly increased
from 3.18 £0.01 gm 2 to 4.98 +0.02 g m 2 at our study
site (P=0.02; Wang et al. 2017), suggesting that the
function of roots shifts from nutrient absorption to nu-
trient transport under N addition (Zadworny et al. 2017,
Ostonen et al. 2017). This may explain the significant
shift in P allocation from fine roots to leaves under
elevated N input (Table 2). We recognize that using
plant biomass data from an earlier study may underesti-
mate the changes in plant nutrient pools due to the
lagging response of plants as compared to a relative
faster response of microbes. Additionally, the cumula-
tive effect of consecutive N application every year ex-
acerbates differences since plots had received less N
over the years at the time of plant harvest than at the
time of soil and enzyme measurements. Thus, longer-
term monitoring of plant and microbial responses at the
sample site is needed in future studies.

In the bulk soil, N addition selectively enhanced C-
degrading activity (BG enzyme), while significant
changes were not observed in the N- and P-degrading
enzyme activities. As a result, the enzyme C:N ratio was
significantly increased by N addition (Fig. 4b). The
positive effects of N addition on C-degrading enzymes
have been confirmed in many studies (Keeler et al.
2008; Cusack et al. 2011; Midgley and Phillips 2016).
Furthermore, the enzyme C:N ratio was negatively cor-
related with the soil C:N ratio following N addition but
independent of the plant C:N ratios. Previous studies
showed that plant materials are the major N resource for
microbial decomposers in litter and soil, thus plant C:N
ratios generally control microbial activity and enzymatic
production (Aneja et al. 2006; Moorhead et al. 2012).
Our finding suggests that the microbial nutrient demand
in the bulk soil switches from organic N to mineral N
and that the growth and activity of microbes is con-
trolled by soil C availability under N addition (Agren
et al. 2001; Mooshammer et al. 2014a, 2014b), which
reveals that increased N availability aggravated micro-
bial C limitation in the bulk soil of this alpine shrubland.
In this case, the microbes need to increase their
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investment in the production of C-degrading enzymes
relative to N- and P-degrading enzymes.

Conclusions and implications

Our results show contrasting effects of long-term N
addition on microbial biomass and EEAs between the
rhizosphere and bulk soils in an alpine shrubland. Here,
we propose a novel framework to identify the microbial
responses in the rhizosphere and bulk soils in this alpine
shrubland ecosystem. The complex plant-microbe-soil
interactions in the rhizosphere soil drive the responses of
rhizosphere enzyme C:N:P stoichiometry to N addition.
Due to the mitigation of plant and rhizosphere N limi-
tation after N input, plant and microbial P demands were
enhanced, which consequently caused more pro-
nounced enhancement of AP enzyme activity and a
decrease in enzyme C:P and N:P ratios in the rhizo-
sphere soil (Fig. 4a). In contrast, the aboveground stoi-
chiometry (leaf and root) had no significant correlation
with the stoichiometry of the microbes and enzymes in
the bulk soil. The improved N availability significantly
enhanced the C-degrading enzyme activity and induced
a higher enzyme C:N ratio (Fig. 4b). Specifically, our
findings suggest that elevated N deposition may aggra-
vate P limitation in the rhizosphere soil while aggravat-
ing microbial C limitation in the bulk soil, which con-
sequently leads to different feedbacks in C-N-P cycles
between the rhizosphere and bulk soils. Previous studies
conducted in different ecosystems (subalpine, tempera-
ture and tropical forests) showed that the response of
microbial metabolism and activity to N-addition is high-
ly dependent on inherent ecosystem parameters that
differ between the contrasting ecosystems (such as tem-
perature, humidity, soil initial N status, soil C availabil-
ity, soil nutrient ratios and colonization of mycorrhizal
fungi) (Boot et al. 2016; Carrara et al. 2018; Wang et al.
2018; Corrales et al. 2017). However, it must be noted
that most of the above-mentioned studies took the min-
eral soil in its entirety and did not differentiate between
rhizosphere and bulk soils; thus, potential differences
between rhizosphere and bulk soil (as discovered in this
study) remained undetected. Therefore, further elucida-
tion of the differential responses of biogeochemical
processes between the rhizosphere and bulk soils and
their underlying mechanisms in various ecosystems un-
der long-term high N deposition should be considered a
priority in future studies to deepen our mechanistic
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understanding of plant-soil interactions and associated
ecological consequences. Given that rhizosphere pro-
cesses are quantitatively important components of ter-
restrial carbon and nutrient cycles, our findings also
highlight the need to incorporate rhizosphere processes
into biogeochemical models to better predict ecosystem
feedbacks under global changes (Finzi et al. 2015; Goll
etal. 2012).
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