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ABSTRACT

Microbial elements use efficiencies are the important parameters in regulating soil carbon (C) and nitrogen (N)
mineralization processes. Microbial C use efficiency (CUE) describes the proportion of C used for growth relative
to the total organic C uptake. As such, high CUE values mean relatively less CO, emission and more C retention in
microbial biomass. Similarly, a higher microbial N use efficiency (NUE) indicates efficient biomass N seques-
tration and less N mineralization. However, very little is known how the microbial CUE and NUE are affected by
N enrichment in forest soils. Here, we studied soil microbial CUE and NUE simultaneously using 80-water tracer
approach in a long-term N addition experiment comprising control (atmospheric N deposition, 2.7 g N m2 yr’l),
low N addition (atmospheric N deposition + 2.5 g N m~2 yr™!) and high N addition (atmospheric N deposition +
7.5 g Nm~2 yr!) in a temperate forest. We found microbial CUE responses to N addition were dependent on N
addition rates and soil horizons. Specifically, low N addition significantly increased the microbial CUE by
45.12% while high N addition significantly reduced it by 27.84% in organic soil. Further, mineral soil microbial
CUE did not change under low N addition but significantly increased by 133.18% under high N addition. We also
found microbial NUE decreased with increasing N addition rate in organic soil but showed an opposite pattern in
mineral soil. The stoichiometric imbalances associated with phosphorus between microbial biomass and re-
sources and the microbial community changes under N addition were correlated with microbial CUE and NUE.
Further, N addition decreased microbial biomass turnover in organic soil but accelerated it in mineral soil.
Altogether, our results indicated that N addition could control soil C and N cycling processes by affecting mi-
crobial elements use efficiencies (i.e. CUE and NUE), which may consequently impact C and N sequestration in
this temperate forest soil.

1. Introduction

(Tian and Niu, 2015). Importantly, the abundance and diversity of mi-
crobial communities could also be depressed under excess N deposition

Reactive nitrogen (N) deposition on the Earth’s surface is increasing
since the industrial revolution (Vitousek et al., 1997; Galloway et al.,
2008). Because N is an essential element that can limit the growth of
living organisms in the terrestrial ecosystems (Vitousek and Howarth,
1991; Du et al., 2020), the increase of N deposition could alleviate N
limitation and increase net primary productivity as well as carbon
storage in some ecosystems (Quinn Thomas et al., 2009). However,
excessive N input may cause some adverse ecological effects, such as
reducing plant diversity (Bobbink et al., 2010), decreasing microbial
biomass (Treseder, 2008), acidifying aquatic and terrestrial ecosystems

(Wang et al., 2018; Xia et al., 2020; Zhou et al., 2020), which may
impact the fundamental community and ecosystem processes (Jones
et al., 2014; Crowther et al., 2019). But how microorganisms will
respond and adapt to the new N rich environment, for instance, by
adjusting their activities and anabolic processes, is not well understood.

Microbial growth and elements use efficiencies have been considered
as the critical physiological parameters in regulating soil carbon storage
(Frey etal., 2013; Kallenbach et al., 2016; Liang et al., 2017). Since some
recent studies indicated that a substantial proportion of soil organic
carbon (SOC) is derived from microbial products (Miltner et al., 2012;
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Kallenbach et al., 2016; Wang et al., 2020), an increase in microbial
biomass could potentially result in more C sequestration in the soil
(Cotrufo et al., 2013). The partitioning of C consumed by soil microbes
for growth and energy production can be described by carbon use effi-
ciency (CUE) (Manzoni et al., 2012). Studies have shown that microbial
communities with high CUE generally have lower C loss and more C
converted to biomass, which is potentially beneficial for the storage of C
derived from microbial necromass in soils (Kallenbach et al., 2016;
Prommer et al., 2019). Some C cycling models that consider microbial
CUE have shown better SOC prediction performance under global
changes than the ones without this parameter (Allison et al., 2010; Frey
et al., 2013).

In addition, microbial N use efficiency (NUE), which is also crucial
for soil organic matter and nutrient cycling, has not been well studied
(Mooshammer et al., 2014a; Zhang et al., 2019). Microbial NUE de-
scribes the proportion of organic N allocated to growth relative to ac-
quired N (Mooshammer et al., 2014a). Based on the theory of ecological
stoichiometry, the soil microbial biomass C:N ratio is generally con-
strained within a range to keep elemental homeostasis compared to the
resources used for growth (Sterner and elser, 2002; Cleveland and
Liptzin, 2007). Thus, microbial CUE and NUE are expected to interrelate
to the microbial biomass C:N ratio (Bc.ny) and the substrate C:N ratio (Sc:
~) by the mass balance equation Bcy = SC;N% (Mooshammer et al.,
2014a; Takriti et al., 2018). This equation suggests that microbes may
adjust their CUE, NUE or both when they encounter C or N limitation in
soil substrates. However, microbial CUE and NUE may not necessarily
change to the same extent because soil phosphorus or other elements
could constrain microbial growth.

Changes in soil N availability through atmospheric N deposition
could affect microbial CUE (Riggs and Hobbie, 2016; Spohn et al.,
2016b; Widdig et al., 2020). Most studies found that increasing N
enhanced microbial CUE which could be explained by several potential
hypotheses (Fig. S1). First, decline in soil pH induces by N addition may
decrease microbial respiration rate and thus increase microbial CUE if
microbial biomass remains constant or has few changes (Silva-Sanchez
et al., 2019). Second, microorganisms may need less C for metabolic
costs associated with N acquisition under N addition, resulting in more C
allocated to growth and increased microbial CUE (Manzoni et al., 2012).
Third, the N addition can shift the abundance and composition of mi-
crobial communities, indirectly changing the microbial community CUE
(Manzoni et al., 2012; Wang et al., 2018; Domeignoz-Horta et al., 2020;
Xia et al., 2020). For example, soil microbial communities dominated by
bacteria could have a higher CUE than ones dominated by fungi (Sil-
va-Sanchez et al., 2019; Soares and Rousk, 2019). Since N addition may
increase the proportion of bacteria in soil microbial community (Zhang
et al., 2018), the community CUE could increase due to the changes in
microbial community structure. Further, bacterial taxa have significant
CUE variations, and the changes in each taxon’s relative abundance in
bacterial community under N addition may shift the community CUE
(Yang et al., 2019; Pold et al., 2020).

Moreover, the N addition to the soil could greatly change soil N
mineralization process (Li et al., 2019), possibly affecting microbial NUE
and microbial N retention. Since soil microorganisms are generally
believed to be C limited for their growth based on the threshold element
ratio (TER) concept (Soong et al., 2019), microbial NUE is expected to be
unchanged or reduced under N addition, and more inorganic N would be
exuded to the soil environment (Mooshammer et al., 2014a). Studies
have also suggested that soil phosphorus cycling is changed by N addi-
tion (Deng et al., 2017), which could alter the C:N:P stoichiometry of soil
substrates. Suppose microbial communities require strict homeostasis.
In that case, a possible way to cope with the stoichiometric differences in
soil substrates (i.e. stoichiometric imbalance) under N addition is by
adjusting microbial elements use efficiencies, which is expected to cause
a strong correlation between the extent of microbial elements imbalance
and microbial elements use efficiencies. In summary, there are still open
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questions on the changes of microbial CUE and NUE under N addition as
well as the underlying mechanisms.

Here we used a long-term N deposition experiment in a temperate
forest ecosystem, which has been running for six years, to study the
effects of N addition on soil microbial CUE and NUE. We analyzed the
soil microbial community composition, enzyme activities, microbial
biomass elemental stoichiometric imbalances under N addition, and
their relationships with CUE and NUE in organic and mineral soils. We
hypothesized that i) soil microbial CUE in this temperate forest will
increase under N addition, while NUE will not change or decrease
slightly, ii) due to the differences in microbial community composition
and nutrient condition between organic and mineral soils, the responses
of microbial CUE and NUE to N addition in these two layers should be
different, and iii) microbial community structure and elemental stoi-
chiometric imbalances of microbial biomass would covary with the
changes in microbial CUE and NUE.

2. Materials and methods
2.1. Study site and experimental design

The N addition experiment was established in 2014 in a natural
Korean pine and broadleaf mixed forest in Jilin Province, northern
China (42.70° N,127.63° E). This region is characterized by a typical
temperate monsoon climate, and climatic records from a weather station
near the study site show that the mean annual precipitation and air
temperature were 750 mm and 4 °C in 2018, respectively. The long-term
N addition experiment consists of nine experimental plots, each with an
area of 2500 m? (50 m by 50 m) and a buffer zone between them of at
least 20 m. The numbers of species within the 9 plots vary from 20 to 24,
and the predominant coniferous species were Abies holophylla Maxim
and Pinus koraiensis, and the broad-leaved species are Acer barbinerve,
Corylus mandshurica Maxim, Acer pseudosieboldianum, and Tilia amurensis
Rupr in those plots. The soil type in all plots was dark brown soil
developed from volcanic ash (Albic Luvisol); soil pH varied from 5.1 to
5.3. The averaged sand, silt and clay content of the studied soil were
16.9%, 35.6% and 47.5%, respectively (Table S1). Each of these plots (n
= 3) was randomly assigned to the following treatments: control (0 g N
m~2yr 1), low N addition (2.5 g N m 2 yr™!) and high N addition (7.5 g
N m~2yr ). The current N deposition rate in this study region is ~2.7 g
N m~2yr~!, which means that the quantity of low N addition and high N
addition is equivalent to about one-fold and three folds of the atmo-
spheric N deposition rate, respectively. Urea was applied as the N fer-
tilizer and it was spread on the soil surface in the treatment plots one
time in May or June in each year.

Soil samples were collected in August 2019 after six years of the
experimental treatment. Soil from organic horizon and mineral horizon
(0-10 cm) was collected after removing the plant litter on the soil sur-
face. Twenty random soil samples were collected using a soil corer (5 cm
diameter, volume = 196.25 cm®) and were homogenized manually and
mixed as one composite sample. The soil was transported to the labo-
ratory in the incubator with ice bags. The soil was then sieved through a
2 mm sieve and stored in a refrigerator under 4 °C until microbial
measurements took place (less than one week). The soil was divided into
two parts: one subsample was air-dried at room temperature for soil
physical and chemical properties analyses and the other one was used
for soil microbial community composition and elements use efficiencies
(CUE and NUE) analyses.

2.2. Soil physical and chemical properties

Soil water content was measured gravimetrically after oven drying
fresh soil in aluminum dishes for 24 h at 105 °C. Soil pH was measured at
a ratio of fresh soil to water ratio of 1:2.5 (w:v) by a pH electrode (Leici,
Shanghai, China). Soil organic carbon (SOC) and total nitrogen (TN)
were determined by an elemental analyzer (Elementar Analysis system,
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Germany). Soil total P (TP) content was extracted by sulfuric acid and
perchloric acid digestion and then determined by an automated discrete
analyzer (SmartChem140, AMS, Italy).

2.3. Microbial biomass and enzymes

Soil microbial biomass C (MBC) and N (MBN) were determined by
the fumigation extraction method described by Vance et al. (1987) and
Brookes et al. (1985), respectively. Dissolved organic C (DOC) and dis-
solved nitrogen (DN) were extracted in 0.5 M K3SO4 from fumigated and
non-fumigated soil samples. The conversion factor used to calculate the
MBC and MBN was 0.45 (Wu et al., 1990) and 0.54 (Brookes et al.,
1985), respectively. Soil microbial biomass P (MBP) was determined by
the fumigation extraction method described by Brookes et al. (1982) and
the dissolved phosphorus (DP) was extracted in 0.5 M NaHCOs from
fumigated and non-fumigated soil samples. A conversion factor used to
calculate the MBP was 0.40 (Brookes et al., 1982). The C, N and P
concentrations in non-fumigated extraction were considered as soil
DOC, DN and DP, respectively. The DOC and DN concentrations were
analyzed on a TOC analyzer (TOC-L CPH, Shimadzu, Japan) and the
concentration of DP was determined using an automated discrete
analyzer (Smartchem 140, AMS, Italy).

The activities of f-glucosidase (BG, hydrolysis of cellulose), B-N-
acetylglucosaminidase (NAG, hydrolysis of chitooligosaccharides),
leucine aminopeptidase (LAP, cleaving of peptide bonds in proteins) and
acid phosphatase (AP, cleaving of PO4 from P-containing organic mat-
ter) were measured as described by Cenini et al. (2015). Sample sus-
pensions were prepared for all enzymes by adding fresh soil 2 g to 125
ml sodium acetate buffer (50 mM, pH = 5.0) for the extraction of en-
zymes. The sample suspensions were placed on a magnetic stirrer and
stirred 1 min to make slurries. BG activity was measured using
4-MUB-B-D-glucoside as the substrate, NAG activity was assayed using
4-MUB-N-acetyl-f-D-glucosaminide as the substrate, LAP activity was
tested using L-Leucine-7-amido-4-methylcoumarin hydrochloride as the
substrate, and AP activity was quantified using 4-methylumbelliferyl
phosphate as the substrate. The reactions were terminated with 10 pl
NaOH (1 M), and fluorescence was measured using a Microplate Reader
(SynergyH1, USA) set at 365 nm excitation and 450 nm emission. We
calculated enzymatic activity as the rate of substrate converted in nmol
g~ dry soil h™!. The stoichiometry of enzymatic activity was calculated
to reflect the equilibria between the elemental composition of microbial
biomass and organic matter (Sinsabaugh et al., 2009). The ratios of C:P,
C:N and N:P acquisition enzymes activity were indicated by ratios of BG:
AP, BG: (LAP + NAG) and (LAP + NAG): AP, respectively.

2.4. Microbial community analysis

Soil DNA was extracted from 250 mg freeze-dried soil using a Mobio
PowerSoil DNA Isolation Kit (MoBio Laboratories, Carlsbad, USA) ac-
cording to the manufacturer’s instructions. The quantity and quality of
extracted DNA were estimated by a Nanodrop Spectrophotometer
(Thermo Fisher Scientific, USA). The primer pairs 515F(5'- GTG CCA
GCM GCC GCG GTA A -3')/806R(5'- GGA CTA CHV GGG TWT CTA AT
-3’) and ITS1(5'- CTT GGT CAT TTA GAG GAA GTA A -3')/ITS2(5'- TGC
GTT CTT CAT CGA TGC-3') with 8-bp barcodes at the 5'-end of them
were used to amplify the V4-V5 region of bacterial 16S rRNA genes, and
the ITS1 region of fungal ITS genes, respectively. PCR amplification was
conducted in triplicate 25 pl mixtures, which contained 12.5 pl of 2 x
Taq Plus Master Mix, 1 pl of 5 M of each primer, 3 pl of 2 ng pl~! BSA,
30 ng of template DNA and ddH»O filled to 25 pl. The high-throughput
sequencing was performed on an Illumina Miseq system (Illumina, San
Diego, CA, USA) at Allwegene technology company (Beijing, China).
The detailed analytical processes of microbial community can be found
in Xia et al. (2020). The sequencing data of soil bacteria and fungi have
been deposited on the figshare (https://doi.org/10.6084/m9.figsh
are.13040756.v1).
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2.5. Microbial growth and respiration

We applied the '®0-H,0 tracer incubation approach to determine
soil microbial growth rate (Spohn et al., 2016a; Zheng et al., 2019).
Briefly, fresh soil (10 g) for each sample was pre-incubated under 60% of
water holding capacity (WHC) at 15 °C for 24 h. After pre-incubation,
duplicates of each soil sample (1 g) were placed in 2 ml screw sample
vials. For the half of soil replicates, 50-60 pl 180-labeled water (97.0
atom% '80) were injected into soil to adjust soil final water atom% 80
to 20. For the other half, Milli-Q water was injected with the same
volume as the 18O—HZO added in the treatments. The screw vials were
transferred into 20 ml headspace vials, capped, and flushed with
CO»-free air for 5 min and then incubated at 15 °C for 24 h.

After 24 h, the CO production (soil respiration, Rs, ng C g_1 h™Yin
20 ml headspace vials was measured by gas chromatograph (GC-7890B,
Agilent, USA). Then the screw vials containing soil were retrieved and
capped, immediately frozen in a lyophilizer. Total soil DNA was
extracted using a DNA extraction kit (MoBio, Powersoil) following the
manufacturer’s procedures. The DNA concentration was determined by
the Picogreen fluorescence assay (PicoGreen, Thermo Fisher) using a
Microplate spectrophotometer (Infinite M200, Tecan, Austria). The
remaining DNA extract was dried in a silver capsule at 45 °C for 5 h to
remove water. Subsequently, the ‘0 abundance and the total O content
were measured using an IRMS-TC/EA (Thermo Scientific, TX, USA).

The rate of C (Cgrowth) and N (Ngrowth) uptake for microbial growth
were calculated according to the production of DNA during soil incu-
bation time (Spohn et al., 2016b; Zheng et al., 2019). The DNA pro-
duction (DNAproduced, Hg) Was calculated based on the difference in
180.DNA between labeled and unlabeled soil samples:

\ W%ercess , 100, 100

DNAmuce :Ooa" - 1
produced TR0 TI00 T at%g  31.21 1)

where Oyotq is the total O content (pg) of the dried DNA extract, at%excess
is the difference between at% 80 of the labeled sample and at% ‘0 of
the non-labeled sample, and 31.21 is the average percentage of O in DNA
(C39H44024N15P4). The at%gna is the 20 atom % of soil water at the
beginning of incubation (20% in this study). Here we assumed the O in
new DNA only derived from water (Qu et al., 2020). Because of the short
incubation time, the mortality of newly produced *®0-labeled microbial
cells is negligible in the study.

Then microbial Cgrowth rate (ng C g’1 h 1) and Ngrowth rate (ng N g’1
h™1) were calculated by multiplying the DNA;oduced and a conversion
factor (fpna-msc and fpna-men) as the following (Zhang et al., 2019;
Zheng et al., 2019):

fona—mee X DNAjqucea X 1000

DW x t 2

C growth —

fona-meN X DNAjgucea X 1000

DW x t &)

N growth —

The fpna-mBc Was calculated at each specific sample to represent the
ratio of soil MBC to soil DNA content while fpya.mpn Was calculated at
each specific sample to represent the ratio of soil MBN to soil DNA
content. Additionally, microbial respiration rate (Rs, ng C g~ h™!) was
calculated according to the following equation:

Reon . Pre*n
s— "
DW*t R*T

*V*1000 4)

where Pre is the atmosphere pressure (kPa), n is the molecular mass of
the element C (12.01 g mol_l), R is the ideal gas constant (8.314 J mol !
K’l), and T is the absolute temperature of the gas (295.15 K). V is the
headspace volume (L) of the vials. R¢on (ppm) is the CO, concentration
produced during the 24 h incubation period.
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2.6. Microbial gross N mineralization

Soil microbial gross N mineralization (GNM) was estimated using the
isotope pool dilution technique (*>N-IPD) as modified by Wanek et al.
(2010). To determine GNM, duplicate of 20 g (dry weight) soil samples
were added into polypropylene vials pre-incubated under 60% of water
hold capacity (WHC) at 15 °C for 24 h, then evenly dropwise labeled
with 1 ml 15NH4N03 (10 atom% 15N), and the vials were incubated at
15 °C in an incubator. The soil incubation was terminated after 0.5 and
24 h, respectively, and soils were extracted using 100 ml of 2M KCI. The
N content in extraction was determined using an automated discrete
analyzer (SmartChem140, AMS, Italy) and isotope composition in
extraction was determined using the micro-diffusion method. The GNM
(ng N g~! h™!) was calculated according to the following equation:

c e (APE.O )
GNM = -4 — ~% ACPE'I
t—1t In(ZL)

Gy

5)

where Cy and Cy; are the N concentration in soil extraction at to (0.5 h)
and t; (24 h), respectively. APEy and APE,; are °N atom percent excess
(%) in soil extraction at ty (0.5 h) and t; (24 h), respectively.

2.7. Microbial CUE, NUE and turnover calculation

Soil microbial community CUE was calculated as the ratio of mi-
crobial Cgrowtn Over microbial total C uptake rate (Cgrowth + Rs) and
microbial community NUE was calculated as the ratio of microbial
Ngrowth Over microbial organic N uptake rate (Ngrowth + GNM). Both of
CUE and NUE are dimensionless and within the range 0-1.

C rowth C rowth
CUE = &0 — &0 6
Cuptake Cgmwlh + Rs ( )
NUE = Ngmwlh _ Ngmwlh (7)
N uptake N growth + GNM

Microbial biomass turnover rate (yr 1) was calculated using the
following equation:

DNApmduccd *24*

365 8
DNAcomem*t ( )

Turnover =

where DNA ontent is the DNA content (pg) in each soil and t is incubation
time in hours.

2.8. Statistical analysis

All data were transformed to meet model assumptions when neces-
sary. Imbalanceggy was calculated as the C:N (N:P or C:P) ratio of soil
over C:N (N:P or C:P) ratio of the microbes. Imbalancecy was calculated
as the C:N (N:P or C:P) ratio of the extractable soil fraction over the C:N
(N:P or C:P) ratio of the microbes. A two-way ANOVA was used to test
the effects of N addition rates, soil horizons and their interactions on soil
elemental concentration, stoichiometry, and microbial parameters (en-
zymes, microbial growth, Rg, GNM, CUE and NUE). Pearson’s correla-
tion was used to assess the relations between microbial processes and
soil elemental stoichiometry as well as microbial elemental stoichiom-
etry. A redundancy analysis (RDA) was conducted to elucidate the re-
lationships between the soil microbial community and chemical
properties in the different N treatments. In order to test the relationship
between microbial community and microbial CUE (or NUE), distance
matrix for microbial community and CUE (or NUE) were calculated
using Bray-Curtis dissimilarity and Euclidean distance, respectively.
Then the Mantel test was used to analyze the correlation between mi-
crobial community matrix and the CUE and NUE matrices (Delgado--
Baquerizo et al., 2018).
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3. Results
3.1. Microbial elements use efficiencies and turnover

Microbial respiration rate in the organic soil decreased significantly
under low N addition relative to control, but it was unchanged in min-
eral soil (Fig. 1a). High N addition depressed microbial growth in
organic soil but greatly increased microbial growth in mineral soil
(Fig. 1b). Consequently, microbial CUE did not show any consistent
effects with increasing N addition rates, significantly increasing under
low N addition but decreasing under high N addition in organic soil
(Fig. 1c). In mineral soil, the highest CUE was found under the high N
addition (Fig. 1c).

Gross N mineralization rate (GNM) in organic soil didn’t show any
consistent effects with increasing N addition (Fig. 1d). But GNM was
clearly declined under high N addition in mineral soil (Fig. 1d). Besides,
the high N addition significantly slowed down the rate of N uptake for
microbial growth in organic soils but increased it in mineral soils
(Fig. 1e). Further, microbial NUE decreased from 0.65 under the control
to 0.49 and 0.35 under low and high N addition in organic soil,
respectively. Microbial NUE significantly increased in the mineral soil
by 297.76% under high N addition (Fig. 1f).

Considering the organic and mineral soil together, there was a
polynomial correlation between microbial CUE and NUE with the
maximum NUE at CUE = 0.40 (Fig. 2). Moreover, we found that mi-
crobial CUE significantly decreased with microbial biomass-specific
respiration rate (qCO2) in organic soil and positively correlated with
microbial biomass-specific growth C (qGrowth C) in mineral soil
(Fig. 3). Additionally, microbial NUE showed a positive correlation with
qGrowth N and a negative correlation with microbial biomass-specific
gross N mineralization (qGNM) in organic and mineral soils (Fig. 3).

We calculated the threshold elemental ratio (TERc.y) of microbial
growth, which indicates the elemental ratio that reflects when an
ecological process changes from C limitation to N limitation. In organic
soil, the TERc.y declined under N addition but increased in mineral soil
under high N addition (Fig. 4). Moreover, microbial biomass turnover
significantly decreased under high N addition in organic soil, while it
significantly increased under both low and high N addition in mineral
soil (Fig. 5).

3.2. Elements in microbial biomass and soil

Soil pH decreased by 0.4 and 0.5 units under low and high N addition
in organic soil, respectively, but it was not changed in mineral soil
(Table S2). Soil organic C and TN were not significantly affected by the
treatments compared with the control (Table S2). However, N addition
significantly increased soil TP concentration under low N addition
(Table S2), and consequently the TN:TP ratio declined significantly in
this horizon. Moreover, soil DOC and DN were higher under high N
addition than control in mineral soil, but organic samples did not show
any consistent effects with increasing N addition rates. Nitrogen addi-
tion did not affect soil DOC:DN, DOC:DP and DN:DP ratios in the present
study (Table S2).

Soil MBC and MBN declined significantly in organic soil under high N
addition, and they also declined under low N addition in mineral soil
(Table S3). Soil MBP had no change under N addition in organic and
mineral soils. MBC:MBP ratio and MBN:MBP ratio, thus, significantly
decreased under high N addition in organic and mineral soils (Table S3).
LAP activity declined from 1.01 nmol h™! g~! under the control to 0.55
and 0.25 nmol h™! g~! under low and high N addition in mineral soil,
respectively. Besides, AP activity increased by ~46% under low N
addition relative to the control in organic soil (Table S3).

3.3. Microbial stoichiometric imbalance

We found that stoichiometric imbalances of C:P or N:P between SOM
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Organic soil ~ Mineral soil

Organic soil

Mineral soil Organic soil  Mineral soil

Fig. 1. Effects of N addition on (a) microbial respiration rate (Rs, ng C g’1 h’l), (b) microbial growth rate (ng C g’1 h’l), (c¢) microbial carbon use efficiency (CUE),
(d) microbial gross N mineralization rate (GNM, ng N g’1 h’l), (e) microbial growth rate (ng N g’1 h’l), and (f) microbial nitrogen use efficiency (NUE) in organic
and mineral soils. The effects of treatment (T), soil layer (L), and their interaction (T x L) are shown. Lower-case letters indicate significant differences between
treatments tested separately for each soil (P < 0.05). Data are presented as the mean and standard error (n = 3). n.s, not significant.

0.7 [ Organic soil
Y Y O Mineral soil
0.6 A Control
A Low N addition
05- - A High N addition
% 041
2
28
S
So3f
= y=-7.72x*+6.6x - 0.81
02 R*=0.793
P <0.001
]
0.1r ®
! | | | |

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Microbial CUE

Fig. 2. Polynomial correlation between soil microbial carbon use efficiency
(CUE) and microbial nitrogen use efficiency (NUE) across different nitrogen
addition rates and soil layers.

and microbial biomass (imbalanceCPsgy or imbalanceNPson) was
higher under high N addition than that under low N addition in organic
soil (Table 1). This pattern occurred in mineral soil although the dif-
ferences were not statistically significant. Moreover, high N addition
increased imbalances of C:P or N:P between extractable soil fraction and
microbial biomass (imbalanceCPey or imbalanceNPcy) in organic soil.
In mineral soil, high N addition significantly increased imbalanceCNex¢r

and imbalanceCPey¢ (Table 1).
3.4. Microbial community composition

The redundancy analysis (RDA) plot revealed that the bacterial
community structure in mineral soil was shifted marginally under N
addition (Fig. S2, PERMANOVA test, R? = 0.38, P = 0.08). Specifically,
the bacterial community under high N addition was marginally different
from that under low N addition, and the RDA 1 accounted for 49.59%
and the RDA 2 for 9.79% of the variations. Soil N:P, C:P and DN:DP
ratios were the most important three variables in regulating bacterial
community under N addition in mineral soil. However, the N addition
did not change bacterial community in organic soil. Further, the fungal
community structure was significantly changed under N addition in
mineral soil (Fig. S3, PERMANOVA test, R = 0.34, P < 0.05), and the
fungal communities under the high N addition and control treatments
were generally separated into two groups along RDA 1, which can ac-
count for 19.85% of the variances. Moreover, fungal diversity was
marginally affected by N addition in organic soil (R = 0.31, P = 0.08).
The dominant bacteria phyla did not change in organic soil under N
addition, but the relative abundance of Proteobacteria, Acidobacteria
and Actinobacteria in mineral soil was altered (Fig. S4). In the fungal
communities, high N addition significantly increased the relative
abundance of dominant fungal class of Mortierellomycetes in organic
and mineral soils (Fig. S5).
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Fig. 4. Effects of N addition on the threshold elemental ratio (TERcy) in
organic and mineral soils. The effects of treatment (T), soil layer (L), and their
interaction (T x L) are shown. Lower-case letters indicate significant differences
between treatments tested separately for each soil (P < 0.05). Data presented
are mean and standard error (n = 3).

3.5. Influencing factors for microbial elements use efficiencies

In organic soil, microbial CUE increased with increasing MBC:MBP
ratio and increasing MBN:MBP ratio, but decreased with imbalanceC-
Psom, imbalanceNPsoy, imbalanceCPeyr, and imbalanceNPegi:
(Table 2). RDA analysis also showed a similar pattern, and the RDA1 can
explain 66.7% and 95.68% of the variances in CUE and NUE for organic
layer and mineral layer, respectively (Fig. S6). Additionally, a positive
correlation between organic soil microbial CUE and the fungal com-
munity was observed. In mineral soil, microbial CUE decreased with
increasing MBC:MBP ratio, but increased with increasing BG:(NAG +
LAP) ratio and imbalanceCPe. Further, bacterial community

T:ns. l:l Control .
LP<0001 [ Low N addtion
3L TxL:P<0.001 [ High N addition
p
"
22t
-
5]
>
£
=
H
1 -
0

Organic soil Mineral soil

Fig. 5. Effects of N addition on microbial turnover in organic and mineral soils.
The effects of treatment (T), soil layer (L), and their interaction (T x L) are
shown. Lower-case letters indicate significant differences between treatments
tested separately for each soil (P < 0.05). Data are presented as the mean and
standard error (n = 3).

composition positively impacted microbial CUE in mineral soil
(Table 2). There was no correlation between soil, microbial, and enzyme
activity stoichiometry, stoichiometric imbalances, and microbial NUE in
organic soil (Table 2). In mineral soil, microbial NUE was negatively
correlated with the MBC:MBP ratio but positively correlated with
imbalanceCPgpy, imbalanceCNeyy, imbalanceCPe, and bacterial
community composition (Table 2).
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Microbial element stoichiometric imbalance under N addition in organic and mineral soils. The effects of treatment (T), soil layer (L), and their interaction (T x L) are
shown in the right columns. Imbalancegoy was calculated as the ratio of CN (NP or CP) of soil over CN (NP or CP) of microbe; Imbalanceey was calculated as the ratio
of CN (NP or CP) of extractable soil fraction over CN (NP or CP) of microbe. Bold lower-case letters indicate significant differences between treatments tested separately
for each soil. *, P < 0.05; **, P < 0.01; n.s., not significant. Data are presented as the mean and standard error (n = 3).

Organic soil Mineral soil T L TxL
Control Low N addition High N addition Control Low N addition High N addition
ImbalanceCNgom 1.15£0.13 0.94 + 0.04 1.09 £ 0.16 1.34 £0.03 1.07 £0.15 1.37 £0.11 n.s. n.s n.s.
ImbalanceCPsom 1.98 + 0.45%° 0.99 + 0.08" 2.55 + 0.54% 0.39 + 0.05 0.50 = 0.05 1.42 £ 0.64 * * n.s.
ImbalanceNPgop 1.68 + 0.19%° 0.93 + 0.09" 2.20 + 0.46% 0.33 £ 0.04 0.48 + 0.06 1.02 + 0.44 * o n.s.
ImbalanceCNexer 0.83 + 0.09 0.60 = 0.02 0.73 = 0.09 1.09 + 0.02%° 0.86 + 0.08" 1.28 + 0.08* * *x n.s.
ImbalanceCPey, 1.67 +0.11* 1.07 + 0.11° 1.75 + 0.19% 1.20 + 0.04° 1.10 + 0.28° 1.97 +0.18* b n.s n.s.
ImbalanceNP .y, 2.04 + 0.10° 1.79 + 0.11° 2.41 + 0.06* 1.10 £+ 0.05 1.26 + 0.30 1.57 £ 0.22 * o n.s.
bl to the microbial community’s composition shifting towards dominance
Table 2

Coefficient of correlations between microbial elements use efficiencies (CUE and
NUE) and soil elemental stoichiometry, microbial elemental stoichiometry,
element stoichiometric imbalance, microbial enzyme stoichiometry and micro-
bial community structure in organic and mineral soils. Bold lower-case letters
indicate significant differences between treatments tested separately for each
soil. *, P < 0.05; **, P < 0.01.

Organic soil Mineral soil

CUE NUE CUE NUE

Soil elemental stoichiometry

SOC:TN —0.279 0.214 —0.661 —0.427

SOC:TP —-0.523 0.232 0.443 0.596

TN:TP —0.662 0.316 0.454 0.633

DOC:DN —0.184 0.451 0.352 0.526

DOC:DP 0.090 0.236 —0.140 —0.110

DN:DP 0.313 —0.116 —0.205 -0.217
Microbial elemental stoichiometry

MBC:MBN 0.559 0.020 —0.288 —0.530

MBC:MBP 0.843** —0.021 —0.762* —0.793*
MBN:MBP 0.748* —0.028 —0.634 —0.567
Elemental stoichiometric imbalance

ImbalanceCNgom —0.478 0.061 0.096 0.386
ImbalanceCPsom —0.732* 0.069 0.510 0.676*
ImbalanceNPsom —0.732* 0.091 0.501 0.638
ImbalanceCN gy, —0.428 0.326 0.457 0.712*
ImbalanceCPey, —0.795* 0.115 0.761* 0.860%*
ImbalanceNPeyq, —0.868** -0.175  0.604 0.548
Microbial enzyme stoichiometry

BG:(NAG + LAP) 0.350 —0.264 0.674* 0.613
BG:AP 0.004 —0.060 —0.464 —0.505
(NAG + LAP):AP —0.387 0.292 —-0.216 —0.430
Microbial community structure

Bacterial community 0.053 —0.276 0.438* 0.617*
Fungal community 0.407* —0.243 —0.086 0.095

4. Discussion
4.1. Effects of nitrogen addition on microbial CUE

We used a novel '®0-water tracer approach to estimate forest soil
microbial CUE (Spohn et al., 2016a; Zheng et al., 2019) and found that
the microbial CUE responses to N addition were strongly influenced by
the N application rates and soil horizons. Specifically, we observed that
the CUE in organic soil increased by 0.16 under low N addition (2.5 g N
m~2 yr 1) (Fig. 1), which supported our first hypothesis that the N
addition increased microbial CUE and was in line with previous studies
(Thiet et al., 2006; Spohn et al., 2016b; Poeplau et al., 2019). The main
reason for the increase in CUE is due to the decreasing microbial
respiration rate under N addition (Treseder, 2008; Yuan et al., 2019).
But we also found microbial CUE decreased more substantially under
high N addition (7.5 g N m~2 yr 1) in the organic soil horizon (Fig. 1).
Similar negative effects of N addition on soil microbial CUE have been
reported in North American grasslands (Riggs and Hobbie, 2016). We
suspect that the microbial CUE decrease under N addition could be due

by organisms with lower CUEs (discuss later). Our findings also showed
that mineral soil microbial CUE was unaffected by N supply changes
under low N addition (2.5 ¢ N m~2 yr™!) but clearly increased under
high N addition (7.5 ¢ N m~2 yr™1). These opposite and inconsistent
microbial CUE responses to N addition rates between soil layers indicate
that soil N status changes could significantly impact the microbial C
allocation between growth and respiration in forest soil.

Our results suggest that increased N availability in soil could
decouple microbial respiration and growth processes. The negative ef-
fects of N addition on soil microbial respiration are well documented
(Ramirez et al., 2010; Zhang et al., 2018), and it was observed in this
study in organic soil, the magnitude of this decrease varied between low
N addition (—51%) and high N addition (—23%). Microbial growth
changed slightly at low N addition (—8%) but showed a great decline at
high N addition (—53%). This decoupling between respiration and
growth also happened in mineral soil (Fig. 1). Microbial respiration
changes under N addition could be attributed to microbial biomass
changes (Treseder, 2008; Liu and Greaver, 2010; Riggs and Hobbie,
2016), as a positive relationship between microbial biomass and mi-
crobial respiration under N addition had been observed (Treseder,
2008). Nitrogen addition might reduce microbial biomass due to soil
acidification, declining soil base cations and inhibiting microbial
extracellular enzyme activity, while the latter could lead to a decrease in
microbial access to C (Waldrop et al., 2004; Ramirez et al., 2012; Tian
and Niu, 2015). Our results partly support these mechanisms that
decreasing pH and microbial biomass are responsible for the decline in
microbial respiration. However, the microbial growth responses to N
addition may not be accounted for by the changes in microbial biomass.
The standing microbial biomass did not necessarily indicate growth rate
and some studies even found N addition had positive effects on micro-
bial growth rate but did not change the standing biomass (Stapleton
et al., 2005; Demoling et al., 2008). Overall, our results indicate that
microbial growth and respiration were decoupled in mineral soil, where
nutrients were limited. This is also supported by the positive relation-
ship between biomass-specific growth rate (qGrowth) and microbial
CUE in mineral soil (Fig. 3b). For the organic soil, microbial respiration
rate per biomass C (qCO3) was strongly and negatively related to CUE in
organic soil (Fig. 3a), which suggests the overflow metabolism was
occurring in the soils under N addition, causing a trade-off between
microbial growth, respiration and CUE (Manzoni et al., 2012; Lipson,
2015; Zheng et al., 2019).

4.2. Effects of nitrogen addition on microbial NUE

In addition to microbial CUE changes, N enrichment also altered
microbial N use efficiency (NUE) that strongly regulated soil inorganic N
cycling and microbial N retention (Mooshammer et al., 2014a, 2014b;
Zhang et al., 2019). We demonstrated that low and high N addition
reduced microbial NUE by 25% and 46% in organic soil, respectively
(Fig. 1f). This result supports our hypothesis and is consistent with
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studies that observed that microbial NUE decreased along the soil profile
from plant litter to organic soil and mineral soil, showing a N availability
gradient (Mooshammer et al., 2014a; Wild et al., 2015). However, we
also found high N addition could promote microbial N uptake for growth
and therefore increase microbial NUE by 297.76% in mineral soils
(Fig. 1f). Since N addition did not change microbial uptake N (sum of
growth N and gross N mineralization) in both soil horizons (Fig. S7), the
relative shift between growth N and gross N mineralization meant that
microorganisms just redistributed, allocating less N to growth (or more
N was mineralized to NHJ) in organic soil under N addition. In contrast,
more N was allocated to growth in mineral soil under high N addition.
These results indicate that organic soil microorganisms were not N
limited and increase in microbial GNM after N addition was not to meet
their demand for N, but for mining C (Knorr et al., 2005; Spohn et al.,
2016b). Consequently, soil N cycles would be more open in organic soil,
while more N would be retained in mineral soil after N addition in this
temperate forest.

4.3. Stoichiometric imbalances and microbial elements use efficiencies

Contrary to our expectations, N addition did not affect the soil C:N
ratio and dissolved soil fraction C:N ratio in the current study (Table 52
and S3). Although microbial biomass C and N were changed, microbial
biomass C:N ratio kept constant under N addition (Table S3). However,
the high N addition greatly decreased the bulk soil N:P ratio and mi-
crobial biomass N:P ratio as well as microbial biomass C:P ratio,
meaning that soil P availability and P cycling processes were altered
under N addition, consistent with previous findings (Deng et al., 2017).
The possible reasons for the altered availability of soil P under N addi-
tion include the changes in soil pH, microbial P enzymes, microbial
immobilization of dissolved P, plant P uptake, and litter decomposition
(Lu et al.,, 2012). It was hard to identify which of these processes
occurred in this study; however, our results suggest the decrease in soil
pH and increase in acid phosphatase likely contribute to the changes in P
cycling (Tables S2 and S3). We also found the N:P or C:P imbalance
between SOM and the microbial biomass decreased under low N addi-
tion and increased under high N addition (Table 1), and these changes
were significantly negatively correlated with microbial CUE in organic
soil and positively correlated with microbial NUE in mineral soil
(Table 2). The imbalance of C:P and N:P ratios between the dissolved soil
fraction and microbial biomass also can explain the variations in mi-
crobial CUE and NUE (Wild et al., 2015; Yuan et al., 2019). This possible
reason is that, on the one hand, high availability of P could alleviate
microbial stoichiometric constrain and reduce the C and energy in-
vestment for enzyme production, potentially increasing the microbial
utilization efficiency of C (Manzoni et al., 2012). One the other hand,
soil P availability could shift microbial functions associated with the
degradation of aromatic compound and chitinolysis (Xia et al., 2020),
which could change the microbial substrates and indirectly affects mi-
crobial growth and CUE (Yuan et al., 2019). Altogether, our results
therefore suggest the microbial element imbalances of P relative to C
and N are more important to shape microbial CUE in C-rich soil (organic
soil in this study) and microbial NUE in C poor soil (mineral soil in this
study) after N addition.

4.4. Microbial community and microbial elements use efficiencies

Microbial community structure can be shifted after N addition (Wang
etal., 2018; Zhou et al., 2020), but whether these changes are associated
with microbial CUE and NUE remains unexplored. We found N addition
affected fungal and bacterial community structure in organic and min-
eral soils in this study (Fig. S2 and S3), and those changes were asso-
ciated with microbial CUE and NUE (Table 2). In organic soil, the fungal
growth rate may increase faster than respiration under N addition,
leading to a significant positive relationship between fungal community
and microbial CUE. A previous study using sustained inhibitor
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application and phospholipid fatty acid analysis found that the micro-
bial CUE tended to increase with increasing fungal dominance (Bonner
et al., 2018). This may be because the soil fungi have enzymatic ad-
vantages in decomposing organic matter under N addition in organic
soil, which could help fungi to access more C and P and then increase
microbial growth and CUE (Treseder, 2008; Bonner et al., 2018).
Regarding to the mineral soil, we found the bacterial community was
positively correlated with soil CUE and NUE (Table 2), which may be
due to bacterial dominance of the microbial composition in mineral soil
after six years of N addition (Zhang et al., 2018). This possibility is
supported by a positive correlation between bacterial community
composition and microbial growth rate in the mineral soil (Table S4). A
recent study using a soil-mimicking system suggested that bacterial
community and diversity are the best drivers of microbial CUE
(Domeignoz-Horta et al., 2020). Because different microbial strains vary
in their CUE (Pold et al., 2020), thereby the changes in community
members under N addition could alter microbial community CUE and
therefore affect soil functions, such as respiration, decomposition and
denitrification (Liu and Greaver, 2010; Ramirez et al., 2010). Taken
together, our results provide an empirical link between microbial
community structure and microbial CUE and NUE, which helps explain
the interaction between microbial community composition and soil C
and N cycles.

4.5. Implications for soil C and N cycling

We explored the relationship between microbial CUE and NUE
(Fig. 2) and found microbial CUE was positively correlated with mi-
crobial NUE when CUE <0.40, above which CUE became negatively
correlated with NUE. This pattern indicated that the assimilation of C
and N by microorganisms could be coupled before CUE <0.40 (or NUE
< 0.70). Behind this threshold, microbial community in this studied soil
could mineralize more N even as microbial biomass increased, which
might promote N losses, e.g. by gaseous emissions or nitrate leaching (Lu
et al., 2011). High microbial N release may indicate high N availability
for plants, possibly increasing plant primary production and root C ex-
udates that alleviate C limitation in microorganisms (Xiong et al., 2020).
Indeed, we found the threshold element ratio of C:N (TERc.y) declined in
organic soil after N addition but increased under high N addition in
mineral soil (Fig. 4). By comparing soil C:N ratio under each treatment
with TERc:n, we speculate that N addition alleviates the C limitation of
microbial community in the organic soil but shifts from N limitation to N
and C limitation in the mineral soil. Further, the increase in microbial
turnover in mineral soil also suggests that more C would be stored in
mineral soil under N addition through pumping microbial residuals into
soils (Liang et al., 2017). In summary, understanding microbial CUE and
NUE responses to N addition could provide a powerful approach to
integrate shifts in microbial metabolic pathways into models of
ecosystem C and nutrient exchanges.

5. Conclusions

In summary, we measured soil microbial CUE and NUE simulta-
neously based on a novel substrate-independent approach in a
temperate forest and found that the microbial CUE and NUE responses to
N addition depended on N addition rates and soil horizons. The
decoupling of microbial growth and respiration was responsible for the
changes in microbial CUE under N addition. Microbial CUE and NUE
were strongly linked to elemental stoichiometric imbalances, such as
imbalances in C:P and N:P ratio, suggesting soil P was likely to be an
important predictor in regulating microbial growth, respiration and N
mineralization rate in this study. Our results also highlight that shifts in
microbial communities can impact microbial CUE and NUE. In conclu-
sion, this study suggests that N addition can control microbial activities
and therefore regulate soil C and N storage in temperate forest soils.
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