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A B S T R A C T

Microbial nitrogen use efficiency (NUE) reflects the allocation of microbially-acquired N between growth 
(anabolism) and the release of inorganic N to the environment (catabolism), and is central to understanding soil 
N cycling. However, the effects of N addition on microbial NUE are unclear. We determined microbial NUE in 
surface (0–10 cm) and subsurface (10–20 cm) soils in a temperate forest by the combined substrate-independent 
18O-H2O tracer technique and 15N isotope pool dilution in a multi-level N addition experiment. We found that 
high N treatment (75 kg N ha− 1 yr− 1 as urea fertilizer) significantly decreased NUE in surface soil, but not in the 
subsurface soil. The decrease in NUE in surface soil was related to soil acidification, likely induced by N addition, 
and to reduced phosphorus availability, suggesting increased phosphorus limitation to microbial metabolism 
with N addition. Microbial NUE was inversely related to inorganic N flux (as NH4

+) in both surface and subsurface 
soils and positively related to microbial biomass in surface soil. Our empirical evidence confirms that microbial 
NUE is a sensitive proxy and controlling branchpoint between soil microbial N immobilization and inorganic N 
cycling, which should be explicitly included in biogeochemical models to better predict soil N dynamics.

1. Introduction

Nitrogen-containing compounds in soils primarily exist in the form of 
polymers that can be utilized by plants and microbes after they are 
depolymerized and released as low-molecular-weight compounds (such 
as amino acids and nucleotides) by extracellular enzymes (Jan et al., 
2009; Schimel and Bennett, 2004). Microbes use this organic N for 
biomass synthesis (or growth) and excrete the excess N in the form of 
inorganic N (mainly as NH4

+-N; gross N mineralization) (Schimel and 
Bennett, 2004). Microbial nitrogen use efficiency (NUE) indicates the 
partitioning of the acquired organic N between biomass synthesis and 
NH4

+-N production (Mooshammer et al., 2014a). Therefore, microbial 
NUE quantifies the conversion of organic N to inorganic N with signif
icant implications for soil N availability, N transformation processes, 
risk of N loss, and primary production of ecosystems (Sun et al., 2023a; 
Zhang et al., 2019).

Over the past decades, atmospheric N deposition rates in large re
gions of the world have greatly increased compared with rates in the 
preindustrial era, due to increased anthropogenic activities such as 
agricultural intensification, industrial and urban development, and fuel 
usage (Dentener et al., 2006; Galloway et al., 2008). The N deposition 
level is predicted to double by 2050 with some regions exceeding 50 kg 
N ha− 1 yr− 1 (Galloway et al., 2008). China is one of three regions that 
exhibit among the highest N deposition fluxes in the world. The average 
N deposition rate in China is 20.4 kg N ha− 1 yr− 1 and the highest rates 
exceed 50 kg N ha− 1 yr− 1 in North China (Yu et al., 2019). Increased 
reactive N input has strong impacts on soil microbial physiology, 
biogeochemical cycling, and the stability of forest ecosystems (Li et al., 
2021; Zhu et al., 2015). Clarifying the effects of N enrichment on mi
crobial NUE and its underlying mechanisms is important for under
standing the response and feedback of N cycling in forest ecosystems.

Microbial NUE could be affected by atmospheric N deposition 
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through multiple mechanisms. When microbes are strongly limited by N, 
microbial NUE should be at its maximum according to predictions of 
stoichiometric homeostasis, with N being preferentially allocated to
wards biosynthesis and growth (Mooshammer et al., 2014a). Accord
ingly, increasing N availability may decrease microbial NUE, due to 
decreasing allocation of N to growth but increasing partitioning of N to 
catabolism and mineralization. Also, increased N inputs may acidify the 
soil, which in turn inhibits microbial growth and therefore decreases 
microbial NUE (Sun et al., 2023a). Previous studies found elevated N 
inputs to induce phosphorus (P) limitation in tropical forests where P 
availability is low (Deng et al., 2017). Although temperate forests are 
often considered to be N-limited this is not always true (Cui et al., 2021) 
and long-term N input may exacerbate P limitations, affecting microbial 
N metabolism (Mooshammer et al., 2014a; Sun et al., 2023a). Finally, 
changes in microbial community composition and diversity under 
elevated N input may also affect microbial NUE because growth rate and 
metabolic efficiency vary among microbial taxa (Mooshammer et al., 
2014b; Pold et al., 2020; Zhang et al., 2018).

Soil characteristics, such as organic carbon content, pH, nutrient 
availability, and soil texture, typically vary with soil depth, which can 
affect the responses of microbial NUE to N input (Li et al., 2021). 
Additionally, the retention of N in surface soils and plant uptake can 
reduce the amount of exogenous N entering subsurface soils, resulting in 
different NUE responses to N input at varying soil depths (Liu et al., 
2017). Seasonal changes in environmental conditions and plant growth 
may also affect microbial NUE and its response to N input by influencing 
soil temperature and substrate availability, respectively (Mooshammer 
et al., 2014b; Zhang et al., 2019). However, few studies have examined 
the interactions between N input, season, and soil depth with respect to 
microbial NUE, which limits our ability to predict soil N dynamics under 
future environmental changes.

Microbial NUE is an important metric of soil N cycling (Zhang et al., 
2019), but soil N transformation processes are complex and sensitively 
respond to substrate concentration (Müller et al., 2007; Sun et al., 2019; 
Zhang et al., 2011) and environmental factors (Elrys et al., 2021a; Elrys 
et al., 2021b). However, little is known whether and to which extent 
anabolic and catabolic N processes respond differently to environmental 
factors, thereby altering NUE and inorganic N cycling (Zhang et al., 
2019). Changes in soil microbial NUE likely have strong downstream 
effects, for instance an increased NH4

+-N release, which reflects reduced 
NUE, may stimulate NH4

+-N consumption processes (e.g. nitrification, 
anaerobic ammonia oxidation, nitrification-derived N2O production, 
and ammonium sorption), and in turn the NO3

–-N produced by nitrifi
cation may stimulate NO3

–-N consumption processes (e.g. denitrification, 
nitrate leaching, and dissimilatory nitrate reduction to ammonium) (Sun 
et al., 2019; Zhang et al., 2011; Zhang et al., 2019). The gross N 
mineralization process is considered to be the main factor determining 
soil inorganic N availability in natural ecosystems (Li et al., 2020), 
therefore microbial NUE is closely related to the entire soil inorganic N 
cycle through gross N mineralization. In contrast, high microbial NUE 
indicates reduced N mineralization with relatively more N used for 
biosynthesis, contributing to biomass production and soil N retention 
(Sun et al., 2023b). Hence, microbial NUE may exhibit a positive rela
tionship with microbial biomass and a negative relationship with inor
ganic N flux. Increased N inputs may affect microbial biomass and soil 
inorganic N cycling by affecting microbial NUE.

Based on a long-term N addition experiment in a temperate forest in 
Northeastern China, we investigated the effects of N enrichment on 
microbial NUE and explored the relationship between microbial NUE, 
microbial biomass and soil inorganic N cycling. We hypothesized that 
(1) N input decreases NUE in surface soil due to soil acidification 
impairing microbial N assimilation and growth, but has no such effect in 
subsurface soil due to the buffering effect of surface soil; (2) seasonal 
changes influence NUE by affecting soil temperature and substrate 
availability; and (3) microbial NUE is positively related to microbial 
biomass and negatively related to soil inorganic N cycling activity, 

because microbial NUE controls the balance between anabolic (biomass 
N synthesis) and catabolic (NH4

+-N release) N processes.

2. Material and methods

2.1. Experimental design and soil sample collection

The experimental area is located in the Changbai Mountain Natural 
Nature Reserve in Jilin Province, Northeastern China (42.70 ◦N, 127.63 
◦E). This region is characterized by a typical temperate climate, with 
long, cold winters and warm summers. The mean annual temperature is 
about 4 ◦C, with the highest temperature occurring in July and the 
lowest in January. The mean annual precipitation is 745 mm. The soil is 
a dark brown soil (Albic Luvisol) developed from volcanic ash (Bai et al., 
2014). We established an N addition experiment in a Korean pine and 
broadleaf mixed forest in 2014, which consists of twelve experimental 
plots (50 × 50 m), the buffer zones between plots being at least 20 m. 
The N addition experiment had four levels (three replicates per level): 
control (0 kg N ha− 1 yr− 1), low N levels (25 kg N ha− 1 yr− 1), medium N 
levels (50 kg N ha− 1 yr− 1), and high N levels (75 kg N ha− 1 yr− 1). Urea 
was spread as slow release N fertilizer. The atmospheric N deposition 
rate in this area is about 27 kg N ha− 1 yr− 1, therefore the amount of N 
added at medium N and high N levels is equivalent to about two times 
and three times the ambient N deposition rate, respectively (Sun et al., 
2023b). Detailed information for the fertilizer experiment is in Li et al. 
(2021).

We sampled soils in June, July, August, September, and October of 
2021 (8 years after treatment) and measured soil temperature using a 
PT100 thermometer during each sampling campaign. In each plot, 
fifteen subsamples were collected with an auger (5 cm diameter) from 
both surface (0–10 cm) and subsurface soils (10–20 cm) after removing 
the surface plant litter. These subsamples were mixed to form a com
posite sample for each soil horizon and transported to the laboratory. 
Each composite sample was divided into three subsamples after sieving 
(2 mm) and then stored at 4 ◦C, − 20 ◦C, or air-dried, for analyses of 
microbial NUE, enzyme activity, and soil properties, respectively. Soil 
properties (organic carbon, total nitrogen, clay, silt, sand, and bulk 
density) were only determined once because we assumed that these 
characteristics did not change markedly during one season.

2.2. Soil N transformation rates

Laboratory incubation experiments were set up to determine N 
transformation rates, microbial growth, and NUE. For each composite 
soil, we prepared five conical flasks containing 20 g fresh soil (oven-dry 
base), with four for soil N transformation rate determination and one for 
microbial growth determination. Soil moisture was set to 60 % water 
holding capacity and then preincubated for 24 h at the in situ soil tem
perature of the collection month. Soil temperatures in June, July, 
August, September, and October were 16 ◦C, 21 ◦C, 18 ◦C, 11 ◦C, and 
7 ◦C. Gross N transformation rates were evaluated with 15N isotope pool 
dilution techniques, with the addition of 15N enriched ammonium 
(15NH4NO3) and 15N enriched nitrate (NH4

15NO3) as tracers. After pre
incubation, two flasks were amended with NH4

15NO3 and the other two 
were amended with 15NH4NO3. Aliquots of 1 ml 15NH4NO3 or NH4

15NO3 
(at 10 atom% 15N) solution were added to each conical flask at a rate of 
20 μg N g− 1 soil as NH4

+-N or NO3
–-N. Then, these conical flasks were 

incubated at the respective in situ soil temperatures for 0.5 h and 48 h. 
Solutions of 2 M KCl (1:5(w:v)) were used to extract NH4

+-N and NO3
–-N 

after incubation. The concentrations of NH4
+-N and NO3

–-N in extracts 
were analyzed with a continuous-flow analyzer (Skalar Analytical, 
Breda, The Netherlands). The 15N abundances of NH4

+-N and NO3
–-N in 

extracts were determined by the microdiffusion method (Brooks et al., 
1989). Both NH4

+-N and NO3
–-N were collected for 15N abundance de

terminations by sequentially adding MgO and Devarda’s alloy. Acidified 
glass fiber disks were used to trap the liberated NH3. The 15N 
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abundances of NH4
+-N and NO3

–-N were measured by an Isotope Ratio 
Mass Spectrometer (Thermo Fisher MAT 253, USA).

2.3. Microbial growth and NUE

Microbial growth and NUE were evaluated by the 18O-H2O tracer 
technique (Zhang et al., 2019). For each composite soil, two brown 
chromatographic vials (2 ml) were prepared, each containing 1 g of soil 
from the remaining conical flask. The 18O-H2O (98 atom%) was added to 
one vial to achieve a final 18O enrichment of 20 atom% in soil water and 
the other vial received an equal volume of water at natural abundance as 
a control. Then, the vials were incubated for 48 h at the in situ soil 
temperature. After incubation, vials were stored at − 20 ◦C for 18O 
abundance analysis of DNA. The remaining pre-incubated soil in each 
conical flask was used for analysis of microbial biomass (see section 2.4). 
We used the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) to extract 
total DNA in 18O-labeled and non-labeled soils. We used a multi- 
functional microplate reader (SynergyH4 Hybrid Reader, SynergyH4 

BioTek, USA) to estimate DNA quantity. Then, aliquots (70 μl) of the 
DNA solutions were added to silver capsules and dried at 45 ◦C. The 
abundance and concentration of O derived from the DNA were measured 
with a TC/EA-IRMS system (Thermo Scientific, USA). The remaining 
DNA was used for amplicon sequencing. The primer sets ITS1F/ITS2 and 
515F/806R were used to amplify the fungal ITS gene and the V4 region 
of the bacterial 16 s rRNA gene, respectively. Details of experimental 
processes and data analyses can be found in Sun et al. (2023a). We 
conducted non-metric multidimensional scaling (NMDS) analysis based 
on Bray-Curtis distance to describe bacterial and fungal community 
composition (Domeignoz-Horta et al., 2020; Yang et al., 2022). The 
sequencing dataset have been deposited to figshare database with a doi 
number: https://doi.org/10.6084/m9.figshare.25515166.

2.4. Soil properties

Soil pH was assayed in a water-to-soil ratio of 2.5:1 (v:w) using a pH 
meter. Soil organic carbon, soil total N, and soil C/N were determined 
using an elemental analyzer (Vario MACRO cube, Germany). The chlo
roform fumigation method was used to determine microbial biomass C 
(MBC), microbial biomass N (MBN), and microbial biomass P (MBP) 
(Brookes et al., 1982; Vance et al., 1987). Briefly, two conical flasks, 
each containing 5 g of soil from the composite sample, were prepared. 
One flask was fumigated for 48 h with CHCl3 and then extracted with 20 
ml of 0.5 M K2SO4, while the other flask was extracted with K2SO4 
without CHCl3 fumigation. The C, N, and P contents in the non- 
fumigated extractions were used to indicate dissolved organic C 
(DOC), dissolved nitrogen (DN), and dissolved P (DP), respectively (Li 
et al., 2021; Sang et al., 2021). Microbial biomass C, N, and P were 
calculated as the differences in DOC, DN, and DP in extracts between 
non-fumigated and fumigated subsamples. The pipette-sedimentation 
method was used to estimate soil texture (Gee and Bauder, 1986). The 
contents of mineral-associated organic matter (MAOM) and particulate 
organic matter (POM) were determined by a size fractionation proced
ure (Poeplau et al., 2018). Briefly, soil samples were shaken in sodium 
hexametaphosphate solution for 18 h and then rinsed through a 53 μm 
sieve. The soil fraction retained in the sieve was considered to be POM 
and the soil fraction passing through (<53 μm) was considered to 
represent MAOM. The C and N contents of POM and MAOM were 
analyzed with the elemental analyzer (Vario MACRO cube, Germany).

2.5. Extracellular enzyme activity

The extracellular enzyme activities of leucine aminopeptidase (LAP), 
β-1,4-N-acetylglucosaminidase (NAG), acid phosphatase (AP), and 
β-1,4-glucosidase (BG) were determined according to Saiya-Cork et al. 
(2002), following modifications by German et al. (2011) and Allison 
et al. (2009). Briefly, 1 g of soil sample was added to 125 ml of acetate 

buffer (50 mM, pH 5.0), and the sample suspension was blended for 1 
min. Then, 200 μl of sample suspension and 50 μl of 200 μM substrate 
solution were dispensed into the sample wells of 96-well microplates. In 
the blank wells, 200 μl of sample suspension and 50 μl of acetate buffer 
were dispensed. In the negative control wells, 200 μl of acetate buffer 
and 50 μl of substrate solution were dispensed. Quench standard wells 
received 200 μl of sample suspension and 50 μl of standard solution (10 
μM 4 methylumbelliferone, or 7-amino-4-methyl coumarin in the case of 
LAP analysis). Reference standard wells received 50 μl of standard so
lution and 200 μl acetate buffer. The microplates were incubated in the 
dark for 4 h at 20 ◦C. Fluorescence was evaluated by a multi-functional 
microplate reader with 450 nm emission and 365 nm excitation filters.

2.6. Phospholipid fatty acid (PLFA) analysis

Lipid extractions and PLFA analyses were performed as described by 
Wang et al. (2014). Briefly, freeze-dried soil (5 g) was extracted with 
chloroform/methanol/phosphate buffer mixture (1:2:0.8, 0.15 M, pH 
4.0). Phospholipids were separated from neutral lipids and glycolipids 
using silicic acid columns and fractional elution. The gas chromatograph 
(GC 7890A; Agilent, Santa Clara, CA, USA) and the MIDI Sherlock mi
crobial identification system were used for the identification and 
annotation of the resultant fatty acid methyl esters, respectively. PLFA 
biomarkers were grouped into different microbial origins based on 
previous studies (Francisco et al., 2022; Frostegård et al., 1993; Olsson 
et al., 1999). The abundance of total PLFAs was the sum of all detected 
fatty acids and was used to indicate living soil microbial biomass.

2.7. Calculations

Soil gross N mineralization (also called gross NH4
+-N production or 

gross ammonification) and gross nitrification (also called gross NO3
–-N 

production) rates were estimated according to Kirkham and Bartholo
mew (1954). Specifically, gross N mineralization (GNM) rates (ng N g− 1 

soil h− 1) were calculated as follows: 

GNM =
Ct2 − Ct1

t2 − t1
×

ln(APEt1/APEt2)

ln(Ct2/Ct1)
(1) 

where APE is 15N atom% excess of NH4
+-N, t2 and t1 refer to incubation 

stop time (h), and Ct2 and Ct1 refer to soil NH4
+-N concentrations (ng N 

g− 1 soil) at t2 and t1, repectively. Gross nitrification rates (GN, ng N g− 1 

soil h− 1) were estimated by replacing NH4
+-N atom% excess and NH4

+-N 
concentration in equation (1) with NO3

–-N atom% excess and NO3
–-N 

concentration.
Both, gross NH4

+-N and NO3
–-N consumption rates were evaluated as 

the difference between net and gross rates (Huygens et al., 2008). Spe
cifically, NH4

+-N consumption (CNH4, ng N g− 1 soil h− 1), which refers to 
the sum of all potential consumption processes of ammonium (e.g. the 
processes of nitrification, nitrification-derived N2O and NO production, 
and mineral immobilization), was calculated as: 

CNH4 = GNM −
(Ct2 − Ct1)

(t2 − t1)
(2) 

Gross NO3
–-N consumption (CNO3, ng N g− 1 soil h− 1), which refers to 

the sum of all potential consumption processes of nitrate (e.g. process of 
assimilatory and dissimilatory NO3

–-N metabolism, including 
denitrification-derived N2, N2O, and NO production), was calculated by 
replacing GNM and NH4

+-N concentrations in equation (2) with gross 
nitrification rates and NO3

–-N concentrations.
Because NH4

+-N production by gross N mineralization provides the 
substrate for gross nitrification, gross N mineralization can stimulate 
gross nitrification. Meanwhile, consumption processes of NH4

+-N and 
NO3

–-N can also be stimulated by increased gross N mineralization and 
gross nitrification, respectively. Therefore, the activity of the soil inor
ganic N cycle can be formulated as a new metric, i.e., the soil inorganic N 
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cycling flux (NCF, ng N g− 1 soil h− 1), which is calculated as the sum of 
GNM, CNH4, and CNO3. Gross nitrification rates were not included in the 
NCF estimates, because CNH4 includes the gross nitrification process 
(Davidson et al., 1991).

The amount of DNA produced (DNAproduced, ng) over a 48-hour in
cubation period was determined according to Zhang et al. (2019): 

DNAproduced = Ototal ×
at%excess

100
×

100
at%label

×
100

31.21
(3) 

where 31.21 refers to the average weight% of O in DNA 
(C32H44O24N15P4), Ototal indicates the O content in the dried DNA (ng), 
and at%excess indicates the difference in atom% of 18O between labeled 
and unlabeled samples.

Microbial N growth rate (Ngrowth, ng N g− 1 soil h− 1) was estimated as: 

Ngrowth =
DNAproduced × fDNA

t × DW
(4) 

where DW and t refer to soil dry mass (g) and incubation time (h), 
respectively. The fDNA (unitless) indicates the ratio of MBN (ng g− 1 soil) 
to soil DNA content (ng g− 1 soil).

Microbial NUE was calculated as: 

NUE =
Ngrowth

Ngrowth + GNM
(5) 

2.8. Statistical analyses

The effects of N treatment, sampling time (month), soil horizon, and 
their interactions on measured variables were estimated with the linear 
mixed-effect models with plot as random effect using the “nlme” pack
age (Pinheiro, 2011). The Tukey test was applied for post hoc multiple 
comparisons. Negative NUE values were observed in October in the 
subsurface soils likely due to the inhibition of microbial growth at low 
temperature. These negative values were removed from analyses 
(Domeignoz-Horta et al., 2020). The type III sums of squares were used 
to correct for the unbalanced design. Prior to statistical analysis, data 
were transformed to improve variance homogeneity if necessary. Pear
son correlation analysis was performed to assess the relationships be
tween measured variables with the “corrplot” package (Wei et al., 
2017). The bivariate relationships between NUE and measured variables 
(soil properties, environmental variables, and microbial variables) were 

explored using linear mixed-effects models with plot as the random ef
fect (Fig. 2). Random forest analysis was conducted to estimate impor
tant predictors of NUE, total PLFA, and NCF using the “rfPermute” 
package (Archer, 2016). Stepwise multiple linear regression was used to 
explore the relationships between NUE and total PLFA and NCF. 
Piecewise structural equation models (SEM) were used to assess direct 
and indirect effects among variables under N input. The conceptual SEM 
model was established based on our working hypothesis and the findings 
from correlation analysis and stepwise regression analysis. The SEM 
analysis considered the random effect of plot and modeled the correla
tion among sampling months with a continuous autoregressive 1 auto
correlation structure. Fisher’s C was used as the goodness-of-fit statistic 
and P > 0.05 indicates a well-fit model. The SEM was conducted using 
the “piecewiseSEM” package (Lefcheck, 2016). The least significant 
paths were removed stepwise to improve parsimoniousness of the SEM 
and the optimum model was selected by comparing Akaike information 
criterion values among nested models (Shipley, 2013). Because micro
bial NUE is calculated from gross N mineralization rates and microbial 
growth rates (Eq. (5), the latter two parameters were not included in 
random forest analysis and in SEM analysis (Fig. S8), consistent with 
previous studies (Domeignoz-Horta et al., 2020; Malik et al., 2018; 
Spohn et al., 2016). All statistical analyses were conducted in R 4.1.2 
(Lever et al., 2015) and figures were made in R using the “ggplot2” 
package (Valero-Mora, 2010).

3. Results

3.1. Effects of N addition on soil properties and microbial NUE

No significant changes in SOC, TN, soil C/N, BD, and fractions of 
clay, silt, and sand were detected after N addition in either surface or 
subsurface soils (Table 1). However, SOC, TN, soil C/N, and the sand 
fraction were significantly higher in the surface soil than in the sub
surface soil whereas soil clay, silt, and BD were lower in the surface soil.

In general, high N addition tended to decrease both NUE and mi
crobial N growth rates in the surface soil compared to the control group 
(CK) across all monthly samplings (Table S1 and Fig. 1 and S1), how
ever, it did not impact gross N mineralization rates. In the subsurface 
soil, N addition did not affect NUE, microbial N growth rates or gross N 
mineralization rates. Gross N mineralization rates and microbial N 
growth rates were significantly higher in the surface soil than in the 

Fig. 1. Effects of N addition on microbial nitrogen use efficiency (NUE) in surface (A) and subsurface (B) soils. CK, control (0 kg N− 1 ha− 1 yr− 1); LN, low N addition 
(25 kg N− 1 ha− 1 yr− 1); MN, medium N addition (50 kg N− 1 ha− 1 yr− 1); HN, high N addition (75 kg N− 1 ha− 1 yr− 1). The effects of treatment (N addition), sampling 
time (Month), and their interaction (N addition × Month) in each soil horizon are shown. * , P < 0.05; ** , P < 0.01; *** , P < 0.001. Different lower-case letters 
indicate a significant difference among N addition treatments in a specific month. Data presented are means and standard errors (n = 3).
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subsurface soil, however, there was no significant difference in NUE 
between both soil layers (Table S1). Compared to CK, high N addition 
resulted in a small but consistent decrease in soil pH, i.e. by 0.25 units in 
surface soil and by 0.14 units in subsurface soil (Fig. S1). Soil pH and the 
fraction of mineral-associated organic matter in the subsurface soil were 
significantly higher than in the surface soil (Table S1 and Fig. S1 and 
S3). The DOC content was significantly higher in October than in the 
other months in both surface and subsurface soils (Fig. S2).

3.2. Relationships between measured variables

Microbial NUE was positively related to microbial N growth rates 
and negatively related to gross N mineralization rates in both surface 
and subsurface soils (Fig. S4 and equation (5). In surface soil, NUE was 
positively related to DP, soil pH, bacterial PLFA, fungal PLFA, total 
PLFA, gram-positive bacteria (G+), and gram-negative bacteria (G-), and 
negatively related to DOC, DOC/DP, DN/DP, and acid phosphatases 
(AP) activity (Fig. 2). In subsurface soil, NUE was positively related to 
temperature because increasing temperature stimulated microbial N 
growth rates but did not affect gross N mineralization (Fig. 2 and S5). In 
surface soil, temperature was positively related to both microbial N 
growth rates and gross N mineralization rates but showed no relation
ship with NUE (Fig. 2 and S5).

Total PLFA, fungal PLFA, and bacterial PLFA were negatively related 
to DOC, DOC/DN, and DOC/DP, and positively related to DP, temper
ature, microbial N growth rate, and NCF in surface soil (Fig. S5). In 
subsurface soil, total PLFA, fungal PLFA, and bacterial PLFA were 
positively related to DN and negatively related to extracellular enzyme 
activities (BG, NAG + LAP, and AP). Fungal PLFA was negatively related 
to the N addition rate in the surface soil but showed no relationship in 
the subsurface soil. DOC was negatively related to DP in both surface 
and subsurface soils. Soil pH and DP were positively related to microbial 
N growth rate in the surface soil but showed no relationships in the 
subsurface soil (Fig. S5).

The random forest analyses indicated that DOC/DP, soil pH, DOC, 
temperature, DN/DP, DP, and N addition treatment were significant 
predictors for NUE in surface soil, but only temperature was a significant 
predictor for NUE in subsurface soil (Fig. 3).

3.3. Effects of microbial NUE on microbial biomass and soil inorganic N 
cycling

Random forest analysis indicated that temperature, bacterial com
munity composition, NUE, DOC/DN, and DOC were significant pre
dictors for total PLFA in surface soil, and subsequent stepwise regression 
analysis retained temperature, microbial NUE, and bacterial community 
structure in the final model, with a positive effect of NUE on total PLFA 
(Fig. 3 and Table S2). In subsurface soil, the random forest analysis 
indicated that DOC/DN, DN, and N addition treatment but not NUE were 
significant predictors for total PLFA.

(caption on next column)

Fig. 2. The bivariate relationships between measured variables and microbial 
NUE in surface and subsurface soils. DOC, dissolved organic carbon (μg g− 1); 
DN, dissolved nitrogen (μg g− 1); DP, dissolved phosphorus (μg g− 1); DOC/DN, 
the ratio of dissolved organic carbon to dissolved nitrogen; DOC/DP, the ratio 
of dissolved organic carbon to dissolved phosphorus; DN/DP, the ratio of dis
solved nitrogen to dissolved phosphorus. Bacterial NMDS1, bacterial commu
nity non-metric multidimensional scaling (NMDS) axis 1; fungal NMDS1, fungal 
community non-metric multidimensional scaling (NMDS) axis 1; Bshannon, 
bacterial Shannon index; Fshannon, fungal Shannon index; BG, β-1,4-glucosi
dase (nmol h− 1 nmol− 1 PLFA); NAG, β-1,4-N-acetylglucosaminidase (nmol h− 1 

nmol− 1 PLFA); LAP, leucine aminopeptidase (nmol h− 1 nmol− 1 PLFA); AP, acid 
phosphatases (nmol h− 1 nmol− 1 PLFA); PLFA, phospholipid fatty acids (nmol 
g− 1); G+ , gram-positive bacteria (nmol g− 1); G- , gram-negative bacteria (nmol 
g− 1); NCF, composite inorganic nitrogen cycling flux (ng g-1 h− 1). The data was 
standardized before analysis. * , P < 0.05, ** , P < 0.01, *** , P < 0.001.
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Moreover, random forest analysis indicated that temperature, DOC/ 
DN, DOC/DP, NUE, DN, total PLFA, bacterial PLFA, and gram-negative 
bacteria were significant predictors for NCF in the surface soil, and 
subsequent stepwise regression analysis retained temperature, total 
PLFA, and NUE in the final model, with a negative effect of NUE on NCF 
(Fig. 3 and Table S2). In subsurface soil, the random forest analysis 
indicated that DN, temperature, NUE, fungal diversity and community 

composition, DOC/DN, and N-acquiring enzyme activity (NAG + LAP) 
were significant predictors for NCF, and subsequent stepwise regression 
analysis retained temperature, fungal community composition, and NUE 
in the final model, with a negative effect of NUE on NCF. Gross N 
mineralization rates were positively related to gross nitrification 
(Fig. S7), which further indicates that NUE can affect the supply of NH4

+- 
N to nitrifiers as well as NCF.

Table 1 
Effects of N addition on soil properties.

Soil horizon Treatment SOC (%) TN (%) C/N Clay (%) Silt (%) Sand (%) BD (g cm− 3)

Surface CK 11.15 ± 0.40 a 0.89 ± 0.08 a 12.61 ± 0.73 a 30.76 ± 1.36 a 35.13 ± 1.76 a 34.12 ± 2.94 a 0.49 ± 0.05 a
(0–10 cm) LN 9.89 ± 1.12 a 0.82 ± 0.09 a 12.11 ± 0.76 a 29.29 ± 2.81 a 35.77 ± 1.55 a 34.94 ± 3.88 a 0.51 ± 0.06 a
​ MN 10.98 ± 0.73 a 0.93 ± 0.09 a 11.77 ± 0.36 a 32.16 ± 2.75 a 36.73 ± 2.29 a 31.11 ± 4.12 a 0.45 ± 0.07 a
​ HN 9.63 ± 0.50 a 0.83 ± 0.01 a 11.61 ± 0.78 a 28.80 ± 6.74 a 35.02 ± 2.61 a 36.18 ± 9.34 a 0.51 ± 0.03 a
Subsurface CK 2.37 ± 0.46 a 0.23 ± 0.04 a 10.41 ± 0.10 a 37.67 ± 3.83 a 42.98 ± 0.48 a 19.35 ± 4.19 a 0.76 ± 0.04 a
(10–20 cm) LN 2.99 ± 0.47 a 0.29 ± 0.05 a 10.46 ± 0.03 a 38.26 ± 0.49 a 41.82 ± 1.18 a 19.92 ± 1.59 a 0.83 ± 0.01 a
​ MN 2.65 ± 0.75 a 0.24 ± 0.08 a 10.30 ± 0.16 a 34.59 ± 6.01 a 38.67 ± 5.69 a 26.74 ± 11.42 a 0.71 ± 0.04 a
​ HN 2.47 ± 0.83 a 0.30 ± 0.06 a 10.25 ± 0.17 a 37.24 ± 0.82 a 42.30 ± 1.73 a 20.46 ± 2.55 a 0.70 ± 0.13 a
ANOVA results ​ ​ ​ ​ ​ ​ ​
N addition n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Horizon *** *** *** *** *** *** ***
N addition × Horizon * n.s. n.s. n.s. n.s. n.s. n.s.

CK, control (0 kg N− 1 ha− 1 yr− 1); LN, low N addition (25 kg N− 1 ha− 1 yr− 1); MN, medium N addition (50 kg N− 1 ha− 1 yr− 1); HN, high N addition (75 kg N− 1 ha− 1 yr− 1). 
* , P < 0.05; ** , P < 0.01; *** , P < 0.001. Different lower-case letters indicate a significant difference among N addition treatments in a specific soil horizon. Data 
presented are mean and standard error (n = 3). SOC, soil organic carbon; TN, total nitrogen; C/N, SOC/TN; BD, bulk density.

Fig. 3. Importance of predictors for microbial NUE (A, D), total PLFA (B, E), and NCF (C, F) in surface and subsurface soils based on the random forest analyses. MSE, 
mean square error; DOC, dissolved organic carbon (μg g− 1); DN, dissolved nitrogen (μg g− 1); DP, dissolved phosphorus (μg g− 1); DOC/DN, the ratio of dissolved 
organic carbon to dissolved nitrogen; DOC/DP, the ratio of dissolved organic carbon to dissolved phosphorus; DN/DP, the ratio of dissolved nitrogen to dissolved 
phosphorus; AP, acid phosphatases (nmol h− 1 nmol− 1 PLFA); BNMDS1, bacterial community non-metric multidimensional scaling (NMDS) axis 1; Bshannon, bac
terial Shannon index; FNMDS1, fungal community non-metric multidimensional scaling (NMDS) axis 1; Fshannon, fungal Shannon index; PLFA, phospholipid fatty 
acid (nmol g− 1); T, temperature (◦C); NUE, nitrogen use efficiency; NCF, composite inorganic nitrogen cycling flux (ng g-1 h− 1). * , P < 0.05, ** , P < 0.01.
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3.4. Structural equation model analyses

In surface soil, SEM analyses revealed that soil pH had a positive 
effect on NUE whereas DOC/DP had a negative effect on NUE (Fig. 4). 
Both N addition treatment and temperature indirectly influenced NUE 
through their effects on pH and DOC/DP. Total PLFA was positively 
affected by temperature and NUE and negatively affected by bacterial 
community composition in surface soil. NCF in surface soil was posi
tively affected by temperature, bacterial community composition, and 
total PLFA, and negatively affected by NUE.

In subsurface soil, temperature had a positive effect on NUE and 
DOC/DN had a negative effect on total PLFA. NCF was positively 
affected by temperature and soil pH and negatively affected by NUE and 
fungal community composition. Temperature indirectly affected total 
PLFA by its effects on DOC/DN. N addition did not significantly affect 
NUE in subsurface soil (Fig. 4).

4. Discussion

4.1. Effects of N addition on microbial NUE in surface and subsurface 
soils

Nitrogen addition decreased microbial NUE in surface soil (Fig. 1), 
especially in the high N treatment. This effect was mainly driven by a 
decrease in microbial N growth rate but not by changes in gross N 
mineralization rate (Fig. S1). Microbial N growth rate and gross N 
mineralization rate did not change with N addition in subsurface soil, 
resulting in no obvious response of NUE to N addition in deeper soils. In 
contrast to our results, a previous study found that N addition increased 

microbial growth and NUE in the valley in a karst forest by increasing 
soil N availability (Yang et al., 2023). In the karst region, the under
ground conduit systems are well developed with hydrological processes 
dominated by vertical underground leakage (Fu et al., 2016), which is 
not conducive to soil nutrient retention. Therefore, karst ecosystems are 
usually limited by soil nutrients (Zhang et al., 2015). In contrast, we 
found that N addition decreased microbial growth and NUE by inducing 
soil acidification.

Consistent with previous studies (Sun et al., 2023a), microbial 
growth and NUE were positively related to soil pH (Fig. 2 and S5) in 
surface soil. This may be because microbial physiological responses to 
soil acidity increase maintenance costs to overcome H+/Al3+ stress, 
lowering microbial growth rates (Fig. S5) and growth efficiency 
(including CUE and NUE) (Jones et al., 2019; Malik et al., 2018). 
However, Zhang et al. (2019) found no relationship between pH and 
microbial growth or NUE. These inconsistent results may be due to the 
indirect effect of pH on soil nutrient availability and microbial com
munity composition (Schroeder et al., 2024; Zhang et al., 2019). The 
SEM results also indicated that N addition indirectly affected NUE by 
decreasing soil pH in surface soil (Fig. 4). Although soil pH also 
decreased with N addition in subsurface soil, the reduction was weaker 
than in surface soil (Fig. S1 and Fig. 4), and therefore was unrelated to 
NUE. These results are consistent with our first hypothesis.

4.2. Seasonal dynamics of microbial NUE in surface and subsurface soils

Microbial NUE was positively related to DP, and negatively related to 
DOC, DOC/DP, and DN/DP in surface soil (Fig. 2). This suggested that 
microbial metabolism was limited by P availability, consistent with the 

Fig. 4. Structural equation model describing the linkages among microbial NUE and measured variables in surface (A) and subsurface (B) soils. Numbers adjacent to 
arrows indicate standardized path coefficients and asterisks mark their significance: * , P < 0.05, ** , P < 0.01, *** , P < 0.001. Blue arrows indicate significant 
negative relationships, black arrows indicate significant positive relationships and gray arrows indicate pathways that are non-significant but improved the model-fit. 
Only significant path coefficients are shown, with the other non– significant path coefficients shown in Table S3. The test statistic of Fisher’s C and P values in surface 
soil were 17.4 and 0.23, respectively, and in subsurface soil they are 8 and 0.63, respectively. DOC/DP, the ratio of dissolved organic carbon to dissolved phosphorus; 
DOC/DN, the ratio of dissolved organic carbon to dissolved nitrogen; PLFA, phospholipid fatty acids (nmol g− 1); NCF, composite inorganic nitrogen cycling flux (ng 
g-1 h− 1); BNMDS1, bacterial community non-metric multidimensional scaling (NMDS) axis 1; FNMDS1, fungal community non-metric multidimensional scaling 
(NMDS) axis 1.
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negative relationship between NUE and P-acquiring enzyme activity 
(AP) but not to C-acquiring (BG) and N-acquiring enzyme activities 
(NAG + LAP). Under P limiting conditions microbial growth (and 
therefore NUE) is reduced and microbes tend to increase resource in
vestment in AP production rather than growth, which may further 
decrease NUE. Some studies have argued that microbes are generally 
limited by C in soils, such that NUE would increase with C availability if 
N becomes relatively more constrained in parallel (Feng et al., 2022; Sun 
et al., 2023a; Zhang et al., 2019). However, we found a negative rela
tionship between C availability and microbial NUE (Fig. 2), suggesting 
that other (limiting) factors covary with C availability and it is those 
“hidden” factors that actually limit microbial growth and reduce NUE. 
This hints at the broader importance of substrate stoichiometries and 
eventually P limiting microbial growth efficiency (Manzoni et al., 2012; 
Prommer et al., 2020; Tian et al., 2023). Previous studies found 
continuous N addition induced P limitation of microbial metabolism in 
tropical forests with low P availability (Deng et al., 2017). Our results 
indicate that this phenomenon also exists in temperate forests which are 
typically characterized as N-limited ecosystems (Reich et al., 1997). 
Yuan et al. (2024) previously showed that N addition stimulated tree 
growth in the temperate forest in the current study, which may further 
decrease P availability for soil microbes by increasing plant P uptake. In 
subsurface soil, the effect of P limitation on microbial metabolism was 
not observed under N addition, possibly due to less impact on pH in 
subsurface.

Towards summer, i.e. with increasing soil temperature, microbial 
NUE was stimulated indirectly in surface soil, following increases in soil 
pH and decreasing DOC/DP. In contrast, a direct positive effect of soil 
temperature on NUE was observed in subsurface soil (Fig. 4), consistent 
with our second hypothesis. By way of explanation, a large amount of 
litterfall in the study area occurs between late September and early 
October (Li et al., 2015). During autumn season soil temperatures were 
lowest (7 ◦C in October) at the study site, but soil dissolved organic 
carbon content was highest, likely due to increased litter inputs 
(Fig. S2). At the same time soil pH decreased, also possibly due to the 
litter inputs (Fig. S1) (Dai et al., 2021). Such seasonal changes in litter 
input can result in an apparent positive relationship between soil tem
perature and soil pH and a negative association to DOC/DP in surface 
soils, with corresponding changes in microbial NUE (Fig. 4). Thus, in 
contrast to the direct effect of temperature on NUE in subsurface soil, the 
indirect effects of temperature on NUE in surface soil may reflect 
climate-plant-soil interactions on microbial metabolism under N addi
tion (Li et al., 2023). These interaction effects would decrease with soil 
depth.

4.3. Relationships between microbial NUE and microbial biomass

In partial agreement with our third hypothesis, microbial NUE was 
positively related to microbial biomass (total PLFA, fungal PLFA, bac
terial PLFA, and G+ and G- PLFA) in the surface but not in subsurface soil 
(Fig. 2 and Table S2). A high NUE resulted from high microbial growth 
and biomass synthesis in the surface soil. However, microbial biomass in 
subsurface soil was mainly affected by N substrate availability rather 
than NUE (Figs. 3 and 4), likely because substrate availability typically 
decreases with depth (Liu et al., 2023). This was likely due to the lower 
substrate content and stronger physical protection (higher clay and silt 
contents and higher mineral-associated organic matter) in the subsur
face than surface soil (Table 1 and Fig. S3) (Xu and Tsang, 2024). These 
results suggest that the relationship between microbial growth effi
ciency and biomass production is regulated by other factors (such as 
substrate availability and soil pH) (Malik et al., 2018; Sun et al., 2021), 
providing an alternative perspective to increases in soil C storage with N 
addition. Previous studies found that increased microbial CUE promoted 
soil C conservation by stimulating the production of microbial biomass 
and subsequent accumulation of microbial residues (Liang et al., 2017; 
Tao et al., 2023). We suspect that this stimulation of soil C storage may 

also be enhanced by higher NUE. The global average of microbial 
biomass C:N stoichiometry is about 7 (Xu et al., 2013), which implies 
that an increase in microbial biomass N related to an increasing NUE 
would lead to a seven-fold increase in microbial biomass C. Therefore, 
the potential and positive effects of microbial NUE on soil C storage 
seem worth studying.

We further found that the stimulation of microbial NUE under N 
addition was paralleled by a stronger N amendment effect for fungi than 
for bacteria, resulting in a positive relationship between NUE and the 
ratio of fungi:bacteria in surface soil (Fig. 2 and S6), consistent with the 
strong negative effect of N addition on both fungal PLFA and NUE 
(Fig. S5 and 1). A global meta-analysis also showed a significant decrease 
in fungal PLFA but not bacterial PLFA with N addition rate (Zhang et al., 
2018). High N availability may inhibit fungal proliferation and reduce 
fungal biomass via changes in nutrient competition between plants and 
rhizosphere microbes, by changes in plant-specific exudates or via 
inducing the production of compounds that are toxic to fungi (Treseder, 
2008; Zhang et al., 2018). An alternative explanation may be that fungal 
abundance was significantly lower than bacteria (Fig. S6) with fungal 
biomass being more prone to change and showing a stronger correlation 
with microbial NUE. Regardless, our results were in contrast to previous 
theory predicting that NUE should be negatively related to the fungi: 
bacterias ratio because fungi have a lower N demand than bacteria 
(Mooshammer et al., 2014b). However, recent studies found that growth 
rate and growth efficiency varied greatly within and among microbial 
taxa (Pold et al., 2020). In the future, new methods (such as quantitative 
stable isotope probing techniques) exploring active microbial taxa and 
their individual growth rates and growth efficiencies may help to un
derstand these contradictory results.

4.4. Relationships between microbial NUE and soil inorganic N cycling

We here provide solid evidence that microbial NUE was negatively 
related to soil inorganic N cycling fluxes (Table S2 and Figs. 3 and 4), 
consistent with our third hypothesis. In natural systems, soil inorganic N 
supply depends largely on organic N mineralization (Li et al., 2020), 
which is inversely related to microbial NUE (Fig. S4). The inorganic N 
produced by gross N mineralization i.e. NH4

+-N can stimulate NO3
–-N 

production through nitrification (Fig. S7) and subsequent consumption 
processes of NH4

+-N and NO3
–-N through inorganic N cycling (Sun et al., 

2021; Sun et al., 2019; Zhang et al., 2013; Zhang et al., 2012; Zhang 
et al., 2019), affecting the entire balance of soil inorganic N cycling. 
Previous studies have mostly focussed on specific N transformation 
processes and their relationships to microbial NUE (Zhang et al., 2019), 
with few studies focused on the entire soil inorganic N cycle. Our results 
suggest that microbial NUE is a key index to soil inorganic N cycling. 
However, it should be noted that soil sieving disrupted any mycelial 
networks in this forest soil, so that the N transformation rates estimated 
in this study may have been altered by the turnover of fungal mycelia 
and do not reflect field conditions (Gao et al., 2016). In-situ experiments 
are needed to better understand the effects of NUE on soil N cycling 
under field conditions.

5. Conclusions

The effects of N addition on microbial NUE depended on soil depth, 
season, and rate of N addition. In surface soil, high N addition acidified 
the soil, inhibited microbial growth and reduced NUE. However, N 
addition did not affect NUE in subsurface soil, possibly due to the 
buffering effects of the overlying surface soil. Microbial NUE in surface 
soil was also limited by P, suggesting that long-term N addition may 
have induced a P limitation for microbial metabolism. Microbial NUE in 
the subsurface soil was mainly regulated by temperature. These results 
imply a stronger climate-plant-soil interaction on microbial metabolism 
in surface than subsurface soil under N addition, mediated by the sea
sonality of litter inputs affecting both soil pH and DOC pools. We further 
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found NUE to be inversely related to microbial biomass production and 
soil inorganic N cycling, demonstrating a central position of microbial 
NUE in the flux of organic N to inorganic N. Therefore, NUE is strongly 
related to soil N cycling and so biogeochemical models should incor
porate variable NUE to better predict soil N dynamics in future climates.
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