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• Microbial CUE and NUE increased under
N addition at both topographic positions.

• Soil C and N cycles were decoupled by N
addition in the valley.

• Microbial community and substrate avail-
ability regulated CUE and NUE in the val-
ley.

• Soil P availability was a key driver regulat-
ing microbial CUE and NUE on the slope.
A B S T R A C T
A R T I C L E I N F O
Editor: Manuel Esteban Lucas-Borja

Keywords:
Nitrogen deposition
Topography
Microbial carbon use efficiency
Microbial nitrogen use efficiency
Karst forest
Microbial carbon use efficiency (CUE) and nitrogen use efficiency (NUE) are key parameters determining the fate of C
and N in soils. Atmospheric N deposition has been found to heavily impact multiple soil C and N transformations, but
we lack understanding of the responses of CUE and NUE to N deposition, and it remains uncertain whether responses
may bemediated by topography. Here, a N addition experiment with three treatment levels (0, 50 and 100 kg N ha−1-

yr−1) was conducted in the valley and on the slope of a subtropical karst forest. Nitrogen addition increasedmicrobial
CUE andNUE at both topographic positions, but the underlyingmechanisms differed. In the valley, the increase in CUE
was associatedwith an increase in soil fungal richness:biomass and lower litter C:N, whereas on the slope, the response
was linked with a reduced ratio of dissolved soil organic C (DOC) to available phosphorus (AVP) which reduced
respiration, and increased root N:P stoichiometry. In the valley, the increase in NUE was explained by stimulated mi-
crobial N growth relative to gross N mineralization, which was associated with increased ratios of soil total dissolved
N:AVP and fungal richness:biomass. In contrast, on the slope, the increase in NUE was attributed to reduced gross N
mineralization, linked to increased DOC:AVP. Overall, our results highlight how topography-driven soil substrate
availability and microbial properties can regulate microbial CUE and NUE.
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1. Introduction

Microbial carbon use efficiency (CUE) and nitrogen use efficiency
(NUE) are important parameters influencing the fate of organic C and N
in soils (Spohn et al., 2016b; Zhang et al., 2019). Microbial CUE (or NUE)
describes the proportion of C (or N) allocated to growth relative to total
microbial C (or N) uptake, with that not used for growth released into the
environment through microbial respiration (or N mineralization)
(Mooshammer et al., 2014; Fuchslueger et al., 2019). As such, microbial
CUE and NUE reflect the capacity of C and N to be retained in the soil
(Manzoni et al., 2012), as C and N used to build new microbial biomass
may be more effectively stabilized in soil (Liang et al., 2017; Buckeridge
et al., 2020). While the role of microbial CUE in regulating soil C sequestra-
tion and loss has been widely studied, there are far fewer assessments of
microbial NUE. Amore comprehensive evaluation of the factors controlling
CUE and NUE is therefore crucial to improve projections of soil C and N cy-
cling at the landscape scale.

Substrate stoichiometry has been demonstrated to be important in con-
trolling CUE and NUE by affecting microbial investment in enzymes for re-
source acquisition (Zhang et al., 2019; Li et al., 2021a). According to the
theory of stoichiometric homeostasis, a higher soil C:N ratio is usually
linked to lower CUE and higher NUE as microorganisms need to maintain
their homeostatic C:N balance through overflow respiration and invest-
ment of C into enzymes for nutrient acquisition (Feng et al., 2021). In con-
trast, where the C:N in soil is lower, decomposers conserve C and liberate
excess N via mineralization, so they are expected to reduce their NUE
while increasing CUE (Mooshammer et al., 2014).

Microbial CUE and NUE are community characteristics, and thus repre-
sent an integration of the activities of different microbial assemblages, and
reflect the complex interactions between microbial community composi-
tion and the stoichiometry of available resources (Preusser et al., 2017). In-
deed, CUE appears to be partially phylogenetically constrained (Hasby
et al., 2021; Smith et al., 2021), suggesting that different communities
may give rise to differences in microbial CUE. For example, Domeignoz-
Horta et al. (2020) found that a shift in bacterial communitywas associated
with a change in CUE, with CUE being positively associated with bacterial
diversity whereas there was no correlation between fungal diversity and
CUE. However, other studies have found the relationship between micro-
bial diversity and CUE to be neutral (Malik et al., 2018) or negative
(Zhang et al., 2020). In a managed grassland, a lower fungi:bacteria bio-
mass was linked with a higher microbial CUE, but there was no clear rela-
tionship with NUE (Fuchslueger et al., 2019). Different microbial strains
may vary in their metabolic activity (Kamble and Bååth, 2016; Cheng
et al., 2017), with fungal communities often being characterized by a
higher microbial CUE relative to bacterial communities (Gavazov et al.,
2022). Moreover, fungi communities are dominant in secreting enzymes
that degrade organic matter (Bonner et al., 2018), which in turn consume
C and N, and may thus decrease microbial CUE and NUE. As microbial
community structure is tightly associated with the quantity and quality
of substrate use in soils (Zhang et al., 2018), changes in microbial com-
munity composition and diversity via changes in the abiotic environ-
ment (e.g., resource limitation and availability) may impact microbial
CUE and NUE. Elevated atmospheric N deposition can impact soil re-
source availability, and microbial community abundance and composi-
tion which in turn may influence microbial metabolism (Bonner et al.,
2018; Li et al., 2021b). For instance, a 6-year N addition resulted in a
higher soil microbial CUE as a consequence of enhanced microbial
growth in an alpine steppe (Feng et al., 2022). In a temperate forest, N
addition increased microbial NUE in the organic layer of a forest by
enhancing microbial N uptake and decreasing gross N mineralization;
fungal community structure was positively correlated with microbial
CUE in the organic soil layer, while bacterial community structure was
positively associated with both CUE and NUE in the mineral soil layer
after N addition (Li et al., 2021b). Nevertheless, how substrate availabil-
ity as well as microbial community composition simultaneously affect
microbial CUE and NUE remains unclear.
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Topography has been found to substantially affect soil C and nutrient
availability (Viscarra Rossel et al., 2019), thereby affecting the stoichiome-
try of substrates (Yuan et al., 2020), and subsequently soil microbial or
enzyme activities, microbial community abundance and composition (Du
et al., 2015; Fairbanks et al., 2020). For example, soil enzyme activities
were lower in the valley than on the slope in a mountainous coniferous
forest (Keller et al., 2023). Topography can also impact the fate of atmo-
spherically deposited N, thereby impacting soil N status, and resulting
in different responses of microbes to N addition between the valley
and ridge (Enanga et al., 2017; Zhu et al., 2021).

In the current study, we proposed a conceptual framework linking sub-
strate stoichiometry, plant detritus inputs and the microbial community to
the responses of microbial metabolism to N addition (Fig. S1). We expected
that N addition would directly increase soil N availability, and result in the
alteration of soil C:N:P stoichiometry (Cheng et al., 2014), and microbial
community abundance or composition (Zhang et al., 2018), which would
subsequently stimulate or inhibit gross Nmineralization, microbial respira-
tion and microbial growth rates (Eastman et al., 2021; Ning et al., 2021).
This would, in turn, determine the microbial CUE and NUE (Yuan et al.,
2019; Li et al., 2021b; Feng et al., 2022). Meanwhile, N addition often
promotes plant productivity and thus increases plant detritus inputs,
which in turn increases available substrates for microbes (Zhang et al.,
2018; Wu et al., 2022), and affects microbial community composition
(Preusser et al., 2017). To test the above framework, we conducted a field
N addition experiment to explore the responses and associated drivers of
microbial CUE and NUE to elevated N addition in the valley and on the
slope of a subtropical karst forest. Previous studies have shown that N
addition decreased C:N and increased N:P in soil, which may strengthen
microbial C and P limitations (Duan et al., 2022b; Yang et al., 2023). We
therefore hypothesized that (1) N addition would increase microbial de-
mand for C, thereby increasing microbial CUE. Moreover, our previous
work at the studied subtropical karst forest has shown that soil N concentra-
tions are higher on the slope than in the valley (Duan et al., 2022a), and that
N addition inhibited biological N2 fixation in the valley but not on the slope
(Wang et al., 2019). We therefore hypothesized that (2) N addition would
have amore pronounced effect onmicrobial metabolic activity in the valley
by alleviating microbial N limitation, and thereby reducing microbial NUE.

2. Materials and methods

2.1. Site description and experimental design

The study was carried out in a humid subtropical karst forest, located in
the Mulun National Nature Reserve, southwest China (Duan et al., 2022a;
Duan et al., 2022c; Yang et al., 2023). The atmospheric N deposition
rate in the region is 37 kg N ha−1 yr−1. Mean annual precipitation is
1400 mm and the mean annual temperature is 19 °C. The soil is calcareous
with soil type being Cambisols on the slope and being Luvisols in the valley,
underlain by a mixture of limestone and dolomite (Qian et al., 2023). The
soil depth varied between the valley and the slope, being around 80 cm
in the valley and around 30 cm on the slope. In the karst region, the under-
ground conduit systems are very developed with the hydrological process
being dominated by underground leakage vertically, and the overland
flow or interflow being negligible (Fu et al., 2016).

An N addition experiment was established in the valley and on the
slope to investigate whether the effect of N addition on soil C and N
cycling would be mediated by topography (Fig. 1) (Wang et al., 2019).
At each topographic position (i.e. slope or valley), a randomized block
design was adopted with three replicated blocks and three N addition
rates, including control (N0, 0 kg N ha−1 yr−1), moderate N addition
(N50, 50 kgNha−1 yr−1) andhighN addition (N100, 100 kgNha−1 yr−1).
This resulted in nine plots (10 m × 10 m each) at each topographic
position. Each plot within a block was surrounded by a 10 m wide buffer
zone. The shortest distance between the neighboring plots in the valley
and on the slope was >30 m. During the application, NH4NO3 was dis-
solved in 10 L of water and sprayed with a back-pack sprayer to promote



Fig. 1. Schematic map showing the experimental site and relative distribution of plots at two neighboring topographic positions. Figure derived from Wang et al. (2019).
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an even distribution. Each control plot received 10 L water during each ap-
plication. The N addition was carried out at the beginning of each month
since April 2016.

2.2. Soil and litter sampling and physicochemical analyses

Two litter traps of 1 m × 1 m (~ 0.5 m above the forest floor) with a
mesh size of 1 mm were deployed in each plot, with litterfall collected
monthly since January 2017. The collected litter was dried in an oven at
60 °C for 48 h andweighed to calculate the cumulative litterfall production
for each plot from January 2017 to September 2019.

Soil sampling was collected in September 2019. Three 20 cm× 20 cm
locations were randomly selected in each plot. One soil core (0–10 cm) was
collected from each location using a soil corer (5 cm in inner diameter) after
removing litter. Fine roots (< 2 mm in diameter) and all attached residues
(soil, dead roots, stem materials and litter fractions) were carefully re-
moved by tweezers. The roots were then rinsed well in deionized water,
dried in an oven at 60 °C for 48 h, and weighed to determine fine root
biomass and element concentrations. Soil samples were sieved to 2 mm
and divided into three parts. One part was stored at 4 °C for less than one
week before measuring soil ammonium (NH4

+), nitrite (NO2
−) and nitrate

(NO3
−) concentrations, dissolved organic C and N (DOC and DON), micro-

bial biomass C,N and P (MBC,MBNandMBP),microbial Cmetabolism,mi-
crobial N metabolism, and enzyme activities. The second part was air dried
at room temperature for the analysis of soil pH, bulk SOC, total N (TN), total
P (TP) and available P (AVP). The third part was stored at −20 °C for sub-
sequent DNA extraction. Analyses of soil physicochemical variables were
described in Duan et al. (2022a), and the data are presented in Table S1.
The stoichiometric imbalance (SI) between available resources (DOC,
total dissolved N and AVP) and soil microbial communities was calculated
using Eq. (1) (Mooshammer et al., 2014):

SIX:Y ¼ X : Y resource

X : Ymicrobes
(1)

where the ratio of X:Y is C:N, C:P or N:P.

2.3. Gross N mineralization

The rate of gross N mineralization (GNM) was estimated using 15N-
isotope pool dilution technique, according to Li et al. (2017). To estimate
3

GNM, duplicates of 4 g (dry weight equivalent) soil samples were weighed
into polypropylene vials and pre-incubated at 60 % water hold capacity at
25 °C for one week. Then, 100 μL 15NH4NO3 (10 atom% 15N) was added to
each soil sample, before incubating at 25 °C. After pre-incubation, the for-
mal soil incubation was terminated after 0.5 h (t0) and 24 h (t1), respec-
tively, and soils were extracted with 20 mL of 2 M KCl. The NH4

+-N
contents in the extraction was determined using an auto–analyzer (FIAstar
5000, FOSS, Sweden). The 15N-NH4

+ in extraction was determined using
the micro-diffusion method by a MAT 253 isotope-ratio mass spectrometer
coupled with an FLASH2000HT elemental analyzer (Thermo Finnigan
MAT, Bremen, Germany). The GNM rate (μg N g−1 h−1) was calculated
according to Eq. (2):

GNM ¼ Nt1 � Nt0

t1 � t0
�

ln APEt0
APEt1

� �

ln Nt1
Nt0

� � (2)

where Nt0 and Nt1 are NH4
+-N contents at t0 and t1, respectively, and APEt0

and APEt1 denote the 15N atom percent excess (%) in soil NH4
+ at t0 and t1,

respectively.

2.4. Microbial respiration, growth rate and element use efficiency

The short-term incubation experiment was conducted to determine mi-
crobial respiration and microbial growth using 18O-H2O (Spohn et al.,
2016b). The soils were incubated at 60 % WHC, since this has been re-
ported to be optimum for the simultaneous occurrence of nitrification and
denitrification (Congreves et al., 2019) due to the uninhibited diffusion of
both substrates andO2 (Parton et al., 1996) and the occurrence of anaerobic
microsites in soil matrix (Sexstone et al., 1985). We also chose an incuba-
tion temperature of 20 °C, as the region is located in the subtropical
humid forest life zone with a monsoon climate, where the mean annual
air temperature ranges from 17.8 to 22.2 °C. 18O-H2O was added to each
soil in screw vials to reach an 18O enrichment of 20 %. In a parallel set of
control soil samples, the same volume of 16O-H2O was added. All soil sam-
ples were incubated for 24 h. Gas samples were collected after 24 h of incu-
bation from the headspace of the vials for CO2 determination using a gas
chromatograph (Agilent GC 7890A, Agilent, USA). The soil samples were
then frozen at −80 °C for DNA extraction using the DNeasy PowerSoil®
Pro kit (MoBio Laboratories, Carlsbad, CA, USA), following themanufactur-
ers' instructions. The 18O abundance and total O content of DNA were



X. Yang et al. Science of the Total Environment 880 (2023) 163236
measured using a MAT 253 isotope-ratio mass spectrometer coupled with
an FLASH2000HT elemental analyzer (Thermo Finnigan MAT, Bremen,
Germany). Microbial C and N growth rates were calculated from the pro-
duction of DNA during the soil incubation (Spohn et al., 2016b; Zheng
et al., 2019). The DNA production (DNAproduced, μg) was calculated based
on the variation in 18O-DNA between labeled and unlabeled soil samples
as Eq. (3):

DNAproduced ¼ Ototal � at%excess

100
� 100
at%label

� 100
31:21

(3)

where Ototal is the total O content of the dried DNA extract (μg O); at.%excess

is the at.% 18O of the labeled sample minus the mean at.% 18O of control
samples. The average weight% of O in DNA is 31.21, according to the aver-
age formula (C39H44O24N15P4). The specific fDNA-C and fDNA-N values
were then applied to each soil sample replicate individually which mul-
tiplied by the DNA production rate, enabling the calculation of micro-
bial C (μg C g−1 d−1) and N (μg N g−1 d−1) growth rates using
Eqs. (4) and (5):

Cgrowth ¼ f DNA � C � DNAproduced

DW � t
(4)

Ngrowth ¼ f DNA � N � DNAproduced

DW � t
(5)

where DW is the soil dry mass and t is the incubation time in days. The
fDNA-C was calculated for each specific sample to represent the ratio of
soil MBC to soil DNA content while fDNA-N was calculated for each spe-
cific sample to represent the ratio of soil MBN to soil DNA content.

Microbial respiration rate (RS, μg C g−1 d−1) was calculated according
to Eq. (6):

RS ¼ CO2

DW � t
� Pre � n

R� T
� V (6)

where Pre is the atmosphere pressure (kPa); n is the molecular mass of
the element C (12.01 g mol−1); R is the ideal gas constant
(8.314 J mol−1 K−1); and T is the absolute temperature of the gas
(295.15 K); V is the headspace volume (L) of the vials; CO2 (ppm) is
the CO2 concentration produced during the 24 h incubation period.

Microbial CUE was determined by the ratio of Cgrowth over microbial C
uptake (Cuptake=Cgrowth+RS), andmicrobial NUEwas determined by the
ratio of Ngrowth over microbial N uptake (Nuptake = Ngrowth + GNM). Both
CUE and NUE are dimensionless with a range from 0 to 1.

2.5. Activities of soil extracellular enzymes

The activities of C-acquiring (β–D–glucosidase; GB), N-acquiring (L–
Leucine aminopeptidase; LAP and β–N–acetylglucosaminidase; NAG)
and P–acquiring (acid phosphatase; AP) enzymes were determined
fluorometrically following standard protocols (German et al., 2011). De-
tailed information about sample analyses and data is presented in Duan
et al. (2022b). Microbial resource limitation was assessed using the vector
length and angle, along with the stoichiometric ratios of extracellular en-
zyme activities (Moorhead et al., 2016). Higher vector length suggests a
relatively higher C vs. nutrient limitation. Vector angle >45° indicates a
relatively higher P vs. N limitation while angle <45° indicates a rela-
tively higher N vs. P limitation. The calculations of vector length and
angle are as Eqs. (7) and (8):

Vector length ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lnBG= ln NAGþ LAPð Þð Þ2 þ lnBG=lnAPð Þ2

q
(7)

Vector angle ¼ Degrees atan2 lnBG=lnAPð Þ, lnBG= ln NAGþ LAPð Þð Þð Þ (8)
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2.6. Fungal and bacterial diversity and biomass

The diversity of bacterial and fungal communities were measured by
amplifying the V3–V4 region of the 16S rRNA gene with primer pairs
338F/806R for bacteria, and the ITS gene with primers ITS1F/ITS2R for
fungi (Liu et al., 2018). Bacterial and fungal α (richness) and β (community
composition) diversity indexes were calculated based on 97%OTU similar-
ity of obtained bacterial and fungal sequences. Microbial composition was
represented by the first component of nonmetric multidimensional scaling
analysis (Wu et al., 2021). We also calculated the richness-to-biomass ratio
(richness:biomass) for bacterial and fungal communities, respectively, as an
index which shows where there is a high diversity relative to biomass, and
vice versa (Bastida et al., 2021).

2.7. Statistical analysis

Two-way analysis of variance (ANOVA) was used to examine the main
and interactive effects of N addition and topography on microbial CUE,
NUE, growth rates, respiration rate, gross N mineralization, microbial di-
versity and biomass, as well as on the C, N and P stoichiometry of plants
and soil. Independent sample t-tests were used to examine whether the dif-
ference was significant between the valley and slope for each N addition
treatment. The effect was considered significant at p < 0.05 level. The
above analyses were performed in SPSS 20.0 (IBM Co., Armonk, NY,
USA). Data were tested for normality before analysis. Spearman correlation
analysis was used to test the relationship among microbial CUE, NUE,
growth rate, respiration rate, gross N mineralization, microbial diversity
and biomass, enzyme activity, as well as soil and plant C, N and P concen-
trations and stoichiometry using packages ggm and psych in R version 4.1
(R Development Core Team, 2022).

Structural equation models (SEM) were established based on the
theoretical model (Fig. S1), and were used to examine how microbial
CUE and NUE were affected by abiotic (C, N and P stoichiometry of plants
and soil) and biotic factors (fungal and bacterial community biomass,
richness and diversity) under N addition in the valley and on the slope, re-
spectively. Input variables were tested for multivariate normality and line-
arity. We firstly selected parameters significantly correlated with microbial
CUE and NUE following Pearson correlation analysis to construct a basic
model of N addition and topography regulation on microbial CUE and
NUE. Then, all the possible models were tested to identify the optimum
model using some parameters tested with maximum likelihood estimation.
If necessary, variables were log transformed to mitigate departure
from model assumptions. Model fitting criteria included Chi–square
(0≤ CHI/DF≤ 3), P value (> 0.05), root mean square error of approxima-
tion (0≤ RMSEA≤0.08) and comparative fit index (CFI> 0.90). The SEM
was constructed using AMOS 21.0 (Amos Development Corporation, Chi-
cago, IL, USA).

3. Results

3.1. C, N and P stoichiometry of soil, microbial biomass and plant litter

In the valley, N addition resulted in significantly lower soil C:N, al-
though there was no difference between N50 and N100 (Fig. 2a). Soil
TDN:AVP was not affected by N50, but was significantly higher under
N100 (Fig. 2f). On the slope, soil DOC:AVP (Fig. 2e), MBC:MBN (Fig. 2g),
and SIC:P (Fig. 2k) were significantly lowered by N addition, but there
was no significant difference between N50 and N100. Soil TDN:AVP
(Fig. 2f) and SIN:P (Fig. 2i) were not affected by N50, but were significantly
lower underN100 compared to the control (Fig. 2f). SoilMBC:MBPwas sig-
nificantly higher under N50, but was not affected by N100 (Fig. 2g). Soil C:
P and N:P were significantly higher on the slope than in the valley under
N100 (Fig. 2b, c). Soil DOC:AVP and TDN:AVP were significantly higher
on the slope than in the valley under N0 or N50 (Fig. 2e, f). The SIC:P and
SIN:P were significantly higher on the slope than in the valley under N0
(Fig. 2k, I).



Fig. 2. The effect of N addition (N0, N50 and N100) on (a) C:N, (b) C:P, (c) N:P, (d) DOC:TDN, (e) DOC:AVP, (f) TDN:AVP, (g) MBC:MBN, (h) MBC:MBP, (i) MBN:
MBP, (j) SIC:N, (k) SIC:P and (d) SIN:P in the valley and on the slope. SI refers to the stoichiometric imbalance (see Materials and methods). Different letters denote
significant difference at p < 0.05 among N addition treatments in the valley or on the slope, and * denotes significant difference at p < 0.05 between the valley
and the slope. The p values from two-way ANOVA showing the effects of N addition (N), topography (T) and their interaction (N × T) are presented. *, p < 0.05;
**, p < 0.01; ***, p < 0.001; n.s., not significant.
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In the valley, litter C:Nwas significantly reduced byN addition with the
values comparable between N50 and N100 (Fig. 3a). Root C:N was not af-
fected by N50, but was significantly reduced by N100 (Fig. 3b). Root C:P
and N:P were not affected by either level of N addition (Fig. 3c, d). In con-
trast, on the slope, litter C:N, root C:N and root N:P were not affected by N
addition (Fig. 3a–c). However, root N:P was significantly higher under N50
but was not affected by N100 (Fig. 3d).
Fig. 3. Impacts of N addition on (a) EC:N, (b) EC:N, (c) EC:N, (d) vector length and (e) vect
ratios of C–, N– and P–acquiring ecoenzymes activities. bVL and VA represent vector leng
N addition treatments in the valley or on the slope. Values are presented asmeans with sta
N addition (N), topography (T) and their interaction (N × T) are presented. *, p < 0.05
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3.2. Stoichiometry between extracellular enzyme activities

In the valley, EC:N was significantly higher under N50 relative to N0
(Fig. 4a). The EC:P was significantly increased by N addition with the values
comparable between N50 and N100 (Fig. 4b). However, N addition had no
significant effect on EN:P (Fig. 4c). The N50 treatment significantly in-
creased vector length, but N100 treatment had no significant effect on
or angle in the valley and on the slope. aEC:N, EC:N and EC:N represent stoichiometric
th and vector angle. Different letters denote significant difference at p < 0.05 among
ndard deviations (n=3). The p values from two-way ANOVA showing the effects of
; **, p < 0.01; ***, p < 0.001; n.s., not significant.



Fig. 4. Effect of N addition (N0, N50 and N100) on (a) litter C:N, (b) root C:N, (c) root C:P and (d) root N:P in the valley and on the slope. Different letters denote significant
difference at p< 0.05 among N addition treatments in the valley or on the slope. The p values from two-wayANOVA showing the effects of N addition (N), topography (T) and
their interaction (N × T) are presented. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant.
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vector length (Fig. 4d). The vector length was not affected by N addition
(Fig. 4d).

On the slope, EC:N was similar under N0 and N50, but was significantly
higher under N100 (Fig. 4a). Compared with N0, N50 and N100 did not
Fig. 5. Effect of N addition (N0, N50 andN100) on (a) fungal diversity, (b) fungal richnes
richness, (g) bacterial biomass and (h) bacterial richness:biomass in the valley and on th
treatments in the valley or on the slope, and * denotes significant difference at p < 0.05
effects of N addition (N), topography (T) and their interaction (N × T) are presented. *
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significantly affect EC:P, but EC:P was higher under N100 than N50
(Fig. 4b). The EN:P was not affected by N50, but was significantly lower
under N100 compared toN0 (Fig. 4c). Vector length and angle were similar
under N0 and N50, but were significantly higher under N100 (Fig. 4d, e).
s, (c) fungal biomass, (d) fungal richness:biomass, (e) bacterial diversity, (f) bacterial
e slope. Different letters denote significant difference at p < 0.05 among N addition
between the valley and the slope. The p values from two-way ANOVA showing the
, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant.
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Both vector length and angle were significantly higher on the slope than in
the valley under N100 (Fig. 4d, e).

3.3. Microbial diversity, richness and biomass

In the valley, N addition had no significant effects on fungal diversity
and biomass, or bacterial diversity, richness, biomass and bacterial rich-
ness: biomass ratio (Fig. 5). Fungal richness was significantly increased by
N addition with the values comparable between N50 and N100 (Fig. 5b).
The ratio of fungal richness:biomass was similar under N0 and N50, but
was significantly higher under N100 (Fig. 5d). On the slope, N addition
had no significant effects on fungal diversity and biomass, or bacterial di-
versity, biomass and bacterial richness: biomass ratio (Fig. 5). Fungal rich-
ness and richness:biomass were not affected by N50, but were significantly
higher under N100 compared to N0 (Fig. 5b, d). Bacterial richness was not
affected by N50, but was significantly lowered by N100 (Fig. 5f). Fungal
and bacterial biomass were significantly higher on the slope than in the
valley regardless of N addition (Fig. 5c, g). Fungal and bacterial richness:
biomass were significantly higher in the valley than on the slope irrespec-
tive of N addition (Fig. 5d, h).

3.4. Effect of nitrogen addition and topography onmicrobial carbon and nitrogen
use efficiencies

Nitrogen addition had a significant effect on microbial CUE, while to-
pography significantly affected microbial C growth and CUE (Table S3).
There was a significant interactive effect of topography × N addition on
microbial respiration or CUE (Table S3). UnderN0,microbial C growth, res-
piration and CUE were 2.9 ± 0.6 μg C g−1 d−1, 16.9 ± 2.8 μg C g−1 d−1

and 0.14 ± 0.01, on average, in the valley and 13.3 ± 3.0 μg C g−1 d−1,
68.8 ± 37.6 μg C g−1 d−1 and 0.18 ± 0.06 on the slope (Fig. 6a–c). In
Fig. 6. Effect of N addition (N0, N50 andN100) on the rates of (a)microbial C growth, (b
in the valley and on the slope. Different letters denote significant difference at p < 0.05
difference at p < 0.05 between the valley and the slope. The p values from two-way A
(N × T) are presented. *, p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., not significant.
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the valley, N50 and N100 by 120 % and 420 %, respectively, compared
to N0 (Fig. 6a). Microbial respiration rate was not significantly affected
by N50, but was significantly increased by N100 by ca. 165 % compared
to N0 (Fig. 6b). Microbial CUE was significantly increased by ca. 35 %
and 90 %, respectively, by N50 and N100 relative to N0 (Fig. 6c). On the
slope, microbial C growth and respiration rates were not significantly
affected by N addition, but microbial CUE was increased by ca. 130 %
and110%, respectively, by N50 and N100 compared to N0 (Fig. 6c).

Nitrogen addition had a significant effect on microbial N growth and
NUE, while topography significantly affected microbial N growth, gross N
mineralization and NUE (Table S3). There were also a significant interac-
tive effects of topography × N addition on microbial N growth, gross N
mineralization and NUE (Table S3). Microbial N growth, gross N minerali-
zation and NUE were 0.48 ± 0.10 μg N g−1 d−1, 2.5 ± 0.4 μg N g−1 d−1

and 0.16 ± 0.03, on average, in the valley and 1.4 ± 0.7 μg N g−1 d−1,
3.1 ± 0.8 μg N g−1 d−1 and 0.3 ± 0.1 on the slope under N0 (Fig. 6d–f).
In the valley, microbial N growth rate was ca. 115 % higher under N50,
and ca. 430 % higher under N100 compared to N0 (Fig. 6d). Gross N min-
eralization was increased by ca. 30 % and 45 %, respectively, by N50 and
N100 relative to N0 (Fig. 6e). Microbial NUE was not significantly affected
by N50, but was significantly increased by N100 by ca. 155 % than N0
(Fig. 6f). On the slope, microbial N growth rate was significantly increased
by ca.125 % by N50, but was not significantly affected by N100 (Fig. 6d).
Gross N mineralization was not significantly affected by N50, but was sig-
nificantly lowered by 60 % by N100 relative to N0 (Fig. 6e). Microbial
NUE was significantly increased by ca. 90 % and 120 %, respectively, by
N50 and N100 (Fig. 6c).

Microbial N growth rates under N50 and N100 on the slopewere signif-
icantly higher their counterparts in the valley (Fig. 6a). CUE and microbial
N growth rate under N50 on the slope were significantly higher than their
counterparts in the valley (Figs. 6c, d), but the contrast pattern was
) respiration, (c) CUE, (d)microbial N growth, (e) gross Nmineralization and (f) NUE
among N addition treatments in the valley or on the slope, and * denotes significant
NOVA showing the effects of N addition (N), topography (T) and their interaction
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observed for N mineralization, with was significantly lower on the slope
than in the valley under N100 (Fig. 6e).

3.5. Mechanisms underlying the impacts of nitrogen addition on microbial CUE
and NUE

Based on SEM analyses, N addition increased microbial CUE by lower-
ing litter C:N or increasing fungal richness:biomass with the model
explaining 92 % of the variance of CUE in the valley (Fig. 7a). In contrast,
N addition CUE via lowering soil DOC:AVP or microbial respiration,
which was caused by decreased soil DOC:AVP or increased root N:P on
the slope with the model explaining 78 % of the variance of CUE
(Fig. 7c). NUE was increased by N addition due to increased microbial N
Fig. 7. Structural equation models (SEM) showing the influence of N addition on mi
community traits, respiration, growth, and gross N mineralization in soils from the vall
pink lines represent significant positive relationships. Width of arrows represents th
coefficients with asterisks indicating their significance (*p < 0.05, ** p < 0.01, *** p <
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growth caused by the stimulation of soil TDN:AVP and fungal richness:
biomass by N addition in the valley (Fig. 7b). On the slope, N addition in-
creased NUE owing to lowered gross N mineralization caused by decreased
soil DOC:AVP (Fig. 7d). The models explained 86 % and 64 % of the vari-
ances of NUE in the valley and on the slope, respectively.

4. Discussion

4.1. Microbial carbon and nitrogen use efficiencies in the valley and on the slope

Our results show that microbial CUE under N0was similar at both topo-
graphic positions (Fig. 6c). Although microbial C growth was significantly
lower in the valley than on the slope under N0 (Fig. 5a), this did not result
crobial CUE and NUE via soil and plant element stoichiometric ratios, microbial
ey and the slope. The blue lines represent significant negative relationships and the
e strength of the relationships. Numbers beside the lines are standardized path
0.001).
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in a lower CUE in the valley. Rather than reducing their CUE to help acquire
C (Calabrese et al., 2022), microorganisms in the valley therefore appeared
to cope with the lower C availability (Table S2) by reducing their growth
rate but maintaining a relatively constant CUE (Spohn et al., 2016a). We
also found that the vector length and angle had similar values under
N0 at both topographic positions (Fig. 4d, e). This indicated that despite
the lower availability of DOC in the valley soils, microbial C limitation
was similar at the two topographic positions.

Our results also showed that microbial NUE for the N0 treatment were
similar at both topographic positions. In the studied soils, the TDN concen-
tration was higher under N0 on the slope than in the valley (Table S1;
Duan et al., 2022a). However, microbial N growth, gross N mineralization
andNUEwere very similar underN0 at both positions (Fig. 6d–f). This find-
ing therefore contrasted with several previous studies, where higher soil N
availability has been associated with higher microbial NUE (Mooshammer
et al., 2014; Wild et al., 2015). We also calculated the C/N ratio of sub-
strates in the soil and found that there was no significant difference in
SOC:TN (11.5 ± 0.1 v.s. 11.2 ± 0.1) and DOC:TDN (2.1 ± 0.4 v.s.
2.0 ± 0.2) between the valley and the slope. Based on microbial resource
requirements, microbes are expected to increase their NUEwhen using sub-
strate with a higher C:N ratio (Mooshammer et al., 2014). The similar ratio
of C:N in the soils may therefore explain the very similar NUE at the two po-
sitions, despite differences in the total availability of TDN.

We found that microbial C and N metabolism after N addition in the
field were significantly affected by topography. As mentioned above,
higher microbial CUE and NUE have been previously associated with a
higher availability of C and N in soil (Mooshammer et al., 2014; Wild
et al., 2015). In the studied soils, although there was no difference in soil
DOC and TDN concentrations between the slope and valley under the
N50 treatment, the DOC:AVP and TDN:AVP were significantly higher on
the slope than in the valley (Table S2). The lower DOC:AVP and TDN:
AVP under N50 addition in the valley were attributed to the higher AVP
concentration (Table S2). Increased gross N mineralization rate under
N50 addition may release more available P in the valley, althoughmineral-
ization ratewas not significantly higher under N50 in the valley than on the
slope (Fig. 6e). Moreover, greater microbial biomass C has been associated
with a higher microbial NUE (Zhang et al., 2019). Consistent with this, we
found that MBC, fungal and bacterial biomass with the N100 treatment
were significantly higher on the slope than in the valley (Table S2,
Fig. 5c, g). Thus, the higher microbial biomass under N100 treatment
may have contributed to the higher microbial NUE on the slope (Fig. 6f).
Together, these differences in microbial responses to N addition between
the valley and slope suggest that topography regulated microbial CUE
and NUE by differently influencing the stoichiometry of soil C, N and P
and microbial biomass in the studied forest soils.

4.2. Mechanisms underlying the increase in microbial carbon use efficiency
following N addition are topography-dependent

We find that N addition increased microbial CUE in the studied karst
forests regardless of topographic position, which was consistent with our
first hypothesis. This was also in line with some earlier studies, which re-
ported that N addition increased microbial CUE in grassland, agricultural
and forest ecosystems (Thiet et al., 2006; Poeplau et al., 2019; Morris
et al., 2022). In agricultural soils, the long-term application of N fertilizer
was found to increase microbial CUE by increasing the microbial C growth
rate (Feng et al., 2022), while in a grassland soil N addition increased mi-
crobial CUE by reducing microbial respiration (Yuan et al., 2019). In our
study, microbial C growth rate increased significantly under N addition in
the valley, but had no significant effect on the slope (Fig. 6a). The contrast-
ing responses of microbial C growth rate to N addition between the two to-
pographic positions may be due to soil N content and availability (Manzoni
et al., 2012; Feng et al., 2022). Under high N conditions, microorganisms
may allocate more C to biomass synthesis (Manzoni and Porporato,
2009), thereby increasing microbial C growth rate and CUE. We also ob-
served that TDN concentration increased significantly after N addition
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(Table S2) and this was positively correlated with microbial C growth
(Fig. S2a) in the valley, contributing to the higher CUE. In contrast, micro-
bial respiration was significantly increased under the N100 addition in the
valley, but was not significantly impacted on the slope (Fig. 6b). The avail-
ability of soil C, nutrients and C:N:P stoichiometry under N addition were
identified as key factors driving microbial respiration in grassland and for-
est ecosystems (Yuan et al., 2019; Eastman et al., 2021; Ning et al., 2021).
Previous studies have also demonstrated that microbial CUE decreased
with increasing soil C:N (Manzoni et al., 2012; Li et al., 2015), because
the more stoichiometrically balanced substrate promotedmicrobial growth
(Cheng et al., 2014) while excessive C is released through overflow respira-
tion (Roller and Schmidt, 2015; Zang et al., 2016). Our data indicated that
N addition elevated soil TDN concentration but reduced soil C:N in the val-
ley (Table S2), suggesting that both substrate availability and stoichiometry
contributed to the increased microbial respiration in the valley after N addi-
tion. The results of the enzymatic stoichiometry showed that vector length
significantly increased under N50 in the valley (Fig. 4d), indicating a stronger
microbial C limitation caused by N addition. This response further demon-
strates that shifts in resource availability can alter microbial resource de-
mands, with consequences for the efficiency of microbial resource use.

Our results also revealed an important role for plant-mediated changes
in CUE, driven by changes in litter stoichiometry underN addition, with the
effects differing between the valley and the slope (Fig. 7a, c). We observed
that N addition elevatedmicrobial CUE by reducing the C:N ratio of litter in
the valley (Fig. 7a). The lowermetabolic costs associatedwithN acquisition
when the C:N stoichiometry of litter substrate is favorable may enable mi-
croorganisms to allocate more C to growth (Spohn et al., 2016a). In addi-
tion, a more stoichiometrically balanced resource will mean than less CO2

is lost via overflow respiration, thus contributing to a higher CUE (Roller
and Schmidt, 2015). In contrast with the valley, N addition on the slope in-
creased the ratio of N:P in roots, which reduced respiration and increased
CUE (Fig. 7c). It has been reported that the function of roots shifts from nu-
trient absorption to nutrient transport via increasing fine root biomass but
decreasing root N:P ratio under N addition (Ostonen et al., 2017; Zhu
et al., 2020). In our previous study,fine root biomass increased significantly
underN100 addition on the slope (Yang et al., 2023), suggesting the shift in
P may allocation from fine roots to leaves under increased N input. There-
fore, the increased uptake of P by plants may have further aggravated soil
microbial P limitation and thus inhibited microbial activity, resulting in
lower microbial respiration on the slope. Although N addition did not
significantly affect root N:P on the slope (Fig. 3d), N50 addition signifi-
cantly increased root C:P (Fig. 3c), indicating that N addition had a negative
effect on root P content. Phosphorus is an important component of cells and
ATP, and can therefore regulate microbial growth and functions (Allen and
Gillooly, 2009; Macdonald et al., 2018). As a result, the reduced P content
of substrate may have constrained microbial respiration, and therefore
promoted a higher CUE on the slope.

In the valley, N addition also appeared to regulate microbial CUE through
impacting themicrobial community composition (Fig. 7a). Nitrogen addition
has often been shown to affect microbial community diversity and biomass
(Bonner et al., 2018; Zhang et al., 2018), and these changes in the microbial
community could impact microbial CUE (Domeignoz-Horta et al., 2020; Pold
et al., 2020; Gavazov et al., 2022). Ameta-analysis reported that a higher fun-
gal richness:biomass was accompanied by a lower microbial respiration rate
in soil (Bastida et al., 2021). These results suggested that fungal richess:
biomass increased in the valley after N addition (Fig. 5d), indicating that
higher fungal richness:biomass promoted higher microbial C growth relative
to respiration, and therefore increased CUE. This may be because fungi com-
munities are dominant in secreting enzymes that degrade organic matter,
which would benefit microbial growth (Bonner et al., 2018).

4.3. Mechanisms underlying the increase in microbial nitrogen use efficiency
following N addition are topography-dependent

We found that N addition increased microbial NUE regardless of topo-
graphic position in the karst forest, which was contrary to our second
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hypothesis that N addition would decrease microbial NUE in the valley. A
recent study demonstrated that N addition elevated microbial NUE in the
mineral layer of a forest soil, with the higher microbial NUE accompanied
by a higher microbial N growth rate and reduced gross N mineralization
(Li et al., 2021b). Here, we found that N addition increased microbial N
uptake for growth at both locations, but that N addition reduced gross N
mineralization on the slope and increased it in the valley (Fig. 6d–f). Micro-
bial N uptake is expected to increase with the increasing N availability
in substrate (Wild et al., 2015). We observed that the N100 treatment sig-
nificantly elevated soil TDN concentration and TDN:AVP in the valley
(Table S2). Thus, a higher availability of N likely supported the higher mi-
crobial N growth rate, contributing to the increase NUE in the valley. Litter
N content was positively related with microbial N growth rate on the slope
(Fig. S2b), suggesting that elevated plant-derived N also supported en-
hanced microbial N growth. Changes in gross N mineralization can reflect
a relative C or nutrients imbalance tomicrobial growth, whichmay be help-
ful in assessing the decoupling of organic N uptake and practical N demand
(Zhang et al., 2019). Microorganisms mineralize organic compounds con-
taining C and N for growth and energy metabolism under C limitation
(Spohn et al., 2016b). In our study, the N50 addition significantly increased
vector length in the valley (Fig. 4a), indicating that the N addition strength-
ened microbial C limitation. In the SEM, microbial N growth rate was also
significantly and positively correlated with NUE in the valley (Fig. 7b). To-
gether these results suggest that microbial C limitation induced by the
added N could explain the increase inmicrobial N growth and gross N min-
eralization in the valley. Microbial NUE is defined by the balance between
microbial growth and grossNmineralization, whereby a change in either or
both processes generate a change in NUE (Zhang et al., 2019). Our results
showed that gross N mineralization was negatively correlated with micro-
bial NUE on the slope (Fig. 7d). Microbial NUE plays a central role in mod-
ulating the partitioning of organic N between anabolic and catabolic
processes. On the slope, the gross N mineralization rate reduced after N ad-
dition, indicating that the reduced catabolic processes increased the NUE.

It has been shown that stoichiometric imbalance is important in regulat-
ingmicrobial N growth, mineralization andmicrobial NUE after N addition
(Li et al., 2021b). The imbalance of N:P ratio between the dissolved soil
fraction and microbial biomass can also explain differences in microbial
NUE (Wild et al., 2015). In our study, SIN:P was positively correlated with
microbial NUE in the valley but was negatively correlated with microbial
NUE on the slope (Fig. S2). These results suggest that more AVP could pro-
mote microbial NUE on the slope, as microorganisms may be more
constrained by soil P status on the slope, such that a higher availability of
P may be beneficial for microbial N assimilation (Wu et al., 2022). In the
SEM, N addition increased microbial NUE by increasing soil TDN:AVP
and microbial N growth rate in the valley (Fig. 7b), and increasing micro-
bial NUE by decreasing soil DOC:AVP and gross N mineralization on the
slope (Fig. 7d). Similar to microbial CUE, soil total and available P contents
were not clearly associated with to microbial C and N metabolism, but the
stoichiometric ratios of available P strongly modulated microbial C and N
metabolism.

Our findings showed that N100 addition significantly increased fungal
richness:biomass at both topographic positions (Fig. 5d), and this ratio
was positively associated with microbial NUE (Fig. S2). This suggested
that fungal soil communities were sensitive to N-rich conditions and were
the primary regulator of microbial NUE in our study. In contrast with
this, a previous study reported that bacterial communities played a key
role inmodulating microbial NUE after N addition (Li et al., 2021b). Differ-
ent microbial strains may vary in their N metabolism (Kamble and Bååth,
2016; Cheng et al., 2017), thereby shifts in community compositions
under N addition could affect microbial NUE and therefore impact impor-
tant ecosystem functions, including mineralization and denitrification. On
the other hand, the fungal communities are often associated with slow ele-
ment turnover, resulting in higher N accumulation and retentionwithin the
ecosystem (Ren et al., 2023). The results from our study further suggest that
fungal communitiesmay be important in contributing toN retentionwithin
soil, due to their higher NUE. In conclusion, these results revealed an
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empirical link between the microbial NUE and community, which could
help explain the interrelation between microbial community and soil N re-
tention (de Vries et al., 2012).

5. Conclusions

In the studied subtropical forest, N addition typically increased micro-
bial CUE and NUE both in the valley and on the slope. However, the mech-
anisms underlying the responses of microbial CUE and NUE to N addition
differed between the topographic positions. Variation in the soil C, N and
P stoichiometric ratio and microbial biomass were the main explanatory
factors accounting for the difference in microbial CUE and NUE between
two topographic positions. The increase in CUE was associated with higher
soil fungal richness:biomass and a lower litter C:N in the valley, whereas
was linked with a reduced DOC:AVP ratio or with reduced microbial respi-
ration caused by the lowered soil DOC:AVP and increased root N:P ratios on
the slope. The increase in NUE was explained by stimulated microbial N
growth relative to gross N mineralization caused by increased ratios of
soil TDN:AVP and fungal richness:biomass ratios in the valley, but was at-
tributed to decreased gross N mineralization caused by increased DOC:
AVP ratio on the slope. As such, these results suggest that topography-
driven differences inmicrobial communities and the stoichiometry of avail-
able C, N and P should be integrated into Earth system models in order to
better predict microbial C and N metabolism under elevated atmospheric
N deposition.
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