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Abstract

Atmospheric nitrogen (N) deposition is increasing N inputs to forests, but consequences
for soil carbon (C) status and respiration partitioning remain uncertain. We conducted
a five-year field N-addition experiment in an alpine coniferous forest in Xizang, China.
We measured post-treatment soil properties, extracellular enzyme activities, estimated
microbial C use efficiency (CUE), total soil respiration (Rs), root-exclusion heterotrophic
respiration (Rh), and residual autotrophic respiration (Ra = Rs — Rh). Relative to the
zero-N control (NO; 0 kg N ha~! yr~1), N1 and N2 had higher post-treatment soil organic C,
whereas all N-addition treatments had >60% lower available phosphorus and 19.12%-64%
lower Rs. The Rs contrast was more strongly reflected in estimated Ra (35.93%-87% lower),
whereas Rh responses varied among treatments and campaigns. N addition altered enzyme
allocation and was associated with 6.70%-16.60% lower estimated CUE. Exploratory ran-
dom forest and partial least squares path models indicated that Rh covaried more closely
with microbial biomass, whereas Rs and estimated Ra covaried with soil physicochemi-
cal conditions and phosphorus availability. Thus, higher post-treatment soil C in some
N-addition treatments co-occurred with lower Rs. However, the absence of pretreatment
soil data and direct root measurements limits causal interpretation.

Keywords: nitrogen deposition; soil respiration partitioning; autotrophic respiration;
microbial carbon use efficiency; phosphorus availability; belowground carbon cycling

1. Introduction

Intensified anthropogenic activities have substantially altered global atmospheric N
deposition patterns [1,2], with important consequences for terrestrial C cycling [3]. Forest
soils represent one of the largest C pools in terrestrial ecosystems and play a critical role
in regulating atmospheric CO, concentrations and mitigating climate change [4-6]. It is
generally assumed that, in N-limited forest ecosystems, moderate exogenous N inputs
promote soil organic carbon (SOC) accumulation by enhancing plant productivity and
increasing aboveground and belowground carbon inputs [7-9]. However, the net balance
of the soil carbon (C) pool is determined not only by carbon inputs but also by carbon
losses via soil respiration (Rs) [10]. Increasing evidence indicates that the responses of Rs
and its two components, autotrophic respiration (Ra) and heterotrophic respiration (Rh),
to nitrogen deposition are highly variable and remain poorly resolved [11-13]. Therefore,
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distinguishing the responses of Rs, Ra, and Rh is essential for understanding how N
deposition regulates forest soil C dynamics. Recent global syntheses further indicate that
the effects of N enrichment on soil respiration are context-dependent rather than uniformly
positive or negative. A meta-analysis of 340 simulated N-addition studies showed that
the response of Rs shifted from positive to negative with increasing cumulative N input
and declining soil pH [11], whereas a more recent synthesis of 175 field N-manipulation
experiments revealed a widespread unimodal relationship between N-addition rate and
Rs [12]. These findings highlight that the direction and magnitude of soil respiratory
responses depend not only on the rate of N input but also on cumulative N exposure
and ecosystem conditions. Consequently, experimental duration represents an important
dimension of N-addition studies: repeated annual inputs can progressively alter soil
nutrient balance and biological activity, such that responses observed after several years
may differ from those occurring during the initial stages of N enrichment. Multi-year field
experiments are therefore particularly valuable for distinguishing transient responses to N
input from more persistent reorganization of soil C cycling.

Autotrophic and heterotrophic respiration can respond asymmetrically to N enrich-
ment [14]. Extracellular enzyme allocation provides a complementary indicator of how
microbial resource-acquisition strategies may change under altered nutrient availability.
Soil microorganisms allocate metabolic investment among enzymes that acquire C, N,
and P from soil organic matter, and shifts in the relative activities of these enzymes can
indicate changes in microbial resource demand and nutrient-acquisition strategies [15-17].
Long-term N inputs can substantially modify the soil microenvironment, particularly by
lowering soil pH and altering the relative availability of C, N, and P [18-20]. Such changes
may lead to stoichiometric imbalance, which occurs when the supply of C, N, and P does
not match the elemental requirements of plants and microorganisms. Under N enrichment,
increased N availability may be accompanied by relatively lower P availability or increased
microbial demand for available C, thereby altering microbial enzyme investment, C use
efficiency, and soil respiration processes. These changes may constrain root activity and
belowground C allocation, thereby affecting the autotrophic component of soil respira-
tion. At the same time, N-induced shifts in substrate availability, microbial biomass, and
extracellular enzyme production may alter Rh by regulating microbial decomposition
processes [21]. Microbial carbon use efficiency (CUE), which describes the proportion of
assimilated C used for microbial biomass production rather than respiration [22,23], is a
key physiological indicator governing the balance between soil C retention and C loss [6].
Under stoichiometric imbalance and environmental stress, changes in microbial CUE may
alter microbial C partitioning between biomass production and respiration, thereby influ-
encing microbially mediated C fluxes. However, empirical studies that integrate enzyme
allocation, ecoenzymatic stoichiometry, microbial CUE, and partitioned soil respiration to
systematically elucidate these mechanisms remain limited.

Studies on the Tibetan Plateau have demonstrated context-dependent soil respiration
responses to N and P addition in alpine grassland [24] and microenvironment-dependent
C, N, and P release from litter in alpine fir forest [25]. Soil P forms and fractions also vary
with elevation and edaphic conditions across the Plateau [26,27]. Previous evidence that
N deposition can reduce forest soil respiration, together with substantial and spatially
shifting atmospheric N deposition, further highlights the need to examine belowground
C responses to sustained N enrichment. Under such conditions, five years of N addition
may not simply increase or decrease total soil respiration; instead, it may reorganize the
relative contributions of root-derived and microbially mediated CO, efflux. Thus, the
five-year duration of the present experiment provides an opportunity to assess responses
to repeated N inputs after cumulative treatment exposure, rather than responses to a
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single or short-term fertilization event. These characteristics make alpine forests in Xizang
an ideal system for examining how N enrichment regulates SOC accumulation and soil
respiration partitioning.

Previous studies have shown that chronic N enrichment can increase forest-soil C
storage by suppressing decomposition [28], that total, autotrophic, and heterotrophic res-
piration can respond differently to N addition among biomes [29], and that N-induced
changes in soil glycosidase activity are associated with soil respiration [30]. A meta-analysis
further demonstrated that N addition can alter microbial carbon use efficiency (CUE) [31].
Building on these complementary lines of evidence, we integrated multi-year respiration
partitioning with soil nutrient status, extracellular enzyme allocation, ecoenzymatic stoi-
chiometry, and microbial CUE within the same five-year field experiment. This integrated
framework allowed us to evaluate how post-treatment soil C status covaried with measured
heterotrophic respiration (Rh) and estimated autotrophic respiration (Ra) under sustained
N enrichment. We hypothesized that: (1) after five years, the N-addition plots would
have higher post-treatment SOC but lower Rs than NO, in association with lower soil pH
and P availability; (2) the lower Rs under N addition would be more strongly reflected in
estimated Ra than in measured Rh, whereas Rh would show treatment-dependent variation;
and (3) measured Rh would covary more strongly with microbial biomass and extracellular
enzyme activities, whereas Rs and estimated Ra would covary more strongly with soil pH
and P availability. By testing these hypotheses, this study aimed to characterize treatment-
associated variation in belowground CO; efflux and its covariation with soil biochemical
properties after five years of N enrichment.

2. Materials and Methods
2.1. Site Description, Experimental Design, and Soil Sampling

The experiment was conducted at the Sejila Mountain Forest Ecosystem National
Long-Term Observation and Research Station in Nyingchi, Xizang Autonomous Region,
China (29°39’ N, 94°43’ E; 3850 m a.s.l.). The study area has an alpine temperate semi-
humid climate, with a long-term mean annual temperature of —0.73 °C and a long-term
mean annual precipitation of 1134 mm, approximately 85% of which occurs from June to
September. Annual precipitation varied among years during the treatment and observation
period from 2019 to 2024, with the lowest annual precipitation occurring in 2022 and the
highest in 2023 (Figure 54). The soil is classified as Fluvic Cambisol with a sandy clay loam
texture comprising 69% sand, 0.40% silt, and 30.80% clay. The forest was dominated by
Abies georgei var. smithii, with an average canopy height of 28.20 m and a mean diameter at
breast height of 43.90 cm. The experimental plots were established within the same forest
stand at comparable slope positions, and areas with obvious canopy gaps, large fallen logs,
recent disturbance, or atypical ground vegetation were avoided during plot establishment.
The geographic location and general topographic setting of the study area are shown
in Figure 1.

The N-addition experiment was established in June 2019 using a completely random-
ized design. Twelve 20 m x 20 m plots were established within a relatively homogeneous
alpine coniferous forest stand, and the four N-addition treatments were randomly assigned
among the plots, with three independent plots per treatment (1 = 3). Adjacent plots were
separated by at least 25 m to reduce edge effects and treatment interference. A schematic
layout of the N-addition experiment is provided in Figure S1 of the Supplementary Materi-
als. Four N-addition levels were applied: NO, N1, N2, and N3, corresponding to 0, 10, 15,
and 20 kg N ha—! yr~!, respectively. From 2019 through 2023, nitrogen was supplied once
annually in mid-August as ammonium sulfate (NH4),SO4 (Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China), resulting in five applications before soil sampling. For each
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application, 1.89, 2.83, and 3.77 kg of (NH4),SO4 were dissolved in 16 L of water and
applied to each N1, N2, and N3 plot, respectively. NO plots received the same amount
of water.
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Figure 1. Geographic location and topographic characteristics of the study site. (a) Location of
Nyingchi City in China; (b) location of Bayi District within Nyingchi City; and (c) digital elevation
model (DEM) of the Sejila Mountain region showing the study site. The red star indicates the study
site, and the inset photograph shows the field conditions at the experimental site.

In August 2024, approximately one year after the fifth N application and before the
scheduled 2024 application, surface litter and debris were removed, and five mineral-soil
cores (0-10 cm depth; 5 cm diameter) were collected from each 20 m x 20 m plot using a
five-point sampling scheme. The five cores were composited into one plot-level sample,
immediately placed on ice, transported to the laboratory, and sieved through a 2 mm mesh.
Each sample was then divided into subsamples for soil physicochemical analyses, microbial
biomass determination, enzyme activity assays, and CUE-related measurements.

2.2. Partitioning and Measurement of Soil Respiration Components

Soil respiration was partitioned using paired untrenched and trenched root-exclusion
subplots (Figure S2) [32,33]. Within each 20 m x 20 m main plot, one 1 m x 1 m untrenched
subplot was used to measure total soil respiration (Rs), and one 1 m x 1 m trenched
subplot was used to operationally represent heterotrophic respiration under root-exclusion
conditions (Rh). One PVC collar was installed in each subplot, resulting in 12 Rs collars
and 12 Rh collars across the 12 independent plots. Root exclusion was established in
June 2019 by inserting PVC plates to a depth of 60 cm around a 50 cm x 50 cm soil
area. This depth exceeded the principal rooting zone previously reported for Abies georgei
var. smithii in the Sejila Mountains [34]. Following a three-year equilibration period
intended to reduce the contribution of decomposing severed roots, estimated autotrophic
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respiration was calculated for each paired observation as estimated Ra = Rs — Rh [35].
Autotrophic respiration was therefore not measured independently, and estimated Ra may
incorporate uncertainties associated with both flux measurements and potential trenching
effects. Soil respiration components were measured during the growing seasons in June,
August, and October of 2022, 2023, and 2024, resulting in nine sampling campaigns in
total. During each campaign, CO; efflux was measured once from each of the 24 collars
using a portable LI-8100 automated soil CO; flux system (LI-COR Biosciences, Lincoln, NE,
USA), yielding 12 paired plot-level Rs and Rh measurements per campaign. Across the full
observation period, 216 collar-level CO, efflux measurements were obtained, corresponding
to 108 paired plot-level Rs—Rh observations. Measurements were conducted consistently
between 9:00 and 11:30 a.m. For each measurement, the chamber was placed over the
pre-installed soil collar to ensure an airtight seal. Once the CO, concentration inside the
chamber had stabilized, efflux was recorded continuously. To avoid potential interference
from transient moisture effects, measurements were excluded during rainfall events and
within 48 h following heavy precipitation.

2.3. Determination of Soil Physicochemical Properties and Microbial Biomass

Soil pH was measured in a 1:2.50 (w/v) soil-to-water suspension using a glass-electrode
pH meter (Mettler Toledo, Greifensee, Switzerland). Soil bulk density (BD) was determined
using the core method. Soil organic carbon (SOC) was determined by potassium dichromate
(all general chemicals and reagents used in this study were of analytical grade and pur-
chased fromSinopharm Chemical Reagent Co., Ltd., Shanghai, China) oxidation-titration,
total N by semi-micro Kjeldahl digestion, and total P by H,SO4,—HClO4 digestion followed
by molybdenum-antimony colorimetry. Available phosphorus (AP) was extracted with
0.50 M NaHCOj3 (pH 8.50) and determined using the molybdenum blue method.

Microbial biomass carbon (MBC), nitrogen (MBN), and phosphorus (MBP) were deter-
mined using the chloroform fumigation-extraction method. MBC and MBN were calculated
from the differences between fumigated and non-fumigated 0.50 M K,SO4 extracts using
extraction coefficients of 0.45 and 0.54, respectively [36,37]. MBP was determined using
0.50 M NaHCOj; extracts (pH 8.50) and an extraction coefficient of 0.40 [38]. Dissolved
organic carbon (DOC) and nitrogen (DON) were determined from the non-fumigated
K550y extracts using a TOC/TN analyzer (Multi N/C 3100, Analytik Jena, Jena, Germany).
The corresponding calculation equations are provided in the Supplementary Materials.

2.4. Determination of Soil Extracellular Enzyme Activities, Ecoenzymatic Stoichiometry, and
Microbial CUE

The potential activities of seven soil extracellular enzymes were determined us-
ing a fluorometric microplate assay [39,40]. The C-acquiring enzymes included «-1,4-
glucosidase (AG), 3-1,4-glucosidase (BG), cellobiohydrolase (CB), and (3-1,4-xylosidase
(BX); the N-acquiring enzymes included leucine aminopeptidase (LAP) and 3-1,4-N-
acetylglucosaminidase (NAG); and the P-acquiring enzyme was acid phosphatase (ACP).
Fresh soil (1.00 g) was homogenized in 100 mL of 50 mM sodium acetate buffer, with the
buffer pH adjusted to match that of each soil sample. The mean buffer pH values were 5.02,
4.15, 4.60, and 4.43 for NO, N1, N2, and N3, respectively. Fluorogenic substrates linked to
4-methylumbelliferone (Sigma-Aldrich, St. Louis, MO, USA) were used, except for LAP,
for which 7-amino-4-methylcoumarin (Sigma-Aldrich, St. Louis, MO, USA) was used.
Fluorescence was measured at 365 nm excitation and 450 nm emission using a Synergy
H4 microplate reader (BioTek Instruments, Winooski, VT, USA), and enzyme activities
were expressed as nmol g’1 dry soil h1. Ecoenzymatic C:N, C:P, and N:P ratios, vector
length and angle [41], and estimated microbial CUE [42] were subsequently calculated; the
corresponding equations are provided in the Supplementary Materials.
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2.5. Statistical Analysis

Analyses were conducted in SPSS Statistics 26.0 (IBM Corp., Armonk, NY, USA) and
R 4.2.2 (R Foundation for Statistical Computing, Vienna, Austria). Normality and variance
homogeneity were assessed using Shapiro-Wilk and Levene’s tests, respectively. The plot
was the experimental unit (1 = 3 per treatment); because pretreatment measurements were
unavailable, analyses tested post-treatment contrasts. Treatment effects on soil properties,
enzyme activities, ecoenzymatic indices, and microbial CUE were examined by one-way
ANOVA with Tukey’s HSD. Repeated-measures ANOVA examined the effects of N treat-
ment, sampling time, and their interaction on Rs, root-exclusion Rh, and estimated Ra, with
plot as the repeated unit. Pearson correlations assessed relationships with soil and microbial
variables. Random forests were fitted separately for each respiration component, with
variable importance tested using rfPermute package (version [2.5.1]) (1000 permutations;
500 trees). Separate PLS-PM analyses evaluated direct and indirect associations with N
treatment and soil and microbial parameters. For correlation, random forest, and PLS-PM
analyses, mean respiration across nine campaigns was matched with soil measurements
from August 2024. PLS-PM performance was assessed using the goodness-of-fit index and
1000 bootstrap resamples. Statistical significance was set at p < 0.05.

3. Results

3.1. Post-Treatment Differences in Surface Mineral Soil Physicochemical Properties Among
N-Addition Treatments

Post-treatment SOC and total N differed significantly among treatments. Both vari-
ables were significantly higher under N1 and N2 than under NO, whereas N3 did not
differ significantly from NO (Table 1). The highest values occurred under N1, where SOC
and total N were 65% and 56% higher than under NO, respectively. Soil bulk density was
significantly higher under N3 than under NO and N2, whereas N1 showed an intermediate
value (Table 1). DOC concentrations were also higher in the N-addition plots, particularly
under N1 and N3, where they were 107% and 87% higher than under NO, respectively.
In contrast, total P and AP were 23.40%-31.90% and 61%—64% lower, respectively, in the
N-addition plots than in NO. Accordingly, the C:P and N:P ratios were higher under N
addition, with the largest post-treatment differences observed under N1 (136% and 123%,
respectively). These percentages describe post-treatment differences relative to NO and do
not represent within-plot changes from measured pretreatment conditions. To facilitate vi-
sual comparison among treatments, these relative post-treatment differences are presented
as a heatmap in Figure S3.

Table 1. Post-treatment soil physicochemical properties, elemental stoichiometry, and dissolved
organic C and N concentrations in the 0-10 cm mineral soil under different N-addition treatments.

Parameters NO N1 N2 N3
BD (gocm_f”) 0.64 = 0.05b 0.74 4+ 0.06 ab 0.69 = 0.07 b 0.93+0.05a
pH 5.02 £0.04 a 4154+ 0.01b 460+ 0.17b 443 +0.06 b
SOC (g-kgfl) 50 £2.28 ¢ 83+340a 71 £459b 54 +217c¢
Total N (g-kgfl) 321 +£0.13¢ 5.00£0.17 a 4334+ 0.28b 347 £0.10c¢
Total P (g~kg*1) 047 £0.04 a 0.32 £0.02b 0.36 20.01b 0.35+0.03b
C:N 15.61 £0.10 ¢ 16.52 £ 0.18 a 16.35+0.14b 15.62 £ 0.19 ¢
CP 110 £ 13.28 ¢ 259 4+ 24.80 a 198 +19.78 b 158 + 10.54 bc
N:P 7.03 +0.82 ¢ 1564 +142a 12.09 +£1.19b 10.13 4+ 0.78 bc
AP (mg~kg*1) 792 +£0.60 a 3.10+0.10b 3.01 £0.55b 2.84 +045Db
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Table 1. Cont.

Parameters NO N1 N2 N3
DOC (mg-kgfl) 61 +£0.05d 126 £ 0.06 a 74 + 0.07 ¢ 114 = 0.05b
DON (mg~kg’1) 16.53 £ 0.55b 18.47 + 0.58 ab 14.12 £ 051 ¢ 20.30 = 0.78 a

Note: Values are means + SE (n = 3). Different lowercase letters within the same row indicate
significant differences among treatments at p < 0.05. NO, N1, N2, and N3 represent N-addition rates
of 0, 10, 15, and 20 kg N ha~! yr~1, respectively. BD, bulk density; SOC, soil organic carbon; AP,
available phosphorus; DOC, dissolved organic carbon; DON, dissolved organic nitrogen. C:N, C:P,
and N:P denote the corresponding soil elemental ratios.

3.2. Temporal and Treatment-Associated Variation in Soil Respiration Components

Measured Rs and Rh and estimated Ra exhibited pronounced temporal variation
across the nine sampling campaigns conducted in June, August, and October of 2022, 2023,
and 2024 (Figure 2). Repeated-measures ANOVA detected significant differences among N
treatments on Rs, estimated Ra, and Rh (p < 0.01). Notably, both Rs and Rh were markedly
lower in October 2023 than during the other sampling campaigns, and this temporal pattern
occurred broadly across the N-addition treatments. Significant sampling-time effects were
also detected for Rs (p < 0.01), estimated Ra (p < 0.05), and Rh (p < 0.01), whereas the
sampling time x N treatment interaction was not significant for any respiration component.
Across the observation period, Rs was generally lower in the N-addition treatments than
in NO (Figure 2a). Relative to NO, Rs was 19.12%-59%, 19.39%-52%, and 29.57%—64%
lower under N1, N2, and N3, respectively. Estimated Ra, obtained by residual partitioning,
showed a larger and more consistent negative treatment contrast than root-exclusion Rh
(Figure 2b). Relative to NO, estimated Ra was 61%-81%, 39.30%—-80%, and 35.93%—-87%
lower under N1, N2, and N3, respectively. By contrast, Rh measured under root-exclusion
conditions showed more variable treatment-associated differences (Figure 2c). Rh under
N1 was 6.18%—41.20% higher than that under NO, whereas the relative differences under
N2 and N3 ranged from —28.24% to 32.07% and from —40.51% to 15.15%, respectively.

3.3. Effects of N Addition on Extracellular Enzyme Activities

Nitrogen addition significantly affected soil extracellular enzyme activities, and the
responses differed among enzyme functional groups (Figure 3). Overall, N addition
increased the activities of C-acquiring enzymes, particularly AG, CB, and BG. Compared
with NO, AG and CB activities increased across all N-addition treatments, with increases of
656%-2733% and 462%-1110%, respectively. Both enzymes reached their highest activities
under N3. BG activity also increased significantly under N3, by 245% relative to NO. In
contrast, BX activity decreased slightly under N1 and N2 but increased by 29.60% under N3.
The responses of N- and P-acquiring enzymes differed from those of C-acquiring enzymes.
LAP activity decreased by 20.00%—-34.80% under all N-addition treatments. NAG activity
decreased by 47.00%—49.70% under N1 and N2 but remained comparable to the control
under N3. The P-acquiring enzyme ACP showed a consistent decline with increasing N
addition, decreasing by 28.50%, 38.30%, and 49.40% under N1, N2, and N3, respectively.

3.4. Effects of N Addition on Ecoenzymatic Stoichiometry and CUE

N addition significantly altered soil ecoenzymatic stoichiometry and CUE (Figure 4).
Compared with the control (NO), N addition significantly increased the enzymatic C:N
(Ec:N) and C:P (Ec.p) ratios, both of which reached their highest values under N3, with
increases of 41.20% and 61%, respectively. The enzymatic N:P ratio decreased slightly under
N1 and N2 by 6.90%-7.80% but increased by 14.20% under N3. Vector analysis showed that
vector length increased under all N addition treatments, by 89%, 84%, and 154% under N1,
N2, and N3, respectively, relative to NO. In contrast, vector angle remained relatively stable
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under N1 and N2 but decreased by 23.90% under N3. Microbial CUE showed a consistent
negative response to N addition. Compared with NO, CUE decreased by 16.60%, 6.70%,
and 14.40% under N1, N2, and N3, respectively, with the lowest value observed under N1.
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Figure 2. Temporal variation in (a) total soil respiration (Rs), (b) estimated autotrophic respiration
(Ra), and (c) root-exclusion heterotrophic respiration (Rh) across nine sampling campaigns under
five-year nitrogen addition. Values are means + SE (1 = 3). T, nitrogen-addition treatment; M,
sampling time; T x M, their interaction. p values are from repeated-measures ANOVA.

3.5. Potential Factors Associated with Mean Soil Respiration Components

Correlation analysis revealed contrasting covariation patterns among Rs, root-
exclusion Rh, and estimated Ra (Figure 5). Estimated Ra showed a close correspondence
with Rs. However, because estimated Ra was calculated as Rs — Rh, this correspondence
was partly mathematically expected and should not be interpreted as independent evidence
that the two variables were controlled by the same biological processes. Estimated Ra and
Rs were generally positively correlated with pH, AP, P-acquiring enzyme activity, and CUE
but negatively correlated with DOC and several microbial biomass-related variables. By
contrast, root-exclusion Rh showed a different covariation pattern and was more closely
associated with soil stoichiometric and microbial variables. Random forest analysis pro-
duced different predictor-importance rankings for Rh, estimated Ra, and Rs (Figure 6).
For Rh, MBP, MBN, MBC, pH, and DOC ranked among the more important predictors
(Figure 6a). For estimated Ra, PAE, DOC, C:P, AP, CAE, and MBC showed relatively high
predictive importance (Figure 6b). For Rs, CAE, PAE, AP, pH, DOC, and CUE ranked
relatively highly (Figure 6¢). Because the models were based on 12 independent plot-level
mean observations, these importance rankings should be regarded as exploratory statistical
patterns rather than evidence of direct biological regulation.

https://doi.org/10.3390/£17091080


https://doi.org/10.3390/f17091080

Forests 2026, 17, 1080

9o0f 18

16} (@ ]
4l

121

10}

sl

6l b b

4L -

A -
T =
2 T
E o

]

£ 13
2 £
2 2
K] 2
12 K]
< @
- Q

T 141 () "._:
5 T 10|
o 12 ‘o \
ERUS 2 a
b E
Es £ s 1
: N e £ i
3 6 . 2 sl b
K] 8
P %
3 o 4l
2
c
2k
0 0
w0l @, [ Ma

-

LAP activity (nmol g™*h™")
° ~ IS ®
- - T
o o
e o
o o
NAG activity(nmol g™ h™")
o 3 8 8 &8 8
—
o
o

@
@
3

T

NO N1 N2 N3

8
8
o

ACP activity (nmol g™ h™")

No N1 N2 N3

Figure 3. Soil extracellular enzyme activities under five-year nitrogen addition. Panels show (a) AG,
(b) BG, (c) CB, (d) BX, (e) LAP, (f) NAG, and (g) ACP. Different lowercase letters indicate significant
differences among treatments at p < 0.05. AG, x-glucosidase; BG, (3-1,4-glucosidase; CB, cellobiohy-
drolase; BX, 3-xylosidase; LAP, leucine aminopeptidase; NAG, 3-1,4-N-acetylglucosaminidase; ACP,
acid phosphatase. Values are means + SE (n = 3).

Exploratory PLS-PM analyses further identified component-specific statistical asso-
ciation structures among N addition, soil variables, and the mean respiration variables
(Figure 7). The models returned R? values of 0.75, 0.83, and 0.86 for Rh, estimated Ra, and
Rs, respectively. In the Rh model, soil physicochemical properties, soil nutrients, and micro-
bial variables showed positive standardized total associations, whereas enzymes and CUE
showed negative standardized total associations (Figure 7a,b). In the estimated Ra model,
N addition showed a negative standardized total association, whereas enzymes showed the
strongest positive standardized total association (Figure 7c,d). In the Rs model, N addition
and CUE showed negative standardized total associations, whereas soil physicochemi-
cal properties and enzymes showed positive standardized total associations (Figure 7e,f).
Overall, the internal predictor structures differed among the three models: Rh showed
stronger associations with microbial biomass-related variables, whereas estimated Ra and
Rs showed stronger associations with physicochemical, nutrient, enzymatic, and CUE-
related variables. However, because estimated Ra was derived mathematically from Rs
and Rh, its modeled associations do not constitute independent physiological evidence
concerning root processes. In the absence of direct measurements of root biomass, root pro-
duction, root exudation, mycorrhizal traits, or root-specific respiration, the PLS-PM paths
should be interpreted as exploratory statistical associations rather than causal mechanisms.
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Figure 4. Soil ecoenzymatic stoichiometry, vector properties, and microbial carbon use efficiency
under five-year nitrogen addition. Panels show (a) ecoenzymatic C:N ratio, (b) ecoenzymatic C:P
ratio, (c) ecoenzymatic N:P ratio, (d) vector length, (e) vector angle, and (f) estimated microbial carbon
use efficiency (CUE). Different lowercase letters indicate significant differences among treatments at
p <0.05. Values are means + SE (n = 3).
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Figure 5. Pearson correlation matrix for soil physicochemical properties, microbial biomass, ex-
tracellular enzyme activities, microbial carbon use efficiency, and plot-level mean soil respiration
components. Asterisks denote significance at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). The size
and color intensity of the boxes represent the magnitude of the correlation coefficients.
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Figure 6. Exploratory random forest importance rankings for variables associated with (a) root-
exclusion Rh, (b) estimated Ra, and (c) Rs, based on plot-level mean respiration values. Asterisks
indicate significance levels: * p < 0.05, ** p < 0.01. Ra represents estimated autotrophic respiration
calculated as Rs — Rh. Predictor importance indicates statistical contribution to model prediction
and should not be interpreted as evidence of direct causal regulation.
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Figure 7. Exploratory partial least squares path models and standardized total effects for root-
exclusion Rh (a,b), estimated Ra (c,d), and Rs (e,f). Solid red and blue arrows indicate significant
positive and negative associations, respectively, whereas dashed arrows indicate nonsignificant paths.
Numbers beside arrows are standardized path coefficients; asterisks indicate significance levels:
*p <0.05,** p <0.01, and *** p < 0.001. Paths involving estimated Ra represent statistical associations
rather than direct root physiological regulation. The dark grey and light grey bars represent positive
and negative effects, respectively.
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4. Discussion
4.1. Post-Treatment Soil C Status and Total Soil Respiration Under N Input

Five-year experimental N addition was associated with a non-linear reorganization of
the post-treatment soil C-N-P environment rather than a simple dose-dependent response
(Table 1; Figure S3). SOC and total N showed larger post-treatment differences under N1
than under N3, indicating that soil C and N status did not scale proportionally with N
input. The higher post-treatment SOC in some N-addition plots is broadly consistent with
evidence that repeated N enrichment can favor SOC accumulation in forest and terrestrial
soils [9,43]. However, a nine-year warming and N-addition experiment on the Tibetan
Plateau reported SOC loss [44], illustrating the context dependence of soil C responses.
Because pretreatment measurements were unavailable, the present results represent post-
treatment contrasts among randomly assigned plots rather than measured within-plot
SOC accumulation. Unmeasured variation in slope and aspect, aggregate-size distribution,
understory and moss cover, and bacterial and fungal community composition may also
have contributed to residual among-plot variation. In addition, compositing five cores
per plot prevented assessment of within-plot spatial heterogeneity, and exclusion of the
forest-floor organic layer restricts inference to the sampled 0-10 cm mineral soil. Because
plant biomass, litter input, fine-root production and turnover, and root exudation were not
measured, the SOC and DOC patterns cannot be attributed directly to plant- or root-derived
Cinputs.

The lower post-treatment total P and AP, together with higher C:P and N:P ratios,
indicated altered P status and stoichiometric balance in the N-addition plots. This pattern
is consistent with evidence that sustained N loading can alter terrestrial P cycling [19],
including in forests of the eastern Tibetan Plateau [45], while regional surveys demonstrate
strong edaphic and elevational controls on soil P forms [26]. Without pretreatment P mea-
surements, however, the observed differences do not demonstrate within-plot P depletion
or absolute P limitation. Soil pH was also lower in all N-addition plots than in NO, con-
sistent with acidification reported in N-enrichment experiments [46], although the lowest
pH occurred under N1 rather than N3. Because (NH4),5O4 was used, the pH differences
may reflect both nitrification of added NH4* and sulfate-associated processes and should
be interpreted specifically as responses to repeated ammonium-sulfate enrichment.

Treatment duration further limits interpretation. Although repeated annual N in-
puts can progressively modify soil acidity, nutrient availability [18,19], microbial alloca-
tion [15,17], and soil C cycling [43], soil physicochemical and microbial variables were
measured only once, in August 2024, after five annual applications. The dataset there-
fore cannot resolve when the observed differences developed or whether the ecosystem
approached a steady state. Moreover, once-annual (NHy4),SO, application represented a
seasonal nutrient pulse rather than the continuous timing and mixed chemical composition
of natural atmospheric N deposition. Continued measurements are needed to determine
whether the observed patterns persist under longer treatment durations. Across the nine
respiration campaigns, Rs was generally lower under N addition than under NO (Figure 2).
Accordingly, Hypothesis 1 was partially supported: lower Rs co-occurred with higher
post-treatment SOC in some N-addition plots and with lower soil pH and AP. However, the
non-linear SOC response and absence of pretreatment measurements preclude interpreting
these contrasts as directly measured within-plot SOC accumulation.

4.2. Respiration Partitioning and Microbial Resource Acquisition Under N Input

Across the nine sampling campaigns, Rs was generally lower in the N-addition treat-
ments than in NO, and this contrast was more strongly reflected in estimated Ra than in
root-exclusion Rh (Figure 2). Because estimated Ra was calculated as Rs — Rh, this pattern
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represents residual respiration partitioning and does not independently demonstrate re-
duced root respiration or root physiological activity. Root biomass, fine-root production
and turnover, root exudation, mycorrhizal traits, and root-specific respiration were not mea-
sured; therefore, the estimated Ra pattern cannot be attributed to a specific root-mediated
mechanism. In addition, because Rh was operationally represented by CO; efflux from
trenched root-exclusion subplots, possible trenching-induced changes in water, nutrients,
and soluble-substrate movement may have propagated into estimated Ra. Root-exclusion
Rh showed more variable contrasts among N treatments than estimated Ra. Rh under N1
was higher than that under NO during some campaigns, whereas responses under N2 and
N3 varied in direction (Figure 2c). The coexistence of higher DOC or microbial biomass
with higher Rh under some conditions is consistent with a potential association between
substrate availability, microbial properties, and heterotrophic respiration [21], but it does
not establish causation. These component-specific respiration responses occurred alongside
a redistribution of microbial extracellular enzyme investment rather than uniform stimula-
tion of enzyme activity. Consistent with microbial resource allocation theory [15,17], the
contrasting responses of N- and C-acquiring enzymes suggest reduced investment in N
acquisition under increased external N supply and greater investment in the acquisition
of selected C substrates [16]. The heterogeneous responses among C-acquiring enzymes
further indicate substrate-specific allocation.

The increase in selected C-acquiring enzymes despite higher post-treatment SOC
suggests that bulk SOC did not necessarily alleviate microbial demand for accessible C.
Together with higher ecoenzymatic C:N and C:P ratios, these responses indicate greater
enzymatic investment in C acquisition under altered nutrient stoichiometry [47]. The
decline in ACP despite lower AP further suggests that enzyme allocation was not controlled
by P availability alone. The opposing responses of ACP and selected C-acquiring enzymes
may instead reflect interacting effects of altered microbial resource allocation and soil pH
rather than P availability alone [47,48]. Because enzyme assays used buffers adjusted to
sample-specific soil pH [49], treatment differences may reflect combined effects of enzyme
production, stabilization, and pH-dependent catalytic activity [50]. The ACP response
should therefore not be interpreted as direct evidence of reduced microbial P demand.

Accordingly, Hypothesis 2 was supported at the level of the residual respiration-
partitioning pattern: lower Rs was more strongly reflected in estimated Ra, whereas
measured Rh varied among treatments and sampling campaigns. Because estimated Ra
was derived as Rs — Rh and direct root variables were not measured, this result does not
independently demonstrate suppression of root respiration.

4.3. Microbial CUE and Component-Specific Respiration Covariation

Estimated microbial CUE was 6.70%-16.60% lower in the N-addition treatments than
in NO, with the largest difference observed under N1 (Figure 4f). This non-linear response
indicates that estimated microbial C allocation efficiency did not vary proportionally with
the N-addition rate. Moreover, the differences in estimated CUE were less pronounced than
those in selected C-acquiring enzyme activities, suggesting that extracellular enzyme allo-
cation was more responsive to N addition than estimated CUE. Microbial CUE responses to
N enrichment are not consistent across ecosystems. For example, an N-addition experiment
in a subtropical forest reported increased microbial CUE and identified particulate organic
C availability as an important correlate of that response [51]. The contrast with the present
results suggests that CUE responses may depend on ecosystem type, substrate accessibility,
nutrient status, and environmental conditions. In the present study, the lower soil pH under
N addition may have increased microbial maintenance costs associated with intracellular
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pH homeostasis [52], whereas the higher activities of selected C-acquiring enzymes suggest
greater microbial investment in extracellular C acquisition.

The lower AP and higher soil C:P and N:P ratios in the N-addition plots further
indicate altered soil nutrient stoichiometry that may have constrained microbial growth.
Under resource imbalance, microorganisms may allocate a greater proportion of assimi-
lated C to extracellular resource acquisition and cellular maintenance rather than biomass
production [53,54]. This interpretation is consistent with the higher ecoenzymatic C:N
and C:P ratios and vector length under N addition, which indicate altered microbial re-
source allocation and stronger relative C demand. However, CUE was estimated using
an enzyme-stoichiometric approach rather than directly measured from microbial growth
and respiration [22,23]. The CUE results should therefore be interpreted as indicators
of microbial C-allocation patterns associated with post-treatment soil biochemical status,
rather than as direct measurements of microbial biomass-production efficiency or direct
evidence of changes in root-derived respiration.

The component-specific covariation patterns provided provisional support for Hy-
pothesis 3. Across the correlation, random forest, and PLS-PM analyses, measured Rh was
more closely associated with microbial biomass and enzyme-related variables, whereas
Rs and estimated Ra showed stronger associations with soil pH, AP, and related physic-
ochemical, enzymatic, and CUE variables (Figures 5-7). Nevertheless, estimated Ra was
calculated as Rs — Rh, and its associations do not constitute independent evidence of
root physiological regulation. In addition, soil biochemical variables were measured only
in August 2024, whereas plot-level mean respiration values were calculated across nine
sampling campaigns. These analyses therefore cannot establish temporal coupling between
the soil variables and respiration components. Because the exploratory models contained
only 12 independent plot-level observations, with three plots per treatment, their statistical
power was limited and their outputs should be interpreted as candidate associations rather
than causal pathways. Future experiments should determine treatment replication through
an a priori power analysis based on expected effect sizes, among-plot variance, and model
complexity. Accordingly, Hypothesis 3 received provisional rather than definitive support.

4.4. Temporal Variation in Soil Respiration

Measured Rs and root-exclusion Rh and estimated Ra varied significantly among
the nine sampling campaigns, indicating that sampling time was an important source of
variation in all three respiration components (Figure 2). However, the sampling time x N
treatment interaction was not significant for any respiration component. Thus, although
respiration rates varied among sampling campaigns, the relative treatment-associated
patterns did not differ significantly over time. The comparatively low Rs and Rh values
observed in October 2023 occurred broadly across the N-addition treatments rather than
within a single treatment (Figure 2). This pattern therefore does not provide evidence of
a treatment-specific response to N addition. October represents the late growing season
at this high-elevation site, and annual precipitation also varied during the treatment and
observation period (Figure 54). Nevertheless, annual precipitation totals cannot explain
the respiration rate recorded during an individual sampling campaign. Concurrent mea-
surements sufficient to distinguish the respective contributions of soil temperature, soil
moisture, plant activity, microbial activity, and substrate availability were unavailable for
October 2023. The lower respiration values during this campaign therefore cannot be
attributed conclusively to a specific environmental or biological mechanism.

In addition, respiration was measured during nine discrete campaigns conducted in
June, August, and October from 2022 to 2024 rather than continuously throughout each year.
These observations characterize growing-season temporal variation but cannot be used to
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calculate annual soil CO; efflux or determine complete seasonal trajectories. Accordingly,
the October 2023 values are interpreted as sampling-time-specific variation and are not
used to explain the treatment-associated differences in soil respiration.

5. Conclusions

Following five annual N applications, the N-addition plots showed clear post-
treatment differences in surface mineral soil C status, nutrient availability, microbial re-
source allocation, and soil respiration partitioning. Relative to NO, N1 and N2 had higher
post-treatment SOC and total N, whereas all N-addition treatments had lower pH, total P,
and AP, with AP values 60%—-64% lower. Nitrogen addition was also associated with altered
extracellular enzyme allocation and 6.70%-16.60% lower estimated microbial CUE. Across
the nine measurement campaigns, Rs was 19.12%—-64% lower in the N-addition plots, and
this difference was more strongly reflected in estimated Ra, which was 35.93%-87% lower,
whereas measured Rh showed treatment-dependent responses. Exploratory multivariate
analyses indicated distinct covariation patterns for measured Rh versus Rs and estimated
Ra. Thus, higher post-treatment SOC under some N-addition treatments co-occurred with
lower soil CO; efflux. However, because pretreatment soil measurements and direct root
observations were unavailable, these results should not be interpreted as directly measured
within-plot SOC increases or as definitive evidence of the mechanisms responsible for the
estimated Ra pattern. Accordingly, the first hypothesis was partially supported, the second
was supported at the level of the residual respiration-partitioning pattern, and the third
received provisional support from the exploratory association analyses.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/f17091080/s1. Table S1: Microbial biomass carbon (MBC), nitrogen
(MBN), and phosphorus (MBP) in the 0-10 cm mineral soil under different N-addition treatments. NO,
N1, N2, and N3 represent N-addition rates of 0, 10, 15, and 20 kg N ha—! yr_l, respectively; Figure S1:
Schematic layout of the completely randomized N-addition experiment. Colors indicate the four N-
addition treatments. The layout is schematic and not drawn to scale; Figure S2: Schematic illustration
of the soil respiration-partitioning design: (a) paired untrenched and trenched root-exclusion subplots
and (b) PVC root-exclusion installation; Figure S3: Relative post-treatment differences in surface
mineral soil physicochemical properties between the N-addition treatments and NO after five years of
treatment. Values represent endpoint treatment contrasts and should not be interpreted as temporal
changes from pretreatment conditions. SOC, soil organic carbon; AP, available phosphorus; DOC,
dissolved organic carbon; DON, dissolved organic nitrogen; Figure S4: Interannual variation in
annual precipitation at the study site during the treatment and observation period from 2019 to 2024.
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