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Abstract
Soil microbes comprise a large portion of the genetic diversity on Earth and influence a large number of important ecosystem
processes. Increasing atmospheric nitrogen (N) deposition represents a major global change driver; however, it is still
debated whether the impacts of N deposition on soil microbial biomass and respiration are ecosystem-type dependent.
Moreover, the extent of N deposition impacts on microbial composition remains unclear. Here we conduct a global meta-
analysis using 1408 paired observations from 151 studies to evaluate the responses of soil microbial biomass, composition,
and function to N addition. We show that nitrogen addition reduced total microbial biomass, bacterial biomass, fungal
biomass, biomass carbon, and microbial respiration. Importantly, these negative effects increased with N application rate and
experimental duration. Nitrogen addition reduced the fungi to bacteria ratio and the relative abundances of arbuscular
mycorrhizal fungi and gram-negative bacteria and increased gram-positive bacteria. Our structural equation modeling
showed that the negative effects of N application on soil microbial abundance and composition led to reduced microbial
respiration. The effects of N addition were consistent across global terrestrial ecosystems. Our results suggest that
atmospheric N deposition negatively affects soil microbial growth, composition, and function across all terrestrial
ecosystems, with more pronounced effects with increasing N deposition rate and duration.

Introduction

Soil microbes comprise a large portion of the genetic
diversity on Earth and are critical to the maintenance of
plant diversity and a large number of essential ecosystem
processes [1–6]. Atmospheric nitrogen (N) deposition has
climbed by three-to-five-fold over the course of the 20th
century [7]. Across the globe, the increase of N deposition
is strongly associated with regional human population
density [8] with its impacts reaching far beyond [9].

Although atmospheric N deposition, simulated by N ferti-
lization experiments, may increase plant above ground and
below ground growth [10, 11], it reduces terrestrial plant
diversity [12] and alters plant biomass carbon (C), N, and
phosphorus cycles [13]. Although soil microbes are critical
drivers for plant diversity and productivity in terrestrial
ecosystems [3, 5, 14–16], our understanding of atmospheric
N deposition on microbial growth, function, and community
composition remains elusive. A better understanding of
soil microbial responses to N addition is critical to pre-
dicting the consequences of increasing anthropogenically
derived N addition on terrestrial ecosystems.

Excessive N inputs can have multiple effects on soil
microbial growth, composition, and function. First, we
expected that increased N would reduce total microbial
biomass due to direct inhibition and reduced investment in
microbes [17–19]. Increased N reduces fungal biomass via
changes in plant-specific exudates and alterations in nutrient
competition between plants and rhizosphere microbes [20]
or directly by inhibiting the growth of white rot fungi [21].
Nitrogen addition can also reduce the metabolic capabilities
of soil bacterial communities [22]. Under N fertilization,
fungi to bacteria ratio (F:B) is expected to decrease
since fungi have lower N demands than bacteria [23].
Microbial biomass C decreases following N fertilization due
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to decreased soil pH resulting in greater osmotic potential
and increased solubility of aluminum that is toxic to
soil microbes [24]. Microbial biomass N could either
increase because of fertilization-induced N availability [25]
or decrease as soil microbes immobilize a high proportion
of mineralized N in fertilized plots [26]. Microbial C:N
could decrease concomitantly with the reduction of F:B as
fungi exhibit higher C:N than bacteria [27].

Second, we expected that N addition would alter relative
abundances of microbial groups. Excessive N induces a
shift in the predominant microbial strategies, favoring a
more active, copiotrophic microbial community [28]. Under
chronic N addition, the relative abundance of ectomycor-
rhizal fungi declines and offset by an increase in the relative
abundance of saprotrophs [29]. A lower plant demand for N
following N enrichment could induce reductions in relative
abundance of arbuscular mycorrhizal fungi [30]. Further-
more, reductions in C allocation to tree roots could induce a
decrease in gram-negative (G−) abundance and an increase
in gram-positive (G+) abundance [31] as G+ bacteria can
use more recalcitrant C fractions while G− bacteria rely on
readily degradable plant C sources [32]. Third, although the
increases in plant growth with N addition [10, 11] could
lead to higher autotrophic respiration, we expected that soil
acidification from excessive N would inhibit enzymatic
activities, decrease soil organic matter decomposition,
and thus reduce microbial respiration [18, 33]. Fourth, we
expected that the responses of soil microbial community to
N fertilization would be greater with longer experimental
duration and at higher levels of N application rate as
observed within single sites [34, 35].

Recent meta-analyses show that total microbial biomass
declines with N addition with global average estimates
varying from 5 to 20%, and the extent of the declines
increase with the amount of N added and experimental
duration [19, 36, 37]. Contrasting results, however, have
been reported for agroecosystems, where mineral fertiliza-
tion including N addition increased microbial biomass on
average, and the extent of the increase rises with experi-
mental duration [38]. Corresponding to total microbial
biomass, microbial biomass C decreases with N addition,
resulting in reduced microbial respiration [18, 19]. How-
ever, Treseder [19] reported insignificant effects of N
addition on fungal and bacterial biomass, largely due to a
limited number of observations available for analysis about
a decade ago [39]. Furthermore, while N addition has been
reported to reduce microbial biomass C as three-fold as
microbial biomass N [37], microbial biomass C:N ratio was
found to not change with N addition [40]. Importantly,
despite the dominant role of microbial composition on plant
diversity, ecosystem productivity, and microbial respiration
[3, 5, 15, 41], the global impacts of N addition on the
relative abundances of fungi and bacteria and those of finer

groups including arbuscular mycorrhizal fungi, saprophytic
fungi, actinomycetes, and G+ and G− bacteria remain
unclear.

Divergent findings from existing meta-analyses could
result from not only data available at the time a meta-
analysis was conducted but also controversial analysis
methods and data selection criteria. First, failure to account
for the autocorrelation among observations increases the
probability of type I error as these observations are pseudo-
replicated [42]. Second, converting continuous variables
into discreet groups reduces statistical power [43]. Third,
many meta-analyses are eager to examine whether ecolo-
gical responses are ecosystem-type or biome-type depen-
dent by estimating the responses of individual ecosystems,
each of which has few observations with little statistical
power [39], but few have explicitly tested whether ecolo-
gical responses are statistically significant among ecosystem
types. Lastly, using the inverse of sampling variances to
weigh observations does not only exclude studies that
did not report variances, but sampling variance estimates are
notoriously unreliable, especially given that the small
samples are common in original studies, and that the small
variances could result from highly uniform experimental
conditions, which are less representative for diverse natural
systems [44–47].

Because of the importance and technical advances in
studying soil microbes, a large number of experiments
have been established to investigate the responses of soil
microbial characteristics to N addition during the past
decade. By collecting 1408 experimental observations from
151 studies encompassing most terrestrial ecosystem types
(Fig. S1, Appendix S1), here we examined the effects of N
addition on soil microbial biomass, composition, and
respiration, and whether these effects would change with N
application rate, experimental duration, and across diverse
ecosystem types and a wide range of mean annual tem-
perature or mean annual precipitation of the study sites.
Specifically, we tested the hypotheses that: (1) increased N
would reduce total microbial biomass, bacterial biomass,
fungal biomass, and microbial biomass carbon, but have no
effect on microbial biomass nitrogen, (2) increased N would
reduce fungal biomass more than bacterial biomass, parti-
cularly AMF, and among bacteria, the relative abundance
of G+ bacteria would increase in the expense of G− bac-
teria, (3) microbial respiration would decrease while root
respiration would increase. Moreover, we tested (4) the
effects of increased N would be more pronounced with N
application rate and experimental duration. Moreover, we
examined whether the effects of N addition on abundance
and composition of soil microbes (across taxa) would affect
the response of microbial respiration to N addition using
structural equation modeling. Our meta-data included stu-
dies conducted with a mean N application rate of 142 kg ha
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−1 yr−1 (ranging from 5 to 828 kg ha−1 yr−1), a mean
experimental duration of 10 years (0.3–153 years), a mean
background N deposition rate of 13.5 kg ha−1 yr−1 (0.2–98
kg ha−1 yr−1), and diverse methods in quantifying microbial
responses (Table S1). For each dependent variable, our
model simultaneously estimated the average effect of N
addition and the responses to N addition rate and experi-
mental duration. We also examined whether microbial
responses to N addition would change with the background
N deposition rate and technical methods used (Table S2).

Materials and methods

Data collection

We searched peer-reviewed journal articles published which
evaluated the response of soil microbial characteristics to N
addition in terrestrial ecosystems using the Web of Science
and Google Scholar. The search terms were “(nitrogen
addition OR nitrogen enrichment OR nitrogen deposition
OR nitrogen fertilization OR nitrogen input OR nitrogen
application) AND (microbial biomass OR fungal biomass
OR bacterial biomass OR litter decomposition OR micro-
bial respiration OR soil respiration).” Only primary studies
that satisfied the following criteria were included in this
meta-analysis. (1) N fertilizers were directly added to ter-
restrial ecosystems and at least one of the considered vari-
ables was measured. (2) The N addition and control plots
were established under the same abiotic and biotic condi-
tions in the field, and laboratory incubation studies were not
included. (3) Only the control and N addition treatment data
were selected if the experiment included treatment other
than N addition. (4) The N application rate and the duration
of the experiment were recorded. (5) The means and sample
sizes of the selected variables were available or could be
calculated from the related publications. All original data
were extracted from the text, tables, figures, and appendices
of the publications. When data were graphically presented,
the Engauge software 4.1 was used to obtain numeric data
(http://digitizer.sourceforge.net). Measurements from dif-
ferent ecosystem types, species, and treatment levels within
a single study were separately recorded observations.
Meanwhile, mean annual temperature (MAT, °C) and mean
annual precipitation (MAP, mm yr−1) were recorded
directly from cited papers, or in the case that it was
not reported, they were extracted from the database at
http://www.worldclim.org/ using the location information
(i.e., latitude and longitude).

Our data encompassed most terrestrial ecosystem types,
including tundra, grasslands, forests, wetlands, and crop-
lands. Forests were subdivided into boreal, temperate, and
tropical forests. Boreal forests included all forests between

46° N and 66° N latitude, tropical forests encompassed all
forests between 23.5° S and 23.5° N latitude, while temperate
forests included all forests between the tropical and boreal
latitudes. Our final dataset included 1408 paired observations
from 151 published papers with a total of 16 variables.

Meta-analysis

We used natural log response ratio (lnRR) to assess the
responses of soil microbial characteristics to N addition
[48]. Natural log response ratio was calculated as:

lnRR ¼ ln ðXt=XcÞ ð1Þ
where Xt and Xc are mean values of the selected microbial
variable under N treatment and in control, respectively.

Effect size estimates and subsequent inferences in meta-
analyses may be dependent on how individual observations
are weighted [44]. In our dataset (Supplementary Dataset 1),
sampling variance was not reported in seven of the
150 studies, and more importantly, weightings based on
sampling variances could assign extreme importance to
a few individual observations, and consequently average
lnRR would be determined largely by a small number of
studies [44]. Similar to previous studies [44, 46], we used
the number of replications for weighting:

Wr ¼ ðNc � NtÞ=ðNc þ NtÞ ð2Þ
where Wr is the weight associated with each ln RR obser-
vation, Nc and Nt are the numbers of replications in the
control and treatment, respectively.

For each microbial variable, we tested whether the
overall ln RR differed from zero and whether the ln RR was
affected by N application rate (N, kg ha−1 yr−1) and
experimental duration (D, years) using the following model:

lnRR ¼ β0 þ β1 � N þ β2 � lnðDÞ þ πstudy þ ε ð3Þ
where β, πstudy and ɛ are coefficient, the random effect factor
of “study” and sampling error, respectively. The random
effect explicitly accounts for autocorrelation among obser-
vations within each “study.” We conducted the analysis
using maximum likelihood estimation with the lme4 pack-
age [49]. When continuous predictors, i.e., N and ln(D) in
Eq. 3, are centered or scaled (minus mean and divided by
one standard deviation), β0 is the overall mean lnRR at the
mean N and ln(D) [50]. To facilitate the comparison among
microbial variables that had variable N and ln(D), we scaled
these predictors in our analysis. We also used four other
alterative models, and all alternative models resulted in
similar or higher Akaike information criterion (AIC) values
(Table S3). For consistency, we analyzed all variables with
Eq. 3. Moreover, there were several methods used for
some microbial attributes in original studies (Table S1).
We examined whether the responses to N addition differed
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with the methods of determination, and we found no
effect of methods except for the relative abundance of
actinomycetes (Table S2), in which pyrosequencing had a
significantly higher estimate of lnRR than quantitative
Polymerase Chain Reaction (Fig. S2).

To examine whether lnRR changed geographically, we
tested the effect of MAT or MAP or ecosystem type on
lnRR by adding the term of MAT, MAP or ecosystem type
to Eq. 3. For ease of interpretation, lnRR and its corre-
sponding confidence intervals (CI) were transformed back
to the percentage change as ðelnRR � 1Þ � 100%. If the 95%
CI of lnRR does not cover zero, the effect of N addition
on the variable differs significantly at α= 0.05 between the
control and N treated.

Structural equation modeling

To evaluate the relationship between the log response ratios
of soil microbes (across taxa) and the log response ratio of
microbial respiration, we used structural equation modeling
(SEM), while simultaneously accounting for the effects of N
application rate, experimental duration, MAT, and MAP.
The log response ratios of soil microbes include microbial
abundance (total microbial, fungal, and bacterial biomass,
microbial biomass carbon and nitrogen, microbial biomass
carbon to nitrogen ratio) and composition (fungi to bacteria
ratio, the relative abundance of G+ and G− bacteria, and the
ratio of G+ to G− bacteria), which had paired observations
with microbial respiration. Similar to García-Palacios et al.
[51], we developed a conceptual SEM model with a direct
effect of the log response ratios of microbes (latent variable)
on microbial respiration, direct effects of N application rate
and experimental duration (natural log transformed) and
direct effects of MAT and MAP on the log response ratios of
microbes (latent variable) and microbial respiration. Fol-
lowing [52], we assessed the conceptual model (full model)
vs. reduced models by the goodness-of-fit statistics and used
AIC to select among alternative models. We chose the final
model with the lowest AIC value. We implemented SEMs
using the ‘piecewiseSEM’ package to account for the ran-
dom effect of “study” [53]. All statistical analyses were
performed in R 3.4.3.

Results and discussion

Effect of nitrogen addition on soil microbial growth

As expected, we found strong negative effects of N addition
on soil microbial biomass. Total microbial biomass, bacterial
biomass, and fungal biomass decreased on average by 13.2%
(95% CI, 5.9–20.4%, P= 0.002), 16.6% (10.1–23.0%,
P < 0.001), and 19.2% (9.1–29.3%, P= 0.002), respectively

(Fig. 1). In studies that simultaneously reported total
microbial biomass, bacterial biomass, and fungal biomass,
their log response ratios to N addition were positively cor-
related (Fig. S3). This is not surprising, given the negative
effects of excessive N on soil microbes as a whole [17, 18]
or individually by fungi and bacteria groups [20–22]. Con-
comitantly, microbial biomass C decreased by 11.0%
(6.2–15.8% P < 0.001), while microbial biomass N did not
change with N addition (P= 0.969) (Fig. 1), resulting in a
marginal decrease of microbial biomass C to N ratio by 7.8%
(−0.8 to 16.4%, P= 0.087). These results represent the first
global evidence of reduced fungal biomass and bacterial
biomass under N addition. Our estimates of reduced total
microbial biomass and microbial C, based on a large number
of studies, are quantitatively similar to those estimated pre-
viously by Treseder [19] and Janssens et al. [18]. In contrast
to previous results [40], our findings show that C:N does not
only decrease in plant biomass [13, 54] but also in microbial
biomass under N addition.

More importantly, the negative effects of N addition on
total microbial biomass, bacterial biomass, fungal biomass,

Fig. 1 The effects of nitrogen addition soil microbial attributes. Values
are mean ± 95% confidence intervals of the percentage effects between
the N addition and control treatments. The number of observations is
beside each attribute without parentheses, and the number of studies is
in parentheses. MBC, MBN, AMF, SF, ACT, G+, and G− represent
microbial biomass carbon, microbial biomass nitrogen, arbuscular
mycorrhizal fungi, saprophytic fungi, actinomycetes, gram-positive
bacteria and gram-negative bacteria, respectively
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and microbial C increased with both N application rate and
experimental duration (Fig. 2). With increasing N addition
rate, total microbial biomass, bacterial biomass, fungal
biomass, and microbial C decreased marginally or sig-
nificantly (P= 0.084, 0.084, 0.019, and <0.001, respec-
tively for total microbial biomass, bacterial biomass, fungal
biomass, and microbial C). Our results show that longer
duration of N addition elicited stronger declines not only in
total microbial biomass (P= 0.134) but also in bacterial and
fungal biomass individually (P= 0.019 and =0.001,
respectively) as well as microbial biomass C (P= 0.007)
(Fig. 2). With increasing experimental duration, both
microbial biomass C and N decreased with a higher rate of
decrease in microbial biomass N than microbial biomass C,
resulting in a marginal increase in microbial biomass C to N
ratio (P= 0.062) (Fig. 2). These results suggest that N
inhibition on microbes becomes more pronounced over
time, but the immediate increase of N in microbes following
N addition without a sufficient amount of C for bounding
leads to increased N leaching and gaseous release over
time [37, 55, 56]. Given the increasing N deposition rate
and longer duration [7–9], our finding indicates that soil
microbes would suffer progressive inhibition and continue
to decrease.

Effect of nitrogen addition on soil microbial
composition

We also found compositional shifts of soil microbes under
N addition (Fig. 1). The ratio of fungal to bacterial biomass
decreased on average by 7.9% (0.3–15.6%, P= 0.049) due
to the differential responses between fungal biomass and
bacterial biomass. With microbes further divided, the rela-
tive abundances of arbuscular mycorrhizal fungi and
G− bacteria on average decreased (P= 0.062 and 0.105,
respectively), those of saprophytic fungi, actinomycetes and
G+ bacteria did not change significantly (P= 0.372, 0.616,
and 0.248, respectively), resulting in a marginal increase in
the G+ to G− bacteria ratio (P= 0.075) (Fig. 1). Arbus-
cular mycorrhizal fungi further decreased with N applica-
tion rate (P= 0.010) (Fig. 2). While the relative abundance
of saprophytic fungi did not change significantly on aver-
age, it decreased with N application rate (Figs. 1 and 2),
showing that it was promoted at low levels but suppressed
at high levels of N addition (Fig. S4). With increasing
experimental duration, fungal to bacterial biomass ratio
decreased (P= 0.030), G+ bacteria showed a trend of
increase, while G− bacteria decreased, further increasing
the G+ to G− bacteria ratio (Fig. 2). Our results strongly

Fig. 2 Natural log response ratios (lnRR) as a function of N application rate (kg ha−1 yr−1) and natural log experimental duration (years) on
microbial attributes. See Fig. 1 for abbreviations

Global negative effects of nitrogen deposition on soil microbes 1821



support the widely held view that N addition alters micro-
bial composition [16, 28, 30, 57, 58], and our analysis
demonstrated more pronounced effects with increasing N
application rate and experimental duration.

Effect of nitrogen addition on soil microbial, root
and total respiration

Nitrogen addition on average reduced microbial respiration
by 8.1% (1.5–14.9%, P= 0.031), increased root respiration
by 21.6% (9.6–33.6%, P= 0.027), while having no effect on
total soil respiration (P= 0.857) (Fig. 1). The negative effect
of N addition on microbial respiration increased with N
application rate (P= 0.005) and experimental duration (P=
0.011), but the positive effect on root respiration did not (P
= 0.756 and 0.789, respectively) (Fig. 2). While increased
plant growth above ground and below ground [10, 11]
contributes to increased root respiration under N addition, we
found that the natural log response ratio of microbial
respiration was strongly related to that of microbial biomass
C (Fig. 3), indicating that reduced microbial respiration
under N addition resulted from reduced microbial biomass C.

Multivariate relationships between the responses of
soil microbes and microbial respiration

Structural equation modeling indicated that lnRR of
microbes had a direct positive effect on lnRR of microbial
respiration (r= 0.37, Fig. 4). Both N application rate and
experimental duration had direct negative effects on lnRR of
microbes (r=−0.45 and −0.12, respectively). Nitrogen
application rate had a direct negative effect (r=−0.43) and

an indirect negative effect via lnRR of microbes (r=−0.17)
on lnRR of microbial respiration, while experimental dura-
tion had an indirect negative effect via lnRR of microbes on
lnRR of microbial respiration (r= 0.04). Increasing MAT
reduced the negative effect of N application directly on
lnRR of microbes (r= 0.33) and indirectly on lnRR of
microbial respiration (r= 0.12).

Our structural equation model indicates that the reduced
microbial respiration is not only associated with microbial
biomass C (Fig. 3) [18], but also total microbial, fungal and
bacterial biomass, microbial biomass nitrogen, microbial
biomass carbon to nitrogen ratio, and several measures of
microbial composition including fungi to bacteria ratio, the
relative abundance of G+ and G− bacteria, and the ratio of
G+ to G− bacteria. While our results corroborate the idea
that links exist between soil microbial abundance and eco-
system functioning [51], we also demonstrate that reduced
microbial respiration is associated with altered microbial
composition. The positive relationship between the respon-
ses of soil microbes and microbial respiration to N addition
indicates that N addition negatively affected soil microbial
biomass and microbial respiration simultaneously.

Consistent responses of soil microbial growth,
composition, and respiration across the globe

Despite wide ranges of variations in mean annual tem-
perature, mean annual precipitation, and ecosystem
types including tundra, grasslands, forests, wetlands, and
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croplands, the responses of all studied attributes to N
addition, except microbial biomass C and the ratio of fungi
to bacteria, did not change spatially (Table 1). The effect of
N addition on microbial biomass C was more negative in
the cold than warm climates, while the effect of N addition
on the ratio of fungi to bacteria changed from negative in
the cold to a positive trend in warm climates (Fig. S5).
Furthermore, our estimates of microbial responses to N
addition did not change with the background N deposition
rate (see Methods, Table S3) nor with the methods for their
determination, except the methods for the relative abun-
dance of actinomycetes (Table S1 and S2). For the relative
abundance of actinomycetes, one study with four observa-
tions using barcoded pyrosequencing showed a significantly
higher estimate than those by quantitative Polymerase
Chain Reaction method (Fig. S2). This difference in relative
abundance estimates could be attributable to the fact that
pyrosequencing may not match those estimated from
counting individuals or measuring biomass [59]. Alto-
gether, these results suggest that the effects of N addition on
microbial growth, composition, and function are globally
consistent. Our finding indicates that nutrient addition
effects on soil microbial community composition are not

only consistent across global grasslands [60], but also
among diverse ecosystem types with varying climates. Our
results also appear to be consistent with those reported by
Geisseler and Scow [38], who reported that fertilization by
N alone in two studies had negative effects on microbial
biomass, although fertilization of N combined with phos-
phorus and potassium may have positive effects on micro-
bial biomass over a long-term in crop systems.

Soil microbes, outweighing all other living things com-
bined on Earth, play vital roles in Earth’s biogeochemical
cycles as they are responsible for soil carbon and nutrient
cycling in ecosystems [2, 4]. Our results suggest that on-
going N deposition has profound adverse effects on soil
microbes and their function. The negative effects of N
addition on soil microbial abundance and composition
increase with the amount of N deposition and duration.
Moreover, the negative impacts of N deposition on abun-
dance and composition are strongly linked with reduced
microbial respiration. Furthermore, these negative effects
are consistent with varying background N deposition rates
and across all terrestrial biomes including tundra, grass-
lands, forests, wetlands, and croplands, although warmer
climates tended to alleviate the negative effects to some
extent. The adverse effects of N deposition on soil microbes
would not be solved without drastic changes made by our
society to reduce atmospheric N deposition and to more
conservatively use N fertilizers.
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MBC 1, 78 0.042 1, 100 0.248 6, 90 0.058

MBN 1, 70 0.481 1, 94 0.791 5, 78 0.834

MBC:MBN 1, 52 0.138 1, 76 0.384 5, 61 0.286

Fungi:Bacteria 1, 44 0.050 1, 55 0.094 5, 37 0.083

AMF abundance 1, 3 0.177 1, 3 0.180 2, 4 0.117

SF abundance 1, 10 0.232 1, 10 0.336 1, 10 0.315

ACT abundance 1, 16 0.427 1, 13 0.915 3, 3 0.301

G+ abundance 1, 2 0.583 1, 2 0.421 1, 4 0.385

G− abundance 1, 17 0.093 1, 17 0.146 1, 16 0.085

G+:G− 1, 3 0.749 1, 15 0.261 2, 4 0.085

Microbial respiration 1, 16 0.313 1, 15 0.227 3, 11 0.443

Root respiration 1, 1 0.415 1, 6 0.955 1, 56 0.211

Soil respiration 1, 27 0.801 1, 27 0.561 4, 39 0.806

Bold values indicate P ≤0.05

MBC, MBN, AMF, SF, ACT, G+, and G− represent microbial
biomass carbon, microbial biomass nitrogen, arbuscular mycorrhizal
fungi, saprophytic fungi, actinomycetes, gram-positive bacteria, and
gram-negative bacteria, respectively

Linear mixed effect models used Satterthwaite approximation for
degrees of freedom (df)
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