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Abstract
To understand the effects of artificially increased atmospheric nitrogen (N) and

decreased precipitation on the soil microbial community and soil CO2 and CH4

efflux, a two-factorial field experiment was carried out with the following treat-

ments: (a) control, (b) N addition (+50 kgNha−1 year−1), (c) decreased precipita-

tion (−30% of throughfall) and (d) combined N addition and decreased

precipitation (+50 kgN ha−1 year−1, −30% of throughfall). The N addition and

decreased precipitation treatments had a positive effect on mean CO2 efflux

(2.61 μmol CO2 m−2 s−1 for control, 4.26 μmol CO2 m−2 s−1 for N addition,

3.62 μmol CO2 m−2 s−1 for reduction in precipitation) and mean rates of CH4

uptake (0.00088 μmol CH4 m
−2 s−1 for control, 0.00154 μmol CH4 m

−2 s−1 for N

addition, 0.00151 μmolm−2 s−1 for reduction in precipitation) during the growing

season. The combined N addition and reduction in precipitation also led to

increased soil CO2 efflux and CH4 uptake, but the combined response was weaker

than the response to single variable treatments (3.10 μmol CO2 m−2 s−1 and

0.00130 μmol CH4 m
−2 s−1 interaction), indicating antagonistic effects of the com-

bined treatment. At the seasonal scale, changes in soil CO2 and CH4 efflux were

complex, especially in the spring freezing and thawing period, during which pulses

of CO2 efflux and CH4 uptake occurred. Decreased precipitation altered the com-

position of the bacterial community in the winter and growing seasons, and compo-

sition of the microbial community also showed a seasonal change. However,

changes in microbial community structure under N addition, precipitation reduction

and their interaction might be important factors leading to an increase or decrease

in soil carbon efflux.

Highlights

• How global changes (N addition and decreased precipitation) affect soil C flux.
• Seasonal effects of global changes on soil C flux were analysed quantitatively.
• Decreased precipitation and N-addition increased soil CO2 flux and decreased soil

CH4 flux.

†These authors contributed equally to this work.

Received: 29 April 2018 Revised: 11 February 2019 Accepted: 4 March 2019

DOI: 10.1111/ejss.12812

Eur J Soil Sci. 2019;1–15. wileyonlinelibrary.com/journal/ejss © 2019 British Society of Soil Science 1

https://orcid.org/0000-0003-2456-5770
mailto:qgwang1970@163.com
http://wileyonlinelibrary.com/journal/ejss


• Global changes regulate soil C flux by altering soil water, microbial and nutrient
status.
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1 | INTRODUCTION

The forest soil C pool accounts for approximately 34% of
the terrestrial C pool and is vulnerable to anthropogenic dis-
turbance and global change. Increasing CO2 and CH4 emis-
sions could contribute to global warming and are thus a
major global concern (Bond-Lamberty & Thomson, 2010).
Therefore, a quantitative analysis of the responses of forest
soil CO2 and CH4 efflux to climate change is necessary to
understand and mitigate their effects (IPCC, 2013).

Increased deposition of atmospheric nitrogen (N) and
changes in the magnitude of precipitation are important
aspects of global climate change that inevitably affect the
soil CO2 and CH4 efflux of forest ecosystems (IPCC, 2013).
Nitrogen deposition is generally expected to increase soil-
available N, which could increase input of organic C to the
soil, resulting in positive effects on soil CO2 efflux. How-
ever, a side effect could be decreased soil pH and an imbal-
ance in other nutrients resulting in depressed soil CO2 efflux
(Zhou et al., 2016). Compared with soil CO2, soil CH4

efflux is mediated by methanogenic archaea in anaerobic
soils and methanotrophic bacteria in aerobic soils, which
undertake the production and consumption of CH4, respec-
tively (Aronson, Dubinsky, & Helliker, 2013). Previous
studies have suggested that increased N deposition might
increase methanotroph abundance, suppress methanotrophic
activities through low pH and alter their pattern of energy
use, inducing increased production of CH4 (Remy et al.,
2017). Furthermore, N addition can suppress the activities of
methanogenic coenzymes by increasing redox potential,
resulting in decreased production of CH4 (Peng et al., 2017).
In general, previous field experiments in forests showed that
N addition increased (Xu et al., 2014), decreased (Janssens
et al., 2010; Mo et al., 2008; Peng et al., 2017) or had neutral
effects (Bouskill, Riley, & Tang, 2014; Tlustos et al., 1998)
on soil CO2 efflux and CH4 uptake.

Decreased precipitation is predicted in many areas of the
world because of global climate change, and how this
decrease will affect soil C cycling has received considerable
attention (Doughty et al., 2015). Decreased precipitation
would reduce nutrient availability by inhibiting the activities
of microbial and extracellular enzymes (Chapin, Matson, &
Vitousek, 2011), with negative effects on soil CO2 efflux.
Furthermore, decreased precipitation might alter C allocation
by changing the root:shoot ratio, thus potentially increasing

root respiration (Zhou et al., 2016). In general, decreased
precipitation might strongly stimulate (Bastida, Torres,
Hernández, & García, 2017), considerably inhibit (Janssens
et al., 2010; Liu et al., 2016) or have no effect (Zhou et al.,
2016) on CO2 efflux from the soil, which is similar to the
effects of N deposition. Decreased precipitation could also
markedly change CH4 efflux by increasing the rate of diffu-
sion of soil gas and oxygen concentration and by inhibiting
the activity of methanogens while stimulating met-
hanotrophs, ultimately increasing the rate of methane
absorption. However, the rate of CH4 uptake might increase
with a decrease in precipitation intensity within a certain
range, unless CH4 uptake is limited by the physiological
stress of soil microbes under extreme drought (Del et al.,
2000). However, our knowledge of how the belowground
components of ecosystems respond to changing precipitation
and amounts of N added is incomplete, limiting our ability
to predict their responses further.

In addition, previous reports have indicated that N addi-
tion and decreased precipitation can alter the diversity and
composition of the soil microbial community (Bastida et al.,
2017; Zeng et al., 2016). Nitrogen addition might directly
affect microbial communities by altering soil N availability
and indirectly affect them by altering soil physiochemical
properties and the C allocation strategy of plants (Ramirez,
Craine, & Fierer, 2012). Decreased precipitation, limited soil
substrate diffusion and microbial mobility under a small
water potential can make microorganisms vulnerable to
drought stress, which can result in cell death (i.e. osmotic
stress, desiccation and nutrient limitations) (Bastida et al.,
2017; Canarini, Kiær, & Dijkstra, 2017). Although our
understanding of the effect of N addition and decreased pre-
cipitation on the soil microbial community is improving,
most previous studies have focused mainly on a specific
time and not timespans. Microbial responses to N addition
and decreased precipitation might also vary substantially
among seasons or particular annual periods (in particular
periods such as the spring freezing and thawing period)
(Chou, Silver, Jackson, Thompson, & Allen-Diaz, 2008).
The inter-annual fluctuations in weather (succession of the
seasons, especially in temperate forests) and plant growth
dynamics can also lead to changes in community composi-
tion (Bastida et al., 2017). These changes from winter to
spring and spring to summer could complicate the inference
of soil microbial community responses to N addition and
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decreased precipitation. Quantitative and qualitative analyses
of microbial responses to treatments at different stages are
undoubtedly useful for estimating trends accurately in soil C
efflux.

Therefore, this study aimed to determine whether long-
term N addition and reduction in precipitation would induce
changes in soil CO2 efflux, CH4 efflux, microbial biomass,
microbial community structure, and thus soil chemical prop-
erties, in a temperate forest in northern China. In addition,
we attempted to examine whether a marked fluctuation in
spring freezing and thawing cycles (FTCs) would affect soil
CO2 efflux, CH4 efflux and the microbial community, and
whether the interaction between the FTCs and N addition
and reduction in precipitation would affect the same proper-
ties. To our knowledge, this is one of the first studies to
examine the effects of N addition, decreased precipitation
and their interaction on soil C efflux and bacterial and fungal
abundances in association with altered biogeochemical
cycling in different seasons and specific freeze–thaw periods
in a temperate forest.

2 | MATERIALS AND METHODS

2.1 | Site description and experimental
treatments

The study sites were in an old, broad-leaved Korean pine
(Pinus koraiensis Siebold & Zucc.) mixed forest (~200 years
old) in the Changbai Mountains Natural Reserve, northeast-
ern China (42�240N, 128�050E and 752ma.s.l.). This area
belongs to a typical temperate–continental monsoon climate.
The mean annual temperature is 3.6�C (from 1982 to 2003)
with a mean growing-season (based on phenological changes,
for example when the deciduous broad-leaved leaves begin
to grow) temperature of 15�C and a mean winter-season tem-
perature of −0.6�C. The mean annual precipitation is approx-
imately 760mm, more than 70% of which falls from May to
August. The soil at the study sites developed from volcanic
ash and is classified as a Eutric Cambisol (Nachtergaele, Spa-
argaren, Deckers, & Ahrens, 2000). The dominant tree spe-
cies are Pinus koraiensis Siebold & Zucc., Tilia amurensis
Rupr. and Quercus mongolica Fisch. ex Ledeb, and the mean
canopy height and diameter at breast height (1.3 m) for these
three species were 26m and 34.2 cm, respectively. The tree
density at the site was 432 trees ha−1.

A previous study suggested that precipitation has
decreased in north China over the last 50 years (Wang, Cao,
Tao, & Ke rang, 2006). The precipitation, according to data
from the Chinese Ecosystem Research Net (CERN),
decreased to approximately 550mm in the drought years of
1985, 1997, 1999, 2001 and 2003, which is approximately
30% less than the long-term average annual precipitation of

740mm in the Changbai Mountains over the last 30 years.
Based on the above historical data, six 50m×50m plots sur-
rounded by a buffer strip >20m wide were established in the
Changbai Mountains in September 2009. Three plots were
treated with 30% less rain, which was equivalent to the
amount of rain during the drought years, and the other three
plots were subjected to ambient treatment. The precipitation
was controlled by polycarbonate (PC) V-shaped translucent
panels with 95% transparency that covered 30% of the plot
area to prevent approximately 30% of the natural throughfall
during the growing season. They were removed in winter to
allow snow to fall on to the forest floor (Figure S1, Supporting
Information). The PC panels were fixed on an aluminum
frame approximately 1 m above the soil surface to ensure nor-
mal air flow. Each of these six plots was split into two
25×50m subplots with a stainless-steel sheet inserted 50 cm
into the ground to avoid nutrient mobilization; for each plot,
one of the subplots received additional N and the other did
not. The average annual N bulk deposition was
23 kgNha−1 year−1 in the Changbai Mountains (Lü & Tian,
2007), and the amount of N added in the study was
50 kgNha−1 year−1, which was approximately twice as much
as the historic rate of N deposition for the area. In each sub-
plot with N addition, ammonium nitrate (NH4NO3) was
weighed, mixed with 40L of deionized water and sprayed on
to the forest floor with a backpack sprayer throughout the
entire growing season (six times from May to October each
year). The control plots were supplied simultaneously with
40L of deionized water without added N. All these treatments
began in September 2009, were maintained during the study
period and will continue to be maintained in the future.

2.2 | Measurement of soil C efflux and soil
sampling

Soil CO2 and CH4 efflux were measured with fast-response
greenhouse gas analysers (GGA-24p, Los Gatos Research,
San Jose, CA, USA). Six polyvinyl chloride (PVC) collars
(20.3 cm in diameter and 8 cm in height) were randomly dis-
tributed and permanently inserted 5 cm into the soil in each
subplot to measure soil C efflux. During the growing season,
soil C efflux was measured twice a month in May (spring),
July (summer) and September (autumn) of 2016 and in May
(spring) and July (summer) of 2017; the purpose was to
understand the response of soil C efflux to treatments in dif-
ferent seasons. The interval between the two monthly mea-
surements was 1 week and the average value represented the
monthly soil CO2 and CH4 efflux during the growing sea-
son. During the snow-covered period (winter, from
November to second measurement in March), soil CO2 and
CH4 efflux were measured once a month from November
2016 to March 2017. To allow the snowpack to form or melt
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naturally in the collars during winter, each collar was
checked every day, and their heights were adjusted when a
forecasted snowfall event was approaching. We added or
removed one collar of the same size for each height adjust-
ment and sealed the gaps between collars with water- and
air-proof tape. This procedure can decrease potential distur-
bance to and prevent potential lateral gas diffusion within
the snowpack. The offset depth of the chamber was mea-
sured to calibrate the measurements of soil C efflux because
of changes in the volume of the total system (Los Gatos
Research (LGR) Instruction Manual). Each measurement
was taken between 10:00 am and 12:00 am (local time) and
repeated three times for each collar to produce a mean soil
CO2 and CH4 efflux for each collar. Living plants inside the
soil collars were removed by hand at least 1 day before the
measurement to eliminate aboveground plant respiration dur-
ing the growing season.

To quantify the effects of N addition and decreased pre-
cipitation on soil CO2 and CH4 efflux during the spring
FTCs, soil CO2 and CH4 efflux were measured continuously
and automatically at a 45-minute interval from March 1 to
May 12, 2017. We placed three gas chambers in each sub-
plot, and each chamber was programmed to take measure-
ments sequentially within a 5-minute cycle. During the
cycle, each chamber was sealed automatically on the collar
for 180 s, of which the initial 30 s after closure was set as a
purging period.

Soil samples were collected immediately following in
situ soil C efflux measurements. Six soil cores (diameter of
5 cm) were taken randomly from the top layer (0–10 cm) of
each subplot with a handheld auger and then pooled into one
composite sample. All the visible extraneous materials (such
as roots, stones, etc.) were removed by hand. Each compos-
ite soil sample was divided into two subsamples: the first
was air-dried and then sieved (2 mm) to analyse basic soil
properties, and the second was maintained in its original
state and taken to our laboratory in an ice box at 4�C to mea-
sure the soil microbial biomass (the measurement was com-
pleted within a week).

The microbial composition was measured only once in
winter (18 January (the coldest month), 2017) and once in
the growing season (July 15, 2017). However, the soil
properties fluctuated considerably during the freezing–
thawing period, so we increased replication during FTCs.
The FTCs were divided into three periods (the initial stage,
mid-term and termination) based on snowpack thickness,
T5cm (soil temperature at 5-cm depth) and Ta (air tempera-
ture), each of which had distinct biophysical characteris-
tics. Thus, soil microbial community composition was
analysed five times. The initial stage of the FTCs started
when the daily maximum Ta was above 0�C (the start of
snowmelt), and the fluctuation in Ta made the water

alternate between snow and water. The FTC mid-term was
defined as starting when the daily maximum Ta was above
0�C, the daily minimum T5 was below 0�C and the snow-
pack had completely melted (the end of snowmelt). The ter-
mination of the FTCs was when the daily minimum T5 was
above 0�C (the end of soil freezing at 5-cm depth). During
the three periods, soil samples were taken from the top
layer (0–10 cm) of each subplot with a special handheld
auger, and they were pooled into one composite sample.
Each sample was immediately flash-frozen in liquid N2 and
stored in cooling dry-ice boxes for transport to the labora-
tory and then stored at −80�C until processed for nucleic
acid extraction.

2.3 | Soil physicochemical properties and
microbial biomass

The soil temperature and moisture of each subplot at 5-cm
depth were measured hourly by an Em-50 data logger
(Decagon Devices, Inc., Armidale, Australia) from May
2016 to July 2017. Precipitation (including rainfall and
snowfall, P, mm) was measured at the Forest Ecosystem
Research Station of Changbai Mountains from July 2016 to
July 2017, and snow depth (cm) was recorded manually
every day by three replicate rulers that were randomly
installed in each subplot. The soil pH was measured with a
pH meter (Sartorius PB-10, Göttingen, Germany) and a
1:2.5 soil:water ratio (dry weight to volume) following
shaking for 30min. The soil total C (TC) and N (TN) were
measured with a Multi N/C 3100 Analyzer (Multi N/C
3100, Analytik Jena AG, Jena, Germany). The soil dis-
solved total C (carbonates + organic carbon) and dissolved
total N were extracted from 10 g of soil with 2 mol L−1

KCl extraction procedures. The dissolved total N and dis-
solved total C were determined with a Multi N/C 3100
Analyzer. The soil total phosphorus (TP) was measured by
the molybdenum antimony anticolorimetric method, and
the soil microbial biomass C (MBC) and N (MBN) were
estimated by the chloroform-fumigation extraction methods
reported by Brookes, Landman, Pruden, and Jenkinson
(1985). The MBC and MBN were extracted from 10 g of
soil using 0.5 mol L−1 K2SO4 and were determined from
the chloroform-fumigated and unfumigated soil samples by
a Multi N/C 3100 Analyzer. The conversion factors of 0.45
and 0.38 (kEN and kEC, respectively) were used to calcu-
late the MBC and MBN values, respectively (Brookes
et al., 1985). All these soil physiochemical measurements
were repeated six times for each soil sample, and the aver-
age value was used to represent the true value for each
subplot.
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2.4 | DNA extraction, PCR amplification and
sequencing

Microbial DNA was extracted from each of the soil samples
(0.5 g wet weight) with E.Z.N.A Soil DNA (Omega Bio-tek,
Inc., Norcross, GA, USA) according to the manufacturer's
protocol. The V4–V5 region of the bacterial 16S ribosomal
RNA gene and the V4 region of the fungal 18S rRNA gene
were amplified by PCR. The primers 515F (50-GTGCCAGC
MGCCGCGG-30) and 907R (50-CCGTCAATTCMTTTRA
GTTT-30) were used for the V4–V5 region of the 16S rRNA
gene, and the primers 0817F (50-TTAGCATGGAATAATR
RAATAGGA-30) and 1196R (50-TCTGGACCTGGTGAGT
TTCC-30) were used for the V4 region of the 18S rRNA
gene, where the barcode was an eight-base sequence that
was unique to each sample. The PCR products were purified
using the AxyPrep DNA Gel Extraction Kit (Axygen Biosci-
ences, Union City, CA, USA) according to the manufac-
turer's protocol and quantified with QuantiFluor-ST
(Promega, Madison, WI, USA). Illumina MiSeq sequencing
was performed at Majorbio BioPharm Technology Co., Ltd.
(Shanghai, China). All the high-throughput sequencings of
the soil microbial communities were performed in three rep-
etitions for each subplot, and the average value of three rep-
licates used represented the true value for each subplot.

Raw FASTQ files were used to process the sequencing
data and quality-filtered using QIIME (version 1.17). Con-
sidering the sources of errors described in previous studies
using high-throughput sequencing, the low-quality
sequences (any truncated reads shorter than 50 bp) were
removed in this study. The trimmed and unique sequences
were used to define the number of operational taxonomic
units (OTUs) at the 97% similarity level using UPARSE
(version 7.1 http://drive5.com/uparse/), and the chimeric
sequences were identified and removed with the UCHIME
algorithm. The phylogenetic affiliation of each 16S rRNA
gene sequence was analysed by the Ribosomal Database
Project (RDP) Classifier (http://rdp.cme.msu.edu/) against a
SILVA reference 16S rRNA and 18S rRNA database using
a confidence threshold of 70%. On average, 37,840 quality
16S sequences and 37,415 quality 18S sequences were
obtained per sample. To assess microbial diversity among
samples in a comparable way, a standardized dataset was
used for subsequent analysis. After standardizing the data,
MOTHUR software (version 1.30.1) was used to calculate
richness indices (Chao 1).

2.5 | Statistical analysis

The statistical distribution of all data was analysed for nor-
mality by the Kolmogorov–Smirnov test and homogeneity
of variances was determined using Levene's test. Soil physi-
cochemical (i.e. soil temperature and soil C and N contents),

microbial biomass, and soil CO2 and CH4 efflux data were
used for a split plot analysis of variance (ANOVA) to deter-
mine the differences among the treatments (R software, ver-
sion 3.2.2). We hypothesized that there was no real
difference in each property between the different treat-
ments and that any differences were due to sampling fluc-
tuation. To assess whether means differ, we computed the
probability of obtaining the observed difference or a
larger difference if the true means were identical, assum-
ing that the statistical distribution was known and there
was an estimate of the sampling error. The hypothesis can
be rejected with p< 0.05. To identify pairwise differences
between diagnostic classes, Fisher's least significant dif-
ference (LSD) was determined. Principal coordinates
analysis (PCoA) was used to determine the overall func-
tional changes in microbial communities using the vegan
package in R version 3.2.2, and significant differences
in soil microbial community structure were quantified
by permutational multivariate analysis of variance
(PERMANOVA) using the adonis function. Pearson cor-
relation coefficients were determined between soil CO2

and CH4 efflux and soil physicochemical characteristics
in the different seasons under different treatments. Net-
work analysis was used to explore the effects of treat-
ments on the total bacterial and fungal communities, and
the average clustering coefficient and average degree of
centrality were used to describe how well nodes were con-
nected with their neighbours. The average path length and
transitivity are two values that measure the transport effi-
ciency of information or mass in a network.

3 | RESULTS

3.1 | Seasonal dynamics

Soil temperature measured at a depth of 5 cm (T5) and pre-
cipitation showed considerable seasonal variation during the
growing season (from May to October 2016) (Figure 1a,c).
The variations in T5 and precipitation were similar, with
maxima occurring in August and minima in May and
October. Soil moisture also showed considerable seasonal
variation, but it lagged behind precipitation during the grow-
ing season (Figure 1b). Snowfall began on November 2016
and T5 decreased rapidly to 0�C. The soil water started to
freeze and remained frozen until March 2017, and soil mois-
ture decreased markedly to ~10%. With increasing air tem-
peratures and following snowmelt, freeze–thaw events
occurred in March 2017. At the beginning of this period,
snow was melting and soil moisture increased quickly
because of impermeability of the frozen subsoil and then
increased gradually until the yearly maximum occurred on
DOY (day of the year) 107 of 2017 (59%, Figure 1c). The
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spring FTC period lasted for 41 days (DOY 75–116), and
the growing season began once the soil had totally thawed
and T5 was above 0�C on DOY 117 of 2017. Time affected

all soil properties significantly, which was an important fac-
tor in explaining the variation in soil physicochemical vari-
ables (Table 1).

FIGURE 1 (a) Precipitation and snow
depth, (b) daily soil temperature at 5-cm
depth (T5) and (c) daily soil volumetric
water content at 5-cm depth (W5) during the
measurement periods in 2016–2017. The
error bars are standard errors

TABLE 1 Results of full factorial models testing soil total C (C), total N (N), total P (P), dissolved total C (DTC) and dissolved total N (DTN)
in 2016 and 2017 for the effects of N addition (+N), decreased precipitation (–W), sampling date (D) and their respective interations

Degrees of freedom C/g kg−1 N/g kg−1 P/g kg−1 pH DTC/g kg−1 DTN/g kg−1

F ratio

Main plots -W 1 0.52 0.23 0.56 0.32 0.61 0.36

Residual 6

Subplot +N 1 0.39 1.87 0.01 8.91 0.53 0.02

+N•–W 1 0.07 0.23 0.21 7.80 0.02 1.94

Residual 24

Sampling date D 10 8.70 5.71 52.01 7.04 143.2 6.28

D•+N 10 0.17 0.58 2.23 1.55 0.98 0.25

D•–W 10 6.48 6.72 1.47 5.44 7.78 6.16

+N•–W•D 10 0.75 3.68 3.47 1.63 0.55 0.82

Residual 80

ANOVA: statistical significance, P<0.05, is in bold.

6 YAN ET AL.



The MBC and MBN varied significantly between sam-
pling times (Table 2), and during the periods of measurement;
the MBC and MBN (mgg−1) were larger in winter (mean
±SE: 2.56±0.29 and 0.37±0.06, respectively) than summer
(1.58±0.16 and 0.30±0.03, respectively) (Figure 2b,d;
Table S2, Supporting Information). The seasonal dynamics of
microbial abundance were also investigated, and both bacte-
rial and fungal abundance first decreased, then increased and
decreased again (Figures S2 and S3). The CO2 efflux was
strongly positively correlated with T5 for all treatments in the
growing seasons (r=0.89, p<0.001), whereas it was strongly
and negatively correlated with T5 under the control in winter
(r=0.84, p<0.001) (Table 3). Soil CO2 efflux was negatively
correlated with both soil TP and soil TN across all treatments
in the growing seasons. Soil CO2 efflux was negatively corre-
lated with soil moisture in the control and N-addition treat-
ments, but decreased precipitation changed the correlation
with soil moisture in the growing season (Table 3). Soil CH4

efflux was positively correlated with soil moisture (among all
treatments), TN and TP (in the control and N-addition treat-
ments), but it was negatively correlated with T5 in all treat-
ments (except for decreased precipitation) during the growing
season (Table 3). There was strong intra-annual variability in
soil CO2 and CH4 efflux that could be inferred from the sig-
nificant effect of time (Figure 2; Table 2). The soil CO2 efflux
and CH4 uptake were significantly less in winter than in
the growing season (CO2, F=202.4, p<0.05; CH4, F=
60.52, p<0.05).

3.2 | Effects of N-addition

Nitrogen addition decreased soil dissolved total C and pH in
winter compared with the control, but not in the growing

season (Table 1). During the FTCs, N addition significantly
decreased soil pH (F=5.47, p<0.05) in the FTCs mid- and
later-term but not in the initial stage of the FTCs (Table 1).
There was significantly less microbial biomass C in the N-
addition soils than in the control in winter (Figure 2b;
Table S3). In contrast, N addition stimulated MBN signifi-
cantly in the growing season (Figure 2d; Table S4).

Nitrogen addition decreased bacterial abundance in win-
ter, and the beginning and end of the FTCs, but not in the
medium term of FTCs and growing season (Figures S2 and
S3). The abundance of fungi decreased under N addition
throughout the FTC periods, but increased in winter and the
growing season (Figures S2 and S3). There were significant
(p<0.05) differences in composition of the microbial com-
munity between the control and N-addition treatments
(Figures 3 and 4). For bacteria, the network of N addition
had a smaller average clustering coefficient and average
degree of centrality, which indicated that N addition accom-
modated the sparser and more discrete connections
(Tables S7 and S8). For fungi, N addition resulted in larger
average clustering coefficients and average degrees of cen-
trality compared with the control (Tables S7 and S8).

Nitrogen addition stimulated CH4 uptake (F=31.21,
p<0.05) and CO2 flux (F=168.9, p<0.05) in growing sea-
sons but not in winter (Figure 2g and j; Tables S5 and S6).
Before the beginning of the FTCs, N addition significantly
increased the rate of soil CH4 uptake (on the vertical solid
line, F=9.28, p<0.05, Figure 5a and c). Two sub-periods
of large CO2 emission and CH4 uptake occurred early in the
spring of the FTC period when the snowpack was melting.
During the first sub-period, after the snow had thawed for
2–3 days, there was a marked increase in CO2 emissions and
CH4 uptake under the control and N-addition treatments, but

TABLE 2 Results of full factorial models testing soil CO2 and CH4 efflux, microbial biomass C (MBC), microbial biomass N (MBN) and
microbial metabolic activity in 2016 and 2017 for the effects of N addition (+N), decreased precipitation (–W), sampling date (D) and their
respective interactions

Degrees of freedom Soil CO2 Soil CH4 MBC MBN Microbial metabolic activity

F ratio

Main plots –W 1 27.34 25.35 0.62 9.12 0.13

Residual 6

Subplot +N 1 7.42 268.2 1.94 0.07 0.15

+N•–W 1 35.31 561.6 0.22 0.84 24.52

Residual 24

Sampling date D 10 356.0 264.3 47.24 164.1 107.2

D•+N 10 11.48 5.13 1.45 0.86 1.34

D•–W 10 7.86 71.88 4.92 6.90 5.19

+N•–W•D 10 16.42 24.60 1.30 0.43 1.90

Residual 80

ANOVA: strong statistical significance, P<0.05, is in bold.
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the pulse disappeared after 17 days (Figure 5a and c). The
second sub-period lasted for 4 days and there was a pulse
of CO2 emissions and CH4 uptake in the control and N-
addition treatments (Figure 5a and c). At the end of the
FTCs, soil CO2 emissions and CH4 uptake continued to
increase (left of the vertical solid line, Figure 5a and c).
When analysed across the whole FTC period, N addition
significantly stimulated CO2 emissions (F= 9.83,
p< 0.05) and CH4 uptake (F= 12.67, p< 0.05) (Figure 5b
and d).

3.3 | Effects of reduction in precipitation

Decreased precipitation increased soil total dissolved C in
winter and total dissolved N in the growing season
(Table 1). When averaged across the periods measured,
decreased precipitation significantly decreased MBN
(F=31.35, p<0.05) and did not affect MBC in the growing
and winter seasons (Figure 2d, Tables S3 and S4).

Decreased precipitation during summer had a positive
effect on bacterial abundance in winter and fungal

FIGURE 2 Effects of N addition
and decreased precipitation on soil
microbial biomass in different months
(a, c) and different seasons (b, d),
microbial metabolic activity (soil
respiration/microbial biomass carbon) in
different months (e) and in different
seasons (f), soil CO2 and CH4 efflux in
different months (g, h) and soil
respiration in different seasons (i, j).
Data are expressed as the mean
± standard error (SE). The SE comes
from the three-way interaction
(N addition, reduction in precipitation
and sampling date) (a, c, e, g and i); the
SE comes from the two-way interaction
(N addition and reduction in
precipitation) (b, d, f, h and j)
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abundance at the termination of the FTCs, and had a nega-
tive effect on fungal abundance in other periods (Figure S3).
In addition, there were significant (p<0.05) differences in
microbial community composition between the decrease in
precipitation and control treatments (Figures 3 and 4;

Tables S7 and S8). For bacteria, the network of decreased
precipitation had a smaller average clustering coefficient and
average degree of centrality, which indicated that the treat-
ment accommodated the sparser and more discrete connec-
tions (Tables S7 and S8). For fungi, all treatments had larger

TABLE 3 Pearson correlation coefficients between soil CO2 and CH4 efflux and soil physicochemical characteristics in the different seasons
under different treatments

C N P pH W T DTC DTN MBC CO2

CO2 Winter Control −0.09 0.68 −0.32 −0.12 −0.23 −0.84 0.52 0.41 0.28

–W −0.24 0.34 −0.37 −0.24 −0.52 −0.43 −0.05 0.04 0.14

+N −0.18 0.24 −0.26 −0.16 −0.37 −0.39 0.42 0.13 0.64

+N–W −0.50 0.31 −0.17 −0.71 −0.71 −0.51 −0.60 0.33 0.36

Growing Control 0.34 −0.53 −0.70 −0.69 −0.79 0.70 0.15 0.42 −0.56

–W 0.24 −0.37 −0.68 −0.32 −0.36 0.77 0.19 0.28 −0.30

+N 0.16 −0.67 −0.78 −0.47 −0.55 0.83 0.14 0.02 −0.76

+N–W 0.31 −0.54 −0.56 −0.19 −0.40 0.86 0.07 0.01 −0.23

CH4 Winter Control −0.27 −0.65 −0.52 −0.55 −0.27 0.73 −0.63 −0.24 −0.53 −0.59

–W −0.53 −0.60 −0.37 −0.34 −0.80 −0.81 −0.58 −0.51 −0.34 −0.27

+N −0.34 −0.26 −0.18 −0.27 −0.41 0.52 −0.39 −0.37 −0.28 −0.80

+N–W −0.55 −0.41 −0.26 −0.50 −0.75 −0.79 −0.64 −0.16 −0.41 −0.45

Growing Control 0.61 0.59 0.55 0.71 0.74 −0.80 −0.19 0.55 0.61 −0.71

–W 0.29 0.29 0.36 0.43 0.53 −0.41 −0.58 0.42 0.57 0.39

+N 0.41 0.61 0.78 0.29 0.61 −0.87 −0.23 0.46 0.72 −0.82

+N–W 0.35 0.38 0.27 0.38 0.57 −0.61 −0.40 0.37 0.44 −0.59

Significant correlations, p<0.05, are in bold. W: decreased precipitation; +N: N addition; +N–W: N addition and decreased precipitation; C: soil total C; N: soil total
N; P: soil total P; W: soil moisture; T: soil temperature; DTC: soil dissolved total C; DTN: soil dissolved total N.

FIGURE 3 Community structure
was assessed from beta diversity patterns
by principal coordinate analysis (PCoA)
performed on a UniFrac distance matrix
of bacterial 16S rRNA (a–f) during the
different periods. (a) Winter season (W),
(b) start of snowmelt (M), (c) end of
snowmelt (freeze–thaw cycle (FTC)),
(d) end of soil freezing at 5-cm depth
(SM), (e) growing season (G) and (f)
bacterial community structure in
different periods
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average clustering coefficients and average degrees of cen-
trality (Tables S7 and S8).

Decreased precipitation during summer stimulated CH4

uptake in the winter (F=8.15, p<0.05) and had a signifi-
cant positive effect on CO2 efflux in both the growing sea-
son (F=6.79, p<0.05) and winter (F=10.19, p<0.05)
(Figure 2j and h; Tables S5 andS6). Before the start of the
FTCs, decreased precipitation significantly stimulated soil
CO2 emission and CH4 uptake (right of the vertical solid
line, Figure 5a and c). However, there were no pronounced
pulses of CO2 emission and CH4 uptake with thawing and
decreased precipitation during the early stage of the spring
FTC period (Figure 5a and c). After the snow had thawed
for 20–23 days, decreased precipitation induced the first
pulse of CO2 emission and CH4 uptake, which was brief and

with rates of emission returning to pre-state amounts within
5 days (Figure 5a and c). The second pulse lasted for 4 days,
during which the pulse of CO2 emission and CH4 uptake in
the control were 1 day ahead of that with decreased precipi-
tation (Figure 5). When analysed across the whole FTC
period, decreased precipitation had a positive effect on CO2

emissions and CH4 uptake.

3.4 | Interactive treatment effects and
correlation analysis

The interaction of N addition and decreased precipitation
significantly increased MBN (F=5.37, p<0.05) in the
growing seasons but decreased it in winter (Table S4). The
interaction of decreased precipitation and time had a signifi-
cant effect on MBC (F=4.92, p<0.05) and MBN
(F=6.90, p<0.05) (Table 2). For fungi and bacteria, com-
bined N addition, decreased precipitation and the control
were also clearly separated in different periods by the PCoA
analyses. For bacteria, combined N addition and decreased
precipitation had a smaller average clustering coefficient
value and average degree of centrality (Tables S7 and S8),
whereas fungi had a larger average clustering coefficient and
average degree of centrality than the control (Tables S7 and
S8). Interaction of N addition and decreased precipitation
stimulated CH4 uptake in both the winter (F=946.9,
p<0.05) and growing seasons (F=31.21, p<0.05), but
only had a significant effect on CO2 efflux in both the winter
and growing seasons (Figure 2h and j). However, N addi-
tion, reduction in precipitation, sampling date and their inter-
action had a significant effect on soil CO2 and CH4 efflux
(Table 2). During all FTCs, interaction of N addition and
decreased precipitation significantly increased CO2 emission
(F=27.81, p<0.05) and CH4 uptake (F=56.36, p<0.05)
(Figure 5b and d). Correlation analyses between soil CO2

and CH4 efflux were performed to explain the soil C dynam-
ics, and CO2 efflux was negatively correlated with CH4

efflux during the FTC periods (Figure 6a). When soil mois-
ture was less than 32%, it was positively correlated with
CH4 efflux, but when soil moisture was greater than 32%, it
was negatively correlated with it (Figure 6b).

4 | DISCUSSION

4.1 | Seasonal dynamics

The measured microbial biomass was greatest in winter in
our study (Figure 1a and b). Two mechanisms could lead to
the increase in winter and decrease in the growing season.
First, it is generally accepted that soil microbes in cold areas
are adapted to low temperatures; therefore, a negative rate of
growth might occur if the temperature exceeds a certain

FIGURE 4 Community structure was assessed from beta
diversity patterns by principal coordinate analysis (PCoA) performed
on a UniFrac distance matrix of fungal 18S rRNA (a–f) during the
different periods. (a) Winter season (W), (b) start of snowmelt (M),
(c) end of snowmelt (freeze–thaw cycle (FTC)), (d) end of soil freezing
at 5-cm depth (SM), (e) growing season (G) and (f) bacterial
community structure in different periods
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range (Santruckova et al., 2003). Second, variation in plant
nutrients could be more important than that in soil tempera-
ture in controlling the biomass of microbes (Gutknecht,
Field, & Balser, 2012). The large rate of plant growth and
generally larger microbial activity led to a decrease in the
substrate and nutrients needed for the growth of microorgan-
isms in the growing seasons (theory of competition), thus
decreasing microbial biomass. Although seasonal variation
had a significant effect on soil microbial biomass, seasonal-
ity did not affect composition of the microbial community,
which is consistent with Schindlbacher et al. (2011). How-
ever, some shifts in species within the microbial community
(e.g. specific microbial groups better adapted to different
seasons’ conditions) cannot be excluded.

The trends of microbial biomass and soil CO2 or CH4

efflux were not completely consistent for different periods
(Figure 1). Interannual variation in soil CO2 and CH4 efflux
was largely attributable to the interannual fluctuations in soil

temperature and water availability (Geng et al., 2017). More-
over, increased CO2 efflux and CH4 uptake have been
reported frequently during FTCs in field experiments (Hu,
Sun, Hu, & Guo, 2017), which is consistent with our results.
In the early stage of FTCs, a large proportion of soil
microbes could have been dead, which would release labile
C and N into the soil (Jefferies, Walker, Edwards, & Dainty,
2010). These results are consistent with those of our study,
in which plant nutrients and water increased and microbial
biomass and abundance decreased. The stimulation of
microbial metabolism by an enhanced substrate supply and
physical mechanisms also increased microbial biomass. A
change in community composition might be the reasons for
these emission and uptake pulses in the middle stage of
FTCs (Matzner & Borken, 2008). Furthermore, the pulses
might be related to soil moisture regime, and excessive or
too little liquid water might inhibit gas emission and uptake
in the FTC periods. Our results also provide evidence to

FIGURE 5 (a) Temporal changes
in soil CO2 and (c) CH4 efflux and (b, d)
their mean values among the different
treatments during the measurement
periods in 2017. The error bars are
standard errors (n=24). The vertical
solid line indicates the start and end of
the freeze–thaw cycle (FTC) period. The
standard error (SE) comes from the
three-way interaction (N addition,
reduction in precipitation and sampling
date) (a and c); the SE comes from the
two-way interaction (N addition and
reduction in precipitation) (b and d)
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support this conclusion. Interestingly, we found that the opti-
mum moisture content for CH4 uptake was approximately
32%, and when there was too much soil liquid water (>55%)
or too little (<5%) (Figure 6), the CH4 efflux would change
from a soil sink to a soil source.

4.2 | Effects of N addition

In this study, MBN increased under N addition in the grow-
ing season. The result revealed that N addition might allevi-
ate soil N limitation and competition between roots and
microorganisms for N, which could increase nutrient alloca-
tion to microbial growth. However, there have been many
studies on N addition, and effects on microbial biomass N
have varied, with a decrease (Treseder, 2008), no response
(Guo et al., 2011) and increase (Cusack, Silver, Torn, Bur-
ton, & Firestone, 2011). These various results indicate that

local factors and amount of N added are likely to control
directional trends (Cusack et al., 2011). In addition, added N
also had a significant effect on microbial community compo-
sition, suggesting that the effects might be caused by stimu-
lating the expansion of nitrophilous species and competitive
exclusion of others (Zeng et al., 2016).

Soil CO2 and CH4 efflux also showed substantial inter-
annual variation in response to the N treatment, and N addi-
tion stimulated soil CO2 emission and CH4 uptake in the
growing seasons in this study. Previous studies have
reported that increased soil CO2 efflux was caused by the
positive effects of N addition on microbial biomass, fine-
root biomass and microbial community structure (Cusack
et al., 2011; Ramirez et al., 2012). In our study, N addition
increased soil microbial biomass N and changed the micro-
bial community, indicating that the changes in soil CO2

efflux were partly caused by the changes in microbial

FIGURE 6 Relations between
(a) soil CO2 efflux and CH4 efflux and
(b) CH4 efflux and soil moisture at 5-cm
depth during the freeze–thaw cycle
(FTC) periods. The solid line in (a) is
the best fitting line and the horizontal
solid line in (b) indicates the conversion
of the CH4 source and sink. The minus
sign before the p value represents
negative correlation; the plus sign before
the p value represents positive
correlation
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communities. Soil CH4 uptake was also stimulated by N
addition, which is similar to results from the boreal forest of
north China (Xu et al., 2014) and possibly attributable to
two factors. First, N addition relieves N limitation of cell
growth and subsequently increases activity of the
methanotrophic community. Second, NO3

−-N accumulation
from the addition of NH4NO3 fertilizer indirectly interferes
with the synthesis of enzymes involved in the CH4 oxidation
pathway of N-starved cells (Geng et al., 2017). We did not
investigate the effects of N addition on soil methanotrophs
and methanogenic communities, but found that structure of
the microbial community changed significantly. This might
indirectly suggest that changes in microbial community
might partly explain the increase in CH4 efflux under N
addition. However, it had no significant effect on soil C
fluxes in winter. Although the effect of N addition in the
growing season might increase the concentration of soil-
available N in winter (Collins et al., 2017), its rates of diffu-
sion were small in winter, making it difficult for it to come
into contact with microorganisms. Therefore, N addition
might not markedly increase soil CO2 and CH4 efflux.

4.3 | Effects of decreased precipitation

Decreased precipitation suppressed microbial biomass and chan-
ged the composition of the microbial community in the winter
and growing seasons, which was consistent with previous stud-
ies (Bastida et al., 2017). Decreased precipitation could have
directly decreased soil water availability, which would inhibit
the growth of soil microbes, thus reducing microbial biomass
and changing microbial community composition (Bastida et al.,
2017; Canarini et al., 2017). Decreased precipitation can also
indirectly affect microbial biomass and community composition
by inhibiting plant nutrient flow and decreasing substrate avail-
ability (Canarini et al., 2017). Previous research has suggested
that decreased precipitation might inhibit soil CO2 emission
(Chapin et al., 2011), which is contrary to our result. We pro-
posed several potential mechanisms to clarify the decrease in
precipitation-induced enhancement of CO2 efflux: (a) less N
leaching under decreased precipitation might alleviate soil N
limitation and this might stimulate soil CO2 emission; (b) rela-
tively small soil moisture content might change the energy bal-
ance, with less energy lost as latent heat for evapotranspiration
and more as heat efflux for soil warming, therefore, the higher
soil temperature might improve microbial activities and CO2

efflux; and (c) changes in microbial community composition
could ultimately influence C-use efficiency, which might affect
CO2 efflux (Bastida et al., 2017; Canarini et al., 2017). We
observed that decreased precipitation increased dissolved soil
total N and dissolved total C and changed the microbial commu-
nity. The changes in dissolved C and N were consistent with the
first hypothesis, and the change in microbial community is

consistent with the third proposition. Moreover, CH4 uptake
was also stimulated under decreased precipitation in winter and
the growing season. Soil CH4 efflux is mediated by
methanogenic archaea and methanotrophic bacteria, which pro-
duce and consume CH4, respectively (Aronson et al., 2013).
Decreased precipitation controls CH4 efflux by increasing the
rates of diffusion of both CH4 and oxygen, which are increas-
ingly absorbed by the community of methanotrophs and
methanogenesis (Curry, 2007). In addition, decreased precipita-
tion significantly increased soil CO2 emission and CH4 uptake
during FTCs. Under decreased precipitation, soil aggregates
might be less disrupted by ice crystals expanding in pores
because of the relatively small soil water content before soil
freezing during the early stage of FTCs (Freppaz, Celi, March-
elli, & Zanini, 2008), which might delay the increase in plant
nutrient content and delay the soil gas pulse. Simultaneously,
the decrease in precipitation might reduce the effect of excessive
moisture on CO2 emission and CH4 uptake and increase them at
the later stages of the FTCs.

4.4 | Interactive treatment effects

Although many single-factor manipulative experiments have
been carried out to examine the responses of the C cycle to
N addition or changing precipitation, multifactor studies
have been limited in the past (Zhou et al., 2016). In this
study, we observed antagonism between the effects of
decreased precipitation and N addition on soil CO2 and CH4

efflux in the study periods. Previous research has reported
that the susceptibility of plants in drought-prone regions
might increase with soil N addition because of an insufficient
water supply resulting from N-induced changes in shoot–
root ratios or rates of mycorrhizal infection (Southon, Green,
Jones, Barker, & Power, 2012), which might lead to antago-
nism between N addition and decreased precipitation. More-
over, plant nutrient mobility is reduced and plant access to N
is inhibited, and many of the consequences of N addition for
plants and microbes depend on soil moisture (Southon et al.,
2012). Previous studies suggested that the effects of N addi-
tion on soil microbial communities might depend strongly
on water regimes (Bi, Zhang, Liang, Yang, & Ma, 2011).
Increased soil water availability can enhance the responses
of soil microbial communities to N addition (Bi et al., 2011),
which suggested that N addition could have a negative effect
on soil microbial activities under low water availability.
Reduction in precipitation could also enable accumulation of
nitrate or ammonium ions, possibly to inhibitory amounts
for some extracellular enzymes, further suppressing the
growth and activity of fungi (Stursova, Crenshaw, &
Sinsabaugh, 2006). These might explain why decreased pre-
cipitation weakened the effects of N addition on soil CO2

and CH4 efflux in our study.
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5 | CONCLUSION

In general, N-addition and decreased precipitation had a positive
effect on mean CO2 efflux and a negative effect on CH4 efflux,
and their combination had an antagonistic effect on both. At the
seasonal scale, the changes in soil CO2 and CH4 efflux were
complex, especially during the spring freezing and thawing
period. Interestingly, we found that the optimum moisture con-
tent for CH4 uptake was approximately 32%, and when there
was too much soil water (>55%) or too little (<5%), the source
and sink of soil CH4 would change. Based on our results, N
addition and decreased precipitation can significantly influence
the soil water status and microbial and nutrient properties, which
in turn might have long-term effects on soil C efflux. However,
there might be a relation between the timescale at which soil C
efflux experiences natural environmental fluctuations and their
ability to respond to N addition and decreased precipitation.
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