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Abstract 

Background:  Freeze–thaw events are common in boreal and temperate forest ecosystems and are increasingly 
influenced by climate warming. Soil microorganisms play an important role in maintaining ecosystem stability, but 
their responses to freeze–thaw cycles (FTCs) are poorly understood. We conducted a field freeze–thaw experiment in 
a natural Korean pine and broadleaf mixed forest in the Changbai Mountain Nature Reserve, China, to determine the 
dynamic responses of soil microbial communities to FTCs.

Results:  Bacteria were more sensitive than fungi to FTCs. Fungal biomass, diversity and community composition 
were not significantly affected by freeze–thaw regardless of the stage. Moderate initial freeze–thaw resulted in 
increased bacterial biomass, diversity, and copiotrophic taxa abundance. Subsequent FTCs reduced the bacterial 
biomass and diversity. Compared with the initial FTC, subsequent FTCs exerted an opposite effect on the direction of 
change in the composition and function of the bacterial community. Soil water content, dissolved organic carbon, 
ammonium nitrogen, and total dissolved phosphorus were important factors determining bacterial community diver-
sity and composition during FTCs. Moreover, the functional potentials of the microbial community involved in C and 
N cycling were also affected by FTCs.

Conclusions:  Different stages of FTCs have different ecological effects on the soil environment and microbial activi-
ties. Soil FTCs changed the soil nutrients and water availability and then mainly influenced bacterial community 
composition, diversity, and functional potentials, which may disturb C and N states in this temperate forest soil. This 
study also improves our understanding of microbial communities regulating their ecological functions in response to 
climate change.

Keywords:  Freeze–thaw cycle, Microbial diversity, Microbial community composition, Soil resource availability, 
Functional potential
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Introduction
Freeze–thaw fluctuations in soil temperature are com-
mon in some temperate, high-latitude, and high-altitude 
ecosystems (Grogan et al. 2004). Reduced snow cover in 
winter under climate warming conditions may lead to 

increases in the frequency, severity, and spatial extent 
of soil freeze–thaw events (Fitzhugh et  al. 2001). Some 
perturbations in freeze–thaw cycles (FTCs) may strongly 
influence soil microbial community composition and 
function (Haei et  al. 2011). Recent research reminds us 
to pay attention to the responses of microorganisms to 
climate change (Cavicchioli et  al. 2019) because micro-
organisms play an important role in maintaining ecosys-
tem stability under changing climatic conditions (Jansson 
and Hofmockel 2020). We currently lack a deep and 
comprehensive understanding of microbial community 
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responses to FTCs in temperate forest ecosystems, which 
is needed to efficiently forecast their ecological function 
changes under climate change scenarios.

The three known primary regulators of soil microbial 
activity, namely temperature, moisture, and substrate 
availability, are all strongly influenced by FTCs (Feng 
et  al. 2007; Yergeau and Kowalchuk 2008; Ren et  al. 
2018). These primary regulators are low in frozen soil 
(Sorensen et  al. 2018), and microorganisms subjected 
to these restrictions remain in a state of low activity or 
dormancy (Schimel and Mikan 2005; Mooshammer et al. 
2017). When frozen soil thaws, these regulators increase, 
with a corresponding exponential increase in microbial 
activity (Larsen et  al. 2002; Mikan et  al. 2002). In addi-
tion, soil freezing and thawing reportedly kill and lyse 
certain microbial cells (Song et  al. 2017), damage fine 
roots (Campbell et al. 2014), crush plant litter (Su et al. 
2010), and destroy soil aggregates (Kvaernø and Øygar-
den 2006), all of which potentially release nutrient sub-
strates that can be utilized by living microorganisms 
(Koponen et  al. 2006). However, there is no definitive 
conclusion on whether there are changes in community 
composition and adjustment in the metabolic function 
of microorganisms surviving the FTCs, and what are the 
influencing factors. Therefore, further research is needed 
to enrich our understanding of the effect of freeze–thaw-
ing on soil microbial communities.

Numerous previous studies on FTCs have focused on 
the effects of moisture (Vimercati et al. 2020), tempera-
ture (Ernakovich and Wallenstein 2015; de Scally et  al. 
2016), freeze–thaw intensity (Perez-Mon et al. 2020), and 
nutrient availability (Sjursen et al. 2005; Chen et al. 2021) 
on microbial community composition. Firstly, high bac-
terial abundance and metabolic activity are supported by 
high water availability when soil thaws (Monteux et  al. 
2018); fungal communities are better adapted to the rela-
tive drought during the frozen period (Guhr et al. 2015). 
However, Yang et al. (2020) observed that excessive water 
could reduce oxygen supply, resulting in a decreased 
abundance of aerobic bacteria. George et al. (2021) have 
reported no significant correlation between water con-
tent and microbial community composition or diversity. 
Secondly, low temperature was found to be harsh stress 
that reduced microbial biomass (Jefferies et  al. 2010), 
resulting in sharp decreases in species diversity and 
activity (Ade et al. 2018; Tikhonova et al. 2020). Gener-
ally, both amplitude and frequency are important aspects 
of freeze–thaw intensity, Jiang et al. (2018) have reported 
that a small freeze–thaw amplitude implies less damage 
to microbial communities and that freezing tempera-
tures could explain a larger percentage of the variation in 
microbial community structure than thawing tempera-
tures. Conversely, de Scally et al. (2016) have shown that 

temperature alone does not affect bacterial abundance. 
Liu et al. (2020) have observed that the number of FTCs 
has a greater effect on microbial community composi-
tion and function than the frequency of FTCs. Last but 
not least, nutrient availability plays a bottom-up role in 
controlling microbial community characteristics. High 
microbial abundance and diversity are accompanied by 
high resource availability (Cline et  al. 2018), suggesting 
that the expansion of different resource niches facilitates 
the cohabitation of different microorganisms in the same 
location by supplying diverse substrates (Goldfarb et  al. 
2011). Moreover, the trade-off between the copiotrophic 
and oligotrophic groups in community composition 
would be disrupted in resource-rich freeze–thaw soil, 
causing domination by the copiotrophic group (Fierer 
et  al. 2007). Taken together, these studies indicate that 
FTCs affect microbial communities in several ways, but 
a unified understanding of the factors that play the most 
important roles has not yet been developed. Different 
results may be obtained from different ecological types, 
soil backgrounds, freeze–thaw histories, and freeze–
thaw stages, which need to be analyzed and discussed for 
specific objectives.

Most researches on FTCs are mainly conducted in lab-
oratory simulations (Song et al. 2017), a benefit of which 
is that indoor incubation experiments can accurately 
control the freeze–thaw pattern. However, laboratory 
simulation experiments poorly reproduce the realistic 
environmental conditions of in situ experiments and fre-
quently lead to results that may differ from actual field 
observations. Moreover, the effects of different stages 
of FTCs on the microbial community are likely to differ 
owing to differences in freeze–thaw intensity and micro-
bial heterogeneity concerning their capacity to survive 
FTCs (Herrmann and Witter 2002). Furthermore, micro-
bial communities in different soil horizons may have 
distinct responses to FTCs, depending on the soil char-
acteristics and nutrient availability (Agnelli et  al. 2004). 
To investigate the effects of FTCs on microbial dynam-
ics in the field, we conducted an in  situ freeze–thaw 
experiment in a temperate forest in northeastern China. 
Our objectives were to: (1) explore the dynamics of soil 
nutrient pools during FTCs; (2) clarify the changes in 
microbial community diversity, structure, and function 
potential at different FTCs stages; and (3) determine the 
primary factors driving the changes in microbial commu-
nity diversity, structure, and function potential in relation 
to FTC processes. Results of the current study could help 
us unravel the dynamics of soil nutrients and microbial 
communities during FTCs, better predict the responses 
of soil microbial communities to environmental changes, 
and improve our understanding of ecosystem integrity in 
relation to climate change.
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Materials and methods
Site description
The study site was located in the Changbai Mountain 
National Nature Reserve in northeastern China (42° 24′ 
06″ N, 128° 05′ 59″ E). This region has a temperate con-
tinental monsoon climate with short warm summers and 
long cold winters. The climatic records from a weather 
station near the study site show that the mean annual air 
temperature is 3.6  °C, and January is the coldest month 
(average −13.2  °C). The mean annual precipitation is 
745 mm, approximately 13% of which is deposited on the 
ground as a solid phase of snow this winter. The average 
annual snow cover time is more than 110 days, and the 
maximum snow cover depth can reach 40 cm. The zonal 
soil type in this region is dark brown soil developed from 
volcanic ash, and the soil texture is clay loam. The main 
forest community type is natural Korean pine and broad-
leaf mixed forest, and the predominant coniferous spe-
cies is Pinus koraiensis, and the broad-leaved species are 
Tilia amurensis, Acer pseudosieboldianum, and Corylus 
mandshurica.

Experimental design and sample collection
In October 2017, five 3 × 3  m plots were established in 
the broad-leaved Korean pine mixed forest in the nature 
reserve. The plots were located more than 5  m apart. 
Two button thermometers (DS1922L-F5#, Maxim, USA) 
were embedded in each plot to continuously monitor the 
soil temperature at soil depths of 5 and 10  cm. A third 
thermometer was installed in the shade approximately 
1 m above the ground to detect air temperature changes. 
We started the soil sample collection on March 12, 2018, 
once the mean daily air temperature exceeded 0  °C for 
several consecutive days and the snow began to melt, but 
the soil was still frozen. To avoid missing the node of the 
first soil FTC and to accurately track the FTCs, sampling 
was conducted every 3 to 5  days from March 12; eight 
samplings (a–h) were performed until April 12 (Fig. 1a).

Based on the soil temperature curve during the eight 
samplings, we defined three pivotal nodes of the FTCs 
(a, d, and h), corresponding to stages I, II, and III in our 
study. Stage I represented Before FTC, meaning still fro-
zen, and was treated as a control in the experiment; stage 
II indicated Initial FTC, meaning the first FTC observed 
during our study; and stage III represented Later FTC, 
meaning the last FTC observed during our study. One 
FTC is considered to have occurred once the soil tem-
perature changed from below zero to above zero. Thus, 
a total of six FTCs in the O horizon (0–5  cm) and ten 
FTCs in the A horizon (5–10 cm) were confirmed during 
our observation period (Fig. 1a). In addition, three large 
snowfall events were monitored: the first on March 15, 
with 7.6 mm of precipitation; the second from April 5 to 

6, with 10.7 mm of precipitation; and the third, a mixture 
of snow and rain from April 10 to 11, with 15.7  mm of 
precipitation (Fig.  1a). To avoid destroying the periodic 
integrity of the FTC in the soil samples, the sampling 
time was set after 3:00 p.m., when the soil temperature 
reached its peak during the day and was therefore con-
sidered to fall in the time interval between two adjacent 
FTCs. Six cylindrical soil cores (5  cm in diameter and 
5 cm in height) were collected from both the O horizon 
and A horizon after removing the snow and litter from 
each plot. The soil samples were then mixed to produce 
a composite soil sample for the O and A horizons. Snow 
and litter were backfilled after sampling. All samples 
were transported to a laboratory under low-temperature 
conditions (4 °C).

Basic properties of soil and runoff water
The aggregate classification was executed by wet sieving 
the air-dried soil through three successive sieves (2 mm, 
0.25  mm, and 0.053  mm) to divide the soil into four 
fractions (large macroaggregate, small macroaggregate, 
microaggregate, and silt or clay) (Elliott 1986). The soil 
samples for chemical and microbiological analyses were 
thoroughly homogenized and passed through a 2-mm 
sieve after removing pebbles and plant residue before 
further treatment. Soil pH was measured at a ratio of dry 
soil to water ratio of 1:2.5 (w:v) (Bünemann et al. 2012) 
using a pH meter (Leici, Shanghai, China). Soil water 
content (SWC) was determined by oven-drying the fresh 
soil. Soil organic carbon (SOC) and total nitrogen (TN) 
were determined using an elemental analyzer (Vario 
MACRO cube, Elementar, Hanau, Germany). Soil total 
phosphorus (TP) was extracted through sulfuric acid 
and perchloric acid digestion (Scott and Condron 2003). 
Soil available phosphorus (AP) was extracted according 
to the method described by Olsen-P (Olsen et al. 1954). 
Soil microbial biomass carbon (MBC), nitrogen (MBN), 
and phosphorus (MBP) were extracted in fresh soil via 
chloroform fumigation extraction (Brookes et  al. 1982, 
1985; Joergensen 1996). Dissolved organic C (DOC), 
total dissolved N (TDN), and total dissolved P (TDP) 
were extracted directly from non-fumigated soil. C and 
N contents in the extract were measured using a total 
organic C analyzer (fitted with a TN unit) (TOC-L CPH, 
Shimadzu, Tokyo, Japan), and P content in the extract 
was determined by the ascorbic acid molybdenum–anti-
mony colorimetric method (Murphy and Riley 1962) and 
using an automated discrete analyzer (SmartChem140, 
AMS, Rome, Italy). Soil ammonium nitrogen (NH4

+-N) 
and nitrate nitrogen (NO3

−-N) were extracted using 2 M 
potassium chloride at a soil:solution ratio of 1:5 (Zhou 
et  al. 2011), and their concentrations were measured 
using the automated discrete analyzer. Dissolved C, N, 
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and P contents in runoff water were determined in the 
same manner as for the soil extraction described above.

Extracellular enzyme activity assay
The activities of soil β-glucosidase (BG, catalyzing the 
terminal reaction in cellulose degradation), N-acetyl-
glucosaminidase (NAG, catalyzing the terminal reac-
tion in chitin degradation), and acid phosphatase (ACP, 
mineralizing organic P from phospholipids and phos-
phosaccharides) (Sinsabaugh et  al. 2009; Waring et  al. 

2014) were measured using fluorometric assays accord-
ing to the protocol of Saiya-Cork et  al. (2002) with 
modifications by Allison et al. (2009) and German et al. 
(2011). The dispensing of buffer, sample, reference, and 
substrates followed a strict order and position on the 
well plate (Deforest 2009). Fluorescence was detected 
using a multi-functional microplate tester (Synergy 
H1M, Bio-Tek, Winooski, USA) with 365 nm excitation 
and 450 nm emission filters after terminating the reac-
tion using 1.0 M sodium hydroxide solution. The activ-
ity of these enzymes, expressed as the rate of product 

Fig. 1  The variations of a air and soil temperature and b soil water content in the experimental site during the study period. Lowercase letters (a–h) 
and arrows along the timeline in figure a indicate the sampling time. Mar 12, Mar 25, and Apr 12 are three pivotal time for our study, which are 
called stage I, II, and III for short. The asterisks are used to label the date of the freeze–thaw cycles were detected in O horizon (red) and A horizon 
(blue) soil. Three snowfall events were recorded during the period indicated by the snowfall symbol. Lowercase letters in figure b indicate significant 
differences in soil water content among different sampling time for each soil layer (P < 0.05)
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formation (nmol·h−1·g−1), was calculated as previously 
described (German et al. 2011).

Quantitative PCR (qPCR) and amplicon sequencing
DNA was extracted from 0.25  g freeze-dried soil using 
the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s protocols. The extracted 
DNA was preliminarily assessed using a Nanodrop spec-
trophotometer (Thermo Fisher Scientific, Waltham, 
USA). The qPCR of bacterial 16S rRNA genes and fun-
gal internal transcribed spacers (ITS) was conducted 
using the primer sets 341F/518R (341F: 5′-CCT ACG 
GGA GGC AGC AG-3′ and 518R: 5′-ATT ACC GCG 
GCT GCT GG-3′) (Muyzer et al. 1993) and ITS1F/ITS2R 
(ITS1F: 5′-CTT GGT CAT TTA GAG GAA GTA A-3′ 
and ITS2R: 5′-GCT GCG TTC TTC ATC GAT GC-3′) 
(Buée et al. 2009) and a LightCycler® 96 Real-Time PCR 
System (Roche, Mannheim, Germany) to quantify bacte-
rial and fungal abundance. The 20 µL amplification sys-
tem contained 10 μL of TB Green® Premix Ex Taq™ (2 × ; 
Tli RNaseH Plus) (Takara, Shiga, Japan), 0.8 μL of each 
primer, 1 μL of 1:10-diluted soil metagenomic DNA, and 
7.4 μL of ddH2O. Forty amplification cycles were per-
formed, and each cycle consisted of denaturation at 95 ℃ 
for 5 s, annealing at 55 ℃ for 30 s, and elongation at 72 ℃ 
for 30 s.

To identify both bacterial and fungal communities 
in the samples, the primer sets 515F/806R (Caporaso 
et  al. 2011) and ITS1F/ITS2 (Buée et  al. 2009) target-
ing the V4 region of the bacterial 16S rRNA gene and 
the ITS1 region of the fungal ITS gene were selected for 
PCR. Amplification of the target genes was performed 
in triplicate in a 25 μL mixture, comprising 12.5 µL of 
2 × Taq Plus Master Mix (Vazyme, Nanjing, China), 3.0 
µL of bovine serum albumin (BSA, 2  ng·µL−1), 1.0 µL 
of 5-µM of each primer, approximately 30  ng of tem-
plate DNA, and ddH2O to make up the remaining vol-
ume. The PCR procedure for 16S rRNA genes or ITS 
genes included denaturation at 94  °C for 5  min, fol-
lowed by 30 or 34 cycles of denaturation at 94  °C for 
30  s, annealing at 50 or 55  °C for 30  s, elongation at 
72 °C for 60 s, and a final extension at 72 °C for 7 min. 
The triplicate PCR amplicons for each sample were 
combined, confirmed, and purified successively, and 
the qualified library was sequenced on an Illumina 
Miseq platform (Illumina, San Diego, USA), produc-
ing 250–300  bp paired-end (PE) reads. The PE reads 
were merged using FLASH (v1.20), and chimeras were 
removed using the UCHIME method (Edgar et al. 2011) 
integrated into VSEARCH (v2.7.1). The quality-filtered 
sequences of 16S rRNA and ITS gene amplicons were 
clustered into operational taxonomic units (OTUs) at 
a 97% similarity cutoff using UPARSE (Edgar 2013). A 

total of 53,000 and 23,500 sequences were randomly 
subsampled to the minimum number for 16S and ITS 
to rarify the data sets from each sample, respectively. 
Representative bacterial (OTU) sequences were classi-
fied taxonomically using the Ribosomal Database Pro-
ject (RDP) (http://​rdp.​cme.​msu.​edu) classifier (Wang 
et al. 2007) based on the SILVA database (http://​www.​
arb-​silva.​de) (Quast et  al. 2013), and the taxonomy of 
fungal OTU sequences was assigned against the NCBI 
Basic Local Alignment Search Tool (BLAST). The rich-
ness and Shannon indices were calculated to assess 
microbial alpha diversity. To link the functional proper-
ties of microbial communities with the biogeochemical 
cycling process of elements, bacterial and fungal poten-
tial function categories were predicted based on the 
Functional Annotation of Prokaryotic Taxa (FAPRO-
TAX) (Louca et al. 2016) and FUNGuild (Nguyen et al. 
2016) databases, and only guilds with the confidence 
ranking of “highly probable” and “probable” were used 
for fungal functional group analysis.

Statistical analyses
Levene’s test was used to check the homogeneity of vari-
ance, and logarithmic transformation was performed on 
the data, where required, before statistical analyses (Leff 
et al. 2012). The differences in soil physicochemical prop-
erties, species diversity, extracellular enzyme activity, and 
functional gene abundance among different FTC stages 
were evaluated using one-way ANOVA and LSD mul-
tiple comparison tests (Grogan et  al. 2004). The differ-
ences between soil horizons were analyzed using t-tests. 
A two-way ANOVA was conducted on some variables 
to determine the main and interaction effects of FTC 
stages and soil horizons. Regression analysis was con-
ducted to explore the response of microbial diversity to 
changes in water and nutrient availability, and the envi-
ronmental factors influencing nutrient availability were 
also analyzed. The correlation between bacterial commu-
nity composition and soil environmental variables was 
explored using the Mantel test with Pearson’s correlation 
coefficient and 999 permutations. Constrained princi-
pal coordinate analysis (CPCoA) of bacterial and fungal 
OTUs was performed to determine the beta-diversity of 
the community at different stages (Zgadzaj et  al. 2016). 
Soil environmental variables that strongly contributed to 
the change in bacterial and fungal community composi-
tion were identified by redundancy analysis (RDA) (de 
Scally et  al. 2016). Statistical analyses were performed 
using SPSS 19.0 for Windows (SPSS, Inc., Chicago, USA), 
and statistical significance was defined at P < 0.05. Figures 
are constructed using Origin 2018 (OriginLab, North-
ampton, USA) and Canoco 5.0 (Canoco5.com).

http://rdp.cme.msu.edu
http://www.arb-silva.de
http://www.arb-silva.de
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Results
Physicochemical properties of runoff water and soil
Once the frozen soil thawed, a large amount of snowmelt 
water infiltrated the soil and instantly raised SWC, which 
remained high throughout the experiment (Table  1, 
Fig.  1b). We also found that higher SWC corresponded 
to higher soil nutrient content (Additional file 1: Fig. S1). 
As shown in Additional file  1: Fig. S2, DOC concentra-
tion in runoff water decreased continuously during the 
experiment and ultimately lowered by 63.3%. Both TDP 
and NH4

+-N in runoff water increased sharply during the 
first FTC (stage II) and then decreased considerably after 
several FTCs (stage III). The contents of TDN, dissolved 
organic N (DON), and NO3

−-N in runoff water decreased 
during the early period but increased after April 4, which 
coincided with the sudden low-temperature period 
before sampling time point f and the increased tempera-
ture and precipitation after it (Fig. 1a).

The FTCs did not change the soil pH, but signifi-
cantly affected soil nutrient pools, especially the avail-
able active nutrients such as DOC, TDN, TDP, and 
NH4

+-N (Table 1). The content of soil nutrients (DOC, 
TDN, DON, TDP, and NH4

+-N) reached the highest 
when the first FTC occurred and then decreased gradu-
ally with the process of freeze–thaw for both horizons. 
The content of NO3

−-N first increased rapidly and then 

decreased gradually in A-horizon soil after the first 
FTC (Additional file  1: Fig. S3). Soil MBC responded 
significantly to FTCs and showed a slightly increasing 
trend at the first FTC (stage II), followed by a decline 
after several FTCs (stage III) (Table 2, Additional file 1: 
Fig. S4), consistent with the trend in variation of micro-
bial biomass expressed by 16S rRNA gene abundance 
(Table  2). By comparing the stoichiometric ratios of 
C, N, and P in each pool, we found that the SOC/TP 
and TN/TP ratios increased significantly at stage II 
and then decreased at stage III in the A-horizon soil. 
The DOC/TDN ratio showed the lowest value whereas 
the TDN/TDP ratio had the highest value at stage II 
in the A-horizon soil (Table  1). The MBC/MBN ratio 
decreased significantly after the first FTC, and the 
MBC/MBP showed an initial sharp decrease at stage II, 
followed by recovery at stage III. The MBN/MBP ratio 
did not change at the early stage (II), but increased sig-
nificantly after repeated FTCs (stage III) (Table 2).

The soil aggregate composition changed markedly 
under FTCs (Additional file  1: Fig. S5). The first FTC 
caused a portion of the macroaggregates (> 250 μm) to 
break into microaggregates (53–250 μm) in the O hori-
zon, whereas continuous FTCs led to changes in the 
soil aggregate composition—from microaggregates to 
clay particles—in the A horizon.

Table 1  Soil physicochemical properties in different freeze–thaw stages

SWC soil water content, SOC soil organic C, TN total N, TP total P, DOC dissolved organic C, TDN total dissolved N, DON dissolved organic N, NH4
+-N Ammonium N, 

NO3
−-N Nitrate N, TDP total dissolved P, AP Available P, the same below. Data are displayed as means ± standard errors (n = 5). The effects of the freeze–thaw cycle 

(FTC), soil horizon (H), and their interaction (FTC × H) are shown at the right columns. Bold lowercase letters indicate significant differences among different stages 
within the same horizon (P < 0.05). Two-way ANOVA results * P < 0.05, ** P < 0.01, *** P < 0.001 and n.s. not significant

Variables O horizon soil A horizon soil Two-way ANOVA

Stage I Stage II Stage III Stage I Stage II Stage III FTC H FTC × H

pH value 5.13 ± 0.11 5.50 ± 0.17 5.24 ± 0.03 4.99 ± 0.08 4.95 ± 0.15 5.13 ± 0.05 n.s. ** n.s.

SWC (%) 100.8 ± 11.1b 254.0 ± 38.4a 127.4 ± 14.9b 61.3 ± 8.8b 161.1 ± 33.1a 90.3 ± 16.6b *** ** n.s.

SOC (g·kg−1) 126.9 ± 3.8b 210.9 ± 20.7a 202.2 ± 21.9a 54.7 ± 2.6b 133.1 ± 21.6a 68.0 ± 5.5b *** *** *
TN (g·kg−1) 9.4 ± 0.4b 15.3 ± 1.2a 14.4 ± 1.1a 4.3 ± 0.2b 10.5 ± 1.4a 5.9 ± 0.5b *** *** *
TP (g·kg−1) 1.32 ± 0.1 1.4 ± 0.1 1.4 ± 0.1 1.0 ± 0.1b 1.4 ± 0.1a 1.1 ± 0.1ab n.s. ** n.s.

SOC/TN 13.5 ± 0.4 13.7 ± 0.5 13.9 ± 0.6 12.6 ± 0.3 12.4 ± 0.6 11.6 ± 0.3 n.s. *** n.s.

SOC/TP 97.4 ± 5.8b 148.4 ± 16.0a 147.6 ± 16.9a 56.0 ± 6.4b 97.0 ± 13.2a 63.2 ± 3.5b *** *** n.s.

TN/TP 7.21 ± 0.43b 10.8 ± 0.8a 10.5 ± 0.9a 4.4 ± 0.5b 7.7 ± 0.7a 5.5 ± 0.3b *** *** n.s.

DOC (mg·kg−1) 350.4 ± 27.9b 576.6 ± 79.2a 363.1 ± 34.3b 264.1 ± 29.8b 419.6 ± 22.5a 266.3 ± 36.7b ** ** n.s.

TDN (mg·kg−1) 180.0 ± 45.3b 299.1 ± 34.9a 157.9 ± 17.9b 76.8 ± 19.0b 210.0 ± 19.8a 71.7 ± 10.7b *** *** n.s.

DON (mg·kg−1) 101.6 ± 36.1b 187.0 ± 25.3a 123.5 ± 15.0b 57.8 ± 17.5b 135.0 ± 15.5a 57.9 ± 8.7b ** ** n.s.

NH4
+-N (mg·kg−1) 53.8 ± 10.2b 98.9 ± 11.5a 25.1 ± 2.5c 10.9 ± 1.5b 53.5 ± 4.9a 6.9 ± 1.7b *** *** *

NO3
−-N (mg·kg−1) 24.5 ± 5.5a 13.2 ± 1.9ab 9.3 ± 2.1b 8.0 ± 0.8b 21.5 ± 4.6a 6.9 ± 0.8b ** n.s **

TDP (mg·kg−1) 9.3 ± 1.2b 18.4 ± 3.5a 11.4 ± 1.4ab 4.3 ± 0.6b 8.5 ± 0.9a 4.2 ± 0.5b *** *** n.s.

AP (mg·kg−1) 15.3 ± 2.1b 23.6 ± 3.9ab 28.6 ± 2.0a 6.7 ± 1.3b 13.3 ± 2.0a 11.9 ± 1.4a ** *** n.s.

DOC/TDN 2.3 ± 0.4 1.9 ± 0.17 2.4 ± 0.2 3.8 ± 0.5a 2.1 ± 0.2b 3.8 ± 0.3a *** *** n.s.

DOC/TDP 40.4 ± 6.4 34.1 ± 6.0 32.9 ± 3.1 63.0 ± 5.7 52.1 ± 7.8 63.9 ± 6.1 n.s. *** n.s.

TDN/TDP 19.7 ± 4.6 18.0 ± 2.9 14.1 ± 1.3 17.7 ± 2.7b 25.5 ± 3.3a 16.9 ± 1.0b n.s. n.s. n.s.
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Microbial diversity and community composition
In the O-horizon soil, the bacterial diversity increased in 
response to the first FTC (stage II) but decreased after 
successive FTCs (stage III) (Fig.  2a, c). However, there 
was no significant change in bacterial diversity in the 
A-horizon soil during the different freeze–thaw periods 
(Fig. 2a, c). No significant differences in fungal diversity 
were observed at each freeze–thaw stage (Fig. 2b, d). The 
CPCoA analysis revealed that soil freeze–thaw accounted 
for 37.2% of the variation in bacterial community com-
position (P = 0.0019), 65.65% of which could be explained 
by the first two axes (Fig.  3a). The bacterial community 
composition at stage II (the first FTC) significantly dif-
fered from that at the other FTC stages (I and III), and 
no significant difference was found between other stages, 
regardless of the soil horizon. In contrast, freeze–thaw-
ing had no significant effect on the fungal community 
composition (P = 0.94) (Fig.  3b). The fungi:bacteria 
ratio of the microbial community showed no significant 
change across all FTCs (Table 2). We found that the first 
FTC (stage II) significantly increased the relative abun-
dance of Bacteroidetes in the O-horizon soil, whereas 
it increased the relative abundance of Proteobacteria 
and decreased that of Acidobacteria and Chloroflexi 
in the A-horizon soil (Fig. 4a, Additional file 1: Fig. S6). 
Regarding fungal composition, only the abundance of the 

Mortierellomycetes class in the O-horizon soil was signif-
icantly higher at stage II than at stages I and III (Fig. 4b). 
The number of identical OTUs detected across the three 
sampling stages was 6,092 and 4,846, accounting for 
37.5% and 34.2% of the total bacterial population in the 
O and A horizon, respectively (Additional file 1: Fig. S7). 
Additionally, the largest number of unique OTUs was 
found at stage II, with 2,666 (16.4%) in the O horizon and 
2,566 (18.1%) in the A horizon (Additional file 1: Fig. S7).

Extracellular enzyme activity and bacterial functional 
potentials
Among the three extracellular enzymes studied, the 
C-acquiring enzyme (BG) activity changed most notice-
ably across different FTC stages and soil horizons. The 
highest BG activity was detected in soil samples col-
lected after the first FTC (stage II), being at least 48.7% 
higher than that of other periods in the O-horizon soil 
and twice as high as that of other periods in the A-hori-
zon soil (Table 2). The activity of the N-acquiring (NAG) 
and P-acquiring (ACP) enzymes changed notably only in 
the A- and O-horizon soils, respectively, and the high-
est activity occurred at stage II (Table  2). The intensity 
of enzyme responses to FTCs differed, leading to a sig-
nificant variation in the stoichiometry of the enzymes 
among the different periods. The enzyme C/N acquisition 

Table 2  Soil microbial characteristics in different freeze–thaw stages

MBC microbial biomass C, MBN microbial biomass N, MBP microbial biomass P, BG β-glucosidase, NAG β-N-acetyl-glucosaminidase, ACP acid phosphatase; bacteria 
biomass is represented by the copy number of 16S rRNA; fungi biomass is represented by the copy number of ITS gene; F/B ratio was calculated by the ratio of ITS 
and 16S rRNA gene copy numbers, the same below. Data are displayed as means ± standard errors (n = 5). The effects of the freeze–thaw cycle (FTC), soil horizon (H), 
and their interaction (FTC × H) are shown at the right columns. Bold lowercase letters indicate significant differences among different stages within the same horizon 
(P < 0.05). Two-way ANOVA results *P < 0.05, ** P < 0.01, *** P < 0.001 and n.s. not significant

Variables O horizon soil A horizon soil Two-way ANOVA

Stage I Stage II Stage III Stage I Stage II Stage III FTC H FTC × H

MBC (mg·kg−1) 3951.5 ± 407.4ab 4661.8 ± 418.6a 3322.2 ± 395.8b 1925.4 ± 325.7ab 2689.3 ± 463.0a 1493.3 ± 289.6b * *** n.s.

MBN (mg·kg−1) 462.7 ± 60.7 667.4 ± 85.1 467.9 ± 78.0 199.4 ± 38.0b 343.0 ± 57.7a 196.7 ± 42.4b * *** n.s.

MBP (mg·kg−1) 86.6 ± 12.6b 127.5 ± 6.3a 57.2 ± 5.5c 24.8 ± 5.6b 78.8 ± 20.9a 17.6 ± 4.9b *** *** n.s.

MBC/MBN 8.7 ± 0.4a 7.2 ± 0.4b 7.4 ± 0.5b 9.8 ± 0.2a 7.8 ± 0.2b 8.2 ± 0.8b ** * n.s.

MBC/MBP 47.4 ± 4.1ab 36.4 ± 2.3b 58.3 ± 4.8a 81.1 ± 5.9a 39.1 ± 5.0b 93.4 ± 15.9a *** *** n.s.

MBN/MBP 5.4 ± 0.3b 5.2 ± 0.5b 8.1 ± 1.0a 8.3 ± 0.6ab 5.1 ± 0.8b 12.2 ± 2.7a ** * n.s.

BG (nmol h−1 g−1) 42.7 ± 9.9b 63.5 ± 4.6a 30.8 ± 2.2b 12.1 ± 3.4b 29.2 ± 4.7a 14.1 ± 4.0b *** *** n.s.

NAG (nmol 
h−1 g−1)

12.7 ± 3.1 14.7 ± 1.3 8.9 ± 1.3 4.0 ± 1.0b 10.5 ± 1.8a 5.2 ± 0. 9b ** *** n.s.

ACP (nmol h−1 g−1) 171.9 ± 19.9ab 212.4 ± 17.9a 149.8 ± 11.1b 97.0 ± 17.2 134.1 ± 14.1 98.2 ± 15.1 * *** n.s.

BG/NAG 3.5 ± 0.4 4.4 ± 0.4 3.7 ± 0.5 3.0 ± 0.2 3.0 ± 0.5 2.89 ± 0.6 n.s. * n.s.

BG/ACP 0.24 ± 0.03ab 0.31 ± 0.03a 0.21 ± 0.01b 0.12 ± 0.01b 0.23 ± 0.05a 0.13 ± 0.02ab ** *** n.s.

NAG/ACP 0.07 ± 0.01 0.07 ± 0 .00 0.06 ± 0.01 0.04 ± 0.00b 0.08 ± 0.01a 0.05 ± 0.01ab n.s. n.s. *
Bacteria biomass
(⨯108 copies·g−1)

482.9 ± 60.7b 655.1 ± 24.4a 393.8 ± 58.6b 526.3 ± 25.3ab 612.6 ± 44.0a 430.4 ± 51.0b *** n.s. n.s.

Fungi biomass
(⨯108 copies·g−1)

7.8 ± 1.3 8.4 ± 2.9 8.1 ± 1.6 8.6 ± 1.4 12.5 ± 3.2 10.5 ± 2.3 n.s. n.s. n.s.

F/B ratio 0.016 ± 0.002 0.012 ± 0.004 0.021 ± 0.004 0.017 ± 0.003 0.022 ± 0.007 0.024 ± 0.004 n.s. n.s. n.s.
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activity ratio (BG/NAG) remained unchanged through-
out all stages in both O- and A-horizon soils (Table 2). In 
contrast, significant increases in the enzyme C/P acquisi-
tion activity ratio (BG/ACP) and enzyme N/P acquisition 
activity ratio (NAG/ACP) were observed at stage II in the 
A-horizon soil (Table 2).

In our study, 91 functional categories were matched 
when the bacterial community was linked to the FAPRO-
TAX database. The first FTC significantly promoted 
photoheterotrophy, photoautotrophy, fermentation, 
nitrate_reduction, denitrification, and ureolysis processes 
(stage II vs. stage I), which declined after successive FTCs 
in the O-horizon soil (stage III vs. stage II, Additional 
file  1: Fig. S8). In contrast, increased photoautotrophy, 
aromatic_compound_degradation, nitrate_reduction, 
and ureolysis processes at the first FTC (stage II vs. stage 
I) did not decline significantly after successive FTCs in 
the A-horizon soil, except for aromatic_compound_deg-
radation (stage III vs. stage II, Additional file 1: Fig. S8). 
The abundance of these functional categories (except for 
cellulolysis) was significantly higher in the O-horizon 
soil than in the A-horizon soil (Additional file  1: Fig. 
S8). The abundance of fungal functional groups with dif-
ferent trophic modes was compared and no significant 

difference among different stages was found (Additional 
file  1: Fig. S9a). We matched 57 guilds from the FUN-
Guild database when predicting the fungal functional 
potentials, 16 of which have relatively high abundance. 
Undefined saprotroph–wood saprotroph and plant sap-
rotroph–wood saprotroph increased significantly after 
the first FTC, and undefined saprotroph–undefined sym-
biotroph increased significantly after repeated FTCs for 
both horizons. In addition, soil saprotroph decreased sig-
nificantly in the A horizon after the first FTC (Additional 
file 1: Fig. S9b). The abundance level of bacterial and fun-
gal functional categories at the end of the study did not 
change significantly compared with the stage before FTC 
occurred in both soil horizons (stage III vs. stage I, Addi-
tional file 1: Fig. S8, S9).

Relationship between soil properties and microbial 
diversity and community composition
Regression analysis showed that the increase in SWC, 
DOC, NH4

+-N, and TDP significantly increased the 
alpha diversity (richness and Shannon indexes) of bacteria 
(Fig. 5a–d), but had no remarkable effect on that of fungi 
(Fig.  5e–h). The Mantel test showed that SWC, DOC, 
NH4

+-N, and TDP were also highly positively correlated 

Fig. 2  Alpha diversity indexes (richness and Shannon) of soil (a, c) bacterial and (b, d) fungal community at different freeze–thaw stages. The 
effects of freeze–thaw treatment (FT), soil horizon (H), and their interaction (FT × H) are shown in the figure. Lowercase letters indicate significant 
differences among different stages in each soil horizon (P < 0.05). Box indicates mean ± standard error (n = 3)
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with bacterial community composition in both O- and 
A-horizon soils (Table  3). Moreover, soil pH and SOC/
TN contributed to the shifts in bacterial community com-
position in the O-horizon soil, as did SOC, TN, TP, TDN, 
DON, and DOC/TDN in the A-horizon soil (Table 3). The 
first two components of the RDA axes explained most of 
the variation (67.76% and 68.61% for O- and A-horizon soil, 
respectively) in the composition of the dominant bacterial 
phyla (Fig.  6). Seven of the detected environmental vari-
ables had relative great effects on determining the ordina-
tion pattern of the bacterial community, among which soil 
NH4

+-N and DOC/TDN accounted for 34.7% (P = 0.021) 

and 32.3% (P = 0.023) of the variation in the dominant bac-
terial phyla in the O-horizon soil, respectively (Fig. 6a). Soil 
DON (P = 0.002), TDP (P = 0.004), DOC/TDN (P = 0.010), 
and DOC (P = 0.021) contributed significantly to the over-
all ordination pattern of the dominant bacterial phyla in the 
A-horizon soil (Fig. 6b). The first two RDA axes explained 
a small part of the variation (41.81% and 26.11% for O- and 
A-horizon soil, respectively) in the dominant fungal class 
composition (Fig. S10), and only SOC/TN of the seven 
environmental variables could significantly explain the var-
iation in the fungal community (P = 0.012) (Fig. S10a).

Discussion
Regulation of soil environmental factors by FTCs 
at different stages
The initial freeze–thaw process greatly increased nutri-
ent availability in the soil, but a significant decrease was 

Fig. 3  Constrained principal coordinate analysis (CPCoA) of soil a 
bacterial and b fungal community composition at different freeze–
thaw stages based on the Bray–Curtis dissimilarity matrix of OTU. 
The two-way PERMANOVA analysis (permutations = 999) indicated 
freeze–thaw treatment (FT) and soil horizons (H) had significant 
effects (FT: P = 0.0164; H: P = 0.0014) on bacterial community, but 
had no significant effect (FT: P = 0.1890; H: P = 0.7422) on fungal 
community

Fig. 4  Relative abundance of a bacterial and b fungal community 
at the phylum and class level among different freeze–thaw stages, 
respectively. Different letters within the same horizon indicate 
significant differences among different stages for each soil horizon. 
The changes in the relative abundance of bacterial communities 
at the more detailed taxonomic level (genus level) are shown in 
Additional file 1: Fig. S6
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Fig. 5  Regressions between microbial diversity indexes (richness and Shannon) and a, e SWC, b, f DOC, c, g NH4
+-N, and d, h TDP for bacterial 

community (a–d) and fungal community (e–h)
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observed after repeated FTCs. The content of soil soluble 
nutrients (e.g., DOC, TDN, NH4

+-N, TDP, etc.) increased 
substantially when the first freeze–thaw occurred 
(Table  1), a finding which has been reported in previ-
ous studies (Koponen et al. 2006; Yang et al. 2019). The 
observed increment in nutrients was generally consid-
ered to originate mainly from soil aggregate breakdown 
and microbial damage (Yu et  al. 2010; Risk et  al. 2013). 
The temperature fluctuation and water phase trans-
formation caused by FTCs may have disrupted the soil 
aggregate structure (Chai et  al. 2014) and exposed the 
organic matter that was previously physically protected 
(van Bochove et al. 2000). The apparent macroaggregate 
reduction, accompanied by the increase in microaggre-
gates at the first FTC in the O horizon, also confirmed 
FTC damage to soil aggregate structure in this study. The 
significant increases of SOC and TN content at stage II 
relative to those at stage I (Table 1) indicated that litter 
and roots may have contributed to the increase in the soil 
C and N pools because mass loss and nutrient release 
from plant roots and litter during FTCs can be exacer-
bated by mechanical fragmentation, hydraulic leach-
ing, and microbial action (Tierney et al. 2001). However, 
repeated FTCs may have gradually weakened the release 
of soil available nutrients because of a tendency toward 
soil structure stabilization. Loss of soil available nutrients 
by leaching and consumption in biological activity for 

Table 3  Mantel test results to discern correlation between soil 
physicochemical variables (based on Euclidian distances) and 
the bacterial community composition (based on Bray–Curtis 
distances of OTUs)

OTU operational taxonomic unit

Properties O horizon A horizon

r P r P

pH 0.53 0.017 0.25 0.165

SWC 0.43 0.038 0.36 0.043
SOC 0.27 0.064 0.57 0.009
TN 0.07 0.302 0.49 0.018
TP  0.00 0.485 0.43 0.049
SOC/TN 0.39 0.036 0.15 0.176

SOC/TP 0.14 0.229 0.38 0.06

TN/TP 0.05 0.367 0.28 0.11

DOC 0.44 0.016 0.37 0.031
TDN 0.25 0.091 0.62 0.008
DON 0.06 0.297 0.64 0.011
NH4

+-N 0.58 0.004 0.62 0.004
NO3

−-N − 0.20 0.757 0.34 0.075

TDP 0.46 0.027 0.77 0.001
AP − 0.28 0.944 − 0.12 0.776

DOC/TDN − 0.07 0.614 0.63 0.003
DOC/TDP 0.24 0.121 0.33 0.068

TDN/TDP 0.01 0.412 0.26 0.173

Fig. 6  Environmental explanation of the changes in abundance of the top 15 bacterial phyla by RDA analysis in a O horizon and b A horizon soil. 
The blue arrows indicate bacterial phyla, and the red arrows present soil properties. * P < 0.05; ** P < 0.01 Unrestricted permutation test, n = 999
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adaptation to freeze–thaw effects may also have contrib-
uted to the observed decrease in available nutrients (Feng 
et  al. 2007). All these factors could have contributed to 
the decline in soluble soil nutrient content after succes-
sive FTCs (Table 1).

SWC is important for biological reactions and nutri-
ent transport in soils (Öquist et  al. 2009). In addition, 
soil microbial functions are intimately tied to the magni-
tude and connectivity of water films around soil particles 
(Stefan et al. 2014). Low water content increases osmotic 
stress and decreases microbial mobility and degradative 
activity by reducing nutrient availability (Chodak et  al. 
2015). High water content favors nutrient diffusion, but 
it could cause an anoxic environment and inhibit aero-
bic microbial activity (Supramaniam et  al. 2016). Water 
content plays a vital role as an indicator of soil nutrient 
availability (Bechmann et al. 2005). Water availability is a 
key driver of the destruction of soil structure and micro-
bial cells (Kvaernø and Øygarden 2006), promoting the 
release, migration, and infiltration of nutrients (Yanai 
et  al. 2004) and regulating the soil microenvironment 
and microbial metabolism (Rivkina et  al. 2000; Schimel 
and Mikan 2005) during the FTC process. Owing to the 
dynamic equilibrium within the soil–water system, the 
nutrient content in surface runoff depends on that in the 
soil, possibly accounting for the high values observed 
during the initial FTC period and the gradual decrease 
during repeated FTCs (Additional file  1: Figs. S2, S3). 
Because surface runoff during the entire FTC process 
may have caused considerable nutrient loss from the 
soil, it appears that the FTCs were disadvantageous to 
soil nutrient fixation and soil fertility maintenance in our 
study.

Environmental controls on microbial biomass, diversity, 
and community composition
Most studies from indoor simulation experiments have 
shown that the first freeze–thaw may kill up to half of 
the microorganisms (Koponen et al. 2006; Sawicka et al. 
2010), which contradicts the results of our field experi-
ment. We found that soil total microbial biomass (repre-
sented by MBC concentration) showed a slight increase, 
rather than a sharp decrease when the soil thawed for the 
first time after long-term freezing (Table 2). This differ-
ence may be attributed to the integrity of the soil profile 
and stability of the microbial habitat conditions in the 
soil in an in situ context compared with the excavated soil 
used in simulation experiments (Song et  al. 2017). Two 
underlying mechanisms may explain the microbial stabil-
ity we observed at the initial FTC stage: (1) the microor-
ganisms surviving in the long-term cold environment may 
have had strong resistance and could, therefore, tolerate 
moderate temperature fluctuations (from − 1 to 2  °C, 

Fig. 1a) during the first FTC (Lipson et al. 2000; Grogan 
et  al. 2004; Wang et  al. 2015). (2) Abundant available 
substrates and improved hydrothermal conditions may 
have accelerated the growth and reproduction of micro-
organisms, counteracting or even surpassing the effect 
of microorganism death (Koponen et  al. 2006; Zhang 
et  al. 2017). We observed that the soil MBC decreased 
significantly following continuous FTCs (Table 2), a find-
ing consistent with previous results (Yanai et  al. 2004; 
Sorensen et al. 2018). Jefferies et al. (2010) attributed this 
decline to factors such as low nutrient availability and cell 
membrane rupture caused by FTCs. In the present study, 
the bacterial biomass (expressed by 16S rRNA gene copy 
number) coincided well with MBC, whereas the fungal 
biomass (expressed by ITS gene copy number) was unaf-
fected by freeze–thaw alternation (Table 2). This implies 
that the change in microbial biomass was mainly domi-
nated by bacteria; the bacteria may have quickly adapted 
and responded to the environmental changes caused by 
the freeze–thaw action, whereas the fungi maintained 
constant biomass, most probably relying on strong resist-
ance (Feng et  al. 2007). Previous studies have reported 
that sufficient nutrient supply decreased soil microbial 
diversity across cropland, grassland, forest, and tundra 
ecosystems (Zeng et al. 2016; Zhou et al. 2017), and there 
have also been reports of no change (Fierer et  al. 2012) 
or an increase (Turlapati et al. 2013; O’Brien et al. 2016) 
in microbial diversity after nutrient addition in fertiliza-
tion experiments. Low-nutrient frozen soil can support 
only some of the cryotolerant, oligotrophic bacterial 
species (Edwards et  al. 2006), and the sharp increase in 
quantity and quality of accessible nutrients after thawing 
promotes and favors a more active, broad, copiotrophic 
microbial community. A similar effect in our study may 
explain why bacterial diversity (reflected by the richness 
and Shannon indexes) peaked in the O-horizon soil after 
the first freeze–thaw. We did find that the environmen-
tal conditions after the first freeze–thaw preserved the 
broadest bacterial richness according to the interaction 
of OTU numbers at each stage (Additional file 1: Fig. S7). 
After frozen soil thawing, sufficient water and nutrients 
(DOC, NH4

+-N, TDP) may have entered the soil profile, 
producing irrigation and fertilization effects, which may 
have met different metabolic preferences of the bacte-
rial communities and facilitated the increase in bacterial 
community diversity (Fig.  5a–d). This increase in diver-
sity was probably a short-term compensation response to 
a sudden improvement in typically harsh environmental 
conditions, as the decline in soil water and nutrient avail-
ability after successive FTCs led to a significant decline 
in bacterial diversity. Such an initial increase in bacte-
rial diversity has the potential to result in increased C 
and nutrient cycling, which could have led to a decline in 
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soil C storage potential (Weidner et  al. 2015). Based on 
the previous studies of Yang et  al. (2017) and Sun et  al. 
(2016), we can infer why the diversity of fungal commu-
nities did not change significantly from beginning to end: 
soil pH and SOC content are two important soil prop-
erties affecting fungal diversity, however, pH changed 
slightly during our experiment period, and fungi that 
tend to k-strategy had no competitive advantage against 
a large number of copiotrophic bacteria in the early stage 
of FTCs with the highest SOC content, so it was dif-
ficult to break through the original patterns of richness 
and Shannon index. In addition, the alternation of soil 
freezing and thawing will inevitably destroy the myce-
lial structure of fungi and restrict the development of the 
fungal community (Campbell et al. 2014).

Moreover, in the present study, FTCs reshaped the 
microbial community structure. Song et  al. (2017) 
reviewed several reports and found that FTCs signifi-
cantly lowered the microbial C/N ratio, suggesting that 
the microbial community composition was predomi-
nantly bacterial, a finding observed in our experiments 
(Table  2). With sufficient labile substrates, the bacterial 
community, as r-strategists, is likely to become dominant 
in the microbial community (Sjursen et  al. 2005), and 
this was evidenced by the differential characteristics of 
the bacterial and fungal community composition at dif-
ferent FTC stages. In addition, the bacterial community 
at stage II significantly differed from that at stages I and 
III (Fig. 3a), and the changes in the relative abundance of 
several preponderant phyla and their composition during 
FTCs could be well explained by the oligotrophic–copio-
trophic theory (Fierer et  al. 2007) combined with avail-
able nutrients such as NH4

+-N, DON, TDP, and DOC. 
As expected, the increased nutrient availability after the 
first FTC increased the relative abundance of the typi-
cal copiotrophic bacterial taxa such as Proteobacteria 
and Bacteroidetes and decreased the proportion of the 
so-called oligotrophic groups, represented by Acido-
bacteria and Verrucomicrobia, whereas the low nutrient 
availability at the end of the FTCs reduced the abun-
dance of Proteobacteria and Bacteroidetes. These find-
ings are consistent with those of previous studies (Fierer 
et  al. 2007, 2012; Leff et  al. 2015). Actinobacteria have 
always been regarded as a copiotrophic taxon; however, 
Actinobacteria showed a low abundance at the rela-
tively nutrient-rich stage II (Fig.  4), suggesting that this 
phylum responds mainly to other soil properties, such 
as SWC, as reflected in its previously reported negative 
response to the increase in water availability (Barnard 
et al. 2013; Bouskill et al. 2013). In addition, Perez-Mon 
et  al. (2020) found that soil temperature is also related 
to changes in community composition owing to its posi-
tive effects on copiotrophic microorganisms. Regarding 

fungi, Mortierellomycetes was the only fungal group that 
showed significant changes during FTCs, indicating that 
most fungal taxa were not affected by FTCs. The differ-
ent responses to FTCs between bacterial and fungal com-
munities indicated that bacteria were more sensitive than 
fungi to environmental changes, resulting in the large 
variation in bacterial community composition and diver-
sity and the relative stability in fungal community com-
position and diversity during FTCs in this study.

Functional potential changes of microbial communities 
driven by FTCs
The potential activity of the three extracellular enzymes 
BG, NAG, and ACP is usually related to microbial C, N, 
and P metabolic rates and biogeochemical processes and 
is used to indicate microbial C, N, and P requirements 
(Schimel and Weintraub 2003; Moorhead and Sinsabaugh 
2006). Microbes are expected to preferentially allocate a 
large proportion of resources to acquire the most limit-
ing nutrient (Bloom et  al. 1985); therefore, the activity 
of different nutrient acquiring enzymes may change dis-
proportionately owing to the considerable environmental 
shift caused by the FTCs. Consequently, soil extracellular 
enzyme activity ratios are not homeostatic and are reg-
ulated by various abiotic and biotic factors. The highest 
potential C-, N-, and P-acquiring activities observed at 
stage II were suggestive of vigorous microbial metabo-
lism (Table 2) (Sinsabaugh et al. 2009). The microbial C 
and N acquisition process remained coupled during the 
FTCs, and the enzyme activity ratios of C/P at stage II 
were significantly higher than those at stages I and III, 
implying intense energy (C) demand relative to P when 
the first freeze–thaw occurred and suggesting that sub-
strate C availability in the environment was highly likely 
to control the prevailing microbial activity pattern (Peng 
and Wang 2016). The enzyme N/P activity ratio in the 
A-horizon soil at stage II was also higher than that during 
the other periods (Table 2), demonstrating that, after the 
first freeze–thaw, microbial metabolism shifted to facili-
tate N acquisition, which may be a response to the lower 
N availability relative to P availability caused by increased 
N loss in the soil (Allison et al. 2007).

Considering the significant differentiation of com-
munity structure, we predicted C and N metabolic 
processes of the bacterial community. The initial freeze–
thaw not only enhanced the decomposition processes 
of soil organic matter, such as fermentation, but also 
elevated the photoautotrophy and photoheterotro-
phy processes, suggesting that the enhanced bacterial 
growth was accompanied by increased demand for C 
resources, as evidenced by the slight increase in bacte-
rial biomass and MBC (Table  2). However, accelerated 
activation, rapid utilization, surface runoff, and leaching 
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loss of organic C under freeze–thaw action may reduce 
soil C sequestration. For the N metabolic processes, the 
initial FTC increased nitrate_reduction, denitrification, 
and ureolysis, indicating that organic N mineralization 
was enhanced, which ultimately increased N availability 
(Table  1) (Li et  al. 2019). Meanwhile, a high N content, 
together with anaerobic conditions caused by high SWC, 
stimulated bacterial denitrification and NO3

−-N reduc-
tion process (Xu and Cai 2007), partly explaining the 
decrease in soil NO3

−-N content in the initial FTC stage 
(Table 1). In the context of FTCs, these processes hinder 
soil N immobilization and risk accelerating soil N loss in 
gaseous or leachable states. The most obvious change of 
fungal functional guilds was that undefined saprotroph–
wood saprotroph and undefined saprotroph–undefined 
symbiotroph changed in the opposite direction during 
the experiment period (when the former increased, the 
latter decreased, and vice versa), which may be because 
the release of organic matter at the early stage of FTCs 
stimulated the activities of saprophytic fungi with decom-
position function (Sun et  al. 2016), while the hyphae of 
symbiotic fungi were destroyed under the initial freeze–
thaw pressure, or the sufficient nutrients released after 
FTCs no longer supported the growth and expansion of 
the mycelia (Treseder et al. 2018).

Conclusions
We determined the dynamics of soil properties and 
soil microbial communities in a field FTC experiment 
in a temperate forest and found that FTCs significantly 
affected the community structure, diversity, and func-
tion of soil bacteria but not those of fungi. Moreo-
ver, there were temporal differences in these effects; a 
moderate initial FTC was beneficial, whereas repeated 
subsequent FTCs were harmful to the growth and 
reproduction of the bacterial community. The FTCs at 
different stages provided important reference for for-
est ecosystem C and nutrients cycling. Our results sug-
gested that FTCs could activate the substrate resources 
in the soil to a certain extent, accelerating C, N, and P 
utilization by microorganisms as well as loss through 
gas emission, leaching, or surface runoff. The SWC, 
DOC, NH4

+-N, and TDP as available resources were 
important driving factors for determining the compo-
sition and diversity of the bacterial community dur-
ing FTCs. We can forecast the soil C and N storage 
states in temperate forest soils from the perspective of 
enzyme activity and metabolic potentials. Our research 
indicated that microorganisms under FTCs tend to 
reduce soil C sequestration and N stability, which may 
aggravate nutrient loss in different forms and negatively 
affect nutrient supply in the coming growing season, 

and even be unfavorable to the functional restoration of 
the local forest ecosystems. Furthermore, our research 
contributes a deeper understanding of the changes in 
soil microbial communities at high latitude or alpine 
areas and improves our predictions of the dynam-
ics of soil C and N cycles in this type of ecosystem in 
response to climate change.
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