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Abstract
In order to clarify the response of soil active organic carbon fractions and enzyme activities in different type of wetlands 
to freeze-thaw cycles (FTCs), a FTCs simulation experiment of different type wetland soils were carried out. In the study, 
samples were collected from three soil layers of (0–10, 10–20 and 20–30 cm) undisturbed Deyeuxia purpurea wetland 
(UDPW), disturbed Deyeuxia purpurea wetland (DDPW) and rice paddy field (RP), and then exposed to FTCs at large (-10 
to 10℃) or small (-5 to 5℃) amplitudes, respectively. The results showed that FTCs increased the soil dissolved organic 
carbon (DOC) concentration in the three soil layers of UDPW, DDPW and RP by approximately 4.7–45.1%, 3.8–41.9% and 
1.1–32.7% at large amplitude, and 8.7–48.1%, 5.2–43.4% and 2.2–31.8% at small amplitude. The interaction between small 
amplitude and higher water content resulted in the maximum increment of DOC concentration. However, FTCs decreased 
microbial biomass carbon (MBC) concentration and cellulase, invertase and catalase activities, and particularly the interac-
tion between the large amplitude and higher water content exerted the most significant effect. As the increase of freeze-thaw 
frequency, DOC concentrations increased firstly and then decreased, while MBC concentrations and the three enzyme activi-
ties were opposite to DOC. The average change in DOC and MBC concentrations and enzyme activities due to the effects 
of FTCs varied from soil type, and the variation of DOC, MBC and enzyme activities across different type wetlands were 
as follows: UDPW > DDPW > RP. As the soil depth increased, the FTCs effect gradually weakened, which was manifested 
as 0–10 cm > 10–20 cm > 20–30 cm. For the three wetland soils, the significant correlations between active organic carbon 
fractions and enzyme activities indicate that the increase in DOC due to FTCs plays an important role on soil microbes and 
enzyme activities. However, the correlation was weak in RP soil, which might be related to strong disturbance of human.
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Introduction

Freeze-thaw cycles (FTCs) are ubiquitous in middle 
to high latitudes and high altitudes, which play impor-
tant role in the soil ecosystem of these areas (Grogan et 
al. 2004). In the context of global warming, FTCs exert 
profound effects on the carbon and nitrogen cycles, thus 

accelerating the loss and decomposition of carbon and 
nitrogen in the soil carbon pool of terrestrial ecosystem 
(Yi et al. 2015). Dissolved organic carbon (DOC) and 
microbial biomass carbon (MBC) are fractions of soil 
active organic carbon, which are very active in the soil 
ecosystem and sensitive to changes in soil environmental 
factors (Wang and Bettany 1993). DOC, which is closely 
related to microbial activity, is not only the product of 
microbial metabolism but also the substrate that can be 
utilized by microbes, particularly in frozen soil, providing 
carbon source for living microbial activities. Variations in 
soil DOC content result from the composite effect of dead 
microorganisms, the new release in soil and the relative 
amount of DOC dissolved by mineralization (Herrmann 
and Witter 2002). More literature report that FTCs can 
affect the DOC concentration, although different research 
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methods and soil types have resulted in different findings 
(Grogan et al. 2004; Feng et al. 2007; Chaer et al. 2009). 
Soil microbial biomass carbon (MBC) is an important 
soil labile C fraction that has been found to play a funda-
mental role in soil organic C dynamics (Grandy and Neff 
2008; Liang et al. 2011) and serves as a useful indicator 
of changes in soil C stabilization and nutrient dynam-
ics following soil management practices (Sparling 1992; 
Fierer et al. 2009). Different freeze-thaw conditions have 
different impacts on soil MBC, Koponen et al. (2006) 
and Grogan et al. (2004) found that freezing soil and low 
numbers of FTCs had no significant effect on soil MBC. 
However, Schimel and Clei (1996), Larsen et al. (2002) 
and Wang et  al. (2014) reported that the freeze-thaw 
effects on soil decreased the soil MBC concentration. A 
number of articles reported that soil active organic carbon 
were correlated with soil microbes and enzyme activities 
(e.g., Feng et al. 2007; Wan et al. 2008; Song et al. 2012; 
Zaccone et al. 2012). However, to the best of the author 
knowledge, few studies have reported the relationship 
between soil active organic carbon fractions and enzyme 
activities in the different type wetlands which experience 
seasonal freeze-thaw cycles.

Soil enzymes mainly come from the secretion of soil 
microbes and plant roots, and the decomposition of plant 
material and soil fauna (Marx et  al. 2001), which are 
involved in various chemical reactions and biochemical 
processes in soil (Yang and Wang 2002). Soil enzymes, 
acting as the key players involved in the catalytic reac-
tions, play a pivotal role in the decomposition of organic 
matter (Dick 1994; Yao et al. 2006). Therefore, any fac-
tor that affects the soil microbial population will neces-
sarily alter soil enzyme activities (Vallejo et al. 2010). 
Research carried out by Puri and Ashman (1998) indicate 
temperature is an important factor affecting the activity of 
soil microorganisms. Mikan et al. (2002) suggest that low 
winter temperatures can reduce or inhibit the activity of 
soil enzymes. However, the studies using different methods 
report revealed that FTCs might increase the activity of 
soil psychrophilic microorganisms (Hentschel et al. 2008). 
Although the effects of FTCs on the activity and composi-
tion of soil microbes has been extensively studied (e.g. 
Edwards et al. 2006; Koponen et al. 2006; Sharma et al. 
2006; Männist et al. 2009), the changes in enzyme activi-
ties and active carbon fractions following FTCs (Yergeau 
and Kowalchuk 2008) are rarely reported, particularly in 
wetland soil. Wetlands are important carbon reservoir of 
terrestrial ecosystems. The turnover of soil carbon pools in 
wetland ecosystems, as well as carbon and carbon sink pro-
cesses, play an extremely important role in global climate 
change (Matthews and Fung 1987). Especially, the carbon 
cycle has become hot topics in current scientific research 
during freeze-thaw period.

Global warming causes changes in soil patterns in sea-
sonal freeze-thaw regions. We hypothesized that climate 
warming would lead to changes in soil freeze-thaw ampli-
tude, frequency and soil water content, and their changes 
would stimulate the activity of soil enzyme activities and 
soil active organic carbon fractions change. To test this 
hypothesis, based on the principle of “typicality and consist-
ency”, soil was selected from undisturbed Deyeuxia purpu-
rea wetland (UDPW), disturbed Deyeuxia purpurea wetland 
(DDPW) and adjacent rice paddy field (RP) in the Sanjiang 
Piain, Northeast China for laboratory-simulated experiments 
of FTCs. The effects of different freeze-thaw frequency, 
water content and amplitude on soil active organic carbon 
and soil enzyme activities in different types and different 
active layers were emphatically discussed. This study aims 
to provide a fundamental basis for understanding the influ-
ence mechanism of FTCs for different type wetlands.

Materials and Methods

Description of the Study Area

The Sanjiang Plain is located in the northeastern part of 
Heilongjiang Province, China, ranging from 43°49′55″to 
48°27′40″ in latitude and from 129°11′20″ to 135°05′26″ 
in longitude, with an elevation of lower than 200 m in 
most of the region (Wang et al. 2011). It is the most con-
centrated area of freshwater wetlands in China (Fu et al. 
2020). The local climate is humid and semihumid conti-
nental monsoon-type climate, with annual rainfall varying 
from 500 to 600 mm, and the mean monthly tempera-
ture varying from − 18℃ in January to 22℃ in July (Fu 
et al. 2020). Dominant wetland plants include Deyeuxia 
purpurea, Carex lasiocarpa, Carex meyeriana, Betula 
fruticosa, Salix brachypoda, Calamagrostis angustifolia 
(Wang et al. 2011). Soil types are meadow-boggy soil, 
humus fen soil and submersible white pulp soil (Song 
et al. 2014).

Sample Collection and Experiment Design

At the end of October 2015, the soil samples from undis-
turbed Deyeuxia purpurea wetlands of the Honghe national 
nature reserve, disturbed Deyeuxia purpurea wetlands out-
side the reserve and adjacent rice paddy fields were collected 
on the Sanjiang Plain as follows: triplicate per type, col-
lected from three sites, each site of 10 × 10  m2, at an inter-
val of 30 m. Specific location of sampling point are shown 
in Table 1. Soil samples were collected from three layers 
(0–10, 10–20 and 20–30 cm) using a soil core sampler after 
removal of the surface weed and ground vegetation. The soil 
samples were selected with multi point mixing methods, and 
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then put in sealed plastic bags with headspace air removed 
and transported to the laboratory within 72 h and screened 
using a 4 mm soil sieve, and stored at 4 ℃ for simulation 
experiments. Part of the samples were air-dried, crushed 
and sieved to 0.25 mm mesh for soil organic carbon (SOC) 
and total nitrogen (TN) analyses. The soil physical-chemical 
properties are shown in Table 2.

200  g homogeneous soil samples were weighed and 
placed in a 250 mL culture bottle, respectively. The water 
content was adjusted using deionized water to the highest 
water-holding capacity of 60% and 80%, and the samples 
were cultured in a 20℃ for one week to restore the micro-
bial activity. The bottleneck was sealed using plastic film 
to minimize water evaporation, while retaining a ventila-
tion hole. The samples were weighed regularly and kept at 
constant weight. Based on the temperatures during FTCs 
in the Sanjiang Plain, a large (from − 10 to 10 °C) and a 
small (from − 5 to 5 °C) amplitudes of FTCs were set. The 
soil samples were frozen in a cryogenic incubator (model: 
LRH-500CB) at -10 °C for 24 h and then thawed at 10 °C 
for 24 h as a freeze-thaw cycle. the small treatment was the 
same but freezing and thawing temperatures of -5 °C and 
5 °C respectively. 15 freeze-thaw cycles were carried out for 

a total of 30 days. Simultaneously, the control samples were 
kept at a constant temperature of 10 °C and 5 °C, respec-
tively, without the freeze-thaw treatment. Soil active organic 
carbon fractions (DOC and MBC) and enzyme activities 
(cellulase, invertase and catalase) were determined before 
FTC and after the 3rd, 5th, 10th and 15th FTC.

Analytical Methods

Soil organic carbon was determined by the Multi N/C 2100 
TOC analyzer (Analytik Jena AG, Germany) high tempera-
ture combustion method. TN (Kjeldahl digestion) and pH 
(potentiometer method) were determined following the 
laboratory methods described by Zhang (2000). Soil DOC 
was determined by the method of Jones and Willett (2006). 
Fresh soil (10 g) and distilled water (100 mL) were mixed 
in a triangular flask and then oscillated for 30 min using a 
shaker at approximately 230 rpm, and then centrifuged for 
20 min at 12,000 rpm at room temperature. The supernatant 
was filtered through a 0.45 μm filter membrane and ana-
lyzed using a Multi N/C 2100 TOC analyzer. Soil MBC was 
determined by a chloroform fumigation-K2SO4 extraction 

Table 1  Description of sampling sites in the Sanjiang Plain, Northeast China

Site Undisturbed Deyeuxia purpurea wetland Disturbed Deyeuxia purpurea wetland Rice paddy

GPS coordinates 47°45′39"N 133°37′04"E 47°43′15″N
133°30′37″E

47°43′27″N
133°30′22″E

47°45′42"N 133°37′04"E 47°39′08″N
133°29′03″E

47°39′11″N
133°29′02″E

47°45′44"N 133°37′05"E 47°37′33″N
133°35′48″E

47°37′29"N 133°35′47"E

Wetland type Deyeuxia purpurea wet grassland Deyeuxia purpurea wet grassland Rice paddy
Hydrological features Perennial flooded Seasonal flooded Seasonal flooded
Soil type Humic Cryaquepts Humic Cryaquepts Aquandic Cryaquepts

Table 2  Soil physical and chemical properties for natural wetland and farmed soils in the Sanjiang Plain, northeast China

Values are indicative of the mean ± SE (n = 3). Different lower case letters denote significant differences among treatments (P < 0.05, Tukey’s 
HSD test) UDPW undisturbed Deyeuxia purpurea wetland, DDPW disturbed Deyeuxia purpurea wetland, RP rice paddy, pH soil: water 1:5

Type Layer(cm) Soil organic carbon(g/kg) Total nitrogen(g/kg) C/N pH Maximum water 
holding capacity
(%)

UDPW 0–10 47.76 ± 6.32a 3.81 ± 0.52a 12.54 ± 0.81a 5.64 ± 0.16b 85.91 ± 9.08a
10–20 36.52 ± 4.16a 2.64 ± 0.39b 13.83 ± 0.52a 5.83 ± 0.11ab 52.51 ± 6.81b
20–30 20.43 ± 1.96b 1.12 ± 0.32c 18.45 ± 0.33b 6.58 ± 0.18a 42.50 ± 3.79b

DDPW 0–10 30.47 ± 4.62a 2.89 ± 0.45a 10.67 ± 2.1b 5.72 ± 0.18b 79.55 ± 5.12a
10–20 20.03 ± 2.84b 2.07 ± 0.21b 9.67 ± 0.57ab 5.98 ± 0.21ab 47.20 ± 2.82b
20–30 15.30 ± 3.05b 1.06 ± 0.19c 14.53 ± 2.91a 6.31 ± 0.16a 40.63 ± 1.77b

RP 0–10 28.03 ± 6.94a 3.96 ± 0.53a 7.10 ± 1.72b 5.70 ± 0.11b 53.27 ± 3.07a
10–20 23.4 ± 4.06ab 3.44 ± 0.23a 9.67 ± 0.57b 5.93 ± 0.09b 43.65 ± 2.49b
20–30 18.4 ± 1.39b 1.59 ± 0.27b 11.82 ± 2.14a 6.32 ± 0.14a 40.04 ± 1.38b
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method. Soil (20 g) was fumigated with trichlorometh-
ane for 24 h. Fumigated and non-fumigated samples were 
extracted using  K2SO4 (0.5 mol/L) for approximately 30 min 
and the total organic carbon concentration of leach liquor 
were determined using a Multi N/C 2100 TOC analyzer. 
The MBC was calculated by the following equation (Zhang 
et al. 2007):

The cellulase and invertase activities were determined by 
the methods Ge et al. (2010) and Guan (1986), using carbox-
ymethylated cellulose and sucrose as substrates, respectively. 
These measurements were expressed as mg glucose (g soil 
72 h)−1 and (g soil 24 h)−1 for cellulase and invertase activi-
ties. The catalase activity was determined by the perman-
ganimetric method (Guan 1986), using dhydrogen peroxide 
as substrate. The measurement was expressed as ml  KMnO4 
(g soil 20 min)−1 for catalase activity.

Statistical Analysis

Statistical analysis was performed using SPSS version 19.0 
for Windows (SPSS, Inc., USA), and figures were plotted 
using Microsoft Excel 2010 and Origin8.0 for Windows. 
Multivariate analysis of variance (MANOVA) was used to 
describe the effects of the soil water content, amplitude and 
frequency of FTCs on soil active organic carbon fractions 
and enzyme activities of the three type wetlands for each 
soil layer. Pearson correlation test was used to examine the 
correlation between soil enzyme activities and active organic 
carbon. In all analyses, when P < 0.05 differences and cor-
relations were considered statistically significant.

Results

Responses of Active Organic Carbon Fractions 
to FTCs

Responses of DOC to FTCs

The experimental data show that the freeze-thaw frequency 
and water content had a significant effect on the soil DOC 
concentration (P < 0.05; Table 3), while the amplitude of 
the freeze-thaw exerted only significant effect on the DOC 
concentration of three types of soil in the 0–10 cm depth 
(P > 0.05; Table 3). However, the freeze-thaw amplitude 
increased the soil DOC concentrations in each layer of the 
three types of wetland, all values were higher than FTC(0), 
and the highest values all appeared in the 0–10 cm soil layer 
of the UDPW, DDPW and RP at the sixth FTCs, which were 
about 718.87 mg  kg− 1, 615.34 mg  kg− 1 and 347.18 mg  kg− 1 

(1)
MBC = (fumigated carbon − non fumigated carbon)∕0.45

at small amplitude, and 688.85 mg  kg− 1, 612.12 mg  kg− 1 
and 293.55 mg  kg− 1 at large amplitude (Fig. 1). The DOC 
concentrations were significantly affected by the interaction 
between freeze-thaw amplitude and water content between 
amplitude and frequency, and between water content and 
frequency (P < 0.05; Table 3), but were not significantly 
affected by the interaction among amplitude, water content 
and frequency (P > 0.05; Table 3).

The DOC increments caused by freeze-thaw treatment 
varying with cycles showed consistent trend among vari-
ous soil types or layers (Fig. 1). Therefore, we calculated 
the average increments of fifteen cycles, and compared the 
differences of DOC increments in various types and soil 
layers (Fig. 2). The average DOC increments varied greatly 
from types in the order of UDPW > DDPW > RP. For the 
same type wetland, with the increase of depth, the freeze - 
thaw effect weakens, and the DOC increment is the largest 
in 0-10 cm soil, followed by 10-20 cm and by 20-30 cm 
soil sequentially. Both freeze-thaw amplitude and water con-
tent affected the soil DOC concentration. The average DOC 
increments were greater at 80% water-holding capacity com-
pared to those at 60% for all soil types and layers, except for 
RP soil layers from 0 to 10 cm and 10–20 cm (Fig. 2). The 
greatest effect was the freeze-thaw cycles under the condi-
tion of small amplitude and high water content interaction 
(Fig. 2a).

Responses of MBC to FTCs

The FTCs significantly decreased the soil MBC concen-
tration in the three soil layers of UDPW, DDPW and RP 
by approximately 4.2–41.5%, 5.5–36.1% and 5.4–33.6% 
at the large amplitude, and 5.6–27.6%, 4.8–27.5% and 
4.9–24.2% at the small amplitude, respectively (Fig. 3). 
The freeze-thaw frequency significantly decreased the 
soil MBC concentration of the three type wetlands 
(P < 0.05; Table 3). However, both freeze-thaw ampli-
tude and water content had no significant effect on soil 
MBC concentrations (P > 0.05; Table 3). The freeze-thaw 
amplitude and water content interaction had a significant 
effect on the MBC concentration across the three RP soil 
layers; the freeze-thaw amplitude × frequency interaction 
had a significant effect on 0–10 cm and 10–20 cm UDPW 
; Frequency ×water content interaction had a significant 
effect on 0–10 cm UDPW and 0–10 cm and 10–20 cm 
DDPW (P < 0.05; Table 3). The interaction among ampli-
tude, frequency and water content had no significant 
effect on the MBC concentration (P > 0.05; Table 3). 
The test results indicated that the effects of FTCs on 
MBC concentration in soil active layer of different types 
of wetlands showed a consistent trend (Fig. 3): with an 
increase in freeze-thaw frequency, the soil MBC concen-
tration in the three active layers decreased initially and 
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then increased and the highest values were smaller than 
that of the unfrozen control sample at FTC (0) (Fig. 3).

The MBC decrements caused by FTCs treatment 
varying with cycles showed a consistent trend among 
various soil types or layers (Fig. 3). Therefore, we calcu-
lated the average MBC decrements of fifteen cycles, and 
compared the differences in various wetlands and soil 
layers (Fig. 3). The average MBC decrements caused 
by FTCs decreased with the increase of soil depth, in 
the order of 0–10 cm > 10–20 cm > 20–30 cm (Fig. 3). 
At the smaller amplitude of FTC, the influence of 60% 
water-holding capacity on MBC was greater than that of 
80%. However, at larger amplitude of FTC, the influence 
of 80% water-holding capacity was greater than that 
of 60% (Fig. 4). For the smaller and larger amplitude 

FTC, the MBC concentration of the different soil types 
varied as follows: DDPW > UDPW > RP (Fig. 4a), and 
UDPW > DDPW > RP, respectively (Fig.  4b). At the 
same time, the experimental results showed that freeze-
thaw amplitude and water content interaction affected 
the soil MBC concentration. The larger amplitude and 
higher water content had the greatest influence on soil 
MBC (Fig. 4).

Responses of Soil Enzyme to FTCs

Consistent with the change of MBC concentration, 
FTCs decreased activities of cellulase, invertase and 
catalase in the three soil layers, UDPW, DDPW and 
RP (Figs. 5, 6 and 7). The freeze-thaw frequency had 

Fig. 1  Dissolved organic carbon 
(DOC) concentrations in soil. 
The number of freeze thaw 
cycle is identified on the x-axis, 
the DOC concentration in the 
soil is identified on the y-axis. 
60% and 80% mean the 60% and 
80% of maximum water holding 
capacity, respectively. (-5-5) 
and (-10-10) mean (-5 to 5 °C) 
and (-10 to 10 °C), respectively. 
Error bars represent the stand-
ard error of the mean of three 
parallel samples
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a significant effect on the three enzyme activities in all 
three type wetland soils (P < 0.05; Table 4). The freeze-
thaw amplitude had no significant effect on invertase 
and catalase activity for DDPW (P > 0.05; Table  4). 
The water content had a significant effect on cellulose 
activity in DDPW and RP, and invertase activity in RP 
(P < 0.05; Table 4). The interaction between freeze-thaw 
amplitude and water content had a significant impact 
on cellulase activity of DDPW, invertase activity of 
0–10 cm and 10–20 cm layers of UDPW, and 0–10 cm 
layer of RP; and catalase activity for 20–30 cm layer 
of DDPW and 10–20 cm layer of RP. The interaction 
between amplitude and frequency had a significant 
effect on cellulase activity for only DDPW(P < 0.05; 
Table 4). The frequency×water content, and amplitude 
× frequency × water conten t interactions all had no 
impact on soil enzyme activities (P > 0.05; Table 4). 
The change in enzyme activities of the three types of 
soil caused by FTCs was consistent among various soil 
types or layers (Figs. 5, 6 and 7). The changes in three 
enzyme activities corresponded to those in the MBC 
concentrations: the three enzyme activities decreased 
early in the FTCs and then increased with an increase in 
freeze-thaw frequency. However, the highest value was 

still smaller than that of the unfrozen control sample at 
FTC (0) (Figs. 5, 6 and 7).

The three enzyme activities decrements caused by 
FTCs showed a consistent trend among various soil 
types or layers (Figs. 8, 9 and 10). Therefore, we cal-
culated the average enzyme activities decrements of 
fifteen cycles, and compared the differences in various 
wetlands and soil layers. The three soil enzyme activi-
ties decreased with soil depth in the following order: 
0–10 cm > 10–20 cm > 20–30 cm for the same soil type, 
and UDPW > DDPW > RP across different types soil. 
The freeze-thaw amplitude and water content affected the 
activities of the three soil enzymes, and larger amplitude 
and higher water content resulted in a more significant 
impact on soil enzyme activities (Figs. 8, 9 and 10).

Relationships Between Soil Active Organic Carbon 
and Enzyme activities

After 15 FTCs for both UDPW and DDPW of soil, the corre-
lation analysis showed that the DOC concentration was sig-
nificantly correlated with the MBC concentration (P < 0.01; 
Table  5) and the activities of cellulase and invertase 
(P < 0.05; Table 5). Meanwhile, the positive relationships 

Fig. 2  Average increment of 
dissolved organic carbon (DOC) 
concentration of 15 cycles 
caused by freeze-thaw treatment 
(mean ± standard error, n = 3). 
The soil layer and type are 
identified on the x-axis, and the 
average increment percentage of 
DOC concentrations of fifteen 
cycles caused by freeze-thaw 
treatment is identified on the 
y-axis. 60% and 80% mean the 
60% and 80% of maximum 
water holding capacity, respec-
tively. (-5-5) and (-10-10) mean 
(-5 to 5 °C) and (-10 to 10 °C), 
respectively
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between the MBC concentration and the activities of the 
three enzymes were also significant (P < 0.01; Table 5). In 
addition, the significant correlations were observed between 
the three soil enzymes (P < 0.01; Table 5). However, after 
15 FTCs for the RP soil, there were significantly correla-
tion between DOC, MBC, cellulase and invertase (P < 0.05; 
Table 5), and other variables between them were not cor-
related (P > 0.05; Table 5).

Discussion

Responses of Active Organic Carbon Fractions 
to FTCs

As a component of soil active organic carbon, DOC is an 
important substrate that can be used by microorganisms 

and is closely related to the activity of microbes in the 
soil (Marschner and Kalbitz 2003; Matzner and Borken 
2008). Experimental results indicated that both the 
freeze-thaw amplitude and water content significantly 
affected the concentration of soil DOC (Table 3). With 
the increase in the freeze-thaw frequency firstly resulted 
in an increase in DOC concentration followed by a 
decrease, with the lowest value greater than that of the 
unfrozen control sample FTC(0) (Fig. 1). This indicated 
that freeze-thaw cycles stimulated the release of soil 
DOC. This may be attributed to the fact that freeze-thaw 
cycles kill microorganisms just like chloroform fumiga-
tion, causing microorganism death and root decomposi-
tion. During this process, small molecular sugars and 
amino acids were released, which would improve the 
soil organic matter and thus increase the DOC content 
(Staricka and Benoit 1995; Tierney et  al. 2001). The 

Fig. 3  Microbial biomass 
carbon (MBC) concentrations 
in soil. The number of freeze 
thaw cycle is identified on the 
x-axis, and the MBC concentra-
tion in the soil is identified on 
the y-axis. 60% and 80% mean 
the 60% and 80% of maximum 
water holding capacity, respec-
tively. (-5-5) and (-10-10) mean 
(-5 to 5 °C) and (-10 to 10 °C), 
respectively. Error bars repre-
sent the standard error of the 
mean of three parallel samples

Wetlands (2022) 42: 36Page 8 of 1836
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freeze-thaw frequency significantly affected the soil 
DOC concentration (Table 3). With an increase in the 
freeze-thaw frequency, soil microorganisms were gradu-
ally adapted to the changing conditions, which resulted in 
less microorganism deaths, thus decreasing DOC release, 
and the original soil DOC was constantly consumed and 
decomposed by microorganisms, therefore the soil DOC 
content decreased after several FTCs. This result was 
in agreement with other reported studies (Grogan et al. 
2004; Feng et al. 2007; Matzner and Borken 2008; Chaer 
et al. 2009).

The soil DOC increment decreases gradually with 
the increase of soil depth (Fig. 2). This was possibly 
due to the number of soil microorganisms and fine 
roots decreasing as depth increased, and the influence 
of freeze-thaw was decreased with depth, thus reduc-
ing the DOC increment with depth. The DOC incre-
ment for different soil type wetlands were as follows: 
UDPW > DDPW > RP. This may be due to changes in 
soil nutrients, permeability, temperature and other 

physicochemical properties when the wetlands are 
reclaimed for farmland (Mailapalli et al. 2010), which 
affects the plant growth environment and the quantity 
of litter, and leads to the change and decrease of soil 
microbial population. Soil leaching and nutrient loss 
gradually increase for DDAW and RP due to human 
disturbance, resulting in decreased DOC. Addition-
ally, DOC is also related to the soil content of organic 
matter. The soil aggregate is more stable for soil with a 
high organic carbon content and better soil structure, so 
that the organic carbon wrapped in soil aggregates will 
be released gradually; in contrast, soil aggregates with 
lower organic carbon content are easier to depolymerize 
and the soil organic carbon to be released rapidly (Her-
rmann and Witter 2002). The soil organic carbon content 
is reduced by half and the number of soil microorganisms 
and fine roots all decreased after the wetland is reclaimed 
for farmland in the Sanjiang Plain (Table 1). Therefore, 
the freeze-thaw cycle has the lowest influence on DOC 
concentration in farmland.

Fig. 4  Average decrement 
of microbial biomass carbon 
(MBC) concentration of fifteen 
cycles caused by freeze-thaw 
treatment (mean ± standard 
error, n = 3). The soil layer and 
type are identified on the x-axis, 
and the average decrement 
percentage of MBC concentra-
tions of fifteen cycles caused 
by freeze-thaw treatment is 
identified on the y-axis. 60% 
and 80% mean the 60% and 
80% of maximum water holding 
capacity, respectively. (-5-5) and 
(-10-10) mean (-5 to 5 °C) and 
(-10 to 10 °C), respectively
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It was found that the interaction of small amplitude 
and high water content had the greatest influence on 
DOC increment (Fig. 2), which was in agreement with 
the findings of Oztas and Fayetorbay (2002),  Wang 
et al. (2009) and Wang et al. (2014). Wang et al. (2009) 
reported that with appropriate water content, the stability 
of aggregates could be enhanced even if freezing tem-
perature fluctuated in a wide range. However, Oztas and 
Fayetorbay (2002) concluded that lower freezing tem-
peratures decomposed aggregates more easily.

The soil MBC is a fraction of active organic car-
bon released from ruptured cells, which can provide 

an indication of soil microbial biomass and activity 
(Poelson et al. 1987). In contrast to the change in DOC 
concentration, FTCs significantly lowered the MBC 
concentration in various type soils or active layers 
(Fig. 3). This finding was consistent with that reported 
by Larsen et al. (2002), Chaer et al. (2009) and Wang 
et  al. (2014). Additionally, the correlation analysis 
indicated that soil DOC was significantly related to 
soil MBC (Table 5), possibly due to the reduced MBC 
increasing the DOC content. However, the relative 
contribution of MBC to the increase in DOC concen-
tration in FTC-treated soils remains unclear. Due to 

Fig. 5  Cellulase activity in soil. 
The number of freeze-thaw 
cycle is identified on the x-axis, 
and the cellulose activity in the 
soil is identified on the y-axis. 
60% and 80% mean the 60% and 
80% of maximum water holding 
capacity, respectively. (-5-5) 
and (-10-10) mean (-5 to 5 °C) 
and (-10 to 10 °C), respectively. 
Error bars represent the stand-
ard error of the mean of three 
parallel samples

Wetlands (2022) 42: 36Page 10 of 1836



1 3

the bactericidal effect, FTCs,can destroy microbial 
cells and cause mass microorganism mortality (Larsen 
et al. 2002). Skogland et al. (1988) and DeLuca et al. 
(1992) reported that FTC killed 50% of a microbial 
population and led to the release of intracellular sub-
stances, including DOC and MBC. This could explain 
the decrease in soil MBC concentration and increase 
in DOC concentration in the early stage of the FTCs. 
The freeze-thaw frequency had a significant impact on 
MBC concentrations of the three type wetland soils 
(Table  3), as soil microorganisms gradually were 
adapted to the influence of the freeze- thaw conditions, 
thus decreasing microbe mortality as FTCs increased, 
MBC concentrations gradually increased, but were 

still smaller than the unfrozen control sample FTC (0) 
(Fig. 3).

The average decrements of MBC caused by freeze-
thaw cycles is UDPW ≈ DDPW > RP in different type 
wetlands, and 0–10 cm > 10–20 cm > 20–30 cm in varied 
soil layers, which may be due to the different micro-
bial and plant roots in different types of wetlands and 
different soils, so the effect of freeze-thaw is not obvi-
ous. In addition, Mostaghimi et  al. (1988) and Wang 
et al. (2009) reported that the freeze-thaw action was 
also related to soil type, organic matter, water con-
tent, initial aggregate size, freezing temperature and 
other factors. However, under the interaction of large 
amplitude and high water content, the RP showed 

Fig. 6  Invertase activity in soil. 
The number of freeze-thaw 
cycle is identified on the x-axis, 
and the invertase activity in the 
soil is identified on the y-axis. 
60% and 80% mean the 60% and 
80% of maximum water holding 
capacity, respectively. (-5-5) 
and (-10-10) mean (-5 to 5 °C) 
and (-10 to 10 °C), respectively. 
Error bars represent the stand-
ard error of the mean of three 
parallel samples
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0–10 cm < 10–20 cm < 20–30 cm, which was consistent 
with findings of Barbhuiya et al. (2004). MBC was less 
uniform as the soil depth increased in wetland soil. At 
the same time, the rice paddy fields are ploughed every 
year, leading to big changes in the upper and lower lay-
ers of the soil, which may also be responsible for this 
result. The freeze-thaw amplitude and soil water con-
tent also affected MBC concentrations (Fig. 3), and the 
larger amplitude and higher water content interaction had 
the greatest effect on soil MBC concentrations (Fig. 4). 
Although the effect of the amplitude of FTCs was insig-
nificant on the MBC concentrations of the three type 

wetland soils, but a larger freeze-thaw amplitude causes 
more damage to microorganisms, because large ampli-
tude of FTCs could kill more microorganisms and limit-
ing of microbial activity (Schimel et al. 2004).

Responses of Soil Enzyme Activities to FTCs

Soil enzymes are the key media of soil biological process 
and are involved in all soil biochemical processes (Dick 
1994; Yao et al. 2006), and soil enzyme activities directly 
affect the rate of the carbon cycle in wetlands and play an 
important role in the carbon balance and global climate 

Fig. 7  Catalase activity in soil. 
The number of freeze-thaw 
cycle is identified on the x-axis, 
and the catalase activity in the 
soil is identified on the y-axis. 
60% and 80% mean the 60% and 
80% of maximum water holding 
capacity, respectively. (-5-5) 
and (-10-10) mean (-5 to 5 °C) 
and (-10 to 10 °C), respectively. 
Error bars represent the stand-
ard error of the mean of three 
parallel samples
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change (Yao et al. 2006). Of them, acting as the oxidation-
reduction enzymes in soil, catalase activity can be used to 
characterize soil humus degree and organic matter conver-
sion rate (Zhou 1987). Cellulase and sucrase as hydrolase, 
are primarily involved in the decomposition of the com-
pounds in the soil. They hydrolyze the high molecular 
weight compounds into simple small molecules, and are 
important enzymes involved in the mineralization of organic 
matter (Guan 1986).

Exper imental data suggested that FTCs had a 
consistent effect on the soil enzyme activities and 
MBC concentration, i.e., short-term FTCs decrease 
the three soil enzyme activities. This result is con-
sistent with most conclusions (Wang et  al. 2014; 
Sorensen et al. 2018; Miura et al. 2019). The effect 
of FTCs on the soil enzyme activities mainly came 
from the effect on soil microbes (Vallejo et al. 2010). 

Therefore, FTCs had a similar impact on soil MBC 
and enzyme activities. In UDPW and DDPW soil, 
MBC was significantly positively correlated with 
three enzymes, which also supported the viewpoints 
(P < 0.05; Table 5). However, the weak correlation 
between MBC and soil enzyme activity, and between 
the enzymes (Table 5) in RP soil is possibly the result 
of intense interference by agricultural reclamation. 
Previous studies showed that the responses of soil 
enzymes to FTCs were different partly due to the dif-
ferent methods among the studies and various soil 
character istics. For example, Chaer et  al.  (2009) 
used Andrew forest soil from the USA and found that 
freeze-thaw reduced the activity of β-glucosidase, 
but phosphatase and phenoloxidase activities were 
unchanged. The studies on the Antarctic soil col-
umn carried out by Yergeau and Kowalchuk (2008) 

Fig. 9  Average decrement of 
invertase activity of fifteen 
cycles caused by freeze-thaw 
treatment (mean ± standard 
error, n = 3). The soil layer and 
type are identified on the x-axis, 
and the average decrement 
percentage of MBC concentra-
tions of fifteen cycles caused 
by freeze-thaw treatment is 
identified on the y-axis. 60% 
and 80% mean the 60% and 
80% of maximum water holding 
capacity, respectively. (-10-10) 
mean (-10 to 10 °C)

Fig. 8  Average decrement of cellulase activity of fifteen cycles 
caused by freeze-thaw treatment (mean ± standard error, n = 3). The 
soil layer and type are identified on the x-axis, and the average decre-
ment percentage of MBC concentrations of fifteen cycles caused by 

freeze-thaw treatment is identified on the y-axis. 60% and 80% mean 
the 60% and 80% of maximum water holding capacity, respectively. 
(-10-10) mean (-10 to 10 °C)
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revealed that freeze and thawing increased the activity 
of cellulase, but the effect was not significant. Wang 
et al.  (2014) studied the permafrost from the Great 
Xingan Mountains and found that freeze-thaw reduced 
the activity of cellulase, amylase and invertase in the 
active layers. As the frequency of FTCs increased, 
these soil enzyme activities increased, but the highest 
value was still smaller than that of FTC(0) (Figs. 5, 
6 and 7). In fact, some enzymes in frozen soils are 
not fully passivated, especially the enzymes in the 
cold regions. FTCs destroys microbial cells to release 

carbon and nitrogen nutrients for surviving microbes, 
thus increasing their activities (Koponen et al. 2006). 
In addition, the temperature, time and frequency of 
freeze-thaw and soil moisture before freezing all 
affected soil microbial activity and population struc-
ture (Koponen et al. 2006; Tan et al. 2014; Meisner 
et al. 2021). The freeze-thaw frequency had a signifi-
cant effect on the three enzyme activities, while the 
amplitude had no significant effect on them. However, 
a large amplitude of FTCs could kill more microor-
ganisms and decrease soil enzyme activities.

Fig. 10  Average decrement 
of catalase activity concentra-
tion of fifteen cycles caused 
by freeze-thaw treatment 
(mean ± standard error, n = 3). 
The soil layer and type are 
identified on the x-axis, and the 
average decrement percent-
age of MBC concentrations of 
fifteen cycles caused by freeze-
thaw treatment is identified on 
the y-axis. 60% and 80% mean 
the 60% and 80% of maxi-
mum water holding capacity, 
respectively. (-10-10) mean (-10 
to 10 °C)

Table 5  The correlations 
between active organic carbon 
fractions and soil enzyme 
activities

* Significant at the 0.05 level ** Significant at the 0.01 level, DOC dissolved organic carbon, MBC micro-
bial biomass carbon, UDPW undisturbed Deyeuxia purpurea wetland, DDPW disturbed Deyeuxia purpu-
rea wetland, RP rice paddy

DOC MBC Cellulase Invertase Catalase
UDPW DOC 1

MBC 0.981** 1
Cellulase 0.845** 0.792** 1
Invertase 0.936** 0.964** 0.895** 1
Catalase 0.679* 0.709** 0.911** 0.791** 1

DDPW DOC MBC Cellulase Invertase Catalase
DOC 1
MBC 0.934** 1
Cellulase 0.853** 0.861* 1
Invertase 0.942** 0.942** 0.906** 1
Catalase 0.960* 0.949** 0.912** 0.957** 1

RP DOC MBC Cellulase Invertase Catalase
DOC 1
MBC 0.872* 1
Cellulase 0.905* 0.605* 1
Invertase 0.808 0.870* 0.62 1
Catalase 0.898 0.487 0.54 0.496 1
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Conclusion

The sensitive responses of active organic carbon fractions 
and enzyme activities to FTCs were clearly observed in this 
laboratory-simulated experiment of three type wetland soils 
in the Sanjiang Plain. The freeze-thaw cycles significantly 
increased DOC concentration but decreased MBC con-
centration and soil enzyme activities (cellulase, invertase 
and catalase ) in the active layer of the Sanjiang Plain. The 
freeze-thaw frequency had significant effects on active 
organic carbon fractions and enzyme activities. The freeze-
thaw amplitude and water content affect soil active organic 
carbon concentration and soil enzyme activities. NoTably, 
the interaction between the small amplitude and high water 
content resulted in the greatest effect on soil DOC concen-
tration. However, the responses of MBC concentration and 
enzyme activities to FTCs generally presented greater effects 
at the large amplitude and high water content interaction. 
The effects of freezing and thawing on different types of 
soil were different. The lower the content of soil organic 
carbon and the number of microbes, the smaller the effect of 
freeze-thaw. The correlation analysis showed that the DOC 
and MBC and enzymes of soils were significantly correlated, 
but the correlation between them was affected by human 
interference.

In the context of global warming and wetlands degen-
eration, we anticipate that more dissolved forms of carbon 
will release from wetlands if the frequency of FTCs and 
active layer depth increase. This will decrease the carbon 
storage of wetlands in the seasonal frozen regions. How-
ever, further studies are still needed to investigate how FTCs 
affect carbon cycles and enzyme activities. At present, most 
freeze-thaw cycle experiments are based on indoor simula-
tion, which cannot fully reflect the actual change of active 
organic carbon fractions and enzyme activities. Therefore, 
future research should focus on field monitoring and reveal 
the response of soil organic carbon to the change in FTCs 
under the warming climate in wetlands.
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