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Peatland is a key component of terrestrial ecosystems in permafrost regions and have
important effects on climate warming. Soil enzymes are involved in biogeochemical cycle of
soil carbon (C), nitrogen (N) and phosphorus (P), which can be used as early sensitive
indicators of soil nutrient changes caused by climate change. To predict the possible
effects of permafrost degradation on soil enzymes in peatlands, ten peatlands from three
types of permafrost regions along the permafrost degradation sequence (predominantly
continuous permafrost region-predominantly continuous and island permafrost region-
sparsely island permafrost region) in northeast China were selected to examine the
activities of soil invertase, β-glucosidase, urease and acid phosphatase and their
relationships with soil physicochemical properties. The results demonstrated that
permafrost type had significant effect on soil enzyme activities. Soil enzyme activities in
predominantly continuous and island permafrost region were significantly higher than
those in sparsely island permafrost region and predominantly continuous permafrost
region. The activities of four soil enzymes were higher in 0–15 cm than 15–30 cm soil layer.
Soil enzymes activities were positively correlated with soil ammonia nitrogen (NH4

+-N), soil
moisture content (SMC), total phosphorus (TP) and total nitrogen (TN), but negatively
correlated with soil nitrate nitrogen (NO3

−-N). Soil inorganic nitrogen andmoisture contents
were the main factors affecting soil enzyme activities, with NH4

+-N accounted for 41.6% of
the variance, SMC 29.6%, and NO3

−-N 11.0%. These results suggested that permafrost
degradation may change soil enzyme activities by changing soil physicochemical
properties. In this study, only 0–30 cm peat soil in permafrost regions was collected
during the complete thawing period of permafrost active layer, further studies should be
placed on the change of soil enzyme activities in active layer and permafrost layer during
freezing and thawing process in the southernmost location of northeast China in the
Eurasia permafrost body and boreal forest belt.
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INTRODUCTION

Permafrost is both the product of solar radiation balance and the
water-heat exchanges in lithosphere-soil-atmosphere system,
which remains at or below 0°C for at least two continuous years
(Hugelius et al., 2014; Yuan et al., 2020). It is one of the key
components of terrestrial ecosystem in cold regions, covering
approximately 25% of land area in the northern hemisphere
(Yang et al., 2010). The carbon stored in northern permafrost
regions is approximately 1,672 Pg, which is nearly twice the
amount of carbon currently in atmosphere (Tarnocai et al.,
2009). As a product of cold climate, permafrost is extremely
sensitive to climate change, thus has become the hotspots of
global carbon cycle (Serreze et al., 2000; Solomon et al., 2007).
Numerous studies reported that climate warming has caused rapid
permafrost degradation, including the deepening of active layer,
northward movement of permafrost boundary and remarkable
reduction of the total permafrost area in northern high-latitude
regions (Jin et al., 2007; Hollesen et al., 2011;Wisser et al., 2011). In
the past 60 years, the southern boundary of predominantly
continuous permafrost, predominantly continuous and island
permafrost, and sparsely island permafrost regions moved
northward by 0–3.4°, 0–5.5° and 0.4–1.1°, respectively; The total
area of permafrost in northeast China decreased from 4.8 ×
105 km2 to 3.1 × 105 km2; In the Da Xing’anling Mountains,
especially in the north of 50°N, permafrost degenerated from
predominantly continuous permafrost region to discontinuous
or sparsely island permafrost region; The areas of three types of
permafrost regions decreased by 90.00, 43.40 and 23.80%,
respectively; The mean annual surface temperature of Da
Xing’anling Mountains and Xiao Xing’anling Mountains
increased by 1.2–1.4°C (Zhang et al., 2021). The changes of soil
hydrothermal dynamics caused by permafrost degradation will
affect soil biogeochemical cycle process (Li et al., 2021). It has been
generally regarded that sustained warming can promote the
decomposition of soil organic matter stored in permafrost into
atmosphere as greenhouse gases, which will further accelerate
climate warming (Melillo et al., 2002; Schuur et al., 2015; Mu
et al., 2017). Furthermore, permafrost degradation may increase
freeze-thaw disasters and impact on ecosystem structure and
function (Guo and Wang, 2017). Approximately one third of
terrestrial carbon pool accumulates in peatlands of boreal
permafrost, which is considered as an important CO2 sink
(Gorham, 1991). Researches showed that the global temperature
has decreased by about 1.5–2.5°C due to this function in the past
ten thousand years (Holden, 2005). However, the anoxic, cool, and
wet conditions of peatland also contribute it to a primary natural
source of CH4 emission (Frolking et al., 2011). According to
statistics, the annual CH4 emission from peatland accounts for
4–10% of the total global CH4 emission (Mikaloff Fletcher et al.,
2004). Climate warming has significantly affected the carbon
stability of peatlands in permafrost regions (Cong et al., 2020).
Therefore, it is necessary to clarify the biochemical process of this
unique ecosystem.

Soil enzymes play an important role in maintaining peatland
ecosystem quality, functional diversity, and nutrient cycling
(Tabatabai, 1994; Kandeler et al., 1999; Sinsabaugh et al.,

2002). The response of soil enzymes to both natural and
anthropogenic factors is rapider than other soil variables.
Hence, the activities of soil enzymes have been considered as
the early and sensitive indicators to evaluate soil quality under the
scenario of future global climatic change (Ladd, 1985; Miller and
Dick, 1995; Theriot et al., 2013). Previous studies have been
published on soil enzyme activities and their relationship with soil
physicochemical properties in permafrost regions. Song et al.
(2019) demonstrated that soil invertase, β-glucosidase, urease and
acid phosphatase are highly correlated with soil total carbon
(TC), TN, SMC and dissolved organic carbon (DOC) contents in
predominantly continuous permafrost region of northeast China.
Research in Tibetan Plateau also indicated that soil invertase
activity is significantly correlated with SMC and soil organic
carbon content (Xu et al., 2018).

Current reports on soil enzymes are mostly limited to a single
type of permafrost, which was not conducive to the
comprehensive understanding of soil enzymes responding to
future permafrost degradation. This study selected three types
of permafrost regions (predominantly continuous permafrost
region-predominantly continuous and island permafrost
region-sparsely island permafrost region) to simulate
permafrost degradation based on the method of space-time
substitution. These areas have experienced warming of more
than 1°C over the past century (Jin et al., 2019). The
fragmentation degree in spatial distribution of the permafrost
is becoming more and more serious. The objectives of this study
were: 1) To clarify the variation of soil enzyme activities in
different types of permafrost regions; 2) To determine the
relationship between soil enzyme activities and soil
physicochemical properties; 3) To predict the possible effects
of permafrost degradation on soil enzyme activities in peatlands
in permafrost regions. The detailed data of sampling sites are
given in Table 1.

MATERIALS AND METHODS

Site Description and Peat Sampling
The selected areas (Da and Xiao Xing’anling Mountains) are
located in northeast China. It is regarded to be the southern
margin of Eurasian permafrost region (Wei et al., 2011). The
mean annual air temperature is −5.5°C and the annual
precipitation is 400 mm for Daxing’anling Mountains and
0.4°C, 630 mm for Xiaoxing’anling Mountains (Wang et al.,
2012). A total of 10 peatlands were carefully selected and
investigated, with four squares in sparsely island permafrost
region, three squares in predominantly continuous and island
permafrost region, and three squares in predominantly
continuous permafrost region in August 2018 (Figure 1),
including shrub-carex-sphagnum peatlands, larch-shrub-
sphagnum peatlands, and shrub-carex peatlands. Permafrost in
this region is largely ecosystem-driven or -protected, the
degradation of permafrost is a relatively slow process.
Compared with the time scale of the response of permafrost to
climate change, the current monitoring data are far from
describing the degradation process. In view of this, from the
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spatial variation of permafrost characteristics to analogy the
temporal evolution process, a research idea of space-time
substitution is formed.

Five soil cores of 0–15 cm and 15–30 cm were taken in each
square using a soil core sampler after removing surface litter. Peat

samples from the same soil layer were homogenized into
composite samples and placed in zip-lock bags with
headspaces removed and transported to the laboratory within
48–72 h. Following removal of visible plant and organic debris by
hand picking, each fresh sample was sieved with a 4 mm mesh

TABLE 1 | The basic information of sampling sites.

Permafrost region type Sampling
sites

Altitude Topography Thawing
depth (cm)

Peat
depth (cm)

Species
richness
indexes

Species
diversity
indexes

Species
evenness
indexes

Sparsely island permafrost region YH 392 Gentle slope 50 42 1.17 ± 0.06 1.33 ± 0.12 0.67 ± 0.05
HX 471 Gentle slope 45 38 1.22 ± 0.03 1.70 ± 0.03 0.83 ± 0.03
TWH 407 Gentle slope 100 34 1.14 ± 0.02 1.28 ± 0.03 0.66 ± 0.02
WYL 392 Gentle slope 70 36 1.21 ± 0.06 1.01 ± 0.03 0.49 ± 0.02

Predominantly continuous and island
permafrost region

NWH 436 Gentle slope 122 32 1.99 ± 0.04 1.26 ± 0.08 0.50 ± 0.04
LH 536 Gentle slope 40 38 1.26 ± 0.10 1.14 ± 0.16 0.55 ± 0.07
XL 516 Gentle slope 45 40 1.53 ± 0.15 1.47 ± 0.05 0.67 ± 0.01

Predominantly continuous permafrost
region

HZ 529 Gentle slope 75 37 1.29 ± 0.03 1.46 ± 0.10 0.71 ± 0.04
AME 560 Gentle slope 80 36 1.73 ± 0.22 1.50 ± 0.03 0.65 ± 0.04
TQ 475 Gentle slope 50 39 1.85 ± 0.08 1.43 ± 0.07 0.58 ± 0.03

FIGURE 1 | Spatial arrangement of sampling sites in northeast China. YH: Youhao; HX: Hongxing; TWH: Tangwanghe; WYL: Wuyiling; NWH: Nanwenghe; LH:
Linhai; XL: Xinlin; HZ: Huzhong; AME: Amuer; TQ: Tuqiang.
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and divided into two subsamples. One subsample was stored at
4°C for determining soil enzyme activities, SMC, DOC, NH4

+-N,
and NO3

−-N contents. The left subsample was air dried and then
sieved through a 0.25 mm mesh to measure soil TC, TN, TP
contents, and pH. The soil physicochemical properties and
methods of analysis were previously reported in Song et al.
(2020) and are analyzed here in conjunction with new soil
enzymes data.

Soil Enzyme Assays
Table 2 shows the method of soil enzymes determination. To
determine invertase activity, sucrose solution and pH 5.5
phosphate buffer were added to 2 g of fresh soil, and a few
drops of toluene were added. The solution was shaken and
incubated in a 37°C incubator for 24 h. Next, 3, 5-
dinitrosalicylic acid was added to determine the glucose
produced by a 508 nm spectrophotometry.

To determine β-glucosidase activity, 0.5 g of fresh soil was
added to toluene and shaken for 15 min. Next, modified universal
buffer and p-nitrophenyl-β-D-gulcoside solution were added, and
the solution was incubated at 37°C for 1 h. Subsequently, calcium
chloride solution and pH 12 tris solution were added, and the
results were measured by colorimetry at 410 nm.

When urease was determined, 2 g of fresh soil was added to
toluene, 20% urea, and citric acid buffer with a pH level of 6.7
then incubated at 37°C for 24 h. Then, sodium phenol and
hypochlorite were added to determine the release of NH4

+-N
by colorimetry at 578 nm.

To determine acid phosphatase activity, 1 ml of toluene, 5 ml
of p-nitrophenyl phosphate substrate, and 5 ml of pH 5.0 acetic
acid buffer were added to 1 g of fresh soil and incubated at 37°C
for 12 h. Next, 1 ml of the filtrate was taken and pH nine boric
acid buffer, 2.5% potassium ferricyanide, and 0.5% 4-amino
alternating pyridine were added. The produced pNP was
determined colorimetrically at 570 nm.

Four replicates of each subsample for four enzymes were
analyzed. Moreover, substrate-free and soil-free controls were
added for each sample to account for nonenzymatic substrate
hydrolysis.

Statistical Analysis
Data in the present study were presented as mean ± SE. The data
were statistically analyzed via SPSS 16.0, with an accepted
significance level of α � 0.05. Differences of soil enzymes

activities among three permafrost regions were tested with
One-way ANOVA. Two-way ANOVA was performed to
analyze the effects of permafrost region type, soil layer and
their interactions on soil enzyme activities. Applying Stepwise
multiple linear regression analysis to derive optimal empirical
models for predicting changes in soil enzyme activities.
Redundancy analysis (RDA) was conducted using CANOCO
software 5.0 to determine the relationship between soil enzyme
activities and soil physicochemical properties. Figures were
drawn by Origin 8 and CorelDRAW X4.

RESULTS

Soil Enzyme Activities in Different Types of
Permafrost Regions
Soil Invertase Activity
Permafrost type had significant influence on soil invertase activity
(p < 0.05) (Table 3). Soil invertase activity increased first and then
decreased along the permafrost degradation sequence. Soil
invertase in predominantly continuous and island permafrost
region (0–15 cm: 270.51 ± 40.26 mg glucose g−1 24 h−1, 15–30 cm:
259.13 ± 36.99 mg glucose g−1 24 h−1) were significantly higher
than those in sparsely island permafrost region (0–15 cm: 77.70 ±
5.00 mg glucose g−1 24 h−1, 15–30 cm: 59.69 ± 10.02 mg glucose
g−1 24 h−1) and predominantly continuous permafrost region
(0–15 cm: 47.72 ± 6.67 mg glucose g−1 24 h−1, 15–30 cm: 41.40 ±
7.93 mg glucose g−1 24 h−1) (p < 0.05) (Figure 2). No significant
difference was observed between sparsely island permafrost
region and predominantly continuous permafrost region (p >
0.05). The activity of soil invertase decreased with depths in three
types of permafrost regions, but soil layer had no significant effect
on invertase activity (p > 0.05). In depth, the largest difference in
soil invertase was found in the sparsely island permafrost region
(18.01 mg glucose g−1 24 h−1), while the minimum difference was
in predominantly continuous permafrost region (6.32 mg glucose
g−1 24 h−1). Table 3 showed that there was no obvious influence
of the interaction between permafrost type and soil layer on
invertase activity (p > 0.05).

Soil β-glucosidase Activity
Soil β-glucosidase activity increased first and then decreased
along the permafrost degradation sequence. The highest
activity of soil β-glucosidase was observed in predominantly

TABLE 2 | Reagent and method details for soil invertase, β-glucosidase, urease, and acid phosphatase.

Soil enzyme Method Reagent and dosage Unit References

Invertase 3, 5-dinitrosalicylic acid 15 ml of sucrose solution, 5 ml of pH 5.5 phosphate buffer, few drops of
toluene, 3 ml of 3, 5-dinitrosalicylic acid

mg glucose g−1

24 h−1
Guan et al. (1986)

β-glucosidase Nitrophenol colorimetry 0.25 ml of toluene, 4 ml of modified universal buffer, 1 ml of p-nitrophenyl-β-D-
gulcoside solution, 1 ml of calcium chloride solution, 4 ml of pH 12 tris solution

µg pNP g−1 h−1 Tabatabai, (1994)

Urease Indophenol blue colorimetry 1 ml of toluene, 10 ml of 20% urea, 20 ml of citric acid buffer, 4 ml of sodium
phenol solution, 3 ml of hypochlorite

mg NH4
+-N g−1

24 h−1
Guan et al. (1986)

Acid
phosphatase

Sodium phenyl phosphate
colorimetry

1 ml of toluene, 5 ml of p-nitrophenyl phosphate substrate, 5 ml of pH 5.0
acetic acid buffer, 2.5 ml of pH 9 boric acid buffer, 1.5 ml of 2.5% potassium
ferricyanide, 1.5 ml of 0.5% 4-amino alternating pyridine

pNP g−1 12 h−1 Zhao and Jiang,
(1986)
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continuous and island permafrost region, and the activity of
0–15 cm and 15–30 cm soil layer was 1,273.31 ± 54.64 and
912.96 ± 49.38 µg pNP g−1 h−1, respectively, which was
significantly higher than that in sparsely island permafrost
region (0–15 cm: 566.52 ± 28.59 µg pNP g−1 h−1, 15–30 cm:
408.79 ± 44.14 µg pNP g−1 h−1) and predominantly
continuous permafrost region (0–15 cm: 474.14 ± 31.86 µg
pNP g−1 h−1, 15–30 cm: 428.18 ± 37.54 µg pNP g−1 h−1) (p <
0.05). No significant difference was found between sparsely island

permafrost region and predominantly continuous permafrost
region. As shown in Figure 3, soil β-glucosidase activity
decreased with depth regardless of permafrost region type.
Two-way ANOVA demonstrated that permafrost type (p <
0.001), soil layer (p < 0.001) and the interaction between
permafrost region type and soil layer (p � 0.002) had
significant effects on soil β-glucosidase activity. The influence
intensity (F value) of each factor on soil β-glucosidase activity was
in the order: permafrost type > soil layer > interaction (Table 3).

TABLE 3 | Two-way ANOVA on the effects of permafrost region type, soil layer and their interaction effects on soil invertase, β-glucosidase, urease, and acid phosphatase
activity.

Influence factor Invertase β-glucosidase Urease Acid phosphatase

Permafrost region type F 61.048 141.497 40.291 65.255
P < 0.001 < 0.001 < 0.001 < 0.001

Soil layer F 0.469 30.221 63.765 42.838
P 0.495 < 0.001 < 0.001 < 0.001

Interaction F 0.040 6.671 7.928 5.893
P 0.960 0.002 0.001 0.004

FIGURE 2 | Soil invertase activity in peatlands from different types of permafrost regions. SIP-Region: sparsely island permafrost region; PCIP-Region:
predominantly continuous and island permafrost region; PCP-Region: predominantly continuous permafrost region. Different lowercase letters in the figure indicate
significant differences in the means between permafrost region types.

FIGURE 3 | Soil β-glucosidase activity in peatlands from different types of permafrost regions.
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Soil Urease Activity
Soil urease activity showed decreasing trends from 0–15 cm to
15–30 cm soil layer in three permafrost regions (Figure 4). Along
the permafrost degradation sequence, it increased first and then
decreased in two soil layers. In 0–15 cm soil layer, the urease
activity ranged from 1.69 ± 0.28 to 3.48 ± 0.19mg NH4

+-N g−1

24 h−1. The activity of urease in predominantly continuous and
island permafrost region was significantly higher than other two
permafrost regions (p < 0.05), no significant difference was
observed between sparsely island permafrost region and
predominantly continuous permafrost region (p > 0.05). In
15–30 cm soil layer, there were significant differences in soil
urease activity among three different types of permafrost
regions (p < 0.05). The urease activity in predominantly
continuous and island permafrost region was the highest, which
was 33.49 and 62.68% higher than that in predominantly
continuous permafrost region and sparsely island permafrost
region, respectively. As shown in Table 3, permafrost type (p <
0.001), soil layer (p < 0.001), and their interaction (p � 0.001) had
significant effects on soil urease activity. The influence intensity (F
value) of each factor on soil urease activity was in the order: soil
layer > permafrost type > interaction.

Soil Acid Phosphatase Activity
Permafrost type (p < 0.001), soil layer (p < 0.001) and their
interaction (p � 0.004) had significant effects on acid
phosphatase activity (Table 3). Soil acid phosphatase activity
declined with soil depths (Figure 5). Consistent with soil
invertase, β-glucosidase and urease, soil acid phosphatase
activity increased first and then decreased along the permafrost
degradation sequence in 0–15 cm and 15–30 cm soil layers. For
0–15 cm, the highest acid phosphatase activity was observed in
predominantly continuous and island permafrost region (36.88 ±
1.87mg pNP g−1 12 h−1), which was significantly higher than that
in sparsely island permafrost region (23.61 ± 1.03 mg pNP g−1

12 h−1) and predominantly continuous permafrost region (21.82 ±
1.21mg pNP g−1 12 h−1) (p < 0.05). There was no significant
difference between sparsely island permafrost region and
predominantly continuous permafrost region (p > 0.05). For
15–30 cm, significant difference was found among three types of
permafrost regions (p < 0.05). Acid phosphatase activity in
predominantly continuous and island permafrost region was the
highest (29.08 ± 1.33 mg pNP g−1 12 h−1), which was 1.53 times
and 2.63 times of that in predominantly continuous permafrost
region and sparsely island permafrost region, respectively.

FIGURE 4 | Soil urease activity in peatlands from different types of permafrost regions.

FIGURE 5 | Soil acid phosphatase activity in peatlands from different types of permafrost regions.
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Relationship Between Soil Enzyme
Activities and Physicochemical Properties
Correlation Between Soil Enzymes Activities and
Physicochemical Properties
RDA was used to ascertain the associations between soil enzyme
activities and physicochemical properties (Figure 6). The first
two components of RDA axes explained 94.08% of the variance of
soil enzyme activities. Soil NH4

+-N, SMC and NO3
−-N were the

most important variables, which could explain 41.6, 29.6 and
11.0% of the variation in four soil enzymes activities, respectively
(Table 4). All of the four soil enzyme activities showed
significantly positive correlation with soil NH4

+-N, SMC, TP
and TN (p < 0.01), while there were significantly negatively
correlated between soil NO3

−-N content and soil enzyme
activities (p < 0.05). In addition, TC content was significantly
positively correlated with soil β-glucosidase, urease, and acid
phosphatase activity (p < 0.05) (Figure 6).

Major Factors Affecting Soil Enzyme Activities
To remove multicollinearity, stepwise multiple linear regression
analysis was used to quantitatively reveal the main soil
physicochemical factors that controlled each soil enzyme
activity variation in peatlands in permafrost regions (Table 5).
The effects of different physicochemical properties on soil
enzyme activities were quite different. According to regression
equations, the influence factors of soil invertase were soil pH,

NO3
−-N, TN, SMC, NH4

+-N and TC contents; The variation of
β-glucosidase activity was explained by soil NO3

−-N, SMC and
NH4

+-N contents; Soil pH, NO3
−-N, TP and NH4

+-N contents
accounted for the variations of urease activity; Soil NO3

−-N, TP,
SMC, TC, and NH4

+-N contents controlled the variance of acid
phosphatase activity.

DISCUSSION

Variation in Soil Enzyme Activities From
Different Permafrost Regions
As previous surveys on peatlands in northeast China (Wang et al.,
2014; Song et al., 2018; Song et al., 2019), the activities of soil
invertase, β-glucosidase, urease and acid phosphatase in this
study were also much higher than those in alpine steppe
ecosystem of the Qinghai Tibet Plateau (Wu et al., 2012; Xu
et al., 2015) and forest permafrost region in Catalonia (Sardans
and Peñuelas, 2005). Because of the anaerobic conditions and
high productivity, amount of soil organic matter accumulated in
peatlands (Dutta et al., 2006), which was beneficial for
microorganisms to secrete more enzymes, further indicating
the importance of peatlands in terrestrial carbon cycle.
Consistent with our initial hypothesis, the permafrost region
type had marked effect on soil enzyme activities, this probably
due to the differences of freezing and thawing environment in
three types of permafrost regions. Freezing and thawing process
could affect the distribution of available substrates of soil enzymes
(Wang et al., 2012). At the same time, the cracking caused by soil
freezing-thawing cycle and the differential frost heave caused by
soil hydrothermal gradient may lead to themixing of different soil
layers, and the soil substrates in the surface layer is churned down
to the lower active layer and the upper permafrost (Bockheim
et al., 1998; Ping et al., 2008). Microbial communities and
enzymes were influenced by the supply and spatial distribution
of nutrients (Allison, 2005; Bergstrom et al., 1998). Furthermore,
changes in the distribution of permafrost have significantly
changed the hydrology in cold regions (Walker et al., 2003;
Zhang et al., 2013), this is mainly because the change of active
layer depth changes soil water holding capacity, soil infiltration
capacity and soil water conductivity, and redistribution of water
in soil profile (Wang et al., 2009). In turn, these changes may lead
to the change of vegetation cover and the distribution of soil
substrates, thus affecting soil enzyme activities (Ishikawa et al.,
2006; Yamazaki et al., 2006). The activities of four soil enzymes
were all highest in predominantly continuous and island
permafrost region, indicating that this region might have
stronger soil mineralization rate of carbon, nitrogen and

FIGURE 6 | Redundancy analysis of soil enzymes activities and soil
physicochemical properties. SMC: soil moisture content; TC: total carbon;
DOC: dissolved organic carbon; TN: total nitrogen; NH4

+-N: ammonia
nitrogen; NO3

--N: nitrate nitrogen; TP: total phosphorus.

TABLE 4 | Importance and signification level of physicochemical factors.

Physicochemical
factors

NH4
+-N SMC NO3

−-N TC TP TN pH DOC

Contribution 41.600 29.600 11.000 5.100 4.200 5.300 2.500 0.800
F 26.600 24.800 10.300 5.000 4.300 5.800 2.800 0.900
P 0.002 0.002 0.002 0.004 0.018 0.006 0.068 0.388
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phosphorus and better capacity of nutrient supply (Qian et al.,
2014). In addition, NH4

+-N, SMC and NO3
−-N were the most

important factors affecting soil enzyme activities (Figure 6),
implying that permafrost region type might affect soil enzyme
activity by changing the content of soil moisture and inorganic
nitrogen. The results of Song et al. (2017) demonstrated that
permafrost degradation may influence soil nutrient availability,
further change the activities of soil enzyme and its relationship
with soil environmental conditions. The possible reason for the
phenomenon that soil layer had strong impact on soil enzyme
activity in this study was the variation in distribution of
microorganism in profile. Our previous studies have pointed
out that the abundance of soil microorganisms showed a
downward trend with the increase of soil depth (Song et al., 2020).

Effects of Soil Physicochemical Properties
on Soil Enzyme Activities
Relationship Between Soil Invertase Activity and
Physicochemical Properties
Consistent with previous findings (Ciarkowska et al., 2014; Zhang
et al., 2015; Feng et al., 2019), our results indicated that soil
invertase activity was significantly enhanced with the increase of
soil TN content. TN can increase the biomass of aboveground and
underground roots and then promote the growth of rhizosphere
microorganisms, thereby promoting soil invertase activity level (Li
et al., 2018). Soil NH4

+-N andNO3
−-N are themain nitrogen forms

absorbed by plants as well as the prerequisite for plant growth and
development. Soil invertase was significantly positive associated
with soil NH4

+-N content, which was agreed with the results of Tan
et al. (2014). The negative correlation between soil invertase activity
and soil NO3

−-N contentmight due to the opposite ionic charges of
NH4

+-N and NO3
−-N, which have contrasting effects on litter

decomposition, thus affecting soil invertase activity (Currey et al.,
2010). These results further confirmed the critical role of soil
invertase in soil nitrogen cycle in natural environment. Soil
invertase activity reflects the pattern of soil organic carbon
accumulation and decomposition (Paz-Ferreiro et al., 2011),
which is generally used as an indicator of soil carbon cycle
(Zhong et al., 2019). However, the correlation between soil
invertase activity and TC content was not obvious in the
present study. Similar results were found in non-cultivated land
of Europe (Gianfreda et al., 2005). Variation in soil organic carbon
fractions were found in different types of permafrost regions by
Wang et al. (2012). The differences in sources of substrates
availability and composition in different soil types might lead to
different behavior of invertase (Katsalirou et al., 2010). The positive
correlation between soil enzymes and water content reflected that
invertase has the relatively strong ability to catalyze the hydrolysis

of disaccharide to monosaccharide, which was a soluble soil
carbohydrate and strongly affected by soil moisture content
(Chendrayan et al., 1980; Li et al., 2018). In addition, low water
content might inhibit soil invertase activity by limiting the growth
and reproduction of soilmicroorganisms (Hooker and Stark, 2008).

Relationship Between Soil β-Glucosidase Activity and
Physicochemical Properties
Soil β-glucosidase was involved in soil carbon cycle, which was
closely related to the composition, transformation and circulation
of soil organic matter (Eivazi and Tabatabai, 1990; Alvear et al.,
2005; Bastida et al., 2006; Melero et al., 2009). However, stepwise
regression analysis demonstrated that the main factor affecting
β-glucosidase was available nitrogen content. Studies in the same
region also reported that there was strongly correlation between
β-glucosidase activity and inorganic nitrogen content (Song et al.,
2019). Peatlands in permafrost regions in northeast China were
generally nitrogen-poor ecosystem (Wang et al., 2012).
β-glucosidase activity was significantly affected by N in such
areas due to the deficiency of nitrogen, which would limit
microbial activity and then decrease enzyme activity level
(Sistla et al., 2012). In this way, the seemingly strange event
above could be explained. Same as the mainstream researches
(Sardans and Peñuelas, 2005; Pascual et al., 2007; Sardans et al.,
2008), we found SMC was one of the influencing factors of soil
β-glucosidase activity, which had a significant positive correlation
with soil β-glucosidase. Soil moisture was the limiting factor of
β-glucosidase activity because it could affect the osmotic of
microbial cells and lead to cell death (Lamersdorf et al., 1998).
In addition, soil water content has nonnegligible effects on the soil
variables such as soil substrate, the diffusion of gases, soil pH, and
temperature, indirectly regulating the activity of β-glucosidase
(Schimel et al., 2007).

Relationship Between Soil Urease Activity and
Physicochemical Properties
Urease was involved in soil nitrogen cycle, which could promote
the hydrolysis of urea and produce ammonia. In this study, soil
urease activity exhibited a positive correlation with soil NH4

+-N
content. Similar results were observed by Li et al. (2018) and Tan
et al. (2014). Typically, inorganic nitrogen supplied for the growth
of plant, thus soil urease activity was used to be indicator for
reflecting the transformation of nitrogen (Pan et al., 2013). In line
with the results of Guo et al. (2019), there was a significant
negative correlation between urease activity and NO3

−-N content
in this study, which mainly because NO3

−-N could inhibit
nitrification process, thereby affecting the activity of urease
involved in nitrogen cycle (Li et al., 2018). Additionally, our
results showed that soil TP content had a marked positive

TABLE 5 | Stepwise linear regression equation of soil enzyme activities and soil physicochemical properties.

Soil enzyme Linear equation R2 (%) p

Invertase Y � 1.540 × NH4
+-N + 3.540 × SMC−0.911 × TC + 12.024 × TN−43.971 × NO3

−−N + 107.703 × pH 49.300 0.019
β-glucosidase Y � 6.178 × NH4

+-N + 11.958 × SMC − 76.781 × NO3
−−N 56.300 0.012

Urease Y � 0.257 × TP − 0.310 × NO3
−−N + 0.012 × NH4

+-N-1.013 × pH + 6.215 47.700 <0.010
Acid phosphatase Y � 0.269 × SMC + 0.044 × NH4

+-N-3.492 × NO3
−−N + 0.06 × TC+2.68 × TP 73.900 <0.010
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correlation with urease activity, which was in agreement with the
consequence reported by Qian et al. (2014). Song et al. (2020)
suggested that microbial abundance associated with N-cycle can
be considered as important indicators of soil phosphorus status in
peatlands in permafrost regions. Moreover, TP might indirectly
change soil urease activity by affecting soil pH, the state of
ionization and the availability of substrates (Singh and Nye,
1984; Dick et al., 1988; Zhang et al., 2014).

Relationship Between Soil Acid Phosphatase Activity
and Physicochemical Properties
Soil phosphatase played a key role in the transformation of soil
phosphorus, which could convert organic phosphate into plant-
absorbable phosphorus. In our research regions, soil pH ranged
from 4.44 to 4.76. Generally speaking, the role of acid
phosphatase in the P-cycle was more concerned in acid
environmental soil. In accord with previous studies, the
observed positive correlations between acid phosphatase
activity and soil TP (Gianfreda et al., 2005; Redel et al., 2008),
SMC (Sardans and Peñuelas, 2005; Redel et al., 2008), TC (Xu
et al., 2018) were found in current study. Soil enzymes were
mainly produced by soil microorganisms, plant roots and litters
(Xu et al., 2010). The multiplication of microbes depended on
SMC, and the suitable condition of soil moisture favored soil
enzyme production (Hooker and Stark, 2008). Although acid
phosphatase is not directly involved in carbon turnover, soil TC
content is still an important factor affecting soil acid phosphatase.
Soil TC is a carrier of active nutrients, which provides suitable
conditions for soil enzymes (Qi et al., 2009; Li et al., 2018). Soil
microorganisms can obtain relatively scarce resources by
optimizing the allocation of carbon, nitrogen and phosphorus
in soil enzyme synthesis process (Sinsabaugh and Moorhead,
1994), indicating that if one of these becomes relatively limited,
microbial communities might consume others to secrete enzymes
required (Olander and Vitousek, 2000; Allison, 2005; Marklein
and Spektor, 2012), thus led to the complex relationship between
acid phosphatase and inorganic nitrogen in our study. This fully
illustrated that the supply of substrate and the spatial distribution
of nutrients would affect the growth of microorganisms and
regulate the synthesis of soil acid phosphatase (Bergstrom
et al., 1998; Allison, 2005; Gong et al., 2015).

CONCLUSIONS

Peat samples were collected from permafrost regions along a
degenerate gradient in northeast China based on the method of

space-time substitution to explore the potential response of soil
enzymes activities to permafrost degradation and their
relationships with soil C, N and P. The results showed that
soil enzyme activities were significantly correlated with soil
substrate, and NH4

+-N, SMC and NO3
−-N were the main

factors affecting soil enzymes activities in peatlands in
permafrost regions. Permafrost region types had significant
effects on the soil enzyme activities, and the activities of four
soil enzymes were all the highest in the predominantly
continuous and island permafrost region, indicating that the
degradation from predominantly continuous permafrost to
sparsely island permafrost was accompanied by the increase of
nutrient supply and element turnover. Therefore, soil enzymes
could provide potential feedback for permafrost degradation
under the background of global climate change in some sense.
Our study demonstrated that permafrost degradation might
affect soil enzyme by changing soil physicochemical properties
and the soil enzyme could be used as an effective indicator for
evaluating the function of peatlands in permafrost regions. In this
study, only 0–30 cm soil was collected during the complete
thawing period of permafrost active layer, however, the change
of peat soil enzyme activity during freezing and thawing process
are of great significance in the biogeochemical cycle of
permafrost. Further researches are needed to assess the change
of soil enzyme activity in active layer and permafrost layer under
the background of permafrost degradation.
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