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Abstract Enzyme activity (EA) mediates soil organic

matter (SOM) degradation, transformation, and miner-

alization, thereby maintaining the biogeochemical

cycles and energy flow of ecosystems. To determine

the main factors explaining EA variations in China’s

forest ecosystems, we created a database of soil EAs and

relevant variables using data from the literature and

analysed relationships between EAs and both climatic

and edaphic variables. Catalase, phenol oxidase, acid

(alkaline) phosphatase, and protease activities differed

significantly among different types of forests. Catalase

and urease activities were generally higher in primosols,

cambisols, and argosols than in ferrosols. EA largely

decreased with soil depth and increased with SOM.

Phenol oxidase and urease activities were negatively

correlated with mean annual temperature (MAT); in

contrast, catalase, invertase, and protease activities first

decreased (\ 2.5 �C), increased (2.5–17.5 �C), and

then decreased ([ 17.5 �C) with increasing MAT.

Although protease activity was slightly positively

correlated with mean annual precipitation (MAP),

catalase, phenol oxidase, and urease activities were all

negatively related to MAP. Catalase, invertase, acid

(alkaline) phosphatase, urease, and protease activities

first increased (\ 2000 m.a.s.l.) and then decreased

(2000–4100 m.a.s.l.) with increasing elevation. Princi-

pal component analysis revealed most EAs to be

correlated with climate conditions and soil pH. These

findings suggest that climatic and edaphic variables

directly and indirectly correlate with forest type and

greatly impact soil EA.

Keywords Enzyme activity � Soil organic matter �
Soil profile � Forest type � Climatic factors

Introduction

Approximately one-third of the Earth’s surface is

covered by forests and woodlands, regions that play

important roles in global carbon sequestration and

nutrient cycling (Perry et al. 2008). Compared to other

terrestrial plant communities, forests are often highly

heterogeneous environments. Forest ecosystems in

China are diverse and include various types of

coniferous, hardwood, deciduous, and evergreen

forests as well as shrublands and secondary forests.

The type of forest affects the physical–chemical
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characteristics of soil through litter and root exudates

produced by the dominant tree species, in turn

regulating the soil microbial community structure

and activity. Microbial community metabolism is the

principal driver of the biogeochemical cycles in

detrital food webs (Sinsabaugh and Follstad Shah

2012), and microbes regulate the production and

release of enzymes in response to environmental

resource availability signals, including the products of

enzymatic reactions (Sinsabaugh et al. 2014).

Soil enzymes mediate the degradation, transforma-

tion, and mineralization of soil organic matter (SOM),

thereby maintaining the biogeochemical cycle and

energy flow of an ecosystem (Burns and Dick 2002;

Sinsabaugh 2010). Enzymes are crucial for the success

of microorganisms that rely on polymeric substrate

degradation, and C, N, and P allocation for enzyme

production must be prioritized to prevent starvation.

Enzyme activity (EA) catalyses the rate-limiting steps

of the degradation of organic matter, and many studies

have examined relationships among plant litter

decomposition, the microbial community, and EA

(Adamczyk et al. 2009, 2014; Brockett et al. 2012; Hill

et al. 2014). Such evaluation of large-scale EA

patterns has provided insight into the biochemistry

of decomposition and nutrient cycling in aquatic

systems and terrestrial soils (Sinsabaugh et al. 2008;

Williams et al. 2012; Hill et al. 2014). In China,

extensive research has been performed on soil EA in

forest ecosystems; however, no comprehensive anal-

ysis of the magnitude and distribution of soil EA in

China’s forest ecosystems has been conducted to date.

By identifying how EAs differ among forest types, we

can better assess how plant–microbe interactions

relate to ecosystem processes.

Overall, soil EAs and their relationships with

ecological factors have attracted much attention

(Suseela et al. 2012; McDaniel et al. 2013; Ladwig

et al. 2015). EAs in forest ecosystems are determined

by numerous factors, including edaphic conditions

[i.e. soil order, soil depth, soil pH, and soil organic

matter (SOM)], climatic factors (i.e. moisture and

temperature), and geographic factors (i.e. forest type,

longitude, latitude, and elevation), which often inter-

act and regulate carbon allocation in soil (Burns et al.

2013). Moreover, edaphic conditions are key factors

that determine microbial species compositions or

functions (Drenovsky et al. 2004; Brockett et al.

2012), and climatic and geographic factors are

expected to influence microbial communities by

determining both temperature and moisture condi-

tions, which influence the soil microbial community

structure as well as EAs (Hackl et al. 2005; Lanzen

et al. 2016). In general, enzyme reactions are sensitive

to temperature (Davidson and Janssens 2006), and

climatic and geographic factors can affect EA by

altering microbial biomass and through abiotic control

of enzyme turnover and stabilization (Suseela et al.

2012; Steinweg et al. 2013). Although several studies

have described relationships between soil EA and soil

pH, results have been inconsistent, with positive,

negative, or no correlation reported (Eivazi and

Tabatabai 1990; Acosta-Martı́nez and Tabatabai

2000; Błońska 2010; Guan et al. 2013). Additionally,

much debate remains with regard to how climatic and

geographic factors affect soil EAs on large spatial

scales (Allison et al. 2010; Cusack et al. 2010; Kardol

et al. 2010; Puissant et al. 2013). Therefore, in the

present study, we performed a meta-analysis and

structural review of the eight most widely measured

soil EAs in China’s forest ecosystems, as reported in

publications from the past 20 years. The aims of this

study were (i) to identify how EAs differ between

forest types (coniferous vs. hardwood, deciduous vs.

evergreen forest, pure vs. mixed forest, and shrubland

vs. forest), (ii) to reveal relationships between soil EAs

and both climatic (mean annual temperature (MAT),

mean annual precipitation (MAP), and elevation) and

edaphic (soil order, SOM, soil pH, and soil depth)

variables, and (iii) to explore the main factors

influencing soil EAs in China’s forest ecosystems.

Methods

Data description

In this study, data on soil EAs and relevant variables

were collected from studies of China’s forest ecosys-

tems published from 1997 to 2016. Literature searches

were mostly performed using Google Scholar and

China National Knowledge Infrastructure (CNKI)

online journal databases. The keywords used included

but were not limited to soil enzyme, enzyme activity,

biochemical characteristics, and forest and the names

of specific locations such as China. Our searches

resulted in[ 10,000 hits, from which we extracted 73

studies that met the following eligibility criteria
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(Supplementary material 1). (1) The data were from a

field experiment. (2) The soil EA assay and EA unit

(EU) were the same (Table 1; EA was measured using

previously described methods (Guan 1986). (3) The

data were presented as specific values (including

charts). (4) The data included the activity of at least

one soil enzyme and one related variable. A total of

561 valid data points were collected from 73 studies.

The data originated from 57 experimental sites mainly

distributed in northeastern, central, eastern, southern,

and southwestern China, together representing the

primary forest types and climatic zones of the country

(Fig. 1 and Supplementary material 1).

To analyse relationships between soil EAs and each

of the influencing factors, data were collected to assess

EAs in eight types of soil. These data included two

types of oxidases (catalase (CAT) and polyphenol

oxidase (POX)) and four types of hydrolases (inver-

tase (INV), urease (URE), acid (alkaline) phosphatase

(AP), and protease (PRO)) (Supplementary material

1). Data for the following parameters of the experi-

mental sites were also compiled: (1) soil properties,

including soil order, soil depth, pH, and SOM

concentration; (2) a geographic factor (elevation);

(3) climatic factors, including MAT and MAP; and (4)

leaf characteristics, including leaf type (deciduous or

evergreen) and morphology (coniferous or hardwood)

(Table 2 and Supplementary material 1). EAs were

analysed in four main soil orders (argosols, cambisols,

ferrosols, and primosols). Argosols have a clay-

enriched subsoil and a relatively high native fertility,

and most are formed under forest vegetation with a

thick soil solum. Cambisols are largely distributed in

low mountains and hilly areas, where soil weathering

and forming durations are quite short due to the impact

of erosion. Ferrosols are highly acidic, with a low

cation exchange capacity and P availability, and are

characterized by an argic horizon within the profile.

Primosols are characterized by a thin soil solum due to

a weak degree of weathering and an alpine ecological

condition (Gong et al. 2007).

Sensitivity analysis and publication bias

We conducted sensitivity analysis to determine the

robustness of the results to changes in the decisions

and assumptions made in the meta-analysis (the data

structure can adopt a variety of forms). Additionally,

we performed descriptive statistical analysis to under-

stand the distribution and variability of the sample

observations using a curve fitted by a Gaussian

function (Koricheva et al. 2014; You et al. 2017).

Subsequently, we randomly sampled five datasets

from the total EA sample (Fig. S1) and used t tests to

reanalyse variations in the five groups. The results

obtained from the five groups were qualitatively the

same as those obtained from the total sample

(Fig. S1), and this finding suggests that reducing the

number of samples will not change the results of this

study. Publication bias testing is also a form of

sensitivity analysis (Koricheva et al. 2014) and occurs

when the probability of publication depends on the

statistical significance, magnitude, or direction of the

effect. Publication bias can influence any synthesis or

review of the literature, including narrative reviews

(Koricheva et al. 2014). Accordingly, we assessed

publication bias by observing whether the data

followed a normal distribution (Hu et al. 2016; You

et al. 2017), as large amounts of data following a

normal distribution can indicate that the data are close

Table 1 Soil enzymes assayed for potential activity

Enzyme EC Abbreviation EU Main function

Catalase 1.11.1.6 CAT ll (KMnO4)/g h Catalyses the decomposition of hydrogen peroxide

Phenol oxidase 1.10.3.2 POX lg (pyrogallol)/

g 2 h

Plays important roles in transforming SOM

Invertase 3.2.1.26 INV lg (glucose)/g 24 h Hydrolyses sucrose to produce glucose and fructose

Acid (alkaline)

phosphatase

3.1.3.1 AP lg (phenol)/g2 h Participates in the hydrolysis of phosphate

monoesters

Urease 3.5.1.5 URE lg (NH3–N)/g�24 h Closely related to nitrogen transformation

Protease 3.4.2.21 PRO lg (NH3–N)/g�24 h

EC enzyme commission classification, EU enzyme unit
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to reality and have good representativeness. The

occurrence of publication bias can also be reduced

by using a large amount of data (Lebauer and Treseder

2008). The results of normal distribution tests and the

large amount of data indicated a lack of publication

bias in the present study (Fig. S2).

Statistical analysis

The data were ln-transformed prior to analysis to meet

the requirement for a normal distribution. Univariate

linear and non-linear (quadratic and cubic) regression

analyses were performed to relate soil EAs to varia-

tions in SOM concentration, soil pH, soil depth, MAT,

MAP, and elevation. Dunnett’s T3 test was used when

one-way analysis of variance (ANOVA) showed that

the treatment effects (forest type and soil order) on soil

EAs were significant. Principal component analysis

(PCA) was employed to reduce the six variables

(SOM, pH, soil depth, MAT, MAP, and elevation) to

two factors (F1 and F2). All data-processing steps

were performed using OriginPro 8.5 (OriginLab Cor-

poration, Northampton, MA, USA), Excel 2013 (Mi-

crosoft, Redmond, WA, USA), and SPSS Statistics for

Windows version 20.0 (IBM Corp., Armonk, NY,

USA).

Results

Relationships between EAs and forest types

Significant differences in CAT (ANOVA, F = 8.93,

df = 5, P\ 0.01), POX (ANOVA, F = 5.17, df = 5,

P\ 0.01), AP (ANOVA, F = 5.18, df = 5,

P\ 0.01), and PRO (ANOVA, F = 9.74, df = 5,

P\ 0.01) activities were observed among the exam-

ined forest types (Fig. 2). The highest EAs were

generally observed in mixed forests. CAT activity was

Fig. 1 Map of the study site

locations. The map was

generated with ArcGIS�

version 10.2 (ESRI,

Redlands, CA, USA, http://

desktop.arcgis.com/en/

arcmap). ECF evergreen

coniferous forest, EBF

evergreen broad-leaved for-

est, DCF Deciduous conif-

erous forest, DBF deciduous

broad-leaved forest, MF

mixed forest, S shrublands

Table 2 Predictor variables included in the analyses

Factor Levels

Forest type Evergreen coniferous forest,

evergreen broad-leaved forest,

deciduous coniferous forest,

deciduous broad-leaved forest,

mixed forest, shrublands

Soil order Argosols, cambisols, ferrosols,

primosols

Soil organic matter Continuous (0.79–950.67 g/kg)

Soil pH Continuous (3.7–9.3)

Soil depth Continuous (1–50 cm)

Mean annual temperature Continuous (- 5.0 to 23.0 �C)

Mean annual precipitation Continuous (145–2900 mm)

Elevation Continuous (10–4100 m)
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higher in mixed forest than in evergreen coniferous

forest (Fig. 2 and Table S1, Dunnett’s T3 test,

P\ 0.05, 29.6%), and POX activity was higher in

deciduous broad-leaved forest than in evergreen

broad-leaved forest (Fig. 2 and Table S1, Dunnett’s

T3 test, P\ 0.05, 14.9%). Compared to evergreen

broad-leaved forest, deciduous coniferous forest

exhibited higher AP activity (Fig. 2 and Table S1,

Dunnett’s T3 test, P\ 0.05, 24.3%). PRO activity

was lower in deciduous broad-leaved forest and

shrublands than in the other forest types (Fig. 2 and

Table S1, Dunnett’s T3 test, P\ 0.05, 23.5%).

Relationships between EAs and edaphic factors

We found significant differences among soil orders with

regard to the activities of CAT (ANOVA, F = 15.05,

df = 3, P\ 0.01), INV (ANOVA, F = 4.25, df = 3,

P\ 0.01), URE (ANOVA, F = 5.53, df = 3,

P\ 0.01), and PRO (ANOVA, F = 9.84, df = 3,

P\ 0.01) (Fig. 3). In general, CAT activity was higher

in primosols, cambisols, and argosols than in ferrosols

(Dunnett’s T3 test, allP\ 0.05, effect size: 17.5, 13.32,

and 31.9%, respectively), as was URE activity (Dun-

nett’s T3 test, all P\ 0.05, effect size: 11.0, 10.8, and

14.3%, respectively) (Fig. 3 and Table S1). CAT

activity was higher in primosols than in argosols

(Fig. 3 and Table S1, Dunnett’s T3 test, P\ 0.05,

12.3%), whereas PRO activity was higher in argosols

than in primosols (Fig. 3 and Table S1, Dunnett’s T3

test, P\ 0.05, 26.8%). Conversely, AP activity did not

differ significantly across the different soil orders

examined in this study (Fig. 3 and Table S1, ANOVA,

F = 1.74, df = 3, P[ 0.05).

Regarding the spatial distribution of EAs in the soil

profile, soil EAs generally decreased with increasing

soil depth (Fig. 4, linear regression, CAT versus soil

depth: n = 398, R2
adj = 0.04, F = 14.88, P\ 0.001;

INV versus soil depth: n = 179, R2
adj = 0.10, F =

34.46, P\ 0.001; URE versus soil depth: n = 398,

R2
adj = 0.04, F = 19.82, P\ 0.001; cubic regression,

POX versus soil depth: n = 398, R2
adj = 0.14,

F = 9.52, P\ 0.001; AP versus soil depth:

n = 325, R2
adj = 0.15, F = 39.33, P\ 0.001), with

the exception of PRO activity, which did not vary

significantly with soil depth. PRO activity was neg-

atively correlated with soil pH (Fig. 4, linear regres-

sion, n = 133, R2
adj = 0.24, F = 42.24, P\ 0.001);

in contrast, CAT and POX activities were positively

correlated with soil pH (Fig. 4, linear regression, CAT

versus soil pH: n = 285, R2
adj = 0.09, F = 26.54,

P\ 0.001; POX versus soil pH: n = 171,

R2
adj = 0.02, F = 4.66, P\ 0.05). AP activity first

increased and then decreased with rising soil pH

(Fig. 4, quadratic regression, n = 283, R2
adj = 0.04,

F = 6.95, P\ 0.01), whereas URE activity showed

the opposite response (Fig. 4, quadratic regression,

Fig. 2 Values of ln(EA g-1

soil) for different forest

types. The bars indicate

standard errors. Different

letters indicate significant

differences between

different forest types, as

derived using Dunnett’s T3

test. ECF evergreen

coniferous forest, EBF

evergreen broad-leaved

forest, DCF deciduous

coniferous forest, DBF

deciduous broad-leaved

forest, MF mixed forest,

S shrublands. The enzyme

abbreviations are provided

in Table 1
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n = 346, R2
adj = 0.09, F = 16.83, P\ 0.001). CAT,

POX, URE, and PRO activities were all positively

correlated with SOM (Fig. 4, linear regression, CAT

versus SOM: n = 232, R2
adj = 0.03, F = 8.70,

P\ 0.001; POX versus SOM: n = 124, R2
adj = 0.12,

F = 18.29, P\ 0.001; URE versu. SOM: n = 272,

R2
adj = 0.09, F = 26.44, P\ 0.001; PRO versus

SOM: n = 108, R2
adj = 0.09, F = 12.04, P\ 0.01).

Relationships between EAs and MAT, MAP,

and elevation

POX and URE activities were negatively correlated

with MAT (Fig. 5, linear regression, POX versus

MAT: n = 162, R2
adj = 0.09, F = 16.08, P\ 0.001;

URE versus MAT: n = 456, R2
adj = 0.07, F = 34.58,

P\ 0.001). However, CAT, INV, and PRO activities

first decreased, increased, and then decreased again

with rising MAT (Fig. 5, cubic regression, CAT

versus MAT: n = 369, R2
adj = 0.13, F = 19.83,

P\ 0.001; INV versus MAT: n = 296, R2
adj = 0.08,

F = 9.72, P\ 0.001; PRO versus MAT: n = 159,

R2
adj = 0.27, F = 20.68, P\ 0.001). Although PRO

activity was slightly positively correlated with MAP

(Fig. 5, linear regression, n = 152, R2
adj = 0.03,

F = 5.79, P\ 0.05), CAT, POX, and URE activities

were all negatively related to MAP (Fig. 5, linear

regression, CAT versus MAP: n = 378, R2
adj = 0.01,

F = 5.41, P\ 0.05; POX versus MAP: n = 179,

R2
adj = 0.19, F = 42.28, P\ 0.001; URE versus

MAP: n = 446, R2
adj = 0.03, F = 13.46, P\ 0.05).

CAT, INV, AP, URE, and PRO activities were all first

enhanced and then reduced with increasing elevation

(Fig. 5, quadratic regression, CAT versus elevation:

n = 398, R2
adj = 0.25, F = 66.47, P\ 0.001; INV

versus elevation: n = 322, R2
adj = 0.05, F = 8.63,

P\ 0.001; AP versus elevation: n = 371,

R2
adj = 0.06, F = 13.49, P\ 0.001; URE versus ele-

vation: n = 465, R2
adj = 0.15, F = 42.63, P\ 0.001;

PRO versus elevation: n = 169, R2
adj = 0.03,

F = 3.82, P\ 0.05).

Principal component analysis

PCA of the data reduced the six evaluated environ-

mental variables (elevation, MAT, MAP, soil depth,

SOM, and soil pH) to two principal components (F1

and F2), for which the cumulative contribution to the

observed variance reached 67.4% (Table 3). The first

principal component (F1) generally reflected climate

conditions, including MAT, MAP, elevation, and soil

pH (variance contribution percentage of 45.2%); the

second principal component (F2) reflected soil condi-

tions, including soil depth and SOM (variance contri-

bution percentage of 22.4%) (Table 3).

Fig. 3 Values of ln(EA g-1

soil) for different soil orders.

The bars indicate standard

errors. Different letters

indicate significant

differences between

different soil orders derived

from Dunnett’s T3 test. POX

activity was not included

due to insufficient data. The

enzyme abbreviations are

provided in Table 1
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Fig. 4 Relationships of soil enzyme activities with soil depth,

soil pH, and soil organic matter. The lines indicate enzymes with

statistically significant relationships (P\ 0.05, Confidence

interval 95%). The solid lines, dashed lines, and dotted lines

represent linear, quadratic, and cubic regression fits,

respectively
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Fig. 5 Relationships of soil enzyme activities with MAT,

MAP, and elevation. The lines indicate enzymes with statisti-

cally significant relationships (P\ 0.05, Confidence interval

95%). The solid lines, dashed lines and dotted lines represent

linear, quadratic and cubic regression fits, respectively
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Correlation analyses of F1/F2 and EAs revealed

higher correlation coefficients for CAT, POX, INV,

AP, and URE activities with F1 than with F2. These

results indicate that MAT, MAP, elevation, and soil

pH had a greater combined effect on CAT, POX, INV,

AP, and URE activities than did soil depth and SOM

(Table 4).

Discussion

Forest type

Forest type is an important factor that influences

variations in soil EAs as well as in C, N, and P cycling

and stocks (Butterbach-Bahl and Gundersen 2011;

Zhang et al. 2016). Our results showed 29.6% higher

catalase activity in mixed forest than in pure forest

(Fig. 2), a result that was consistent with the findings

of several previous studies showing that mixed forests

have higher soil fertility and EA than pure forests

(Cun-Wang et al. 2007; Hou and Ma 2007; Dong

2014). Compared with pure forests, the soil of mixed

forests exhibits higher total N, available N, total P,

available K, and organic matter contents. Moreover,

mixed forests also have a 95.9% higher total abun-

dance of soil microorganisms and 104.5% higher

bacterial numbers than pure forests (Fu et al. 2009; Yu

et al. 2015).

We also found that phenol oxidase activity was

14.9% higher in deciduous broad-leaved forests than

in evergreen broad-leaved forests (Fig. 2). Compared

with evergreens, deciduous trees have shorter leaf

lifespans, lower leaf masses per area, and higher lignin

and cellulose contents (Ishida et al. 2006). Therefore,

microorganisms in deciduous forests allocate more

resources to ligninolytic enzyme production and

improve soil fertility to meet the demands of plant

and microbe growth (Sardans and Peñuelas 2013).

These factors may contribute to the high phenol

oxidase activity observed in deciduous broad-leaved

forests.

Compared with coniferous forests, evergreen

forests exhibit higher total P and available P concen-

trations (Burton et al. 2007; Huang et al. 2011), which

can increase AP activities. This difference might

explain the 24.3% higher AP activity observed in

deciduous coniferous forest than in evergreen forest in

this study (Fig. 2). We also found that protease

activity was 23.5% lower in shrublands than in forest

(Fig. 2), a difference that is likely due to the higher

abundance of N-containing substrates (simple amino

acids, chitin, chlorophyll, and nucleic acids) in forests

compared with shrublands (Rineau et al. 2015).

Differences in EAs among different forest types

ranged from 14.9 to 29.6%, and these significant

differences indicate that forest type has a close

association with soil EA.

Table 3 Rotating component matrix and characteristic root of PCA of 6 environmental variables

MAT MAP Elevation Soil pH Soil depth SOM CR VCA % CVCA %

F1 2 0.88 2 0.80 0.72 0.63 - 0.18 0.58 2.71 45.2 45.2

F2 0.04 0.41 0.37 - 0.58 2 0.54 0.65 1.34 22.4 67.5

Bold values indicate the variable with the larger loading on F1/F2. Factor analysis resulted in two common factors with a general

variance of 67.4%. Each factor had a strong loading on the corresponding items

CR characteristic root, VCA variance contribution rate, CVCA cumulative variance contribution rate

Table 4 Pearson correlations of ln(EA g-1 soil) and F1/F2

EA CAT POX INV AP URE PRO

R N R N R N R N R N R N

F1 0.36** 170 0.40** 107 0.25** 157 0.30** 177 0.25** 224 - 0.08 81

F2 0.26** 170 - 0.28** 107 - 0.10 157 0.25** 177 0.20** 224 0.16 81

R Pearson correlation coefficient. EA enzyme activity. The enzyme abbreviations are provided in Table 1

*And **indicate significance at the 0.05 and 0.01 levels, respectively
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Edaphic conditions

We found that catalase and urease activities were

overall higher in argosols, cambisols, and primosols

than in ferrosols (Fig. 3). Such variations in EA with

soil order are associated to some degree with the

geology of the parent material, the SOM concentra-

tion, and the soil pH (Acosta-Martı́nez et al. 2007). For

example, the availability of soil nutrients is consis-

tently lower in ferrosols than in other soil orders due to

the thick soil solum and the large amount of litter

input. Argosols also showed 26.8% higher protease

activity than primosols (Fig. 3), most likely because of

the more advanced weathering stage of argosols,

resulting in finer textures and a higher SOM content. In

addition to geology and soil texture, differences in

organic C content also contribute to variations in EA

across different soil orders (Acosta-Martı́nez et al.

2007; Cruz-Rodrı́guez 2009).

Our results revealed a decreasing trend in EA with

increasing soil depth (Fig. 4), consistent with previous

studies (Hong et al. 2013; Chen et al. 2014; Stone et al.

2014). SOM strongly affects soil fertility and the

physical, chemical, and biological properties of soil.

Furthermore, increased litter production and rapid

SOM decomposition correspond to an increase in

microbial biomass and activity (Vaheri and Timpl

2006). In the present study, catalase, phenol oxidase,

urease, and protease activities were positively corre-

lated with SOM (Fig. 4), which was consistent with

previous studies demonstrating that EA increases with

rising levels of organic residues (Graham and Haynes

2005; Cui et al. 2011; Jin et al. 2011). Therefore, the

distribution of SOM and microbial activity might

explain changes in EA in the soil profile. For example,

Guan et al. (2013) found that the activities of five non-

ligninolytic enzymes (a-1,4-glucosidase, b-1,4-glu-

cosidase, N-acetyl-b-glucosaminidase, b-D-cel-

lobiosidase, and b-xylosidase) decreased with

increasing soil depth, though the activities of two

ligninolytic enzymes (peroxidase and phenol oxidase)

did not follow this trend. In accordance with these

findings, our results showed very little variation in

phenol oxidase activity with soil depth (Fig. 4), which

might reflect the higher lignin concentrations in deeper

soil layers (Thomas et al. 2013). Soil pH affects SOM

decomposition, mineral dissolution, colloid aggrega-

tion and dispersion, and microbial activity intensity

and directly affects the biochemical reaction rates of

soil enzymes (Guan 1986; Tabatabai 1994). Enzymes

act on a narrow range of substrates, and their optimal

pH is largely defined by their reaction mechanisms

(Sinsabaugh 2010). Soil pH is often assumed to affect

soil EAs by altering the ionic form of enzyme active

sites, thereby impacting substrate affinity (Shuler and

Kargı 1992). In the present study, protease activity

decreased significantly as soil pH increased (Fig. 4),

consistent with the results of a previous study (Chen

et al. 2014). We also found that catalase and phenol

oxidase activities were higher with increasing soil pH

(Fig. 4), which was in agreement with other reports

(Sinsabaugh et al. 2008; Błońska 2010; Yang et al.

2013).

Geographic and climatic factors

Our analysis showed that both MAT and MAP

affected the distribution patterns of soil EAs, though

the temperature sensitivities of the different soil

enzymes did vary. Regression analysis indicated that

EA generally decreased with increasing MAT (Fig. 5).

A specific range of high temperatures accelerates soil

biochemical processes related to C and N cycling and

suppresses soil biochemical processes related to P.

Within a wider range of high MATs, biochemical

processes associated with C might also be suppressed

(Xiong et al. 2004), and higher MAT might affect EAs

in a similar manner. Nonetheless, we also observed

higher activities of certain enzymes (catalase, inver-

tase, and protease) with increasing MAT within the

range of 2.5–17.5 �C (Fig. 5). Because most soil

enzymes are bioactive proteins, these increases may

have been caused by higher catalytic activity with

increasing environmental temperature of certain mag-

nitudes. We found that catalase, phenol oxidase, and

urease activities decreased with increasing MAP

(Fig. 5), yet most controlled experiments have

revealed that precipitation has little effect on soil

EAs (McDaniel et al. 2013; Steinweg et al. 2013;

Khalili et al. 2016). We believe that heavy rain may

decrease EAs due to the leaching of soluble nutrients

(Mackowiak 2014), whereas a small amount of

precipitation may stimulate hydrolytic activity

(Nadeau 2006; Ladwig et al. 2015).

Temperature and associated climatic factors change

in a predictable manner with increasing elevation;

because they are correlated with these abiotic factors,

ecosystem properties and processes can also be
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influenced by elevation (Vincent et al. 2014). The

present study revealed that the activities of all

enzymes, except for phenol oxidase, first increased

(\ 2000 m.a.s.l.) and then decreased

(2000–4100 m.a.s.l.) with increasing elevation

(Fig. 5). N availability decreases with increasing

elevation, even though the microbial biomass and

concentration of phospholipid-derived fatty acids

(PLFAs) from fungi and bacteria rise with increasing

elevation (Nottingham et al. 2015; Xu et al. 2015; He

et al. 2016). Such patterns are due to the greater

metabolic effort of microbes at higher elevations than

at lower elevations to obtain N during litter lignin

degradation or humification, which likely results in

higher urease and protease activities with increasing

elevation (\ 2000 m.a.s.l.) (Fig. 5). However, as

elevation increases, the likelihood of extreme weather

and the duration and depth of snow cover also

increase, and these changes likely reduce the micro-

bial litter decomposition rate and enhance nutrient

limitations for microbes (Margalef et al. 2017). Due to

these biophysical constraints, microorganisms may be

starved of nutrients and therefore allocate fewer

resources to enzyme production. This possibility is

in line with our finding that EAs decrease with

increasing elevation within the range of

2000–4100 m.a.s.l (Fig. 5). In the present study,

R-square for some regressions was relatively low,

albeit statistically significant. This might be because

the variations in some soil EAs can be better explained

by multiple factors or by other factors not analysed in

this study.

Main factors influencing soil EAs

The combined effects of certain environmental factors

may have a large impact on soil EAs. PCA demon-

strated climate conditions and soil pH to be correlated

with the activity of most of the enzymes assessed, i.e.

catalase, phenol oxidase, invertase acid (alkaline)

phosphatase, and urease (Table 4). Climate can

greatly determine soil EA due to the sensitivity of

soil biological processes to factors such as temperature

and precipitation, and areas with harsh climatic

conditions exhibit lower litter input, lower decompos-

ability, and reduced numbers of microbes and EAs

(Sardans et al. 2006). Previous studies of various types

of biomes have reported increased plant biomass and

microbial activity at higher temperatures or decreased

EA with warming trends, which is consistent with our

results. Precipitation largely determines the water

availability of soil, and our analyses showed that the

activities of some enzymes (catalase, phenol oxidase,

and urease) decreased with increasing MAP, consis-

tent with previous studies reporting that water-satu-

rated and flooded areas (swamps and flooded forests)

have lower EAs than dryer areas (Rivas et al. 2007).

However, a lack of water can also result in extremely

low levels of microbial biomass and EA (Sardans et al.

2006). Soil pH has strong effects on the structure and

diversity of soil bacterial communities, and a suit-

able pH can benefit microbial growth. Indeed, a

number of studies have identified soil pH as a primary

variable affecting soil microbial function and/or

structure (Hackl et al. 2005; Högberg et al. 2007;

Schneider et al. 2012). Our results suggest that climate

conditions and soil pH are the primary factors

affecting soil EA.

Conclusions

Our findings demonstrate that catalase, phenol oxi-

dase, acid (alkaline) phosphatase, and protease activ-

ities differ significantly among different types of

forests. Catalase and urease activities were generally

higher in primosols, cambisols, and argosols than in

ferrosols, and most EAs decreased with soil depth and

increased with SOM. Phenol oxidase and urease

activities were negatively correlated with mean annual

temperature (MAT); in contrast, catalase, invertase,

and protease activities first decreased (\ 2.5 �C),

increased (2.5–17.5 �C), and then decreased

([ 17.5 �C) with increasing MAT. Although protease

activity was slightly positively correlated with MAP,

activities of catalase, phenol oxidase, and urease were

all negatively related to MAP. Catalase, invertase,

acid (alkaline) phosphatase, urease, and protease

activities first increased (\ 2000 m.a.s.l.) and then

decreased (2000–4100 m.a.s.l.) with increasing ele-

vation. PCA revealed most EAs to be affected by

climate conditions and soil pH. These findings suggest

that climatic and edaphic variables directly and

indirectly correlate with forest type and greatly impact

soil EA.

This study is the first to comprehensively analyse

soil EA patterns in China’s forest ecosystems.

Although this study identified some soil geochemical
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conditions that are empirically associated with soil

EA, the complexity and importance of this issue merit

a further combination of experiments using global

natural soils. These findings may contribute to our

understanding of how plant–microbe interactions are

associated with ecosystem processes and the mecha-

nism of the coupling of C, N, and P cycles.
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