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Abstract Agroforestry practice is believed to be an

effective means of maintaining and improving soil

fertility, and is widely used by farmers around the

world. To gain better understanding of the effects of

agroforestry practice on soil fertility, the organic

carbon content, total nitrogen content, microbial

biomass, basal respiration, and activity of soil

enzymes at three soil depths (0–10, 10–20, and

20–30 cm) of Ginkgo (Ginkgo biloba L.)–tea (Camel-

lia sinensis (L.) O. Kuntze) agroforestry systems were

investigated. Study plots were established in Yushan

Farm in Changshu, Jiangsu Province, China. These

involved two densities of Ginkgo trees mixed with tea

(G1 and G2) and monoculture tea systems (G0). The

results showed that C, N, microbial biomass, and

enzyme activity were higher in surface soil than in soil

from the middle and lower layers whereas pH and

metabolic quotient increased with soil depth. pH,

microbial biomass C, N, basal respiration, and catalase

and invertase activity in the 0–10 cm layer were

significantly lower for G0 than for G1 and G2.

Polyphenoloxidase activity in the 0–10 cm layer was

significantly lower for G2 than for G0 and G1.

Metabolic quotient in the 20–30 cm layer was signif-

icantly higher for G0 than for G2. The activity of soil

enzymes, including catalase, dehydrogenase, urease,

protease, and invertase, significantly and positively

correlated with soil organic carbon and total nitrogen.

The results of this study suggest that growing tea with

Ginkgo could be regarded as good agroforestry

practice which could enhance accumulation of organic

matter in soil, improve the activity of soil enzymes,

and maintain soil productivity and sustainability.
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Introduction

Use of agroforestry to enhance and maintain long-term

soil productivity and sustainability has been well

documented. In agroforestry systems, incorporation of

trees into farmland can enhance soil chemical and

biological properties by adding significant amounts of

above and below-ground organic matter and releasing

and recycling nutrients (Jose 2009). It is generally

agreed that agroforestry systems are more suitable

than monoculture for maintenance of soil fertility

(Wang and Cao 2011). In southern Jiangsu Province,

there is widespread interest in developing Ginkgo

(Ginkgo biloba L.)–tea (Camellia sinensis (L.) O.

Kuntze) agroforestry systems which are less depen-

dent on external inputs, especially fertilizers, to reduce

effects on the environment and to improve soils.
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Agroforestry practices are believed to improve soil

fertility. It can be speculated that the benefit is also

associated with soil microbial properties and enzyme

activity. The combination of soil microbial biomass

and enzyme activity measurements have been widely

used over the last 10 years to study microbiological

responses to agriculture management (Wick et al.

2000; Clegg 2006; Udawatta et al. 2009). Differences

in litter quality between trees and intercropped

vegetation can lead to different enzyme activity and

microbial functional diversity compared with rows of

trees (Nancy and Peter 2005). Studies show that soil

microbial biomass and enzyme activity are greater in

agroforestry systems because of different in litter

quality and quantity, and root exudates (Myers et al.

2001; Mungai et al. 2005; Udawatta et al. 2009).

Previous research suggests that relationships between

organic matter, microbial activity, and microbial

biomass are good indicators of soil quality (Anderson

and Domsch 1990). Although there have been exten-

sive studies on soil microorganisms and soil enzymes

(Lizarazo et al. 2005; Mungai et al. 2005; Udawatta

et al. 2009; Balota and Chaves 2010; Tian et al. 2010),

little has been reported of the effects on these of

Ginkgo–tea agroforestry.

Tea is an important economic crop widely planted

on acid red soils in the tropical and subtropical

regions of China (Xue et al. 2006). In agriculture,

tea is managed as a shrub; the leaves are harvested

annually, to make tea, and the top twigs and stems

are pruned annually to stimulate growth of new

shoots. Tea is an evergreen crop and tolerates partial

shade, and intercropping with tall trees can improve

the quantity and quality of the tea (Costa and

Surenthran 2005). Gingko is a traditional deciduous

economic tree species in China, usually cultivated in

agroforestry systems. The practice of Ginkgo agro-

forestry has been adopted to improve economic

benefits during the initial stages of establishment

(Wang and Cao 2011).

Understanding and maintaining soil fertility have

become increasingly important issues for researchers,

with the objective of resource management (Paudel

et al. 2011). The purpose of this research was to

compare the effects on soil organic carbon, total

nitrogen, microbial biomass, basal respiration, and

enzyme activity of Ginkgo–tea agroforestry and tea

monoculture.

Materials and methods

Study site and soil sampling

The study was conducted in Sanfeng Farm (31� 400 N,

120� 420 E), located at the foot of the Yu Mountain in

Changshu, Jiangsu Province, China. The area was

characterized by a subtropical wet monsoon climate

with mean annual temperatures of 15 �C and mean

annual rainfall of approximately 1,500 mm, most of

the rain falling between April and August.

In 1990 we established three systems for this study:

(1) pure tea plantation in rows of hedges 1.5 m wide

and 1 m high (G0); (2) tea intercropped with grafted

Ginkgo seedlings at a spacing of 10 m 9 10 m (G1);

and (3) tea intercropped with grafted Ginkgo seedlings

at a spacing of 6 m 9 6 m (G2). No inorganic nutrient

amendments were applied, but herbicide and glyphos-

ate were occasionally used to control vegetation

competition.

The experimental plots (3 9 3) were completely

randomized in the field with three spatially separated

replicates of each treatment. In May 2011, soil samples

from 0–10, 10–20, and 20–30 cm depths were collected

with a soil auger from 12 randomly selected locations

within each plot, and one composite sample from each

soil depth was taken for analysis. One half of each soil

sample was air-dried, ground, and passed through a

2 mm mesh sieve for chemical analysis; the other half

was maintained field moist and stored at 4 �C for

analysis of soil enzyme and microbiological properties.

Soil analysis

Soil pH was determined for a soil-to-water ratio of 1:2.5

by use of a combination glass electrode (Xue et al.

2006). Soil organic C was measured by oxidation with

potassium dichromate. Total nitrogen was extracted

with perchloric–concentrated sulfuric acid and deter-

mined by Kjeldahl digestion (Wang and Cao 2011).

Soil microbial biomass C and total N were deter-

mined by the chloroform fumigation extraction

method with an extraction coefficient of 0.45 and

0.54 for biomass C and total N, respectively (Brookes

et al. 1985; Vance et al. 1987). The K2SO4-extracted C

of both fumigated and unfumigated samples was

analyzed by use of a total organic C analyzer

(Elementar Liqui TOC, Germany). Basal respiration
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was determined by measuring CO2 evolution. Field-

moist soil (20 g; oven-dry basis) was incubated in

250 ml airtight glass vessels at 25 �C for 1 day. Vials

containing 10 ml 0.1 M NaOH were placed inside the

flasks and the CO2 evolved was determined by

titration of carbonates with 0.1 M HCl (Hernández

et al. 1997; Xue et al. 2006). Microbial quotient was

defined as the ratio of microbial biomass C to soil

organic C (Xue et al. 2006). The metabolic quotient

was defined as the ratio of basal respiration to

microbial biomass, i.e., the amount of CO2–C pro-

duced per unit of microbial biomass carbon.

Catalase activity was measured by incubating 5 g

soil with 5 ml 0.3 % H2O2 for 30 min at 30 �C. The

suspension was titrated with 0.1 mol L-1 KMnO4

solution. Activity was expressed as 0.1 mol L-1

KMnO4 ml g-1 soil 30 min-1 (Zhou et al. 2011).

Polyphenoloxidase activity was determined as described

by Peruccia et al. (2000), and expressed as purpurogallin

mg g-1 soil 2 h-1. Dehydrogenase enzyme activity was

determined as described by Udawatta et al. (2008). Moist

soil samples (6 g) were used in this analysis with two

replicates. Soil was incubated with 2,3,5-triphenyltet-

razolium chloride at 37 �C for 24 h. After incubation, a

previously created regression equation was used to

determine the concentration of the triphenylformazan

(TPF) product colorimetrically (485 nm) and enzyme

activity was expressed in mg TPF released g-1 dry soil

h-1. Urease activity was determined as described by

Xue et al. (2006); the product, NH4
?, was measured

colorimetrically by use of the indophenol blue method

(Keeney and Nelson 1982). Sucrase activity was deter-

mined with sucrose as substrate; reducing sugars were

analyzed as described by Schinner and von Mersi (1990).

Protease activity was assayed as described by Hamm

and Feger (1996) with calibration by use of tyrosine

standards.

Statistical analysis

Results obtained from measurement of soil properties

at different soil depths and for different agricultural

systems were analyzed by one-way ANOVA. Least

significant difference tests (Duncan’s LSD) were used

for pair-wise comparison of treatment means. Differ-

ences were declared significant at the 5 % level of

significance (P \ 0.05). Pearson correlation analysis

was used to determine the significance of relationships

between soil organic C, total N, and soil enzyme

activity. Statistical analysis was performed by use of

SPSS 16.0 software (SPSS Institute 2008).

Results

Soil chemical properties

Soil samples from the three agricultural systems had

different chemical properties. As shown in Table 1,

Table 1 Soil pH, organic C, and total N measured at three soil

depths for monoculture tea (G0), Gingko–tea agroforestry with

low Gingko density (10 m 9 10 m; G1), and Gingko–tea

agroforestry with high Gingko density (6 m 9 6 m; G2) in

Changshu, Jiangsu Province, China

Indicator Soil depth (cm) Planting system

G0 G1 G2

pH 0–10 5.21 ± 0.02b 5.86 ± 0.03a 5.86 ± 0.08a

10–20 5.97 ± 0.01 6.12 ± 0.08 6.18 ± 0.19

20–30 6.02 ± 0.10 6.37 ± 0.14 6.36 ± 0.32

Organic C (g kg-1) 0–10 16.36 ± 0.50b 16.83 ± 0.39b 17.92 ± 0.53a

10–20 10.17 ± 0.57b 11.27 ± 0.31a 11.75 ± 0.58a

20–30 5.71 ± 0.51b 6.78 ± 0.64a 7.03 ± 0.11a

Total N (g kg-1) 0–10 1.79 ± 0.10 1.84 ± 0.13 1.91 ± 0.09

10–20 1.26 ± 0.07 1.38 ± 0.17 1.42 ± 0.05

20–30 0.85 ± 0.09 0.91 ± 0.07 0.99 ± 0.06

Different lower-case letters in the same row indicate significant differences at the P \ 0.05 level among planting systems at the same

soil depth
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pH in the 0–10 cm layer was significantly lower for G0

than for G1 and G2 (P = 0.0001); pH increased with

soil depths for all three systems. Organic C was

different among the three systems. Organic C in the

0–10 cm layer was significantly higher for G2 than for

G0 and G1 (Table 1, P = 0.018); in the 10–20 and

20–30 cm layers, organic C was significantly lower

for G0 than for G1 and G2 (P = 0.0211). Total N in

each soil layer was not significantly different among

the three systems. The order of the differences for each

soil layer was G2 [ G1 [ G0. Accumulation of

organic C and total N decreased with soil depth

(Table 1).

Microbial biomass C and N and microbial quotient

Soil microbial biomass C (Cmic) was lower in the

monoculture tea system than in G1 and G2, irrespective

of soil layer, and there were significant differences

among the three systems in the 0–10 cm layer

(P = 0.0002). No significant differences were

detected between G1 and G2 in the 10–20 and

20–30 cm layers (Table 2). Microbial biomass N

(Nmic) in the 0–10 cm layer was significantly higher

in G1 and G2 than in G0 (P = 0.0002) whereas in the

10–20 and 20–30 cm layers Nmic in G2 was signif-

icantly higher than in G0 and G1 (P = 0.0021)

(Table 2).

Microbial quotient, i.e. the ratio of microbial

biomass C to soil organic C (Cmic/Corg), was not

significantly different among the three systems in each

layer. Microbial quotient in the 0–10 and 10–20 cm

layers was highest for G1 whereas in the 20–30 cm

layer microbial quotient in G1 was lowest among the

three systems (Table 2). Similar to organic C and total

N, microbial biomass C and N and microbial quotient

decreased with soil depth (Table 2).

Basal respiration and metabolic quotient

Basal respiration (Rmic) for the three agricultural

systems decreased with soil depth (Fig. 1a). Planting

system affected basal respiration significantly

(P = 0.0001). Significant differences were observed

only in the 10–20 cm layer for G1 and G2 (Fig. 1a).

In contrast with basal respiration, metabolic quo-

tient (qCO2) decreased with soil depth. There were no

significant differences in the 0–10 and 10–20 cm

layers among the three systems. In 20–30 cm layer,

however, metabolic quotient for G0 was significantly

higher than that for G2 (P = 0.0197) (Fig. 1b).

Enzyme activity

Activity of the six enzymes decreased with soil depth

(Fig. 2). Catalase activity in the 0–10 cm layer was

significantly higher for G1 and G2 than for G0

(P = 0.0004). In the 10–20 cm layer catalase activity

for G1 was 1.1 and 1.13 times that for G0 and G2,

respectively. There were no significant differences in

Table 2 Microbial biomass C and N and microbial quotient

measured at three soil depths for monoculture tea (G0), Gingko–

tea agroforestry with low Gingko density (10 m 9 10 m; G1),

and Gingko–tea agroforestry with high Gingko density

(6 m 9 6 m; G2) in Changshu, Jiangsu Province, China

Indicator Soil depth (cm) Planting system

G0 G1 G2

Cmic (lg C g-1soil) 0–10 264.2 ± 6.00c 287.5 ± 1.21b 295.8 ± 3.70a

10–20 143.3 ± 7.84b 161.8 ± 7.90a 166.8 ± 0.92a

20–30 66.7 ± 5.70b 75.1 ± 4.45ab 82.6 ± 5.28a

Nmic (lg N g-1soil) 0–10 40.6 ± 2.36b 48.0 ± 2.51a 52.4 ± 2.33a

10–20 27.4 ± 2.07b 30.3 ± 1.31b 36.4 ± 1.83a

20–30 20.6 ± 1.25b 22.2 ± 0.82b 26.5 ± 1.31a

Cmic/Corg (%) 0–10 1.62 ± 0.08 1.71 ± 0.04 1.65 ± 0.07

10–20 1.41 ± 0.09 1.44 ± 0.07 1.42 ± 0.07

20–30 1.17 ± 0.08 1.12 ± 0.18 1.18 ± 0.08

Different lower-case letters in the same row indicate significant differences at the P \ 0.05 level among planting systems at the same

soil depth
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the 20–30 cm layer (Fig. 2a). Polyphenoloxidase

activity varied significantly among the three systems

in the 0–10 cm layer; the order was G1 [ G0 [ G2. In

the 10–20 and 20–30 cm layers, polyphenoloxidase

activity was highest for G1, and there was no

difference between G0 and G2 (Fig. 2b). In the

0–10 cm layer, dehydrogenase activity was signifi-

cantly higher for G2 than for G0, with no significant

differences between G0 and G1. Dehydrogenase

activity was not significantly different in the 10–20

and 20–30 cm layers among the three systems

(Fig. 2c).

Urease activity varied significantly among the three

systems in the 0–10 and 10–20 cm layers; the order

was G2 [ G1 [ G0. Differences in the 20–30 cm

layers among the three systems were not significant

(Fig. 2d). In the 0–10 cm layers protease activity was

highest for G2, 1.56 and 1.40 times higher than for G0

and G1, respectively. There were no significant

differences in the 10–20 and 20–30 cm layers

(Fig. 2e). Invertase activity in the 0–10 cm layer was

significantly higher for G1 and G2 than in G0

(P = 0.0021). In the 10–20 cm layers invertase

activity was lower for G1 than for G0 and G2. Similar

to protease activity, no significant differences were

observed for invertase activity in the 10–20 and

20–30 cm layers (Fig. 2f).

Correlations between soil properties and soil

enzyme activity

Catalase, dehydrogenase, urease, protease, and invert-

ase activity were significantly correlated with organic

C and total N content. Correlation between polyphe-

noloxidase activity and organic C and total N content

was not significant (Table 3).

Discussion

Chemical properties

Agroforestry systems are known to maintain soil

organic matter and promote nutrient cycling (Wang

and Cao 2011). This study found that soil organic C in

Ginkgo–tea agroforestry systems was significantly

higher than that in a monoculture tea system. Build-up

of soil organic matter and nutrient turnover were

affected by input of Ginkgo litter fall. Soil organic

matter contained basic cations and was the source of

energy for decomposers, which contributed to increas-

ing the supply of nutrients, for example N and K, in

soil (Budiadi et al. 2006). The higher organic carbon

content of the upper layer in agroforestry systems

could because of higher inputs of organic residues

from Ginkgo litter fall.

Long-term root exudates and leaf litter can result in

a decline of pH and accumulation of Al in soil (Nioh

et al. 1993; Pandey and Palni 1996). In this study, soil

pH was significantly higher for Ginkgo–tea agrofor-

estry than for tea monoculture, which suggested that

Ginkgo–tea agroforestry could improve soil pH,

prevent excessive soil acidification, and sustain soil

productivity. This may be because of the alkaline

matter formed during decomposition of Ginkgo litter.
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Fig. 1 Basal respiration (Rmic; a) and metabolic quotient

(qCO2; b) measured at three soil depths for monoculture tea

(G0), Ginkgo–tea agroforestry with low Ginkgo density

(10 m 9 10 m; G1), and Ginkgo–tea agroforestry with high

Ginkgo density (6 m 9 6 m; G2) in Changshu, Jiangsu Prov-

ince, China. Different letters indicate significant differences

among planting systems at the same soil depth (P \ 0.05). Bars
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Microbiological properties

Soil microorganisms, which are important in nutrient

cycling and energy flow, are extremely sensitive to

environmental changes (Berg et al. 1998). The

accumulation of soil organic C enhanced both micro-

bial biomass C and the ratio of microbial biomass C to

soil organic C (Xue et al. 2006). Fernandes et al.

(2005) found that after four consecutive corn crops in a

dark red dystroferric latosol under field conditions in
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Fig. 2 Activity of catalase

(a), polyphenoloxidase (b),

dehydrogenase (c), urease

(d), protease (e), and

invertase (f) in soil samples

from different depths for

monoculture tea (G0),

Ginkgo–tea agroforestry

with low Ginkgo density

(10 m 9 10 m; G1), and

Ginkgo–tea agroforestry

with high Ginkgo density

(6 m 9 6 m; G2) in

Changshu, Jiangsu

Province, China. Different

letters indicate significant

differences among planting

systems for the same soil

depth (P \ 0.05). Bars

represented standard errors

Table 3 Correlation coefficients (r) between catalase, poly-

phenoloxidase, dehydrogenase, urease, protease, and invertase

activity and organic C and total N content, measured at three

soil depths for monoculture tea (G0), Gingko–tea agroforestry

with low Gingko density (10 m 9 10 m; G1), and Gingko–tea

agroforestry system with high Gingko density (6 m 9 6 m;

G2) in Changshu, Jiangsu Province, China

Catalase Polyphenoloxidase Dehydrogenase Urease Protease Invertase

Organic C 0.94b 0.44 0.92b 0.85b 0.76a 0.93b

Total N 0.92b 0.44 0.90b 0.84b 0.74a 0.91b

a Correlation is significant at the 0.05 level (two-tailed)
b Correlation is significant at the 0.01 level (two-tailed). n = 27
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the tropical region in Brazil the C biomass values

ranged from 99 to 809 mg kg-1 soil in the top 10 cm

and from 71 to 577 mg kg-1 in the 10–20 cm layer,

whereas the N biomass values ranged from 11 to

101 mg kg-1 in the 0–10 cm layer and from 8 to

84 mg kg-1 in the 10–20 cm layer. These data

indicate that C and N in the microbial biomass were

concentrated in the first 10 cm of the soil (Fernandes

et al. 2005). Our results provided additional evidence

that soil microbial biomass N decreased gradually

with soil depth. Different soil microorganisms in the

upper layer among different systems could be a result

of a combination of a variety of factors, for example

root biomass and turnover, lignin content of crop

residues, root and litter fall, and the microclimatic

environment of the community (Wang et al. 2005). In

this study, all tea branches were pruned annually; the

branches removed decomposed less readily than

Ginkgo leaves. The rapid decomposition of Ginkgo

litter fall provided more organic matter for survival of

soil microorganisms, eventually resulting in higher

soil microbial biomass C and N in agroforestry

systems than in the monoculture tea system.

Microbial quotient had been used as an indicator of

efficiency of conversion of organic C into microbial C

and losses of soil C during decomposition. It has also

been proposed for use as a soil-quality indicator to

enable comparison of soils with different organic

matter content (Balota et al. 2003). If a soil is being

degraded, the microbial C pools will decline more

rapidly than the organic C, thus microbial quotient will

also decrease (Balota et al. 2003). Microbial quotient

was between 1.12 and 1.71 % in the areas under study.

These percentages were in agreement with the results

obtained by Wardle (1992), and Anderson and Doms-

ch (1990). In this study, microbial quotient was not

significantly different among these systems. The

reasons may be that, on the one hand, faster decom-

position of litter fall and greater return of organic

matter in agroforestry systems resulted in accumula-

tion of inert organic matter. Even total organic C was

significantly higher for G2 than for the others; the

efficiency of conversion of organic C into microbial C

may not be so high. On the other hand, the microbes

present in acid soil metabolize very slowly, resulting

in extraordinarily low capacity for mineralization of

organic C (Xue et al. 2006). Because the three systems

were all acid soils the results would be different from

normal.

Soil basal respiration is widely used as a measure of

microbiological activity and as a sensitive indicator of

microbial activity (Wang et al. 2005; Xue et al. 2006).

In this study, basal respiration was significantly

greater for agroforestry systems than for the mono-

culture tea system. A higher rate of basal respiration

may be because of the existence of a large pool of

labile C substrates (Islam and Weil 2000). Metabolic

quotient is defined as respiration per unit of microbial

biomass, expressed as mg CO2–C h-1 g-1 biomass-C;

low values indicate stable and mature systems,

because energy optimization occurs as the systems

mature (Wang et al. 2005). Our results showed there

were no significant differences among the three

systems in the 0–10 and 10–20 cm layers, but that

metabolic quotient in the 20–30 cm layer was signif-

icantly higher for G0 than for G2. Low soil basal

respiration could result in highly efficient metabolism

and ample available organic C, eventually maintaining

soil fertility and sustainability.

Enzyme activity

Soil enzyme activity is critically important for soil

quality and could be indicative of changes in meta-

bolic capacity and nutrient cycling because of man-

agement practices (Zhou et al. 2011). Enzyme activity

is significantly different in soils supporting different

types of vegetation (Michel and Matzner 2003). This

significant variation of enzyme activity suggests there

is a significant difference in functional microbial

diversity, because these enzymes are involved in

carbon and nitrogen cycling and decomposition of

organic matter (Paudel et al. 2011). Numerous studies

have reported significantly higher activity of these

enzymes in intercropping systems compared with

monocultures (Wang et al. 2005; Wang and Cao 2011;

Zhou et al. 2011). In our study, significantly higher

enzyme activity was observed for Ginkgo–tea agro-

forestry than for tea monoculture. These enzymes are

of crucial importance to biochemical functions in the

overall process of material and energy conversion in

the soil ecosystem. Better understanding of these six

enzymes could lead to more effective ways of

elucidating the action of agroforestry systems in

improving soil fertility.

Among the oxidoreductase enzyme systems, soil

catalase can also be used as a measure of biological

activity. This is possible because soil catalase,
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although acting mainly as an intracellular enzyme,

remains active outside microbial cells because of an

association with soil organic matter and/or sorption on

clay minerals (Perucci et al. 1997). Continuous mono-

culture can be detrimental to soil enzyme activity, for

example, catalase activity decreased significantly in soil

used for a continuous cucumber monoculture (Zhou

et al. 2011). Our study found that catalase activity was

significantly higher in agroforestry systems than in a

monoculture tea system, which confirmed results from

previous studies. Polyphenoloxidase is an important

oxidase in cycling of aromatic compounds and is of

crucial importance in the formation of soil organic

matter (Gu et al. 2009). It was found that polypheno-

loxidase activity for G2 was significantly lower than for

the others; this disagrees with results from studies

showing greater activity for agroforestry systems (Wang

and Cao 2011; Zhou et al. 2011). Zhou (1987) found that

polyphenoloxidase activity was negatively related to

soil humification, however. It could be hypothesized

that humification was highest for the soil in G2.

Dehydrogenase activity is regarded as indicative of the

total range of oxidative activity of soil microflora and,

consequently, may be assumed to be a good indicator of

microbiological activity (Perucci et al. 1997). In our

study, dehydrogenase activity was higher for G2 than for

the monoculture tea system.

Urease catalyzes hydrolysis of urea to CO2 and

NH3, a vital process in the regulation of N supply to

plants after urea fertilization (Balota and Chaves

2010). The results of this study were therefore

consistent with other studies reporting that urease

activity was significantly affected by different soil-

management systems (Klose and Tabatabai 2000;

Longo and de Melo 2005). Understanding of urease

activity dynamics could reveal more effective ways of

managing N fertilizers (Balota and Chaves 2010).

Reductions in urease activity for G0 might negatively

affect tea growth and yield. Protease and urease are

involved in the N cycle (Wang et al. 2005; Xue et al.

2006). Hydrolysis of proteins in the soil mainly

depends on protease; its hydrolysis products are a

source of nitrogen for higher plants (Zhou 1987).

Protease in G2 was significantly higher than in the

other systems, showing that G2 systems might have a

higher N-mineralization activity. Soil invertase cata-

lyzes hydrolysis of sucrose to glucose and fructose,

and is linked with soil microbial biomass (Gu et al.

2009). Invertase activity affects accumulation of soil

organic carbon and its transformation by decomposi-

tion. Invertase activity was enhanced in Ginkgo–tea

agroforestry systems, leading to accumulation of more

organic matter in the soil.

Relationships between soil properties and soil

enzyme activity

In this study, enzyme activity was closely related to

the distribution of soil carbon and nitrogen among the

systems. Organic C and total N content were highly

correlated with catalase, dehydrogenase, urease, pro-

tease, and invertase activity. The greater correlations

between enzyme activity and organic carbon were

consistent with previously published results (Myers

et al. 2001; Kremer and Li 2003; Mungai et al. 2005;

Udawatta et al. 2008). Increased enzyme activity was

because of increased organic matter and litter quality

and quantity and improvement of the physical prop-

erties of the soil. Increased enzyme activity is

proportionally linked to microbial function, leading

to improved nutrient cycling and availability, which

favors root growth, promotes beneficial plant-micro-

bial interactions, and eventually increases the total

carbon pool of soil (Udawatta et al. 2009).

Depth effects

Soil organic C, total N, microbial biomass, and

enzyme activity were greater in the surface soil than

in the sub-surface soil, in agreement with published

results (Shamir and Steinberger 2007; Paudel et al.

2011). These differences were attributed to greater

accumulation of organic matter, and favorable mois-

ture and temperature in the surface soil compared with

sub-surface soil (Paudel et al. 2011). In addition, in

this study, metabolic quotient in the upper layer was

significantly lower than in the middle and lower

layers; this might be because of the relatively high

level of organic C on the soil surface.

Conclusions

In this study, three soil depths (0–10, 10–20, and

20–30 cm) were investigated for two densities of

Ginkgo trees mixed with tea and a monoculture tea

system. The results showed that adoption of a Ginkgo–

tea combination could lead to increased long-term
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sustainability of soil fertility, although the benefits to

some soil properties may not be apparent immediately.

All the soil properties measured decreased gradually

with soil depths, except metabolic quotient. Soil

organic C and total N content, microbial biomass,

and enzyme activity were significantly higher in

Ginkgo–tea agroforestry systems than in the mono-

culture tea system. Soil enzyme (i.e., catalase, dehy-

drogenase, urease, protease, and invertase) activity

was highly correlated with soil organic C and total N.

Higher soil enzyme activity and microbial biomass

were enhanced by agroforestry; this may lead to

increases of other indicators of soil quality, for

example organic matter content, and soil sustainability

and productivity, so that soil and ecosystem function

would be improved.
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