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The effects of long-term fertilizer management on soil enzyme activities and soil microbe population 
under double-cropping paddy fields in southern China was studied. The purpose of this study was to 
explore the changes of soil enzyme activities and soil microbe population as related to mineral fertilizer 
and manure and rice residue based on a long-term field experiment. The experiment was initiated in 
1986 and consisted of five treatments: without fertilizer (CK), mineral fertilizer (MF), rice residue plus 
mineral fertilizer (RF), low manure rate plus mineral fertilizer (LOM), and high manure rate plus mineral 
fertilizer (HOM). The cropping system consisted of barley (Hordeum vulgare L.), early rice (Oryza sativa 
L.) and late rice. In 2013-2014, soil samples were collected from the 0-20 cm layers to determine soil 
enzyme activities and soil microbe abundance during barley growth phases. The results indicated that 
during the barley growing season, the enzyme activities were higher in the HOM, LOM and RF than in 
the CK. The treatments of HOM, LOM and RF also improved the numbers of aerobic bacteria, 
actinomycetes and fungi. During barley growth phases, combined application of manure, crop residue 
and chemical fertilizer improved soil enzyme activities and soil microbe population. 
 
Key words: Alkaline phosphatase, arylamidase, β-glucosidase, Hordeum vulgare L., manure, microbial 
abundance, mineral fertilizer, rice residue.  

 
 
INTRODUCTION 
 
Soil microbes play an important role in the ecosystem 
functioning and are important in maintaining the soil 
fertility, nutrient cycling and organic matter decomposition 
(Pastor et al., 1984), which are dependent on the 
composition of soil microbial communities (Robertson et 
al., 2000; Singh et al., 2010), and relative to microbial 
diversity,   community    structure.    Soil    enzymes   play 

important role in energy transfer and they are very 
important for soil quality and crop growth, which are used 
as indices for soil microbial activity and fertility (Benitez et 
al., 2000; Dick, 1994; Tabatabai, 1994). Soil enzymes 
respond to soil practice changes more quickly than other 
soil factors, therefore it was used as early indicators of 
biological   changes.   The    soil    enzyme    reflects   soil
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Table 1. The fertilizer management information under different fertilizer treatments 
(kg ha). 
 

Treatment 
Barley  Total 

N P K  N P K 

MF 157.5+0
* 

43.2+0 81.0+0  157.5 43.2 81.0 

RF 133.0+24.5 37.8+5.4 48.2+32.8  157.5 43.2 81.0 

LOM 110.2+47.3 21.8+21.4 51.1+29.9  157.5 43.2 81.0 

HOM 63.0+94.5 0.5+42.7 21.2+59.8  157.5 43.2 81.0 

CK 0+0 0+0 0+0  0 0 0 
 

* Input from mineral fertilizer + input from organic fertilizer. CK: without fertilizer, MF: 
mineral fertilizer, RF: crop residue and mineral fertilizer, LOM: low manure rate and 
mineral fertilizer, HOM: high manure rate and mineral fertilizer. 1) For the RF treatment, 
rice straw return rate (air dry) was 3600 kg ha. 2) For the LOM treatment, chicken 
manure (decayed) application rate was 2670 kg ha. 3) For the HOM treatment, chicken 
manure application rate (decomposed) was 5340.0 kg hm

-2
. 4) The N, P, and K content 

of air-dry rice straw was 0.68, 0.15 and 0.91%, respectively, and N, P, and K content of 
chicken manure (decayed) was 1.77, 0.80 and 1.12%, respectively. 

 
 
 

functional diversity, which was affected by environmental 
conditions and ecological factors, such as soil 
microorganisms, plants and animals (Nannipieri et al., 
2004). Soil enzymes include arylamidase, alkaline 
phosphatase, β-glucosidase and arylsulfatase, which 
were important for transformation of C, N, P and S 
(Tabatabai, 1994).  

Recently, some studies have shown that the soil 
enzymes and microbial activities were affected by field 
management, such as soil tillage and crop residue 
management (Ekenler and Tabatabai, 2003; Wu et al., 
2004), application of fertilizer and organic matter 
(Carmine et al., 2004; Tejada et al., 2006; García-Gil et 
al., 2000), crop rotations (Hamido and Kpomblekou, 
2009; Bandick and Dick, 1999), pH, ionic strength and 
natural organic matter (Kyriakopoulos et al., 2006). 
However, the effects of long-term fertilizer management 
on soil enzyme activities and soil microbial abundance 
under double-cropping paddy fields in southern China 
should be studied.  

In recently years, the traditional fertilization practices 
have been changing in China’s major rice production 
regions. However, the studies on the effects of long-term 
fertilizer management on soil enzyme activities and soil 
microbe population under double-cropping paddy fields in 
southern China were less. Therefore, the purpose of this 
study was to explore the changes of soil enzyme activities 
and soil microbe abundance in a double-cropping rice 
system as related to the application of manure, crop 
residue plus mineral fertilizer, and mineral fertilizer based 
on a long-term field experiment. 
 
 
MATERIALS AND METHODS 

 
Sites and cropping system 

 
The experiment was started in October 20, 1986, at Ning Xiang 
County (28°07' N, 112°18' E, and altitude 36 m) of Hunan Province,  

China. Under a continent monsoon climate, the annual mean 
precipitation is 1553 mm and potential evapotranspiration is 1354 
mm. The monthly mean temperature is 17.2°C. Soil texture of the 
plough layer (0–20 cm) is silt clay loam with 13.71 sand and 
57.73% silt. At the beginning of the study, the characteristics of the 
surface soil (0–20 cm) are as follows: soil organic carbon (SOC) 
29.4 g kg-1, total nitrogen 2.0 g N kg-1, available N 144.1 mg kg-1, 
total phosphorous 0.59 g P kg-1, available P 12.87 mg kg-1, total 
potassium 20.6 g K kg-1, and available potassium 33.0 mg kg-1. 
There are three crops in a year, barley (Hordeum vulgare L.), early 
rice (Oryza sativa L.), and late rice. Barley is sown in the middle of 
November and is harvested in early May of the following year. Early 
rice is then transplanted, and harvested in the middle of July. The 
growing season of late rice lasts from late July to the end of 
October. 
 
 
Experimental design  
 
There were five treatments: control (without fertilizer, CK), mineral 
fertilizer (MF), rice residue and mineral fertilizer (RF), low manure 
rate and mineral fertilizer (LOM), and high manure rate and mineral 
fertilizer (HOM). The experiment ensured all fertilized treatments 
received equal N rate (the amount of N in mineral fertilizer plus that 
from rice residue or manure). The fertilizer management information 
are listed in Table 1. Barley is sown in November 15, 2013, and is 
harvested in May 7, 2014. Early rice is transplanted in May 9, and 
harvested in July 24. Late rice was transplanted in July 26, and 
harvested in October 17. Before barley sowing, manure and air–
dried rice residue were incorporated into soil surface. Before barley 
sowing and rice transplanting, the soil were taken tillage, and the 
cultivation depth was about 20 cm. For barley, 70% of mineral N 
fertilizer was applied at seeding, and the 30% of N fertilizer was 
applied at top dressing. The phosphorus and K fertilizers were 
applied at seeding. The seeding rate application was 250.0 kg ha 
with each treatment. There were three replications and each plot 
size was 66.7 m2 (6.67 × 10 m). We referred to the data for the 
individual cropping periods as 2013–2014, after 27 consecutive 
years of position experiment. 
 
 
Soil sampling and measurements  
 

Data were collected from October 2013 to May 2014. In each plot, 
soil  samples  in  the  ploughed layer (0–20 cm) were collected from  
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Figure 1. Dynamics of alkaline phosphatase activity in field during barley growth stages, in response to 
N treatments. MF: mineral fertilizer; RF: rice residues and mineral fertilizer; LOM: low manure rate and 
mineral fertilizer; HOM: high manure rate and mineral fertilizer; CK: without fertilizer. SS: seedling stage; 
TS: tillering stage; JS: jointing stage; HS: heading stage; MS: maturity stage. Error bars represent the 
standard error of mean. Different letters indicate significance at P < 0.05, according to the least 
significant difference test. 

 
 
 
the centre of four hills of barley plants by using a drill at different 
barley growth stages, such as the seedling stage, tillering stage, 
jointing stage, heading stage and maturity stage. Three subsamples 
were collected from each plot.  

The soil samples were passed through a 2-mm sieve and kept 
moist in a refrigerator at 4°C until analysis. Arylamidase (EC 
3.4.11.2) activity was assayed by incubating 1.0 g moist soil with 
3.0 mL of 0.1 M THAM buffer (pH 8.0) and 1.0 mL of an 8.0 mM 
solution of L–leucine β–naphthylamide hydrochloride (Acosta–
Martínez and Tabatabai, 2000). Alkaline phosphatase (EC 3.1.3.1), 
β–glucosidase (EC 3.2.1.21) and arylsulfatase (EC 3.1.6.1) 
activities were determined as described by Tabatabai (1994), and 
the activity was reported as μg p–nitrophenol g-1 h-1. All 
measurements in the laboratory were repeated for three times. 
Meanwhile, colony forming units (CFUs) of soil aerobic bacteria, 
actinomycetes and fungi were enumerated by Wu et al. (2004). 
Colony forming units (CFUs) of soil aerobic bacteria were 
enumerated by a 10-fold dilution plate technique. And the number 
of aerobic bacteria was identified by spreading 100 μl of diluted 
sample on LB agar medium. Three replicates of the inoculated agar 
plates were incubated at 28°C for 3 days for bacteria, after which 
colonies were counted. 
 
 
Statistical analysis 
 

All data were expressed as mean ± standard error. The data of 
different treatments at the same growth stage were analyzed as a 
randomized complete block, using the ANOVA procedure of SAS 
(SAS Institute, 2003). Mean values were compared using the least 
significant difference (LSD) test, and a probability value of 0.05 was 
considered to indicate statistical significance. 

RESULTS 
 
Dynamics of alkaline phosphatase activity during 
barley growth stages 
 
Under different fertilization treatments during the barley 
growth, alkaline phosphatase activity in the MF, RF, LOM 
and HOM soils was higher than that in the control plot 
(Figure 1). In the barley growing season, the order of 
alkaline phosphatase activity was: HOM>LOM>RF> 
MF>CK, and there were significant differences (P <0.05) 
between HOM, LOM, RF, MF and CK. In the barley 
growing season, the alkaline phosphatase activity under 
different N treatments was in the range of 93.07–221.79, 
110.41–240.13, 115.60–246.85, 121.53–256.77 and 
76.92–203.64 μg p-nitrophenol g

-1
 soil h

-1
, respectively. 

The highest activity was detected at the tillering stage 
(TS) (Figure 1). 
 
 
Dynamics of β-glucosidase activity during barley 
growth stages 
 
During barley growing stages, the activity of soil β-
glucosidase was significantly affected by manure, rice 
residue and mineral fertilizer additions. The highest β-
glucosidase  activity  was  observed  with  HOM  and  the  
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Figure 2. Dynamics of β-glucosidase activity in field during barley growth stages, in 
response to N treatments. MF: mineral fertilizer; RF: rice residues and mineral fertilizer; 
LOM: low manure rate and mineral fertilizer; HOM: high manure rate and mineral 
fertilizer; CK: without fertilizer. 
SS: seedling stage; TS: tillering stage; JS: jointing stage; HS: heading stage; MS: 
maturity stage. Error bars represent the standard error of mean. Different letters indicate 
significance at P < 0.05, according to the least significant difference test. 

 
 
 
lowest activity with CK (Figure 2), and the order of β-
glucosidase activities was as follows: HOM>LOM> 
RF>MF>CK. In the barley growing season, there was a 
significant difference (P < 0.05) in β-glucosidase activity 
under the HOM and MF treatment at the seedling stage 
(SS), TS, jointing stage (JS), heading stage (HS) and 
maturity stage (MS). 
 
 
Dynamics of arylsulfatase activity during barley 
growth stages 
 
During barley main growing stages, soil arylsulfatase 
activities with different treatments was in the range of 
26.45–32.56, 29.72–34.30, 30.05–35.68, 31.52–36.97 
and 24.10–31.45 μg p–nitrophenol g

-1
 soil h

-1
, respectively 

(Figure 3). There was no significant difference (P > 0.05) 
in arylsulfatase activities between the MF and CK, but the 
arylsulfatase activities in HOM and LOM was significantly 
(P < 0.05) higher than that in MF, CK at the main growth 
stages of barley. 
 
 
Dynamics of arylamidase activity during barley 
growth stages 
 
The application of the manure, rice straw and mineral 
fertilizers significantly affected soil arylamidase activity 
(Figure 4). At 0–20 cm soil depth, there was no significant 
difference (P > 0.05) in soil arylamidase activity under the 

HOM, LOM and RF, but these activities were significantly 
(P < 0.05) higher than that in CK in all growth stages of 
barley. In the barley growing season, arylamidase activity 
changed in the range of 22.75–35.54, 24.97–37.67, 
25.62–38.95, 26.47–39.88 and 20.42–32.01 μg p-
nitrophenol g

-1
 soil h

-1
, respectively.  

 
 
Enumeration of aerobic bacteria, fungi and 
actinomycetes in soil 
 
During barley growth stage, there were significant 
differences (P < 0.05) in the numbers of aerobic bacteria, 
fungi and actinomycetes between HOM, LOM, RF, MF 
and CK. The order of number of aerobic bacteria was 
RF>MF>HOM=LOM>CK at the barley main growing 
stages (Table 2). Also, the numbers of soil fungi and 
actinomycetes with manure, rice straw and mineral 
fertilizer were significantly higher (P < 0.05) than the 
control at different barley stages. And the number of soil 
actinomycetes and fungi decreased in the order 
HOM>LOM>RF>MF>CK in the barley growing season.  
 
 
DISCUSSION  
 
Soil enzyme activities under different fertilizer N 
management during barley growth 
 
Soil  enzymes responded to management practices more  
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Figure 3. Dynamics of arylsulfatase activity in the field during barley growth stages, in response 
to N treatments. MF: mineral fertilizer; RF: rice residues and mineral fertilizer; LOM: low manure 
rate and mineral fertilizer; HOM: high manure rate and mineral fertilizer; CK: without fertilizer. SS: 
seedling stage; TS: tillering stage; JS: jointing stage; HS: heading stage; MS: maturity stage. 
Error bars represent the standard error of mean. Different letters indicate significance at P < 
0.05, according to the least significant difference test. 

 
 
 

 
 

Figure 4. Dynamics of arylamidase activity in the field during barley growth stages, in response to N 
treatments. MF: mineral fertilizer; RF: rice residues and mineral fertilizer; LOM: low manure rate and 
mineral fertilizer; HOM: high manure rate and mineral fertilizer; CK: without fertilizer. SS: seedling 
stage; TS: tillering stage; JS: jointing stage; HS: heading stage; MS: maturity stage. Error bars 
represent the standard error of mean. Different letters indicate significance at P < 0.05, according to 
the least significant difference test. 

 
 
 
quickly than other soil factors, therefore, it was used as 
early indicator of biological changes. Wu et al. (2014) 
showed that the activity  of  soil  enzymes  was  positively 

correlated with concentrations of soil available 
phosphorus and available nitrogen in continuous cropping 
soil.   At   the   barley   main   growth  stages,  there  were  
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Table 2. Variations of (cfu g-1 dry soil) soil aerobic bacteria, fungi and actinomycetes at different barley growth stages and under 
different fertilization treatments. 
 

Items Treatment 
Barley growth stage 

SS TS JS HS MS 

Aerobic bacterial (×10
4
cfu g

-1
 

dry soil) 

MF 249.03±8.17
b
 59.81±6.16

d
 110.11±7.61

d
 120.46±7.89

d
 103.05±8.18

d
 

RF 282.92±7.19
a
 106.11±4.25

c
 156.41±5.70

c
 166.76±5.98

c
 140.87±6.27

c
 

LOM 159.86±4.61
c
 147.26±3.06

b
 197.56±4.52

b
 206.98±4.81

b
 217.33±4.07

b
 

HOM 156.64±4.52
c
 213.44±1.73

a
 263.74±3.18

a
 273.16±3.48

a
 283.46±2.97

a
 

CK 117.18±3.38
d
 49.59±1.43

d
 99.89±2.88

d
 109.31±3.16

d
 81.49±2.35

e
 

       

Fungi (×10
2
 cfu g

-1
 

dry soil) 

MF 37.71±2.34
c
 44.46±2.54

d
 56.33±3.71

c
 50.49±3.47

d
 47.25±3.37

d
 

RF 61.46±2.23
b
 69.18±2.45

c
 97.03±3.01

b
 93.16±2.97

c
 90.78±2.91

c
 

LOM 77.32±1.77
a
 85.04±1.99

b
 104.05±2.80

b
 102.75±2.69

b
 100.95±2.62

b
 

HOM 81.03±1.09
a
 88.06±1.28

a
 128.48±1.63

a
 120.36±1.46

a
 116.84±1.36

a
 

CK 27.17±0.78
d
 33.71±0.97

e
 38.58±1.11

d
 37.59±1.09

e
 35.86±1.04

e
 

       

Actinomycetes 

(×10
3
 cfu g

-1
  

dry soil) 

MF 105.09±5.54
d
 84.85±4.95

d
 119.33±6.05

c
 90.71±5.80

c
 98.66±5.41

d
 

RF 158.11±4.98
c
 137.87±4.39

c
 139.26±5.78

b
 130.64±5.53

b
 142.17±4.50

c
 

LOM 172.41±4.56
b
 152.17±3.98

b
 200.31±4.02

a
 191.69±3.77

a
 155.79±4.10

b
 

HOM 191.84±3.03
a
 171.60±2.45

a
 209.65±3.44

a
 201.03±2.62

a
 187.30±2.85

a
 

CK 84.06±2.43
e
 63.82±1.84

e
 67.11±1.94

d
 50.49±1.46

d
 58.68±1.69

e
 

 

MF: mineral fertilizer; RF: rice residues and mineral fertilizer; LOM: low manure rate and mineral fertilizer; HOM: high manure rate and mineral 
fertilizer; CK: without fertilizer. SS: seedling stage; TS: tillering stage; JS: jointing stage; HS: heading stage; MS: maturity stage. Values are 
presented as mean ± SE (n = 3). Different lowcase letters indicate significance at P < 0.05, according to the least significant difference test. 

 
 
 

significant differences (P > 0.05) in alkaline phosphatase 
activity between HOM, LOM, RF, MF and CK treatments. 
The results showed that alkaline phosphatase activity 
were affected by application of manure and residue 
management practices. Temporal variations in activity, 
induced by manure and crop residue decomposition, may 
promote the enzymes by the microbial biomass. Increase 
of alkaline phosphatase activity in HOM, LOM, RF and 
MF treatments suggested that there was a stimulus of P-
supplying mechanisms to the microbial community with 
fertilizer or manure, crop-derived inputs (Ritz et al., 
1997). And there were significant differences (P > 0.05) in 
alkaline phosphatase activity under the HOM and MF 
treatments at the main growth stages of barley. And the 
difference in the enzyme activity was in response to 
mineral fertilizer, manure, and straw incorporation or crop 
rotation practices used in this study. 

β-Glucosidase is the enzyme for degradation of organic 
compounds in soil which plays a crucial role in the C 
cycle in soils. β-Glucosidase releases important energy 
sources for microorganisms. Bandick and Dick (1999) 
and Ekenler and Tabatabai (2003) showed that the 
activity of β-glucosidase was affected by different residue 
management practices. These studies showed that there 
are significant difference in β-glucosidase activity among 
the mineral fertilizer, rice residue and mineral fertilizer, 
manure and mineral fertilizer and without fertilizer 
treatments at the barley main growth stages. There are 
close   relationship     between     glucosidases     and   β-

glucosidase activity, which glucosidases hydrolyzed to 
glucose. The increase of β-glucosidase activity and 
glucosidases with HOM, LOM and RF treatments was 
possibly related to the increased mineralization of organic 
matter added with the manure and rice residue, which 
may provide the higher C substrates for β-glucosidase 
and glucosidases activity.  

Arylsulfatase is an extracellular enzyme which plays an 
important role in sulfur (S) recycle for soil and plant 
(Tejada et al., 2006). This study showed that the soil 
activity of arylsulfatase with HOM, LOM, RF treatments 
were higher than that of the MF, CK treatments at the 
barley main growth stages. These observations indicated 
that manure, rice residue and mineral fertilizer made 
higher contribution to the SOM than without fertilizer, 
which may explain the higher immobilization in 
rhizosphere soil containing manure, rice residue and 
mineral fertilizer and fertilizer than in rhizosphere soil 
containing without fertilizer. In the present study, 
differences in soil arylsulfatase activity were related to the 
quantity of substrate contained in the organic and rice 
straw incorporation. 

Soil arylamidase plays an important role in N 
mineralization in soils (Acosta-Martínez and Tabatabai, 
2000; Castellano and Dick, 1988). Previous studies 
demonstrated that the arylamidase activity was affected 
by residue management (Deng and Tabatabai, 1997). In 
this study, statistical analyses suggested that arylamidase 
activity  was  affected  by  different  fertilizer management  
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(Figure 4). Dick et al. (1988) reported that the arylamidase 
activity decreased with long-term addition of inorganic N, 
whereas the activity increased with crop residues 
additions in wheat-fallow system. The low activity of 
arylamidase at the main growth stages of barley might be 
related to the fertilizer management. The reason maybe 
the difference in decomposable organic material in the 
manure, crops straw-returned soil which favored soil 
enzyme activity (Luo et al., 2011; Sharma and Arora, 
2011).  
 
 
Soil microbial abundance in response to fertilizer N 
management 
 
Enami et al. (2001) suggested that soil microbial 
community structure was affected by rice straw. 
Kyriakopoulos et al. (2006) also showed that soil 
microbial community structure was affected by pH, ionic 
strength and natural organic matter. It was discovered 
that the numbers of soil aerobic bacteria, actinomycetes 
and fungi increased by application of manure and rice 
residue. In the present study, as compared to the without 
manure soil, the numbers of soil aerobic anaerobic 
microorganisms were increased with manure and rice 
straws treatments (Table 2). This might be due the 
difference of decay rates in the manure and crops straws-
returned soil which favored aerobic bacteria. As a result, 
the numbers of aerobic bacteria with HOM, LOM, RF 
treatments were increased at barley main growth stages. 
Some studies indicated that soil fungi are important for 
the formation and stabilization of soil aggregates; 
however, soil fungi are also sensitive to environmental 
change (David et al., 2012; Li et al., 2012). This research 
indicated that the number of soil fungi decreased 
following HOM>LOM>RF>MF>CK at barley main growth 
stages. The reason may be that the changes of soil 
environmental on fungal diversity could influence 
ecosystem function via decomposition of manure and 
crops straws, so the soil fungi populations were 
increased by application with manure and rice straws at 
barley main growth stages. Present results also indicate 
an increase of actinomycetes number with manure and 
rice residue application at barley main growth stages. 
And the differences in the different treatments may have 
resulted in the differences in the numbers of aerobic 
bacteria, actinomycetes and fungi between the applied 
with manure, rice straws and without organic input 
treatments. And the further studies could be helpful to 
better understand these changes in the number of soil 
microbial impact on the soil microbial functions and 
nutrient availability. 
 
 
Conclusion 
 

Soil microbial abundance and enzyme activities are the 
main driving factors for organic matter decomposition and  

 
 
 
 
play an important role in soil nutrient transformation. This 
study indicated that soil enzyme activities and soil 
microbial abundance were affected by the application of 
manure, crop residue and mineral fertilizer practices 
during barley growth. Combined application of manure, 
crop residue and mineral fertilizer stimulated soil β-
glucosidase, alkaline phosphatase, arylsulfatase and 
arylamidase activities. The numbers of soil microbes also 
increased when mineral and organic fertilizers were 
added. The application of mineral fertilizer was beneficial 
for microbial abundance, but the enhancement was lower 
than that of HOM, LOM and RF treatments. Therefore, 
these findings indicated that soil enzyme activity and soil 
microbe population were improved by using HOM, LOM 
and RF treatments. As a result, it is the best way to 
maintain soil fertility by using HOM, LOM and RF 
fertilization models. 
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