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Introduction

Sugarcane is one of the major cash crops in the 
humid tropics. In Okinawa prefecture, southern Japan, 
sugarcane is one of the basic agricultural products and is 
a major crop that supports the economy of most islands of 
Okinawa. It thus plays a key role in the regional economy. 
However, recent studies have reported that sugarcane 
production has gradually decreased, mainly owing to the 
continuous cropping, inefficient fertilization (Kikuchi et 
al. 2007) and unfavorable weather conditions, e.g., 
typhoons, and drought (Matsuoka 2006). Soil organic 
matter (SOM) content is generally inherently low and 
difficult to increase, largely because of the high 
temperature and humidity under the subtropical climate 

conditions, and continuous cropping has been shown to 
decrease the soil organic carbon (C) and available 
nitrogen (N) in Okinawa (Miyamaru et al. 2011, Yoshida 
et al. 2016). To achieve sustainable sugarcane production 
in Okinawa, it is necessary to improve and maintain the 
SOM of sugarcane cropland. Cooperation of agriculture 
and livestock has been trialed on the islands to add 
organic matter (OM) into the sugarcane cropland to 
promoter cycling of organic resources, but this approach 
remains unpopular and is difficult in the smaller islands 
of Okinawa, mainly due to the limited cropland area and 
human resources.

In general, the application of legume green manure 
(GM) is considered a practical and functional approach to 
recover soil fertility, because it improves the soil physical 
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Abstract
To achieve sustainable sugarcane cultivation in subtropical cropland of Okinawa, Japan, it is necessary 
to improve and maintain the soil fertility by organic matter application. In most islands of Okinawa, 
green manure (GM) application is commonly used to improve the soil organic matter content because of 
its cost effectiveness. In this study, we evaluated the effect of application of different GMs, i.e., 
Crotalaria juncea (CRO) and Sesbania cannabina (SES), on soil nutrient dynamics in relation to soil 
enzymes, which are a sensitive indicator of land management in a sugarcane field of Kitadaito, Okinawa. 
We evaluated the fluctuation of soil enzymes (dehydrogenase [DH], β-glucosidase [BG], and 
phosphomonoesterase [PHO]), soil nutrients (extractable carbon [Ext-C] and nitrogen [Ext-N], and 
available phosphorus [Avail-P]) with environmental conditions after GM application for seven months. 
We also measured the sugarcane growth parameters seven months after planting. Application of CRO 
and SES clearly increased the BG and PHO activities throughout the experimental period and increased 
the sugarcane number (ca. 11%-20%), but they did not increase the DH activity and soil nutrients (e.g., 
Ext-C and Avail-P). Application of CRO also increased Ext-N, but SES application had no clear effect, 
possibly because of the different GM quality and decomposition patterns. Thus, our results showed that 
CRO is the preferred GM species in terms of improvement of soil enzyme and nutrient conditions for 
GM-sugarcane cropping systems in Kitadaito. 
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conditions, supplies nutrients for subsequent plant 
growth, and stimulates the soil microbial dynamics, such 
as enzyme activity (Goyal et al. 1999, Cherr et al. 2006, 
Kumar et al. 2013). Many studies have observed that the 
incorporation of GM increases the soil organic C, 
available N, phosphorus (P), potassium, and sulfur 
contents even in tropical croplands (Sangakkara et al. 
2004, Bokhtiar & Sakurai 2005, Mabuza et al. 2016). 
However, in Okinawa, GM cultivation is not currently 
popular, except for in Miyakojima Island, because most 
local farmers want to conduct ratooning sugarcane 
cultivation, which is a labor-saving and cost-effective 
cultivation method. At present, GM cultivation in 
Okinawa is generally conducted after 3-4 years of 
continuous sugarcane cultivation, if it is conducted at all. 
To prevent the further depletion of SOM in Okinawa, GM 
cultivation should be popularized; however, there is little 
information on the effect of GM cultivation and/or 
application on soil nutrient dynamics in Okinawa. This is 
because a low rate of GM application is used (3-5 Mg C 
ha−1) and there has only been a single application every 
3-4 years. It is therefore difficult to detect the clear 
increase of soil organic C and N, while some positive 
effect, such as better crop yields, should occur through 
GM application (Burgos et al. 2002, Sangtong & Katoh 
2010, Carvalho et al. 2015).

Soil enzymes are generally used as an indicator of 
various land management, because of their sensitivity 
and ease of measurement (Kirchner et al. 1993, Bandick 
& Dick 1999). Soil enzymes are mainly released by soil 
microbes, and play an important role in OM decomposition 
processes. Surucu et al. (2014) showed that the application 
of leguminous GM increased the soil enzyme activity 
depending on amount of application and chemical 
composition of the GM. They found that the application 
of faba bean increased the soil urease and dehydrogenase 
activities, compared with conventional fertilization. 
Miyamaru (2013) also observed that OM application 
increased the soil microbial biomass C and N in an 
Okinawa sugarcane field, although they did not evaluate 
the soil enzyme activity. These results suggest that the 
analysis of soil enzyme activity is a good indicator of the 
effect of GM application on soil nutrient dynamics in a 
GM-sugarcane cropping system in Okinawa. In the 
current study, we mainly focused on dehydrogenase 
(DH), β-glucosidase (BG), and phosphomonoesterase 
(PHO) activities, which are strongly related to nutrient 
dynamics of soil (Tabatai 1982, Bandick & Dick 1999). 
DH is considered to be an indicator of soil microbial 
decomposition activity (Salazar et al. 2011), BG is 
considered to be an indicator of C mineralization (Stott et 
al. 2010), and PHO is considered to be an indicator of P 

mineralization (Debnath et al. 2015). We hypothesized 
that the application of GM stimulates the DH, BG, and 
PHO activities, resulting in the increase of available soil 
N and/or P in sugarcane croplands of Kitadaito, Okinawa. 
Owing to many studies showing the relationship between 
soil enzymes and environmental conditions, such as soil 
temperature and moisture (Sinsabaugh 1994, Feng et al. 
2009), it is also necessary to assess seasonal fluctuations 
and reveal the factors controlling soil enzyme activity 
under field conditions.

Therefore, our objectives were: (1) to evaluate the 
effects of GM application on soil enzyme activities and 
soil nutrient dynamics; and (2) to investigate the 
relationship between soil enzyme activities and soil 
nutrient dynamics associated with environmental factors 
in a sugarcane field of Kitadaito, Okinawa. We also 
evaluated the early sugarcane growth parameters (seven 
months after planting) to assess the effect of GM 
application on sugarcane growth.

Materials and methods

1. Description of the study sites 
The field experiment was conducted from May 2016 to 

April 2017 in a sugarcane field (25°57ʹ05.9″N, 131°19ʹ26.1″E) 
of a local farmer’s cropland on Kitadaito Island, which is 
located 360 km east of the main island of Okinawa. The site 
is located in a subtropical climate, and annual rainfall during 
the experimental period was 1,170 mm with average air 
temperature 24.5 °C. The soil in our experimental field was 
classified as Inceptisols (Soil Survey Staff 2014) and was 
locally called “Daito-mahji” (Onaga & Yoshinaga 1988, 
Tokashiki 1993,  Miyamaru 2013). 

The soil color is mostly reddish brown to yellowish 
brown and is characterized by heavy clay texture. In 
brief, soil characteristics of the plow layer (0-15 cm) 
before the experiment, i.e., April 2016, were as follows: 
soil pH (H2O) was 5.1; and 89% clay;10% silt; and 1% 
sand. Total organic C and N was 19.8 g C kg−1, and 2.1 g 
N kg−1, respectively, cation exchange capacity was 22.1 
cmolc kg−1; and the P adsorption capacity was 816.2 mg 
P2O5 100g−1, which is relatively high because of the high 
level of crystalline iron (Fe) present in the soil. Soil pH 
was measured by the glass electrode method (soil:water 
ratio 1:2.5). Soil particle size distribution was determined 
by wet-sieving and pipette method (Gee & Or 2002). 
Total organic C and N were quantified by dry combustion 
methods with a NC analyzer (SUMIGRAPH NC-TR22, 
Sumika Chemical Analysis Service, Ltd.). Cation 
exchange capacity was determined by the Ammonium 
Acetate method at pH 7.0-Lavkulich 1981 (Hendershot et 
al. 2008), and P adsorption capacity was determined 
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according to the method by Sekiya (1970). 

2. Field experimental design
The experimental plots (6m × 4.5m) were arranged 

in a complete randomized block design using three 
replicate plots per treatment with a 1-1.5 m buffer area. 
We cultivated two different GM varieties: Crotalaria 
juncea (CRO) and Sesbania cannabina (SES), according 
to the recommended seed density by Okinawa prefecture 
(50 kg seed ha−1 in CRO and 30 kg seed ha−1 in SES). 
These GM varieties are most popular GM for sugarcane 
crop land in Okinawa. We planted GM from 6th May to 
28th July 2016, which was incorporated into the surface 
soil (ca. 0-15 cm soil depth) in each plot by machine 
plowing at the end of July 2016. Before the incorporation 
of each GM, we chopped the plant materials into 10-15 
cm pieces by using a glass cutter. The plant biomass C 
was 3.4 and 5.1 Mg C ha−1 in CRO and SES, respectively, 
and plant biomass N was 130 and 170 kg N ha−1 in CRO 
and SES, respectively. The C:N ratio of applied plant 
biomass was 26 and 30 in CRO and SES, respectively, 
which was low because of the leguminous N fixation 
capacity. The C:N ratio of leaf was 10 and 11 in CRO and 
SES, respectively, while the C:N ratio of stem was 65 and 
55 in CRO and SES, respectively. These amounts of C 
and N by CRO and SES were within the average in this 
district. 

In addition to CRO and SES plots, we also 
established the bare plot during this GM cultivation 
period as a control plot (Cont). After plowing in the CRO, 
SES and Cont plots, we planted the sugarcane at all three 
plots on 1st September 2016, which was ca. four weeks 
after GM incorporation. After the planting of sugarcane, 
machine plowing in the furrow was conducted twice (22nd 
November 2016 and 6th January 2017) for all plots to 
remove weeds. Chemical fertilizer was also applied to all 
plots, according to the recommendation of Okinawa 
prefecture, as follows: 97 kg N ha−1; 36 kg P ha−1; and 36 
kg K ha−1 The chemical fertilizer was applied on the 
center of the ridge where the sugarcane seeds were 
planted, and this fertilization was conducted three times 
(1st September 2016, 22nd November 2016, and 6th January 
2017) at the same time as machine planting or plowing. 
The experiment was mainly maintained under rain-fed 
cultivation, but we conducted drip irrigation if the soil 
was too dry to grow the sugarcane. The amount of 
irrigation water applied was relatively small because the 
water resource is quite limited in isolated Kitadaito 
Island.

3. Soil environmental monitoring
The air temperature (AT) and soil temperature (ST) 

at a depth of 5 cm and the volumetric soil moisture 
content (SM) at 0-15 cm were monitored every half hour 
in the CRO and Cont plots in duplicate, using a data 
logger system (107 thermistor probes for temperature and 
CS616 for volumetric SM were connected to a CR-10X 
data logger; Campbell Scientific Inc., USA). As a result 
of the limited number of available probes, we could not 
install the probes in the SES plot, and thus we assumed 
that fluctuation of ST and SM in the SES plot was similar 
to the values that were recorded in the CRO plot. During 
the sugarcane cultivation period, we installed the ST and 
SM probes within 20-30 cm of sugarcane ridge (similar 
point of soil samples), and when the machine plowing 
was conducted, we removed the whole probes temporally 
and reinstalled them later in the same point. Rainfall was 
also monitored every half hour at the experimental site, 
using the same CR10X data logger system and a 
TE525MM rain gage (Campbell Scientific Inc.).

4. Soil sampling and analysis
Soil samples were collected 14 times from the 

surface soil layer (0-15 cm) through a one-year 
experimental period (five times in GM cultivation and 
nine times in sugarcane cultivation). For each sample, 
five soil samples were taken within the plot, and were 
combined and mixed for each replication. During the 
sugarcane cultivation period (i.e., from September 2016 
to April 2017), we collected the soil samples within 20-30 
cm of the sugarcane ridge, although not from the center 
of the ridge, to eliminate the effect of drip irrigation or 
fertilization on measured soil enzymes and/or nutrients. 
The soil was passed through a 4-mm sieve and 
subsequently stored at low temperature (4 °C) as a fresh 
soil for analyzing the biological properties (the soil 
enzyme activities and soil nutrients). All these 
measurements were conducted within three months of 
sampling. Dehydrogenase (DH) activity was evaluated 
by both the iodonitrotetrazolium chloride (INT) method 
of Hayano (1997) and the methanol and colorimetric 
determination method (Tabatai 1994). Briefly, 1 g soil 
was mixed with 1 ml 0.25M Tris buffer (pH 7.6), 1% 
glucose, and 2 ml of 0.4% INT solution. The sample was 
incubated at 30 °C for 6 h, mixed with 10 ml of methanol 
and analyzed colorimetrically at 485 nm. Determination 
of β-glucosidase (BG) was conducted according to 
Hayano (1973, 1997), with modifications. These methods 
involved incubating the 0.3 g soil with 0.1 ml of toluene, 
0.9 ml of distilled water, 1.5 ml of citric acid phosphate 
buffer (pH 4.9) and 1.5 ml of 50 mMp-nitrophenylβ-D-
glucoside. After incubation at 30 °C for 1 h, 8 ml of 
ethanol was added and then the solution was filtered and 
mixed with 2M Tris solution and analyzed colorimetrically 
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at 400 nm. Phosphomonoesterase activity (PHO) was 
also determined based on colorimetric determination 
using sodium p-triphenyl phosphate (PNP) (Hayano, 
1997), with modifications. Briefly, 0.3 g soil was mixed 
with 0.1 ml of toluene, 6.5 ml 0.5 M Tris-malate buffer 
(pH 6.5), 1.8 ml distilled water, and 0.6 ml 50 mM of 
PNP. After incubation at 30 °C for 1 h, 8 ml of ethanol 
was added, then the solution was filtered and 2M Tris 
solution was added. The produced color intensity was 
measured colorimetrically at 400 nm. All measurements 
were conducted in triplicate.

Extractable N (Ext-N) and C (Ext-C) were extracted 
from 10 g soil (dry base) with 30 ml of 0.5 M K2SO4 for 
30min in an orbital shaker, and the suspension was 
centrifuged and filtered through filter paper (No. 5C, 
Advantec, Japan). Ext-N and Ext-C in the extract were 
determined using a TOC-N auto-analyzer (TOC-V 
carbon analyzer with IN unit, Shimadzu, Japan). 
Available P (Avail-P) was measured by Troug-soluble P 
(Blakemore et al. 1987). Briefly, 0.5 g soil was extracted 
with 100 ml 0.001 M H2SO4 for 30 min in an orbital 
shaker, and passed through a filter (No. 6, Advantec, 
Japan), and then collected. The soil extract was measured 
colorimetrically with the molybdate-ascorbic acid 
method following Kuo (1996), and the absorbance was 
determined at 880 nm. Soil pH was measured by the glass 
electrode method (soil:water ratio 1:2.5).

5. Sugarcane growth 
Various sugarcane growth parameters were 

measured at ca. seven months after sugarcane planting 
(16th April 2017), when cane numbers should peak 
(Allison & Pammenter 2002). The measurement of 
growth parameters during the tillering and grand growth 
phase may help predict sugarcane total biomass at final 
harvest (Ramesh, 2000). Chlorophyll concentration of 
the third leaf from the top was measured using a 
chlorophyll meter (soil plant analysis development SPAD-
502plus, Konica Minolta, Japan). Cane diameter was 
measured with an electronic digital caliper. Cane height 
was measured using a tape measure from the surface of 
the soil to the tip of the flag leaf. These measurements 
were conducted for 10 randomly selected plants in each 
plot. In addition, the numbers of canes were also counted 
within two rows (14 m2) in each plot. These measured 
growth parameters are considered to be important values 
and are related to the final yield of sugarcane (Ramesh & 
Mahadevaswamy 2000).

6. Data analysis
All the statistical analyses were performed using 

SYSTAT 12.5 (SYSTAT Software, Richmond, CA, USA). 

All data are expressed on a dry-weight basis. To assess 
the effects of each GM application and sampling time 
after GM application, we conducted a repeated-measures 
analysis of variance (RM-ANOVA) for CRO and Cont 
plots, and for SES and Cont plots, respectively. To 
evaluate the relationship between the soil enzyme 
activities and environmental and nutrient factors, we 
conducted Pearson’s correlation analysis. One-way 
ANOVA was used to analyze each sugarcane growth 
parameter, and when ANOVA indicated a significant 
difference, mean comparisons were carried out using 
post-hoc Tukey multiple comparison tests. In all cases, P 
< 0.05 was considered significant. 

Based on our field observation and measurement of 
soil enzymes, nutrients, and other environmental factors, 
we observed a limited effect of drip irrigation and 
fertilization on soil enzymes, nutrients, and other 
environmental factors, because Cont plots were kept bare 
and there was no unexpected increase in the values 
throughout the experimental period. In addition, detailed 
data on the treatment of soil enzymes and nutrients 
during the GM cultivation period (from May to July) are 
not presented as little difference was found.

Results

1. Seasonal variations in the soil environment
Figure 1 presents the daily rainfall (RF), SM, AT, 

and ST fluctuations in the Cont and CRO plots during the 
one-year experimental period (May 2016 to April 2017). 
The total rainfall was 1169.1 mm, which is within the 
average rainfall in this district. The SM content in both 
plots fluctuated clearly from 15.6% to 27.5% during the 
experimental period. The SM in the Cont plot was 
relatively high during the GM cultivation period because 
there was no plant transpiration; there was no clear 
difference between the CRO and Cont plots after GM 
application. One month after GM application, there was a 
substantial rainfall event in early September 2016 (ca. 
220 mm/10 days), followed by little rainfall thereafter. It 
is exceptional that there was no typhoon in this year, 
although generally there should be 2-4 typhoons each 
year. The average AT during the experimental period was 
24.5 °C, which fluctuated from 14.5 °C to 31.1 °C. 
Average ST in the CRO and Cont plots was 25.0 °C and 
25.5 °C, respectively, and was not clearly different to 
these after GM application. However, it was clearly 
higher in the Cont plot (33.3 °C) than in the CRO plot 
(29.9 °C) during the later GM growth period (i.e., from 
June to July), because of the bare soil conditions (no plant 
cover) in the Cont plot. 
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2. Seasonal variation in soil enzyme activities and soil 
nutrients

Figure 2 shows the seasonal variation in soil enzyme 
activity (i.e., DH, BG, and PHO) after the application of 
GM. All enzyme activities significantly fluctuated with 
time during this period (Table 1), although interactions 
were detected in some cases. The DH similarly fluctuated 
in all plots and the average was ca. 0.10 μmol g−1 h−1 

across all plots. There was no clear effect of CRO and 
SES application on DH during this period (Table 1). By 
contrast, BG in the CRO and SES plots clearly increased 
after GM application, and these high values were 
maintained throughout the experimental period. The 
average BG values in the CRO, SES, and Cont plots were 
0.69, 0.75, and 0.59 μmol g−1 h−1, respectively, and there 
was a clear effect of application of both CRO and SES on 
BG, although the interaction (CRO × time) was also 
detected in the CRO plot (Table 1). The PHO gradually 
increased after the application of GM and tended to 
decrease after December 2016. The average PHO in the 
CRO, SES, and Cont plot was 12.2, 11.8, and 10.1 μmol 
g−1 h−1, respectively, and the effect of both CRO and SES 
application on PHO was clear, although the interaction 
was also detected in the SES plot (Table 1). 

Figure 3 shows the seasonal variations in soil 
nutrients (i.e., Ext-C, Ext-N, and Avail-P) after the GM 
application, although interactions were detected in Ext-N. 
All nutrients significantly fluctuated with time during 
this period (Table 1). There was no clear difference in 

Fig. 1. Fluctuation in (a) daily rainfall and soil moisture 
contents (SM), and (b) daily averaged air 
temperature (AT) and soil (5 cm depth) 
temperature (ST) ) in the Crotalaria juncea (CRO) 
and control (Cont) plots during the experimental 
period. The downward arrows indicate the timing 
of green manure (GM) application.

Fig. 2. Fluctuation in (a) dehydrogenase activity, (b) 
β-glucosidase activity, and (c) phosphomonoesterase 
activity in the Crotalaria juncea (CRO), Sesbania 
cannabina (SES), and control (Cont) plots after GM 
application in Kitadaito, Okinawa. Error bars 
indicate the standard error.

Table 1. F values of repeated measures analysis of 
variance for the effect of each green manure 
application on soil enzyme activities and 
nutrients in Kitadaito, Okinawa (n = 9).

DH BG PHO Ext-C Ext-N Avail-P

CRO 2.7 8.7* 205.2*** 1.4 9.4* 0.1
Time (T) 16.6*** 34.4*** 19.5*** 4.0** 5.0*** 6.5***
CRO*T 4.6*** 11.5*** 1.5 0.6 3.8*** 1.7
SES 0.1 14.6* 11.7* 0.1 0.1 1.5
T 15.3*** 5.9*** 26.9*** 4.5** 5.7*** 5.8***
SES*T 2.1 1.5 2.4* 0.6 2.3* 0.4

*: P<0.05, **: P<0.01, ***: P<0.001
DH: Dehydrogenase, BG: β-glucosidase,
PHO: Phosphomonoesterase
CRO: Crotalaria, SES: Sesbania
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Ext-C and Avail-P between the treatments through the 
experimental period, and the average Ext-C in the CRO, 
SES, and Cont plot was 39.7, 34.9, and 33.2 mg C kg−1, 
respectively. The average of Avail-P in the CRO, SES, 
and Cont plot was 25.3, 21.9, and 24.4 mg P kg−1, 
respectively. By contrast, Ext-N in the CRO and SES 
plots was temporally increased after GM application, 
although it soon decreased. The average Ext-N in the 
CRO, SES, and Cont plots was 12.2, 9.8, and 9.6 mg N 
kg−1, respectively, and CRO application significantly 
increased the Ext-N, although the interaction (CRO × 
time) was also detected.

Soil pH (H2O) slightly fluctuated within 5.0 to 5.5 
through the experimental period (data not shown), but 
there was no clear difference between the treatment plots 
throughout the experimental period.

3. Sugarcane growth parameters
Table 2 presents the sugarcane growth parameters 

seven months after planting. There was no clear difference 
between the treatments, except for the number of canes. 
In both the CRO and SES plots the number of canes 
significantly increased by 11%-20%.

Table 2. Sugarcane growth parameters at 7 months after 
planting in Kitadaito, Okinawa.

SPAD
Cane 

diameter 
(mm) 

Height 
(m) 

Number 
of cane 
(14 m2)

CRO 39.8 29.3 1.2 39.8 a
SES 38.6 29.5 1.2 37.0 a
Control 41.1 28.7 1.2 33.3 b

CRO: Crotalaria, SES: Sesbania
Different letters indicate significant difference between the 
treatments, according to Tukey test (P <0.05)

4. Relationship between soil enzyme activities and 
soil environment or nutrient characteristics

Table 3 shows the relationship between the soil 
enzymes and soil environment or nutrient characteristics 
for all plots for each treatment after GM application. Only 
AT was significantly negatively correlated with DH in all 
plots. The AT and ST were positively correlated with BG 
significantly, except for AT in the CRO and Cont plots, 
and ST in the Cont plot. Ext-C was positively correlated 
with BG in the CRO, SES, and in all other plots, and 
Avail-P was also positively correlated with BG in the 
CRO, Cont, and all other plots. The AT and ST were 
positively correlated with PHO in the SES, Cont, and in 
all other plots significantly, except for ST in the Cont 
plot. In addition, Ext-C was positively correlated with 
PHO in all plots significantly, while Ext-N was negatively 
correlated with PHO in all plots. SM was not significantly 
correlated with any soil enzyme activity in this study.

Discussion 

1. Effect of GM application on soil enzyme activities 
and soil nutrient dynamics

We found that both CRO and SES application clearly 
increased the BG and PHO activities through the 
experimental period. BG increased immediately after 
GM application, indicating the rapid mineralization of 
applied GM, while PHO increased gradually and peaked 
at 2-3 months after GM application, indicating that P 
mineralization would occur more slowly than C 
mineralization. These results indicate that GM application 
clearly improved both C and P cycling by stimulating the 
microbial activity. Dux et al. (2006) also observed the 

Fig. 3. Fluctuations in (a) extractable carbon (Ext-C), (b) 
extractable nitrogen (Ext-N), and (c) available 
phosphorus (Avail-P) in the Crotalaria juncea 
(CRO), Sesbania cannabina (SES), and control 
(Cont) plots after GM application in Kitadaito, 
Okinawa. Error bars indicate the standard error.
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increase of β-glucosidase activities by GM application, 
such as Imperatacylindrica and Chromolaenaodorata, in 
tropical cropland of Cameroon. By contrast, we found 
little difference in the Ext-C and Avail-Pas a result of GM 
application. However, in the current study, CRO and SES 
application should also stimulate the related microbial 
activity because there was a clear relationship between 
Ext-C and BG in the CRO, SES, and in all other plots 
(Table 3). This indicates that Ext-C might also be 
increased by GM application, although the effect was 
statistically unclear. This might be because of the 
heterogeneity (large standard error) of the field 
experiments and seasonal fluctuations. In the case of 
Avail-P, because the amount of applied P as GM residues 
was limited (ca. 10.8-17.7 kg P ha−1), it is difficult to 
evaluate the mineralized P from GM decomposition. 
Baggie et al. (2004) also discovered a relatively small 
release of P, owing to the low P content of plant residue. 
In addition, the soil on Kitadaito Island is characterized 
by heavy clay texture and strongly crystallized Fe, 
causing high P absorption capacity (Obara et al. 2015). As 
a result, mineralized P from GM may be immediately 
absorbed on crystallized Fe (Li et al. 1997, Haynes & 
Mokolobate 2001), although we did not evaluate the soil 
microbial biomass P as an important P pool in the tropics 
(Sugihara et al. 2015). On the basis of such little effect of 
GM application on related soil nutrients (e.g., Ext-C and 
Avail-P), BG and PHO activities should be more sensitive 
and should represent a better indicator of soil nutrient 
flux caused by land management (e.g., GM application) 
in the sugarcane cropland.

However, unlike BG and PHO, DH showed no clear 
change following GM application. This is because DH 
activity is generally considered to be a result of 
comprehensive metabolic activity of soil microbes 

(Dormaar et al. 1984, Tejada et al. 2008), and therefore 
various environmental and nutrient factors would have a 
combined effect. On the basis of our correlation analysis, 
there was little relationship between the DH and 
environmental and nutrient factors (only AT for all plots), 
whereas BG and PHO had a relationship with various 
factors in each of the plots. This indicates that there was 
no dominant controlling factor of DH in this study, 
perhaps because every tested factor balanced out during 
the course of the experimental period. Thus, DH activity 
was considered unsuitable as an indicator of land 
management under these conditions, although further 
study is necessary to clarify the controlling factor of DH.

Comparison of the effects of GM application on soil 
enzymes and nutrients between CRO and SES plots 
indicated that CRO seemed to have a larger effect on 
PHO and Ext-N than did SES, while SES seemed to have 
the larger effect on BG (Table 1). In terms of N dynamics, 
Ext-N in the CRO plot clearly increased immediately 
after application of GM, and was larger than that of SES. 
In addition, Ext-N in the CRO plot was consistently larger 
than that in the Cont plot throughout the experimental 
period, whereas increased Ext-N temporally decreased 
after one month, possibly owing to the critical leaching 
following the heavy rainfall event in this period (ca. 220 
mm within 10 days). This indicates that CRO could 
efficiently improve the N dynamics relative to SES, 
although the applied N amount was larger in the SES plot 
(170 kg N ha−1) than in the CRO plot (130 kg N ha−1). At 
present, it is unclear why CRO performed better than SES 
for clear N mineralization, but, based on our observations, 
the CRO sample was easily ground into a fine powder by 
the milling operation, while the SES sample was difficult 
to grind into a clear fine powder because of its woody 
texture, resulting in the more rapid decomposition and N 

Table 3.  Correlation matrix between the soil enzyme activities and environmental and nutrient factors in the Crotalaria 
juncea (CRO), Sesbania cannabina (SES), Control (Cont), and all treatment plots after GM application in 
Kitadaito, Okinawa.

DH BG PHO

All
(N=27)

CRO
(N=9)

SES
(N=9)

Cont.
(N=9)

All
(N=27)

CRO
(N=9)

SES
(N=9)

Cont.
(N=9)

All
(N=27)

CRO
(N=9)

SES
(N=9)

Cont.
(N=9)

Air temperature −0.41* −0.37 −0.50 −0.39 0.52** 0.66 0.81** 0.45 0.67** 0.66 0.72* 0.72*
Soil temperature −0.37 −0.27 −0.49 −0.38 0.54** 0.71* 0.86** 0.56 0.59** 0.62 0.69* 0.63
Soil Moisture 0.37 0.36 0.34 0.45 −0.38 −0.52 −0.21 −0.18 −0.12 −0.16 −0.05 −0.08
Ext-C 0.11 0.16 −0.08 0.11 0.54** 0.84** 0.86** 0.26 0.58** 0.57 0.52 0.57
Ext-N 0.04 −0.17 0.23 0.21 0.31 0.40 0.21 0.38 −0.42* −0.63 −0.55 −0.46
Avail-P −0.03 −0.06 −0.18 0.04 0.40* 0.73* 0.50 0.78* 0.09 0.50 0.00 −0.19

*: P<0.05, **: P<0.01
DH: Dehydrogenase, BG: β-glucosidase, PHO: Phosphomonoesterase
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mineralization of CRO residues than of SES residues. 
Thomas and Shantaram (1984) found that the application 
of Mimosa shrub residue (a species of leguminous woody 
shrub) was decomposed slowly because of the woody 
nature of its residues compared with the grass legumes in 
West India. Fosu et al. (2007) also found that CRO had 
the highest residue quality because of low cellulose, C:N 
ratio, and lignin:N ratio. Therefore, differences of plant 
quality could have strongly affected the decomposition 
pattern, resulting in different soil enzyme activity and 
nutrient dynamics in this research, although both GM 
applications clearly increased the sugarcane numbers, 
which is one of the most important factors of sugarcane 
yield (Prammanee et al. 1995, Umrit et al. 2009).

2.	Relationship between soil enzyme activities and 
soil environmental or nutrient characteristics

We found a clear relationship between the 
temperature factor and BG and PHO activities in this 
subtropical sugarcane field, and SM was not related to 
any soil enzyme activities. This indicates that temperature 
is still an important controlling factor of soil enzyme 
activities even in the subtropical sugarcane field of 
Okinawa. This is because there was a clear winter season 
(AT of 15-20°C), which is likely to have regulated soil 
enzyme activity (Brzostek & Finzi 2012, Wallenstein et 
al. 2012). Steinweg et al. (2012) observed a clear effect of 
temperature on β-glucosidase fluctuation in temperate 
cropland of northern US, although Masto et al. (2006) 
also observed little effect of temperature on soil enzyme 
fluctuation in the typical tropical cropland of north India.

We observed a clear relationship between Ext-C and 
BG in the CRO, SES, and all other plots but not in the 
Cont plot. This indicates that GM application increased 
BG through the increment of microbial C substrate, 
although Ext-C was not significantly increased in the 
present study. There was no clear fluctuation of BG in the 
Cont plot, possibly owing to the deficiency of C substrate 
(Tejada et al. 2006). Madejon et al. (2007) in their study 
also observed a clear relationship between the 
β-glucosidase, phosphomonoesterase, microbial biomass 
C, and soil organic C in a leguminous cropland in Spain. 
In addition, we also observed the relationship between 
Avail-P and BG in the CRO, Cont, and all other plots, 
possibly indicating the insufficiency of P for soil 
microbial activity in this strongly weathered soil (Gao et 
al. 2016). Thus, BG activity was more sensitively related 
to variations in soil P conditions than DH and/or PHO.

Conclusion

Application of CRO and SES clearly increased the 

soil enzyme activity (e.g., BG and PHO) during the 
experimental period in sugarcane cropland of Kitadaito, 
Okinawa, and finally increased the sugarcane number 
(increased by ca. 11%-20%), but application of CRO and 
SES did not increase the DH activity and soil nutrients 
such as Ext-C and Avail-P. Application of CRO also 
increased the Ext-N; however, SES application did not, 
which may be because of the different quality and 
decomposition patterns of the two GMs. Thus, in terms 
of improvement of soil enzyme and nutrient conditions, 
CRO would be a better choice of GM species than SES 
for GM-sugarcane cropping systems in Kitadaito, 
Okinawa, although further study is necessary for 
revealing the long-term effects of single or multiple GM 
application based on the multi-year experiment. In 
addition, seasonal fluctuations of BG and PHO activities 
was controlled by temperature even in the subtropical 
climate condition, and these enzyme activities can be 
used as an appropriate indicator of land management in 
terms of soil nutrient flux in the sugarcane cultivation 
system of Kitadaito, Okinawa.
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