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Microcalorimetry was used to study the effects of long-term (20 years) fertilization regimes on microbial
activities in a paddy soil in southern China derived from infertile land. Managements of phosphorus
fertilizer coupled with nitrogen fertilizer significantly promoted the contents of total and available P,
mineral N and microbial biomass C (MBC) (P < 0.05). Both principal component analysis (PCA) of calo-
rimetric indices and metabolic quotient of heat (QT/MBC) showed that fertilization of P coupled with N,
P-deficient fertilization and non-fertilized control significantly separated from each other. Redundancy
analysis plot showed that rate of heat output (QT/t), peak power (Pmax) and constant of growth rate (k)
were significantly correlated with soil total and available P, total and mineral N, which were greatly
increased by the P fertilizer coupled with N fertilizer. In contrast, QT/MBC and peak time (tmax) were
greatly increased by the P-deficient treatments. In addition, QT/t as a new introduced parameter was
negatively correlated well with QT/MBC (R2 ¼ 0.93, P < 0.01). Accordingly, integrating microcalorimetric
result analyzed by PCA as well as sensitive indicators of QT/MBC, QT/t and tmax are useful to assess soil
microbial activity. The higher QT/t, lower QT/MBC and tmax indicate higher microbial activity and soil
quality. In conclusion, long-term fertilization of P coupled with N, especially combined organic fertilizer
greatly improved soil fertility and microbial activity; in contrast, deficiency of soil P had lower microbial
activity in the paddy soil derived from infertile land.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Paddy soils cover approximately 155 million hectares (ha) of
the Earth's surface and support more than half of the world's
population, in which China accounts for 30% of total world pro-
duction [1]. In subtropical China, it is a traditional approach to
convert the infertile wasteland into paddy field for improving soil
fertility and increasing land productivity [2,3]. Those heavily
weathering and leaching soils are characterized by low pH and
deficiencies of available nutrients, particularly N and P [4].
Therefore, many studies have focused on the effects of long-term
fertilization such as using organic and inorganic fertilizers on
improving nutrient availability in the soil and increasing crop
erved.
yields in this region [2,4e6].
Phosphorus fertilizer, especially when combined with organic

manure application, was effective in improving fertility of soils and
rice yields, and increasing microbial biomass and community
functional diversity in infertile land [2,6,7]. Mono-organic manure
fertilization increased soil C and N sequestration [5] and promoted
the population size of bacterial ammonia oxidizers rather than
ammonia-oxidizing archaea, mainly because of the existence of
mineral ammonia in soil [8]. Under mineral fertilization, contin-
uous P application increased the soil C and N pools [4,7], microbial
biomass, functional diversity of community and cultivable micro-
organisms [4], as well as significantly mitigated the emissions of
N2O and CH4 when P fertilizer was more than 60 kg ha�1 [7]. Ni-
trogen application inhibited methane oxidation activity indicated
by functional genes under higher concentration of ammonium
fertilizers [9]. Soil microbial growth and activity are important
properties and functions of soil, which are sensitive indicators of
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alterations in soil [10,11]. As compared with nutrient pools and
microbial community, little is known about alterations of microbial
activities in response to long-term fertilization in paddy soil eco-
systems derived from infertile land.

Among the methods for measuring soil microbial activity, ap-
proaches based on microbial growth such as respiration and sub-
strate utilization were the most advantageous and allowed
simultaneously quantitative estimation of microbes in soil [12]. One
of the calorimetric approaches, Isothermal microcalorimetry (IMC)
meets those demands because it can continuously monitor heat
dissipating process of microbial growth and give growth curve in
live, providing qualitative and quantitative data to indicate soil
microbial activity [13e15]. Moreover, IMC is a highly sensitive
method to assess the overall activity of soil microorganisms, and
the measurements can be made without any interference to soil
system over long periods of time [13,14]. The validity of IMC also
has been corroborated by traditional techniques such as fumiga-
tion, e.g. the output of heat was well correlated with the amount of
CO2 respired in glucose amended or non-amended soils [16,17].
Recently, several experimental parameters including peak power,
peak time and output of heat per unit of biomass were developed
based on new micocalorimetric equipment [13,14]. Consequently,
IMC was successfully used to assess the effects of nutritional status,
fertilizers, landscape, vegetation and pollutants on soil quality
[14,15,18e23]. Micocalorimetric parameters encompassing peak
time and peak power [15,19], heat output per unit of biomass
[13,23] were recommended as indicators of soil microbial activity
and soil quality. However, the ecological significance of some pa-
rameters such as total output of heat and rate of heat output has not
been elucidated yet. In addition, as far as our information goes, the
thermal effect method has never been used to assess microbial
growth in paddy soils.

The aim of this study was to use micocalorimetry to investigate
soil microbial activity in a paddy soil derived from infertile land
after long-term (twenty years) fertilizer management, and to
introduce new indicators of micocalorimetry to evaluate soil
quality through comparing the ecological significance of different
calorimetric parameters in paddy soil ecosystem.

2. Materials and methods

2.1. Description of the long-term experiment

This long-term experiment was conducted at the Ecological
Experimental Station of Red Soil, Chinese Academy of Sciences,
located in Yingtan, Jiangxi Province, south China (28

�
1503000 N,

116
�
5503000 E) in 1990. This region had a typical subtropical

monsoon climate with mean annual temperature of 17.6 �C and
mean annual rainfall of 1795 mm. The field was derived from
Quaternary red clay covered by red pine with soil pH of 4.5 and clay
(<1 mm) content of 38%. The initial soil organic C, total N, total P, and
total K contents of the plough layer (0e15 cm depth) were 3.3, 0.43,
0.28, and 11.1 g kg�1, respectively. Available N, P, and K contents
were 90.2, 5.6, and 105.9 mg kg�1, respectively.

The field was flooded for transplanting double rice (Oryza sativa
L.) crops from early April to the end of October and was in fallow for
the rest of year. Early rice was sown in April. Both the grain and
straw were harvested in late July. Late rice was sown in July. The
grain and straw of late rice were harvested in early November.
Treatments were arranged in a randomized complete block design
with three replicates. Each plot size was 30.0 m2. The treatments
included CK (control, without fertilization), N (mineral N fertilizer
only), NK (mineral N and K fertilizer), NP (mineral N and P fertil-
izer), NPK (mineral N, P, K fertilizer), NPKO (mineral N, P, K fertilizer
and organic manure) and NPKS (mineral N, P, K fertilizer and half
amount of rice straw). Nitrogen, P and K were applied at annual
rates of 115, 29.7 and 34.9 kg ha�1, respectively, as urea, calcium
magnesium phosphate and potassium chloride, respectively.
Phosphorus and K were applied as basal fertilizers, while N was
split into 55% and 45% as basal application and topdressing for rice,
respectively. In treatments with organic manure, application
involved full return of rice straw and addition of 833 kg ha�1 pig
manure. Rice straw had a mean nutrient content of 387C, 9.9 total
N, 1.1 total P, and 31.0 g kg�1 total K. Pig manure had a mean
nutrient content of 267C, 21.2 total N, 27.6 total P, and 18.1 g kg�1

total K. Basal fertilizers were applied before rice transplanting and
mixed with soil by plough, and topdressing was applied to the soil
surface before the stage of tillerring. After 20 years of different
fertilization, changes of nutrient properties in six treatments and
control were significant. For instance, SOC were about
10.96e12.04 g kg�1, total N about 0.85e1.18 g kg�1, total P about
0.27e0.69 g kg�1, total K about 12.17e13.55 g kg�1, available N
about 85.75e110.25 mg kg�1, available P 2.99e22.63 mg kg�1 and
available K about 68.33e157.50mg kg�1. Fertilization decreased soil
pH slightly.

2.2. Soil sampling and chemical analyses

In December 2010 after late rice harvest, composite soil samples
were taken from the plough layer at a depth of 0e15 cm using a 30-
mm-diameter gouge auger. For each plot, 9 cores were randomly
sampled and mixed. After removing visible plant debris including
roots, the moist soils were sieved (2.0 mm) and kept at 4 �C. Soil
water content was detected before biochemical and calorimetric
analyses within 2 weeks. A quarter of soil samples were air-dried
and stored at room temperature for chemical analyses.

Soil organic C and total N were determined by dichromate
oxidation [24] and Kjeldahl digestion [25], respectively. Total P and
K in soil were digested by HFeHClO4 and determined by
molybdenum-blue colorimetry and flame atomic absorption spec-
trometry, respectively [26]. Microbial biomass C was determined
with the chloroform fumigation extraction method as reported by
Jenkinson and Ladd [27].

2.3. Microcalorimetric measurements

Metabolic activities of soil microorganisms were evaluated with
a third generation thermal activity monitor (TAM III, J€arf€alla, Swe-
den) [28]. All 4-ml steel ampoules were cleaned with ethanol and
sterilized in an oven twice at 100 �C for 30 min before use. All soil
samples were first placed at 28 �C for 6 h and then submitted to
microcalorimetric measurement. Each soil sample of 1.0 g (dry
weight) was put into a sterilized steel ampoule and then solution
containing 5.0 mg of glucose and 5.0 mg of ammonium sulphate
was added immediately, as well as the final moisture of each soil
sample was kept as 29% [29]. The temperature of the calorimeter
system and the isothermal box was controlled at 28 �C. The pow-
eretime curve of microbial growth was continuously monitored
and recorded with a computer. The thermodynamic parameters
including constant of growth rate (k), peak power (Pmax), peak time
(tmax), total heat output (QT) were obtained by integrating the
poweretime curves [15,29]. In detail, the QT showed the output of
total heat during the metabolic process [29], and the rate of heat
output (QT/t) was ratio of QT to the total time of metabolic process.
The Pmax and tmax were the power and time to reach the maximum
of the peak, respectively [15,29]. The k provides important quan-
titative index of microbial growth rate and obeys the following
thermal kinetic equation:

lnPt ¼ lnP0 þ kt



Fig. 1. Power-time curves of paddy soils under long-term (20-year) fertilization
recorded microcalorimetrically. CK: control; N: mineral N fertilizer only; NK: mineral N
and K fertilizer; NP: mineral N and P fertilizer; NPK: mineral N, P, K fertilizer; NPKS:
mineral N, P, K fertilizer plus half amount of rice straw; NPKO: mineral N, P, K fertilizer
and organic manure.
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This index was calculated from the slope of semi-logarithm of
the exponential phase, where t was the time, P was the power
output at time t, P0 was the power at time t ¼ 0 and k was the
constant of growth rate. At the same time, all of the correlation
coefficients obtained were noted to be greater than 0.999, meaning
a strong positive correlation.

2.4. Statistical analyses

All results presented in this study were based on a soil oven-dry
weight (105 �C, 24 h). Three replicates of soil samples were pre-
pared for each treatment. One-way analysis of variance (ANOVA)
and the Tukey's test (P < 0.05) were performed to compare the
mean values for different samples by using SPSS 17.0. Significant
differences were analyzed with Duncan's method at P ¼ 0.05.
Redundancy analysis (RDA), a multivariate direct gradient analysis
method, was calculated with Canoco version 4.5 to elucidate the
relationships between microcalorimetric parameters, chemical
properties and fertilizer management. Principal component anal-
ysis (PCA) was conducted to analyze the five microcalorimetric
indices including tmax, Pmax, k, QT and QT/t in each soil sample after
Kaiser-Meyer-Olkin measure of sampling adequacy and Bartlett's
test by using SPSS 17.0.

3. Results

3.1. Main chemical properties of soil

A summary of the chemical properties of soil after long-term (20
years) fertilizer management was presented in Table 1 (P < 0.05).
Soil organic C (SOC) and total Nwere relatively higher in P-enriched
fertilizer treatments of NPKS and NPKO. Total P in P fertilizer
treatments was higher than that in P-deficient fertilizer treatments
and control. There was no difference in total K. Microbial biomass C
(MBC) increased in all fertilizer treatments, among which the
highest MBC occurred in balanced fertilization of NPK, NPKS and
NPKO. The shifting pattern of available P was the same as total P in
fertilizer treatments. Mineral N increased in some N fertilizer
treatments of NP, NPK and NPKO, but available K decreased in
treatments of NP and NPK (data not shown).

3.2. Soil microbial activity indicated by calorimetric profiles

All recorded poweretime curves presented a typical process of
microbial growth as shown in Fig. 1. The thermal flow increased
exponentially after the lag phase, which was followed by the sta-
tionary phase and then the decline phase. The lag phase of NPKO,
NPK and NPwere shorter than that of other treatments, whereas CK
(control) had the longest stationary phase. The total heat released
per gram of soil by microbial growth reactions, QT (J g�1), the
Table 1
Chemical properties of a paddy soil under long-term (20-year) fertilizer management in

Sample SOC (g kg�1) Total N (g kg�1) [30]

CK 11.39 ± 0.21 ab 0.89 ± 0.06 ab
N 11.36 ± 0.17 ab 0.85 ± 0.15 a
NK 11.47 ± 0.62 ab 0.97 ± 0.08 abcd
NP 10.96 ± 0.91 a 1.11 ± 0.06 bcd
NPK 11.25 ± 0.50 ab 0.93 ± 0.24 abc
NPKS 11.62 ± 0.13 ab 1.14 ± 0.06 cd
NPKO 12.04 ± 0.85 b 1.18 ± 0.07 d

The values in the table were means ± standard deviations of three replicates. Values with
(P < 0.05).
CK: control; N: mineral N fertilizer only; NK: mineral N and K fertilizer; NP: mineral N an
amount of rice straw; NPKO: mineral N, P, K fertilizer and organic manure.
constant of microbial growth rate, k (min�1), the power (Pmax) and
the time (tmax) at the maximum of the peak, and rate of heat output
(QT/t), were obtained in three replicates of soil samples through the
integration of each curve shown in Table 2. As a whole, the k, Pmax
and QT/t significantly increased whereas tmax significantly
decreased in treatments of P coupled with N fertilizer (NP, NPK,
NPKS and NPKO) in comparing with CK (P < 0.05). In contrast, the
difference of those four calorimetric parameters (k, Pmax, QT/t and
tmax) between P-deficient treatments (N and NK) and CK was
smaller than those between P coupled with N treatments (NP, NPK,
NPKS and NPKO) and CK. The QT had no significant difference
among all treatments and CK. In contrast, the output of heat per
biomass unit (Fig. 2), i.e., metabolic quotient of heat (QT/MBC),
ranging from 70 J mg�1 to 377 J mg�1 biomass C, significantly
decreased in all fertilizer treatments (P < 0.05), in which the lowest
values occurred in P coupled with N fertilizer treatments (NP, NPK,
NPKS and NPKO).

The rate of heat output (QT/t) as a novel index was conveniently
calculated from thermal curve (Table 2). QT/t was negatively
correlated with QT/MBC (R2 ¼ 0.93, P < 0.01) and tmax (R2 ¼ 0.79,
P < 0.01), positively correlated with Pmax (R2 ¼ 0.63, P < 0.05), k
(R2 ¼ 0.65, P < 0.05) and MBC (R2 ¼ 0.83, P < 0.01) (Figs. 3e4).
Therefore, the lower QT/MBC and tmax, the higher MBC, QT/t, Pmax
and k indicated higher microbial activity. In addition, microbial
biomass (MBC) intimately linked with microbial activity due to
Southern China.

Total P (g kg�1) Total K (g kg�1) MBC (mg kg�1)

0.28 ± 0.01 a 13.19 ± 0.53 ab 42.32 ± 4.95 a
0.27 ± 0.02 a 12.17 ± 0.87 a 93.07 ± 1.30 b
0.30 ± 0.02 a 13.31 ± 0.41 ab 135.86 ± 13.24 c
0.57 ± 0.02 c 12.77 ± 0.90 ab 196.08 ± 27.95 d
0.57 ± 0.05 bc 13.20 ± 0.67 ab 229.69 ± 20.51 e
0.51 ± 0.04 b 13.55 ± 0.24 b 205.22 ± 2.26 de
0.69 ± 0.05 e 12.58 ± 0.63 ab 214.97 ± 8.99 de

the same letter within each column indicated that there was no significant difference

d P fertilizer; NPK: mineral N, P, K fertilizer; NPKS: mineral N, P, K fertilizer plus half



Table 2
Thermal results of poweretime curves measured with microcalorimetric method.

Sample QT (J g�1) tmax (min) Pmax (mW) K (min�1) � 10�3 QT/t (J g�1 h�1)

CK 15.57 ± 1.62 a 4324 ± 423 d 64.5 ± 4.4 a 1.11 ± 0.19 a 0.09 ± 0.01 a
N 13.88 ± 4.45 a 3352 ± 174 c 57.7 ± 1.8 a 1.03 ± 0.10 a 0.11 ± 0.02 ab
NK 17.62 ± 1.63 a 3807 ± 415 c 78.9 ± 8.3 b 1.08 ± 0.03 a 0.12 ± 0.02 ab
NP 15.78 ± 4.43 a 2522 ± 182 b 133.7 ± 12.8 d 1.88 ± 0.21 b 0.14 ± 0.04 bcd
NPK 16.13 ± 2.56 a 2680 ± 112 b 110.9 ± 2.1 c 1.65 ± 0.07 b 0.17 ± 0.02 cd
NPKS 14.73 ± 1.76 a 2740 ± 301 b 85.9 ± 10.2 b 1.91 ± 0.02 b 0.14 ± 0.01 bc
NPKO 14.87 ± 2.73 a 1990 ± 22 a 135.2 ± 4.4 d 2.65 ± 0.30 c 0.18 ± 0.02 d

The values in the table were means ± standard deviations of three replicates. Values with the same letter within each column were not significantly different (P < 0.05).
CK: control; N: mineral N fertilizer only; NK: mineral N and K fertilizer; NP: mineral N and P fertilizer; NPK: mineral N, P, K fertilizer; NPKS: mineral N, P, K fertilizer plus half
amount of rice straw; NPKO: mineral N, P, K fertilizer and organic manure.
QT: total heat output, tmax: peak time, Pmax: peak power, k: growth rate constant; QT/t: rate of heat output.

Fig. 2. The output of heat per microbial biomass C (QT/MBC) or metabolic quotient of
heat in a paddy soil under different fertilizer management. Vertical T bars indicated
standard deviations. Bars not topped by the same letter indicated a significant dif-
ference of values (P < 0.05). QT: values of total heat evolution recorded from soil
samples; CK: control; N: mineral N fertilizer only; NK: mineral N and K fertilizer; NP:
mineral N and P fertilizer; NPK: mineral N, P, K fertilizer; NPKS: mineral N, P, K fer-
tilizer plus half amount of rice straw; NPKO: mineral N, P, K fertilizer and organic
manure.
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MBC was well correlated with calorimetric indices of QT/t
(R2 ¼ 0.83, P < 0.01), tmax (R2 ¼ 0.75, P < 0.01), Pmax (R2 ¼ 0.57,
P < 0.05) and k (R2 ¼ 0.51, P < 0.05) (Fig. 4).

3.3. Principal component analyses (PCA)

In order to describe integrated changes of microbial activity
shown by calorimetric parameters (tmax, Pmax, k, QT and QT/t) in
response to fertilization regimes, the PCA of calorimetric profiles
was analyzed as shown in Fig. 5. The first two PCs of the PCA plot
accounted for 66% and 17% of the overall variance, respectively. The
control without fertilizers (CK) clearly separated from other two
groups of fertilization treatments based on the variations. The
group of four P coupled with N fertilizer treatments (NP, NPK, NPKS
and NPKO) significantly separated from another group of P-defi-
cient fertilization treatments (N and NK). In addition, P coupled
with N fertilizer treatments were divided into two subgroups of
NPKO and the others.

3.4. Redundancy analyses (RDA)

RDA clearly demonstrated that relationships between
calorimetric parameters, soil chemical properties and six fertiliza-
tion treatments and control (Fig. 6). Constant of microbial growth
(k), peak power (Pmax), and rate of heat output (QT/t) were posi-
tively increased by the application of N and P fertilization (NPKO,
NPK, NPKS and NP) but decreased by the P-deficient fertilization (N
and NK). Moreover, k and QT/t and Pmax were significant positively
correlated with soil total P, available P and mineral N. In contrast,
metabolic quotient of heat (QT/MBC) and peak time (tmax) were
increased by the P-deficient fertilization but decreased by the
application of N and P fertilization, as well as tmax was significant
negatively correlated with soil total P and available P.

4. Discussion

Since the growing and active microorganisms are sensitively in
response to alterations in soil and provide an integrated and rele-
vant vision of soil functioning, various parameters of microbial
activity encompassing soil respiration CO2, calorimetric parame-
ters, soil microbial biomass and soil enzyme were proposed to be
used as indicators of assessing soil quality [10,13,19,31e35]. In this
case, the microcalorimetry was successfully used to measure mi-
crobial activity in paddy soil. To our knowledge, no previous
investigation has performed such work. The CK (without fertilizers)
had the longest lag phase and the lowest Pmax and k, followed by
the P-deficient treatments (NK and N), indicating that the treat-
ment with fertilizers harboring more population of microorgan-
isms or higher MBC (Table 1) and thus fertilizer-deficient
treatments needed a long time to adapt and grow (Figs. 1 and 6
and Table 2). In contrast, P coupled with N fertilizer manage-
ments grew faster and had higher activity than other manage-
ments. Accordingly, microbial activity shown by calorimetric
dynamics was very sensitively in response to alterations of nutri-
ents in soil.

In generally, lower peak time (tmax) was coupled with higher
peak power (Pmax) and constant of growth rate (k), indicated the
high microbial activity [15]. Peak time (tmax) is a good indicator to
assess soil microbial activity because it was negatively correlated
with soil enzymes, microbial biomass C (MBC), and the number of
microorganisms [19]. In this case, tmax was well correlated with
MBC (R2 ¼ 0.75) (Fig. 4). However, calorimetric results is still
limited to elucidate some microbial process. It is often necessary to
obtain support by specific analytical techniques and combine other
techniques [14]. In this study, metabolic quotient of heat (QT/MBC),
rate of heat output (QT/t) and PCA profile to elucidate the integrated
activity were developed to indicate soil microbial activity and soil
quality. Due to the output of total heat (QT) is not a good indicator of
soil microbial properties, output of heat per biomass unit was
proposed as metabolic quotient as function as qCO2 to indicate soil
quality [13,33]. In this case, QT/MBC can clearly distinguish the
differentiation of microbial activity even with the thin difference



Fig. 3. The correlations between rate of heat output and calorimetric parameters including metabolic quotient of heat (QT/MBC), peak time (tmax), peak power (Pmax) and growth
rate constant (k).

Fig. 4. The correlations between MBC and calorimetric parameters of peak time (tmax), peak power (Pmax), constant of growth rate (k) and rate of heat output (QT/t).
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Fig. 5. Principal component analyses (PCA) of calorimetric parameters (t max, P max, QT,
k and QT/t) in a paddy soil under long-term (20-year) fertilization. CK: control; N:
mineral N fertilizer only; NK: mineral N and K fertilizer; NP: mineral N and P fertilizer;
NPK: mineral N, P, K fertilizer; NPKS: mineral N, P, K fertilizer plus half amount of rice
straw; NPKO: mineral N, P, K fertilizer and organic manure.

Fig. 6. Redundancy analysis of the relationships between calorimetric parameters,
MBC and chemical properties of soil. CK: control; N: mineral N fertilizer only; NK:
mineral N and K fertilizer; NP: mineral N and P fertilizer; NPK: mineral N, P, K fertilizer;
NPKS: mineral N, P, K fertilizer plus half amount of rice straw; NPKO: mineral N, P, K
fertilizer and organic manure. QT: total heat output; tmax: peak time; Pmax: peak power;
k: growth rate constant; QT/MBC: metabolic quotient of heat; QT/t: rate of heat output.
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between NK and N treatments (Fig. 2). The highest QT/MBC and the
lowest soil fertility appeared in control, whereas the lowest QT/MBC
under P coupled with N fertilizer treatments showed the best soil
fertility (Figs. 2 and 6) and the highest rice yields in the same field
[2]. It suggested that the P coupled with N fertilizer treatments
increased the capacity of the soil biomass (Table 1) to keep SOC and
the external carbon (glucose in this case) while the P-deficient
fertilizers increased energy spilling mediated by a futile cycle of
protons or other ions because of stress [36], as well as P-deficient
fertilizers could stimulated C losses as CO2 through respiration
[16,37]. The QT/t had a high level of correlations with QT/MBC, tmax

and MBC (Figs. 3e4), suggesting QT/t is a good indicator to assess
soil microbial activity. Finally, considering too many thermal pa-
rameters, principal component analysis (PCA) was served as inte-
grated analyses of thermal dynamics to indicate microbial activity
for the first time (Fig. 5). The PCA profile successfully elucidated the
shifting pattern of microbial activity under different fertilization,
which was consistent with the result of metabolic quotient (QT/
MBC) (Fig. 2) and other results such as rice yields in the same
experiment as in this case [2]. In particular, PCA profile clearly
differed NPKO (NPK mineral fertilizer plus organic manure) from
other NeP- treatments (NP, NPK and NPKS), indicating the impor-
tance to apply organic manure in agricultural system. Taken
together, integrating microcalorimetric result analyzed by PCA as
well as sensitive indicators of QT/MBC, QT/t and tmax are useful to
assess soil microbial activity in future studies. The higher QT/t,
lower QT/MBC and tmax indicate higher microbial activity and soil
quality.

It is a key requirement for microbial activity that the availability
of complementary nutrients at optimal proportions in the soil
[4,5,7,23,34]. In this case, CK (without fertilizers) had the lowest
microbial activity (Figs. 2 and 5). Comparing the importance of
main mineral fertilizers N, P and K, the lower microbial activity
occurred in P-deficient treatment (NK and N), while the higher
microbial activity occurred in P coupled with N fertilizer treat-
ments (NPKO, NPK, NPKS and NP). P-deficient fertilization have
not improved the nutrition status (Table 1). These results validated
the essential role of P for microbial activity in soil. The microor-
ganisms were under stress to copewith the deficiency of necessary
nutrients such as soil P for their proper metabolic activity and thus
led to longer lag phase, lower Pmax and k. Soil P, especially available
P was a limiting factor in those infertile paddy soils, and thus
continuous P fertilization improved the microbial biomass, di-
versity of microbial community, soil fertility and rice yields
[2,4,6,7,38]. Continuous mono-N fertilization (N) significantly
improved the microbial activity and MBC in comparison with CK
but did not increase SOC, total N, total P and total K (Table 1, Figs. 2
and 5), emphasizing the limitation of mono-N and the importance
of application of N coupled with P fertilizer. This result also
confirmed that alterations of microbial activity measured by
microcalorimetry were more sensitive than shift of soil nutrients.
In contrast, the negative effect of K-deficiency onmicrobial activity
was not strong as P-deficiency in soil, e.g., the similar microbial
activity was observed between treatments of N and NK, and be-
tween NP and NPK (Figs. 2 and 5). Notably, N and P application in
particular combined with organic manure (NPKO) had the best
nutritional status and highest microbial activity (Table 1 and Fig. 5)
and thus the highest rice yields for last two decades in the same
experiment as this case [2], emphasizing the importance of
balanced fertilization and organic manure in promoting microbial
activity and rice yields in soils derived from infertile land. The
result was consistent with reports in other upland soils for soil
fertility, microbial diversity and activity, and crops yields
[19,21,23,31,39]. Taken together, long-term fertilization of P
coupled with N, especially combined organic fertilizer greatly
improved soil fertility, rice yields and microbial activity in the
paddy soil derived from infertile land. In contrast, P-deficient
treatments have not improved soil nutritional status and thus
resulted in lower microbial activity, emphasizing the essential role
of P in improving soil fertility and microbial activity.

The content of SOC and total N was considered as the most
important index of paddy soil fertility by traditional concepts [6].
After long-term fertilization in infertile paddy soils, the content of
SOC and total N was still less than those in highly productive paddy
soils in this region [2,6,7,38]. However, the rice yields of P couple
with N fertilization derived from infertile land have reached an
average level as those in highly productive paddy fields [2,6,7,38].
In this case, total P, available P and mineral N significantly affected
indices of microbial activity encompassing MBC, QT/t, Pmax, k, QT/
MBC and tmax (Figs. 4 and 6). However, SOC had lower correlations
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with those indices of microbial activity due to minor difference
between various fertilizer managements (Table 1 and Fig. 6). These
results were consistent with report that the rice yields were better
correlated with indices related to microbial activity such as MBC,
soil available P and mineral N than SOC [2].

5. Conclusions

Long-term (20 years) application of P coupled with N fertilizers,
especially combined with organic manure, significantly improved
soil fertility, rice yields and microbial activity in a paddy soil
derived from infertile land. P-deficient fertilization have not
improved soil nutritional status and thus led to the lower microbial
activity, emphasizing the essential role of P in improving soil
fertility and microbial activity. In contrast, K-deficient fertilization
had less negative effect than P-deficient fertilization on microbial
activity. Metabolic quotient of heat (QT/MBC), peak time (tmax) and
new introduced rate of heat output (QT/t) are all good indicators to
assess soil microbial activity and soil quality. PCA profile of thermal
dynamics can be served as an excellent method to analyze inte-
grated microbial activity and indicate soil quality in future studies.
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