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A B S T R A C T

Understanding temperature sensitivity of soil organic carbon (SOC) decomposition from bulk soils and
aggregates of long-term fertilized plots is imperative to forecast soil C dynamics. We evaluated the
impacts of 43 years of fertilization under a soybean (Glycine max) based cropping system on temperature
sensitivity of SOC decomposition (Q10) in an Alfisol. Treatments were: no mineral fertilizer or manure
(control), 100% recommended dose of nitrogen (N), N and phosphorus (NP), N, P and potassium (NPK),
NPK + lime at 0.4 Mg ha�1 (NPK + L), 150% recommended NPK (150% NPK), and NPK + farmyard manure
(FYM) at 10 Mg ha�1 (NPK + FYM). Bulk soils as well as macro- and micro-aggregates were incubated for
24 days at 25 �C and 35 �C. Cumulative SOC mineralization (Ct) in the 0–15 cm soil layer of bulk soils with
NPK + FYM and NPK treated plots were similar but significantly higher than unfertilized control plots.
However, both Ct and Q10 values in the NPK + FYM plots were higher than NPK in the 15–30 cm soil layer.
In the 0–15 cm soil layer, NPK + FYM plots had �10 and 26% greater Q10 values of macro- and
microaggregates than NPK. Activation energies required for bulk soils C mineralization was �2 and 3
times higher in NPK + FYM and NPK + L plots, respectively, compared with unfertilized control plots in
that layer. Lime along with NPK application increased the activation energy of SOC decomposition. Thus,
long-term NPK + FYM and NPK + L applications have great potential for less proportional SOC
decomposition than NPK or unfertilized control plots under a temperature rise in these acid soils.
However, NPK + FYM management practice is recommended as it has highest SOC accumulation and can
have less SOC losses under a temperature rise.
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1. Introduction

Most humid subtropical soils of India are accompanied by high
temperatures and high annual rainfall. These provide environ-
ments conducive to high microbial activities and low soil organic
matter (SOM) and nutrient reserves in soils (Manna et al., 2005).
Exposure of soils to high temperatures in these regions results in
high SOM decomposition rates and subsequent losses (Li et al.,
2015). Changes in soil organic carbon (SOC) in agricultural lands
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are not only manifested by the prevailing environment, but also by
inputs and their management (Kundu et al., 2007; Bhattacharyya
et al., 2010). Excessive use of very high amounts of organic matter
along with improper management practices can result in
degradation of SOM (Balesdent et al., 2000). Conventional
agricultural practices boost mineralization of aggregate-C in soils
and could be responsible for SOC depletion (Bhattacharyya et al.,
2009). Soil aggregates act as a storehouse of large quantities of
SOM (Sodhi et al., 2009; Bhattacharyya et al., 2011) and play
important roles in modifying and sustaining soil physical and
inherent properties, including soil structure, fertility and stability
and have important roles in altering SOC dynamics (Jha et al.,
2012).
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Management practices, such as tillage and OM application,
modify aggregate formation, which physically protects SOM.
Manure application in soils generally increases soil aggregation,
improves SOC storage and enhances the sustainability of agro-
ecosystems (Bhattacharyya et al., 2008, 2009; Das et al., 2013).
Long-term integrated nutrient management (INM), including the
application of manures and mineral fertilizers, has mostly additive
effects of improving soil aggregation and C sequestration (Lal,
2004; Bhattacharyya et al., 2009, 2012a). Micro-organisms are
crucial components of soils, as they regulate essential processes,
such as OM turnover, nutrient cycling and soil aggregation (Tisdall
and Oades, 1982). The breakdown of soil aggregates is also
regulated by enzymes that degrade the biogenic ‘glue’ like
substances, including polysaccharides. Dehydrogenase activity
(DHA) is an index of biological activity of a soil at a given time
(Burns,1978). b-glucosidase is frequently found in soils (Tabatabai,
1994). This enzyme assumes an essential part in soils as it catalyses
the hydrolysis and biodegradation of different b-glucosidase
present in plant debris (Piotrowska and Koper, 2010). Consequent-
ly, it releases glucose, which serves as a food source for microbes.

The ever-rising level of atmospheric CO2 resulting in global
warming is of great concern (IPCC, 2013). Therefore, C sequestra-
tion has received growing attention in recent years. Estimates of
global surface temperature change indicate temperature is likely to
exceed 1.5 �C by the end of the 21st century relative to 1850–1900
and warming will probably continue beyond 2100 (IPCC, 2013). It is
established that overall soil respiration and SOC decomposition
depend on temperature and soil moisture (Kirschbaum, 2004), and
will be altered by future climate change (IPCC, 2013). Understand-
ing the impact of elevated temperatures on rates of SOM
decomposition in diverse soil systems is critical to our knowledge
of soil C dynamics and this will assist estimation of future global
SOC stocks. Different kinetic properties of SOM components
provide obstacles to the understanding of the temperature
susceptibility or thermal stability of SOC decomposition (Davidson
and Janssens, 2006). Arrhenius function shows an increase in the
temperature sensitivity of decomposition with the stability of
organic compounds in soils (Davidson and Janssens, 2006). As
predicted from the kinetic theory of Arrhenius, if differences in
decomposition rates are entirely due to activation energy (as a
measure of the energy required for decomposers to access the
material), temperature sensitivity should increase with the
‘recalcitrance’ of the OM (Davidson and Janssens, 2006). Thus,
stable compounds in soils are associated with higher activation
energies, as they are less reactive to a rise in temperature. But SOC
decomposition is also regulated by long-term management
practices, as well as by soil aggregate size (Jha et al., 2012; Manna
et al., 2013). Substrate quantity and quality and microbial activities
within different soil fractions influence temperature sensitivity.
Hence, there is an urgent need to study the effects of aggregate size
and long-term fertilization on Q10 and activation energy (Ea) in
different soils and production systems.

A species participating in a reaction must acquire the minimum
amount of energy in order to undergo a specified reaction. This is
known as the activation energy (Ea) of that reaction (Davidson and
Janssens, 2006). The Ea theory indicated that the temperature
sensitivity of SOM decomposition is determined by SOM quality,
namely, the molecular weight, molecular structure complexity,
and chemical bond stability (Li et al., 2015). A higher Ea is required
to mineralize low-quality C substrates (C quality-temperature
[CQT] hypothesis). Conventional agriculture practices with greater
soil disturbance have the drawback of disrupting aggregates and
intensify aggregate turnover and SOM decomposition (Jha et al.,
2012). However, OM addition enhances aggregation processes and
offers physical obstacles to decomposition. This cannot be
interpreted as a sign of resistant OM development, because it
may be just due to excretion of C deteriorating proteinaceous
substances from OM substrates within the aggregate environment,
which limits the availability of substrates to enzymes at reaction
micro-sites (Davidson and Janssens, 2006).

India ranks fifth in the world, in terms of area and soybean
production (Tiwari et al., 1999). Wheat is one of the staple foods of
India and Indian wheat production ranks second in the world.
Incorporation of a legume crops into cropping systems is widely
advised for its ability to enrich soil fertility status and cropping
system productivity (Mahapatra et al., 1975). Lime application in
acid soils is essential to neutralize acidity and improve crop
productivity (Fageria and Baligar, 2003). A super-optimal dose of
NPK fertilization (50% above the recommended dose) also
improves crop productivity in several agro-ecosystems (Tiwari,
2002; Kumar et al., 2005; Masto et al., 2007). Thus, a soybean based
cropping system with long-term mineral fertilization along with
either liming, organic manure application or higher mineral
fertilization, was adopted in an Alfisol to study their impacts on
crop production and to understand the best management practices
to maximize production. Liming assists soil aggregation, as it
contains Ca, which is a flocculating agent. Liming also assists
aggregation by improved productivity over non-liming in acid
soils. Lime application also increases microbial activity by
increasing soil pH. So, liming influences C mineralization in two
ways: by forming aggregates (which prevents C mineralization)
and by promoting microbial activity (which favours C mineraliza-
tion) (Haynes and Naidu, 1998; Six et al., 1998).

Long-term experiments provide an effective and realistic
means for obtaining valuable information required to maintain
soil health (Bhattacharyya et al., 2006). Thus, studying tempera-
ture impacts on soil C decomposition under a long-term soybean-
based cropping system, as affected by fertilization and lime
application in an acid soil, could provide interesting data. The
hypotheses of this study were: (i) Long-term (43 years) fertiliza-
tion significantly affects C mineralization and Q10 from bulk soils
and their aggregates in the 0–15 and 15–30 cm soil layers, and (ii)
plots with integrated nutrient management (NPK + FYM) require
more activation energy to mineralize C from both bulk soils and
soil aggregates than NPK or unfertilized control plots (due to
probable presence of more recalcitrant C and thus agreeing to the
CQT hypothesis), even after a typical short (3–4 weeks) heat wave.
While the CQT hypothesis has been confirmed by many experi-
ments, the hypothesis has not been tested for different soil
aggregates resulting from long-term fertilization. This is particu-
larly true for short heat waves, which are predicted to regularly
recur under climate change scenarios (Nianpeng et al., 2013). To
address these hypotheses, the objectives were: (i) to evaluate the
rates of SOC decomposition in bulk soils and their aggregates as
affected by 43 years of continuous fertilization in a soybean-based
cropping system in an Alfisol and (ii) to assess the temperature
sensitivity of SOC decomposition from soil aggregates.

2. Materials and methods

2.1. Site description

The study was conducted in an ongoing long-term fertilizer
experiment (LTFE) conducted since 1972–73 under the programme
‘All India Co-ordinated Research Project on Long-Term Fertilizer
Experiments (AICRP-LTFE)’ at Birsa Agricultural University, Ranchi,
India. The site at Ranchi is situated at 85�190E, 23�170N, at 625 m
above mean sea level and has a hot-moist sub-humid climate.
Other climatic variables are listed in Table 1. During initiation of
the experiment, the surface loam (Typic Paleustalf) soil was acidic,
with low Walkley-Black C (Walkley and Black, 1934) and cation
exchange capacity (Table 1). The experiment started with soybean



Table 1
Initial (1972) soil properties and some climatic factors of the study area.

Variables Value

Annual precipitation 1450 mm
Mean (mean of 20 years) annual temperature 23.1 �C
Mean maximum temperature 34.5 �C
Mean minimum temperature 6.8 �C
Taxonomic classification Hyperthermic mixed Typic Paleustalf
Soil local name Red loam
Texture Sandy clay loam
Sand (%) (2000–50 mm) 66.2
Silt (%) (50–2 mm) 8.4
Clay (%) (<2 mm) 25.4
Soil pH (soil:water = 1:2) 5.3
Dominant mineral Kaolinite, Illite
Cation exchange capacity 7.81C mol (p + ) kg�1

Oxidizable organic carbon 4.5 g kg�1

Available N 295 kg N ha�1

Available P 12.6 kg P ha�1

Available K 157.7 kg K ha�1

All soil parameters for the topsoil (0–15 cm depth layer).
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(Glycine max)–potato (Solanum tuberosum)–wheat (Triticum aesti-
vum) cropping system up to 1983–84, and then changed to
soybean-toria (Brassica campestris)–wheat (until 1984–85) and, to
a soybean-wheat cropping system since 1986–87.

2.2. Experimental design, treatments, and crop managements

The seven selected treatments (Table 2) were arranged in a
complete randomized block design with three replications, with an
individual plot size of 100 m2. The unfertilized control plots
received no fertilizer in the last 43 years. Recommended mineral
fertilizer dose (100% NPK) was 25–13–33 kg N-P-K ha�1 for
soybean and 80–26–33 kg N-P-K ha�1 for wheat. N, P and K were
supplied through urea, diammonium phosphate, and muriate of
potash, respectively. In 100% NPK + farmyard manure (FYM)
treatment, 10 Mg ha�1 FYM was applied during the Kharif (rainy)
season every year and in 100% NPK + Lime (L) treatment, lime was
applied at 0.40 t ha�1 in the Kharif season each year. On average,
FYM contained (as observed from analysis during the previous five
years) 1.4% N, 0.32% P, 0.2% sulphur (S), and 0.5% calcium (Ca).
Soybean (cv. JS 335) was sown during the first week of July and was
harvested during the last week of October, each year. Wheat (cv. K
9107) was grown during the second week of November to the third
week of April, during all years. Before sowing, plots were ploughed
Table 2
Treatment details of the long-term experiment.

Treatment
codea

Fertilization detailsb

Rainy (Kharif) season (for soybean) 

Control Unfertilized 

N Recommended N 

NP Recommended N and P 

NPK Recommended N, P, and K through mineral fertilizers 

150% NPK 150% of recommended N, P and K through mineral fertilizers 

NPK + FYM Recommended N, P and K + 15 Mg FYM ha�1

NPK + L Recommended N, P, and K + 2.5-4.0 Mg lime ha�1 once in 4 years durin
and 0.40 Mg ha�1yr�1 lime

a N = Nitrogen, P = Phosphorus, K = Potassium, FYM = Farmyard manure, L = Lime.
b These fertilization schemes were constant in all seasons and years. The experiment s

to soybean-toria-wheat (up to 1984–85). The fertilization schemes for potato and toria 

under soybean and wheat.
with a tractor drawn disc plough to �15 cm depth. After harvesting
both crops from ground-level, above-ground biomass was
removed from plots.

2.3. Collection and processing of soil samples

In April 2015, triplicate soil samples were collected after wheat
harvest from the individual plots (Table 2) from two depth layers
(0–15 and 15–30 cm). This was done to understand the tempera-
ture sensitivity of SOC decomposition in the plough layer (0–15 cm
soil depth) and undisturbed layer (15–30 cm soil depth). Samples
were bulked and then divided into three subsamples. One portion
was air-dried, ground in a wooden mortar and with a pestle, and
sieved to pass through a 4.75-mm sieve (bulk soil). A second
subsample was kept in a refrigerator (at 4 �C) for analysis of
microbial parameters. The third subsample was passed through a
4.75 mm sieve and used for aggregate separation. Processed soil
samples were used to determine soil chemical, biological and
physical properties.

2.4. Soil aggregate separation

Aggregate-size separation was performed by a wet sieving
method adapted from Elliott (1986). Briefly, 100-g air-dried
Winter (Rabi) season (for wheat)

Unfertilized
Recommended N
Recommended N and P
Recommended N, P, and K through
mineral fertilizers
150% of recommended N, P and K through
mineral fertilizers
Recommended N, P, and K through
mineral fertilizers

g 1972–2004 and recommended NPK Recommended N, P, and K through
mineral fertilizers

tarted with soybean�potato�wheat cropping system (1972–1983–84) and changed
were also based on recommended doses of these crops, in addition to fertilization
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(4.75-mm sieved) soil sample was placed on the top of a 2.0-mm
sieve and submerged for 5 min in deionized water at room
temperature, to allow slaking (Kemper and Rosenau, 1986). Sieving
was manually done by moving the sieve up- and- down 3 cm, 50
times in 2 min to achieve aggregate separation (Bhattacharyya
et al., 2012b). A series of three sieves (2000, 250 and 53 mm) were
used to obtain four aggregate fractions: (i) >2000 mm (large
macroaggregates), (ii) 250–2000 mm (small macroaggregates), (iii)
53–250-mm (microaggregates), and (iv) <53 mm (silt- plus clay-
size particles). This subsample, along with soil aggregate fractions
retained on different sieves, was air-dried (25 �C) for 6 days,
weighed, and stored in glass jars at room temperature for SOC
analysis.

2.5. Soil chemical analysis

The labile SOC concentration was determined by the modified
Walkley–Black method using 10 ml 36.0 M H2SO4 that resulted in
18.0 M H2SO4 (Chan et al., 2001). It involves mixing 1 M dichromate
solution with H2SO4. Total C concentrations of bulk soils and
aggregates were analysed using an isotopic ratio mass spectrome-
ter (IRMS) (Isoprime 100; ÒIsoprime UK) coupled with an
Elemental Analyser (Owens and Rees, 1989) in a continuous flow
mode. Total inorganic C was measured by titrimetric methods, as
described by Jackson (1967). Briefly,1 N HCl treatment was given to
finely-ground (100 mesh) soil samples (�8 g) containing �30 mg of
inorganic C. Evolved CO2 was trapped in 0.5N NaOH and excess
alkali was determined by titrating with 0.5 N HCl. CaCO3 (%) was
determined as:

% CaCO3 = (S � T)*N*5/W (1)

where S = volume (ml) of 0.5 N HCl consumed in blank titration,
T = volume (ml) of 0.5 N HCl consumed in sample titration,
N = Normality of HCl, W = weight of sample (g). Total SOC was
then determined by subtracting soil inorganic C concentrations
from total C concentrations.

Amorphous (non-crystalline) Fe was extracted by acid ammo-
nium oxalate in the dark under standard conditions, including 2 h
shaking on a reciprocating shaker (Jackson et al., 1986). The
solution (after reaction) was collected by centrifuging. The free and
amorphous Fe concentration was determined using Atomic
Absorption Spectrometering (AAS).

2.6. Carbon mineralization study

Carbon mineralization studies of bulk soils (BS), macroaggre-
gates (MA) and microaggregates (MI) were conducted at two
temperatures (25 and 35 �C), set in laboratory incubators, for
24 days. The 24-day period for the incubation study was selected
because Majumder et al. (2007) reported that a 24-day incubation
period could be typical for this type of subtropical climate.
Franzluebbers et al. (1996) also reported that the sum of CO2-C
released during 24 days incubation (Ct) was taken as the potential
measure of mineralizable C of soils. Three replicates of 25 g soil
samples from each treatment were placed in 250 ml jars (along
with two blanks) with alkali traps. Soil samples were pre-
incubated for 15 days at 24 �C and at 75% of soil field capacity
(Wang et al., 2013). Field capacity values of different treatments
were determined at �30 kPa water potential using a pressure plate
apparatus. Evolved CO2 was trapped by 10 ml 0.5 N NaOH (in the
alkali trap) and measured at each sampling date (Day 2, 4, 7, 10, 17
and 24). To calculate C mineralization rates, the amounts of CO2

trapped were determined by back titration of the 0.5 N NaOH with
0.5 M HCl at pH 8.3 in the presence of BaCl2. After removal of NaOH
at each sampling date, compressed air was flushed into the flasks to
facilitate O2 supply and deionized water was supplied to optimize
moisture (75% of soil field capacity). The equation used for CO2 flux
measurement was:

CO2–C evolved (mg kg�1) = (A � B) � N � 6 (2)

where A and B are the volume (ml) of HCl consumed for titrating
10 ml 0.5 M NaOH in control (flask without soil) and soil, N is the
normality of HCl and 6 is the equivalent weight of C. An
exponential model (Stanford and Smith, 1972) was used to
determine C loss with time:

Ct = Co (1 � e�Kct) (3)

where Co represents the labile pool, and Ct is the pool of C
mineralized at time t, with decay rate Kc. Modified Walkley-Black
method (Chan et al., 2001) can be used as a representative
chemical measure of labile SOC, as described by Strosser (2010),
Majumder et al. (2007) and Bhattacharyya et al. (2012b).

Vant Hoff factor (Q10) was calculated using the following
formula (Janssens and Pilegaard, 2003):

Q10 = {(Rate of C mineralization at 35 �C/Rate of C mineralization at
25 �C)} (10/T

2
�T

1
) (4)

Activation energy was calculated using the Arrhenius equation
(Hamdi et al., 2013):

Ea = R*ln (Q10)/{(1/T1) � (1/T2)} (5)

where R = 8.314 j/mol; T1 and T2 are temperatures indicating the
10 �C temperature range (T1 = 25 �C, T2 = 35 �C).

2.7. Microbiological parameter analysis

Soil microbial biomass carbon (MBC) was determined following
the chloroform fumigation extraction method (Jenkinson and
Powlson, 1976). Dehydrogenase activities in bulk soils and in soil
aggregates were measured as mg triphenyl formazon formed per g
of dry soil per 24 h (mg TPF g�1 24 h�1) (Casida et al., 1964) at two
different temperatures (25 and 35 �C). These were performed for
soils from two sampling depths, with another set of bulk soils and
aggregates that were pre-incubated, as discussed. b-glucosidase
activities (mg p- nitro phenol g�1 h�1) of bulk soils were recorded
as the amount of p-nitro phenol released after 1 h incubation with
p-nitro phenyl-b-D-glucopyranoside (Eivazi and Tabatabai, 1977).

2.8. Statistical analysis

We analysed all soil properties using Analysis of Variance
(ANOVA) for a randomized block design. Tukey’s Honestly
Significant Difference test was used as a post hoc mean separation
test (P < 0.05) using SAS 9.1 (SAS Institute, Cary, North Carolina,
USA). The Tukey’s procedure was used where the ANOVA
performed significant. All figures were drawn using Microsoft
Office Excel 2013.

3. Results

3.1. Total soil organic carbon

After 43 years of cropping, plots under NPK + FYM had �57 and
94% higher total SOC concentration in bulk soils than NPK and
unfertilized control plots, respectively, in the 0–15 cm layer
(Table 3). However, plots with NPK + L, 150% NPK and NPK
treatments had similar total SOC concentrations in that depth
layer. Interestingly, in the 15–30 cm layer, NPK + FYM treated plots
had very similar SOC concentrations to NPK + L, and 150% NPK and
NPK plots had similar values in bulk soils. Microbial biomass C data



Table 3
Total soil organic carbon (SOC) and microbial biomass carbon (MBC) in bulk soils and in soil aggregates as affected by 43 years of fertilization under a soybean based cropping
system in an Alfisol.

Treatmentsa Total SOC (g kg�1 soil in the
0–15 cm soil layer)

Total SOC (g kg�1 soil in the
15–30 cm soil layer)

MBC (g kg�1 soil in the 0–15 cm soil layer) MBC (g kg�1 soil in the 15–30 cm soil layer)

BS MA MI BS MA MI BS BS

Control 3.1b 4.8c 3.1d 2.1d 3.0b 2.1c 0.13e 0.10d
N 3.1b 4.6c 3.5cd 2.4cd 3.3ab 2.2c 0.18d 0.11d
NP 3.6b 4.9c 4.0bcd 2.7bcd 3.5ab 2.6bc 0.18d 0.11d
NPK 3.8b 5.3bc 4.7abc 3.1ab 3.6ab 3.1b 0.21c 0.13c
150% NPK 4.3b 5.5bc 4.8ab 3.0abc 3.6ab 4.0a 0.24b 0.15b
NPK + FYM 6.0a 6.8a 5.7a 3.4a 4.2a 3.9a 0.30a 0.17a
NPK + L 4.0b 6.0ab 4.4bc 3.3ab 4.0ab 3.0b 0.26b 0.16ab
Mean 4.0 5.4A 4.3B 2.9 3.6A 3.0B 0.21 0.11

Means with similar lower-case letters within a column are not significantly different at P < 0.05 according toTukey’s HSD test. Significant (P < 0.05) effects of macroaggregates
versus microaggregates for each parameter (mean of all treatments) are denoted by different upper-case letters in the last row.

a Please refer to Table 2 for treatment details. BS = Bulk soils; MA = Macroaggregates; MI = Microaggregates.
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in plots under different treatments showed similar trends to SOC
data. Plots under NPK + FYM had �33 and 30% higher MBC
concentrations than NPK plots in the 0–15 and 15–30 cm soil
layers, respectively. Only, the plots under NPK + FYM and NPK + L
had similar MBC concentrations in the 15–30 cm soil layer.

SOC concentrations in bulk soils were significantly different in
plots under 150% NPK, NPK + FYM and NPK + L treatments in the
surface layer, and had significant differences in macroaggregate-
associated C values (Table 3). Nevertheless, NPK + FYM treated
plots had �28 and 42% higher macroaggregate-associated C
compared with NPK and unfertilized control plots, respectively,
in the 0–15 cm layer. In the 15–30 cm depth layer, plots with
NPK + FYM and NPK + L had similar macroaggregate-associated C
concentrations. Total SOC concentrations in NPK + L were similar to
plots under other treatments, except unfertilized control plots in
that soil layer. Long-term fertilization also significantly affected
microaggregate-associated C in both soil layers. Plots under
NPK + FYM had significantly higher microaggregate-associated C
than all plots in the surface layer. Both NP and N treated plots had
intermediate (to NPK and unfertilized control plots) SOC values in
all size fractions in both soil layers, with NP plots having occasional
larger total SOC values in both layers.

Labile C concentration (Co) closely followed the trend of total
SOC, for both bulk soils and macroaggregates (Table 4). Plots under
NPK + FYM had significantly higher Co in bulk soils and in
macroaggregates, than all other treatments in the 0–15 cm soil
layer. Again, plots with 150% NPK had more Co in bulk soils and
macroaggregates compared with NPK + L treated plots. However,
microaggregates Co values in NPK and NPK + FYM were similar.
These Co values were significantly greater than those of 150% NPK
Table 4
Labile soil organic carbon (Co), cumulative soil organic carbon mineralized (Ct), and Q10

soybean based cropping system in an Alfisol of 0–15 cm soil depth.

Treatmentsa Co (mg 100 g�1 soil) Ct (mg 100 g�1soil) 

25 �C 

BS MA MI BS MA 

Control 135.2e 221.2e 217.7d 33.9c 20.1d 

N 185.0d 242.2d 238.6c 40.4bc 27.2c 

NP 180.9d 254.5d 245.7c 49.0b 38.5b 

NPK 292.4c 304.8b 286.7a 70.3a 64.6a 

150% NPK 328.4b 310.3b 272.3b 70.0a 65.4a 

NPK + FYM 381.3a 338.0a 297.5a 68.0a 64.7a 

NPK + L 286.7c 297.5c 263.4b 64.6a 61.5a 

Mean 255.7 281.2A 260.3B 56.6 48.8A 

Means with similar lower-case letters within a column are not significantly different at P <

versus microaggregates for each parameter (mean of all treatments) are denoted by di
a Please refer to Table 2 for treatment details. BS = Bulk soils; MA = Macroaggregates;
and NPK + L plots in the surface layer (Table 4). Plots under
NPK + FYM had significantly higher microaggregate-Co than all
treatments in the sub-surface soil layer (Table 5). Furthermore, in
the 15–30 cm soil layer, bulk soils and macroaggregate-Co
concentrations of NPK + L plots were significantly higher than all
other treatments, except bulk soils Co concentrations of NPK + FYM
and NPK + L were similar.

3.2. Soil organic carbon mineralization

Cumulative SOC mineralization (Ct) was affected by fertilization
from Day 4 onwards in the surface soil layer at both incubation
temperatures (Fig. 1). At 25 �C, plots under unfertilized control, N
and NP treatments had similar Ct values up to Day 10 after
incubation. On Days 17 and 24 after incubation, NP plots had
significantly higher Ct values compared with unfertilized control
and N plots (Fig. 1). The Ct values of these plots throughout the
experimentation period (since Day 4 onwards) were significantly
less than NPK, 150% NPK, NPK + FYM, and NPK + L plots. However,
those plots had similar Ct values. At 35 �C, a slightly different trend
was observed (Fig. 1). From Day 7 after incubation onwards, NP
plots had significantly higher Ct values compared with unfertilized
control and N plots. NP and 150% NPK plots also had similar Ct

values. However, there was a sudden increase in C mineralization
rate in the plots under 150% NPK from the Day 10 onwards (Fig. 1).
Both NPK and 150% NPK treated plots had lower Ct values than
NPK + FYM and NPK + L plots up to Day 10. From Day 10 onwards,
NPK, 150% NPK, NPK + FYM, and NPK + L plots had similar Ct values
(Fig. 1).
in bulk soils and in soil aggregates as affected by 43 years of fertilization under a

Q10

35 �C

MI BS MA MI BS MA MI

22.9d 35.9d 21.2d 28.1e 1.07d 1.06c 1.25d
23.9d 44.7c 29.6d 29.3e 1.12c 1.09c 1.24d
38.3c 56.3b 44.6c 47.2d 1.18c 1.18b 1.26d
51.6b 84.4a 76.1b 66.7c 1.24b 1.21b 1.33c
65.6a 85.8a 76.6b 85.8a 1.26a 1.20b 1.37b
53.1ab 81.0a 83.3a 83.3a 1.22b 1.33a 1.67a
57.7ab 80.6a 78.7b 75.2b 1.29a 1.33a 1.36b
44.7B 66.6 58.6A 59.4A 1.19 1.20B 1.35A

 0.05 according toTukey’s HSD test. Significant (P < 0.05) effects of macroaggregates
fferent upper-case letters in the last row.

 MI = Microaggregates.



Table 5
Labile soil organic carbon (Co), cumulative soil organic carbon mineralized (Ct), and Q10 in bulk soils and in soil aggregates as affected by 43 years of fertilization under a
soybean based cropping system in an Alfisol of 15–30 cm soil depth.

Treatmentsa Co (mg 100 g�1) Ct (mg 100 g�1) Q10

25 �C 35 �C

BS MA MI BS MA MI BS MA MI BS MA MI

Control 103.8d 202.3d 161.7d 38.6c 22.9e 15.6c 39.2d 25.0d 18.5d 1.03e 1.10e 1.20c
N 119.7c 216.0c 176.8d 40.9c 22.3e 15.6c 45.0c 27.8d 18.5d 1.13d 1.26d 1.20c
NP 118.2c 212.6c 195.4c 39.8c 28.1d 15.6c 44.7c 34.9d 20.7d 1.16d 1.27d 1.35ab
NPK 179.3b 236.9c 216.0b 45.7b 42.5c 34.6b 54.2c 54.2c 46.6c 1.22c 1.31c 1.39ab
150% NPK 188.6ab 236.9c 219.5b 52.0b 49.5bc 45.6a 67.5b 64.7bc 58.3b 1.37b 1.36c 1.33b
NPK + FYM 199.9a 251.0b 240.4a 59.4a 53.1b 43.5a 76.6a 71.2b 60.2ab 1.37b 1.41b 1.44ab
NPK + L 200.9a 299.3a 212.6b 65.3a 57.7a 47.4a 88.6a 78.7a 67.2a 1.48a 1.42a 1.50a
Mean 158.6 236.4A 203.2B 48.8 39.5A 31.1B 59.4 50.9A 41.4B 1.25 1.30B 1.34A

Means with same lower-case letters within a column are not significantly different at P < 0.05 according to Tukey’s HSD test. Significant (P < 0.05) effects of macroaggregates
versus microaggregates for each parameter (mean of all treatments) are denoted by different upper-case letters in the last row.

a Please refer to Table 2 for treatment details. BS = Bulk soils; MA = Macroaggregates; MI = Microaggregates.
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SOC mineralization rates in the 15–30 cm soil layer steadily
increased in all treatments from Day 4-after incubation onwards at
both temperatures (Fig. 2). Fertilization had significant impacts on
Ct values on all sampling days, with NPK + L and NPK + FYM treated
plots having similar Ct values, and Ct values of these treatments
were significantly higher than other treatments (Fig. 2).

In the 0–15 cm soil layer, at 25 �C, plots under NPK, NPK + FYM,
150% NPK and NPK + L had similar bulk soils Ct values (Table 4).
However, all these plots had higher Ct values than unfertilized
control plots. A similar trend was observed for Ct from macro-
aggregates in the surface soil layer. Then again, Ct from micro-
aggregates had a slightly different trend. Plots under 150% N had
�27% higher Ct from microaggregates than NPK plots (51.6 mg C
100 g�1 soil) (Table 4). Cumulative C mineralization of bulk soils
and soil aggregates in all treatments increased at 35 �C. At that
temperature, although Ct values from bulk soils under NPK,
NPK + FYM, 150% NPK, and NPK + L treated plots were similar, plots
under NPK + FYM had �6, 9 and 9% higher Ct from macroaggregates
than NPK + L, NPK and 150% NPK treatments, respectively (Table 4).
In a slightly different trend, Ct values from microaggregates under
NPK + FYM and 150% NPK treated plots were similar and the values
were significantly greater than NPK + L and NPK treated plots
(Table 4). Generally, both N and unfertilized control plots had
similar Ct values at both temperatures, with exceptions of (i) Ct

from macroaggregates at 25 �C under N was higher than
unfertilized control plots, and (ii) Ct from bulk soils of N treated
plots was higher than unfertilized control plots at 35 �C (Table 4).
Fig. 1. Cumulative carbon (C) mineralization of bulk soils as affected by 43 years of
fertilization in the 0–15 cm soil layer under a soybean based cropping system in an
Alfisol. Please refer to Table 2 for treatment details.
In the 15–30 cm soil layer, Ct values at both temperatures
decreased over the surface soil layer. Plots with NPK + L and
NPK + FYM had similar Ct values from bulk soils and micro-
aggregates at both incubation temperatures (Table 5). Cumulative
C mineralization in bulk soils of NPK + FYM and NPK + L treated
plots were �100 and 90% higher, respectively, than unfertilized
control plots at 25 �C, and 126 and 125%, in that order, at 35 �C. In
macroaggregates, Ct values under NPK + FYM and NPK + L plots
were 221 and 205% higher, respectively, and in microaggregates
the corresponding values were 132 and 152% higher, respectively,
than unfertilized control plots at 25 �C (Table 5). The Ct values from
microaggregates of NPK + FYM and NPK + L plots were significantly
higher than all other treatments, except: (i) plots under 150% NPK
had similar values to former plots at 25 �C and (ii) at 35 �C, Ct from
microaggregates of 150% NPK and NPK + FYM plots were similar.
The N, NP and unfertilized control plots had similar Ct values at
both temperatures, with exceptions of Ct from macroaggregates at
25 �C and Ct from bulk soils at 35 �C (Table 5).

Ct from bulk soils of plots under NPK + FYM in the 0–15 cm soil
layer at 25 �C was less than bulk soils and aggregates of many other
treatments (less than NPK and 150% NPK plots in bulk soils, less
than 150% NPK plots in macroaggregates and less than 150% NPK
and NPK + L plots in microaggregates). The proportions of total SOC
mineralized from bulk soils and macro- and micro-aggregates
were significantly lower in NPK + FYM treated plots than NPK and
other treatments (except unfertilized control plots for bulk soils) in
Fig. 2. Cumulative carbon (C) mineralization of bulk soils as affected by 43 years of
fertilization in the 15–30 cm soil layer under a soybean based cropping system in an
Alfisol. Please refer to Table 2 for treatment details.



Table 6
Proportion of total soil organic carbon (SOC) mineralized from bulk soils and aggregates (isolated after 43 years of fertilization) after 24 days in the 0–15 cm soil layer.

Treatmentsa % Total SOC mineralized at 25 �C % Total SOC mineralized at 35 �C

BS MA MI BS MA MI

Control 10.9d 4.2e 7.4d 11.6e 4.4e 9.1d
N 13.0c 5.9e 6.8d 14.4 cd 6.4d 8.4d
NP 13.6c 7.9d 9.6c 15.6c 9.1c 11.8c
NPK 18.5a 12.2a 11.0b 22.2a 14.4a 14.2b
150% NPK 16.3b 11.9a 13.7a 20.0b 13.9a 17.9a
NPK + FYM 11.3d 9.5c 9.3c 13.5d 12.3b 14.6b
NPK + L 16.2b 10.2b 13.1a 20.1ab 13.1ab 17.1a
Mean 14.3 8.8B 10.1A 16.8 10.5B 13.3A

Means with same lower-case letters within a column are not significantly different at P < 0.05 according to Tukey’s HSD test. Significant (P < 0.05) effects of macroaggregates
versus microaggregates for each parameter (mean of all treatments) are denoted by different upper-case letters in the last row.

a Please refer to Table 2 for treatment details. BS = Bulk soils; MA = Macroaggregates; MI = Microaggregates.

Table 7
Proportion of total soil organic carbon (SOC) mineralized from bulk soils and aggregates (isolated after 43 years of fertilization) after 24 days in the 15–30 cm soil layer.

Treatmentsa % Total SOC mineralized at 25 �C % Total SOC mineralized at 35 �C

BS MA MI BS MA MI

Control 18.4a 7.6cd 7.4c 18.7b 8.3d 8.8c
N 17.0ab 6.8d 7.1c 18.7ab 8.4d 8.4c
NP 14.7b 8.0cd 6.0d 16.6c 10.0d 8.0c
NPK 14.7b 11.8b 11.2b 17.5c 15.0c 15.0ab
150% NPK 17.3ab 13.8ab 11.4b 22.5ab 18.0ab 14.6b
NPK + FYM 17.5ab 12.6ab 11.2b 22.5ab 17.0b 15.4ab
NPK + L 19.8a 14.4a 15.8a 26.8a 19.7a 22.4a
Mean 17.1 10.7A 10.0A 20.5 13.8A 13.2A

Means with similar lower-case letters within a column are not significantly different at P < 0.05 according toTukey’s HSD test. Significant (P < 0.05) effects of macroaggregates
versus microaggregates for each parameter (mean of all treatments) are denoted by different upper-case letters in the last row.

a Please refer to Table 2 for treatment details. BS = Bulk soils; MA = Macroaggregates; MI = Microaggregates.
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the surface layer (Table 6). The proportions of total SOC
mineralized from bulk soils and aggregate fractions of NPK + FYM
plots were also less than NPK in the 15–30 cm soil layer (Table 7).
However, this anomaly in C mineralization from aggregates of the
surface soil was not observed when exposed to the higher
temperature (35 �C).

3.3. Q10

The Q10 is an alternative measure of temperature sensitivity.
Plots under 150% NPK and NPK + L had significantly higher Q10

values compared with all other treatments in the surface layer
(Table 4). Bulk soils C contents in NPK + FYM and NPK + L treated
plots were 1.3 and 1.4 times more temperature-sensitive than
unfertilized control plots. However, Q10 values of both macro- and
microaggregates in the plots under NPK + FYM were significantly
higher than all other plots, except NPK + L, and NPK + FYM plots had
Table 8
Activation energy (Ea) and decay rates (Kc) of SOC mineralization in bulk soils and in soi
system in an Alfisol of 0–15 cm soil depth.

Treatmentsa Ea (kJ mol�1) Kc (week�1

BS MA MI BS 

Control 5.0d 4.4c 16.8c 0.08a 

N 8.8c 6.8c 16.3c 0.07b 

NP 8.4c 12.3b 17.5c 0.09a 

NPK 16.2ab 14.3b 22.0b 0.08bc 

150% NPK 17.9ab 13.9b 24.2b 0.07c 

NPK+ FYM 15.0b 21.9a 39.3a 0.06d 

NPK + L 19.6a 21.6a 23.5b 0.07bc 

Mean 13.0 13.6B 22.8A 0.07 

Means with similar lower-case letters within a column are not significantly different at P <

versus microaggregates for each parameter (mean of all treatments) are denoted by di
a Please refer to Table 2 for treatment details. BS = Bulk soils; MA = Macroaggregates;
similar macroaggregate Q10 values. Macroaggregates of NPK + FYM
and NPK + L treated plots were �1.3 times more temperature-
sensitive than unfertilized control plots. Similarly, microaggre-
gates of NPK + FYM and NPK + L plots were 1.2 and 1.25 times more
temperature-sensitive than unfertilized control plots in the
0–15 cm soil layer. In that layer, Q10 of microaggregates in plots
under NPK + FYM was very high, and was �22, 22, 26 and 33%
higher than NPK + L, 150% NPK, NPK, and unfertilized control plots,
respectively. In the sub-surface soil layer, Q10 values of both bulk
soils and macroaggregates under NPK + L plots were significantly
higher than all other plots. Plots with NPK + FYM had �12 and 33%
higher Q10 of bulk soils than NPK and unfertilized control plots,
respectively. In the 15–30 cm soil layer, NPK + FYM treated plots
had �8 and 28% higher Q10 of macroaggregates than NPK and
unfertilized control plots, in that order. However, Q10 values of
microaggregates of NPK and NPK + FYM plots were similar.
l aggregates as affected by 43 years of fertilization under a soybean based cropping

) (at 25 �C) Kc (week�1) (at 35 �C)

MA MI BS MA MI

0.03d 0.03e 0.09ab 0.03c 0.04d
0.03c 0.03e 0.08c 0.04c 0.04d
0.05b 0.05d 0.11a 0.06b 0.06c
0.07a 0.06c 0.10a 0.08a 0.08b
0.07a 0.08a 0.09b 0.08a 0.11a
0.06a 0.06c 0.07d 0.08a 0.09b
0.07a 0.07b 0.09ab 0.09a 0.10ab
0.05A 0.05A 0.09 0.07B 0.07A

 0.05 according toTukey’s HSD test. Significant (P < 0.05) effects of macroaggregates
fferent upper-case letters in the last row.

 MI = Microaggregates.



Table 9
Activation energy (Ea) and decay rates (Kc) of SOC mineralization in bulk soils and in soil aggregates as affected by 43 years of fertilization under a soybean based cropping
system in an Alfisol of 15–30 cm soil depth.

Treatmentsa Ea (kJ mol�1) Kc (week�1) (at 25 �C) Kc (week�1) (at 35 �C)

BS MA MI BS MA MI BS MA MI

Control 2.1e 7.0c 14.1c 0.13a 0.03d 0.03d 0.14b 0.04d 0.04d
N 9.2d 17.6b 13.8c 0.12b 0.03d 0.03d 0.14b 0.04d 0.03d
NP 11.1c 18.2b 22.6b 0.12b 0.04d 0.02d 0.14b 0.05d 0.03d
NPK 15.4c 20.7ab 25.1ab 0.08e 0.06c 0.05c 0.10d 0.07c 0.07c
150% NPK 24.2b 23.5a 21.5b 0.09d 0.07a 0.07a 0.13c 0.09b 0.09b
NPK+ FYM 24.0b 26.0a 28.1a 0.10c 0.07a 0.06b 0.14b 0.10b 0.08ab
NPK + L 29.8a 27.0a 31.2a 0.11b 0.06a 0.07a 0.17a 0.10a 0.11a
Mean 16.6 20.0B 22.4A 0.11 0.05A 0.05B 0.13 0.07A 0.06A

Means with similar lower-case letters within a column are not significantly different at P < 0.05 according toTukey’s HSD test. Significant (P < 0.05) effects of macroaggregates
versus microaggregates for each parameter (mean of all treatments) are denoted by different upper-case letters in the last row.

a Please refer to Table 2 for treatment details. BS = Bulk soils; MA = Macroaggregates; MI = Microaggregates.
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3.4. Activation energy and decay rate of SOC mineralization

Activation energies required for bulk soils C mineralization in
the 0–15 cm depth layer were �200 and 290% higher in NPK + FYM
and NPK + L plots, respectively, than unfertilized control plots
(Table 6). Plots with NPK + L had �31 and 24% higher activation
energies than NPK + FYM in the 0–15 and 15–30 cm soil layers,
respectively (Tables 8 and 9). As with Q10, activation energies of
macroaggregates of NPK + FYM and NPK + L treated plots were
significantly higher than 150% NPK, NPK and unfertilized control
plots, in both soil layers (Tables 8 and 9). Macroaggregate
associated-C of plots under NPK + FYM and NPK + L required
�400 and 395% more activation energy than unfertilized control
plots and �50% more activation energy than NPK. However,
microaggregate-associated C of NPK + FYM and NPK + L plots had
�133 and �40% more activation energy, respectively, than
unfertilized control plots. Again, microaggregate-associated C of
NPK + FYM treated plots needed �78% more activation energy than
NPK treatment to mineralize in the 0–15 cm soil layer. Similarly,
macroaggregate-associated C of NPK + FYM and NPK + L plots
needed �270 and 290% more activation energy than unfertilized
control plots and �25% more than NPK treated plots in the 15–
30 cm soil layer.
Fig. 3. Dehydrogenase activities (DHA) of bulk soils and soil aggregates as affected by 43
within a particular soil size fraction are not significantly different at P < 0.05 according
BS T = 25: Bulk soils at 25 �C; BS T = 35: Bulk soils at 35 �C; MA T = 25: Macroaggregates a
T = 35: Microaggregate at 35 �C. Refer to Table 2 for treatment details. BS = Bulk soils; M
SOC decay rates from surface bulk soils and aggregates were
maximum in NP and 150% NPK treatments, respectively, irre-
spective of temperatures. In sub-surface bulk soils, macro- and
microaggregate C decay rates were at their maximum in
unfertilized control, NPK + FYM and NPK + L treatments, respec-
tively, at 25 �C and in NPK + L plots at 35 �C (Tables 8 and 9).

3.5. Enzyme activities

Dehydrogenase activity (DHA) was measured within all soil size
fractions to understand microbial activities as affected by
increased temperature. In the surface soil at 25 �C, DHA of bulk
soils was highest in plots under NPK + FYM treatment, and was
�15% higher than NPK treatment (Fig. 3). In that soil layer, DHA of
bulk soils of NPK plots was higher than 150% NPK, N, NP, and
unfertilized control plots at 25 �C. At 35 �C, DHA of bulk soils
followed a similar trend, but the relative DHA values in all
treatments increased (Fig. 3). Fertilization significantly affected
DHA within all soil size fractions at both temperatures, except
within microaggregates at 25 �C. As with the bulk soils, DHA values
within macroaggregates at both temperatures and that of micro-
aggregates at 35 �C in the plots under NPK + FYM were significantly
greater than NPK, N, NP, and unfertilized control plots (Fig. 3). In
 years of fertilization in the 0–15 cm soil layer. Bars with similar lower-case letters
 to Tukey’s HSD test. ns = Not significant.
t 25 �C; MA T = 35: Macroaggregates at 35 �C; MI T = 25: Microaggregate at 25 �C; MI
A = Macroaggregates; MI = Microaggregates.



Fig. 4. Dehydrogenase activities (DHA) of bulk soils and soil aggregates as affected by 43 years of fertilization in the 15–30 cm soil layer. Bars with similar lower-case letters
within a particular soil size fraction are not significantly different at P < 0.05 according to Tukey’s HSD test. ns = Not significant.
BS T = 25: Bulk soils at 25 �C; BS T = 35: Bulk soils at 35 �C; MA T = 25: Macroaggregates at 25 �C; MA T = 35: Macroaggregates at 35 �C; MI T = 25: Microaggregate at 25 �C; MI
T = 35: Microaggregate at 35 �C. Please refer to Table 2 for treatment details. BS = Bulk soils; MA = Macroaggregates; MI = Microaggregates.
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the 15–30 cm soil layer, DHA values of bulk soils, macro- and
microaggregates closely followed the same trends of 0–15 cm soil
layer (Fig. 4). b-glucosidase enzyme activity of bulk soils in the
0–15 cm soil layer was highest under NPK + FYM treated plots,
followed by plots under NPK + L and NPK treatments (Fig. 5).
Fertilization had no significant effects on b-glucosidase activity in
the 15–30 cm soil layer (Fig. 5).

4. Discussion

4.1. Carbon mineralization

Irrespective of fertilization, soil depth and temperature effects,
Ct values were lower in aggregates than in bulk soils. Furthermore,
Ct values from microaggregates were less than those from
Fig. 5. b-Glucosidase activity of bulk soils as affected by 43 years of fertilization in both
particular soil size fraction are not significantly different at P < 0.05 according to Tuke
macroaggregates. These results accord well with other studies
(Jastrow et al., 1996; Goebel et al., 2005; Bossuyt et al., 2005;
Majumder et al., 2007; Kumar et al., 2013). Less C mineralization
from aggregates may be due to the decreased openness to water,
nutrients and oxygen, bringing about lower microbial activity
within aggregates (Hartmann and Simmeth, 1990). Less C
mineralization may also be due to the diminished microbial
availability of the SOC itself situated within aggregates (Tisdall and
Oades, 1982). Relatively low SOC mineralization from NPK + FYM
treatment may be due to the formation of compounds, which are
resistant to microbial action or may be due to matrix stabilization
(Cotrufo et al., 2013). Lower microaggregate C mineralization was
mainly due to OM associated with macroaggregates being more
vulnerable to mineralization than OM associated with micro-
aggregates (Dormaar, 1984). Thus, the SOC in macroaggregates was
 soil layers under different treatments. Bars with similar lower-case letters within a
y’s HSD test. ns = Not significant. Please refer to Table 2 for treatment details.



Table 10
Soil pH as affected by 43 years of fertilization under a soybean based cropping
system in an Alfisol.

Treatmentsa pH

Control 5.13b
N 4.56c
NP 5.32b
NPK 5.19b
150% NPK 4.70c
NPK + FYM 5.21b
NPK + L 6.43a

Means with same lower-case letters within a column are not significantly different
at P < 0.05 according to Tukey’s HSD test (n = 3 for each treatment).

a Please refer to Table 2 for treatment details.
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probably more labile and less protected than SOC associated with
microaggregates (Tisdall and Oades, 1982).

In these acid soils (as the experimental site had soil pH in the
surface layer of 5.3) (Table 10), many OM-matrix interactions are
operated by expandable and non-expandable phyllosilicates and
Fe-, Al- and Mn-oxides (Cotrufo et al., 2013). These oxides often
occur as clay coatings, which protects OM from decomposition
(Cotrufo et al., 2013). An increase in surface soil aggregate-
associated C mineralization at higher temperature may be due to
increased rates of biochemical reactions (Deressa, 2015) and/or
due to inefficiency of matrix stabilization, owing to less Fe-, Al- and
Mn-oxides in surface soils than sub-surface soils (Dolui and Bera,
2001). Lime application also resulted in higher C mineralization
within aggregates than many other treatments, probably because:
(i) NPK + L treatment increased both aggregation and soil pH.
Consequently, Fe and Mn oxides tended to form insoluble
hydroxides. This might have caused liberation of sorbed SOC,
which probably served as substrates for microbes. (ii) Higher total
SOC in soil aggregates under NPK + L than unfertilized control, N
and NP treated plots might have resulted in higher mineralization
rates, due to greater substrate availability.

Liming is well known to improve soil aggregation (Hati et al.,
2008). Soil processes associated with liming may be the major
cause of higher activation energy required for mineralization of
bulk soils C and macroaggregate-associated C in the surface layer.
Plots under NPK + FYM and NPK + L had similar non-crystalline Fe
contents in both soil layers (Fig. 6). Non-crystalline Fe has a role in
matrix stabilization, thereby requiring higher activation energy
(Zhang et al., 2013). Thus, detailed studies of the role of Ca, Fe, Al,
soil aggregation and C, N, S and P cycling enzymes on the
Fig. 6. Amorphous iron concentrations of bulk soils as affected by 43 years of
fertilization under a soybean-based cropping system in the 0–15 cm and 15–30 cm
soil layers in an Alfisol. Bars with similar lower-case letters within a particular soil
depth layer are not significantly different at P < 0.05 according to Tukey’s HSD test.
Please refer to Table 2 for treatment details.
temperature sensitivity of SOM decomposition merit further
investigation.

4.2. Temperature sensitivity (Q10) and activation energy (Ea)

The higher Q10 values of microaggregates than macroaggregates
(i.e. 1.67 in microaggregates) of NPK + FYM treated plots compared
with 1.29 in macroaggregates in surface soil indicate higher
temperature-sensitivity of microaggregates with increased tem-
perature. A synthesis of the Q10 values also shows that SOC in bulk
soils of NPK + L, macro- and micro-aggregates of NPK + FYM and
NPK + L treatments were highly temperature-sensitive. The higher
activation energy in these treatments may be due to chemical,
physical and matrix influenced recalcitrance of residues (Jaga-
damma et al., 2014), which minimized with increased tempera-
ture. Decomposition hindrance of SOM at higher temperatures
diminished in aggregates, probably due to a combination of
decreased C:N ratios (aroused due to higher C decomposition) and
increased enzyme activity. Coupled with these phenomena,
desorption of sorbed C from soil minerals is favoured at higher
temperatures, that may play a determining role in increasing SOC
decomposition from macroaggregates of NPK + FYM and NPK + L
treatments at higher temperature (Six et al., 2000, 2004). This is
ultimately reflected in Q10 values, along with its higher activation
energy. Thus, OM and amendments (such as lime) may behave as
an energy barrier to SOM decay. The activation energy and
temperature-sensitivity values of SOC mineralization from bulk
soils of 0–15 cm depth layer of NPK + FYM treated plots were lower
than NPK, 150% NPK, and NPK + L plots, which may be due to the
corresponding microbial activities (Fig. 3).

Microaggregates had maximum-temperature sensitivity and
their Q10 values were significantly higher than macroaggregates in
both layers. As fine particles associated with microaggregates have
the capacity to strongly adsorb OM through several mechanisms
(e.g. ligand exchange, polyvalent cation bridges and large surface
areas) (Sollins et al., 1996), decomposition of recalcitrant substrate
that requires high activation energy will increase with increasing
temperatures compared to those of labile substrates with low
activation energy (Conant et al., 2011). Thus, microaggregates had
greater temperature sensitivity (Q10) than macroaggregates. Six
et al. (2002) observed that labile C content in macroaggregates was
greater, as it acts as a binding agent among microaggregates, but C
encapsulated in microaggregates may be more stable, due to a
strong combination with soil particles (von Lützow et al., 2007).
Therefore, SOC degradation in microaggregates may be more
sensitive to increasing temperatures (Seech and Beauchamp, 1988;
Sey et al., 2008).

4.3. Carbon decay rates

In sub-surface soil, mean (of all treatments) decay rate of C (Kc)
from microaggregates was significantly lower than macroaggre-
gates at lower temperature. This may be substantiated by the
strong physico–chemical and physical protection offered by
microaggregates to OC that effectively increase Ea, leading to
decreased decomposition rates. Whereas, in surface soil, C decay
rates of macro- and micro-aggregate associated-C were similar at
25 �C. Again, in the surface soil with increased temperature, decay
rates of C from microaggregates were far greater than that from
macroaggregates. This indicated that microaggregate-C in surface
soil was more temperature sensitive than macroaggregates. In sub-
surface soil, low rates of OC decay with respect to surface soil may
be due to: i) strong physical barriers, ii) low diffusion of air and
water, iii) decreased microbial populations and iv) soil thermal
insulation capacity, which prevents heating of sub-surface soil,
thus decreasing temperature effects on Kc and v) low enzyme
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activity (Figs. 3 and 4). Generally, this study showed that long-term
fertilization (NPK + FYM) decreased Kc values from bulk soils at
both temperatures over unfertilized control plots, but significantly
increased Kc values of both types of soil aggregates. This invites
detailed studies of all soil fractions (including silt + clay associated
fraction) to understand SOC decomposition as affected by
fertilization under increased temperatures.

5. Conclusions

In accordance with the first hypotheses, long-term (43 years)
fertilization significantly impacted C mineralization rates (at both
incubation temperatures) from bulk soils and from macro- and
micro-aggregates in both 0–15 and 15–30 cm soil layers (except
NPK + FYM treated plots had similar C mineralization rates to NPK
in the 15–30 cm soil layer). However, Q10 values of bulk soils in
plots under NPK + FYM and NPK in the 0–15 cm soil layer were
similar; although NPK + FYM treated plots had higher Q10 than NPK
in the deeper layer. Thus, the second hypothesis was partially
accepted. Bulk soils of NPK + L plots had higher Q10 values than
NPK + FYM plots in both surface and sub-surface soil layer,
indicating long-term NPK + FYM application acted as energy
barriers to SOC decomposition and had considerable potential in
having less proportional (to its total SOC) SOC decomposition
under increased temperatures. Thus, among all practices, integrat-
ed nutrient management (NPK + FYM application) not only had
highest SOC accumulation, but also could have less SOC losses
under elevated temperatures and hence could be recommended.
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