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Abstract—Tropical agricultural soils have been claimed as a source of carbon. As agricultural systems in the trop-
ics are highly diverse, it is useful to study soil organic C (SOC) of different agricultural systems. We quantified
the SOC fractions, available nutrients, and aggregate stability in eight different tropical agricultural systems,
including annual crops under different management scenarios, such as organic, inorganic, and combined fertil-
izer applications. Annual crops treated with organic fertilizer only (A–OF), inorganic fertilizer only (A–IF),
both organic and inorganic fertilizers (A–O/IF), perennial crops (PC), home gardens (HG), and abandoned
home gardens (AHG) in Eutrustox soils and annual crops with organic fertilizer only (A–OFS) and unculti-
vated land on Quartzipsamments soil (USR) were studied. The links between SOC fractions, available nutrients,
and aggregate stability in these soils were analyzed. Regression models were fitted for SOC fractions and avail-
able nutrients. Our results indicated that the different land use types exhibited significant variations in organic
carbon fractions, aggregate stability, and available nutrients in soils. The available macro and micronutrients,
except for nitrogen, showed a significant positive correlation with either total organic C (TOC) or carbon frac-
tions indicating the synergy between them. The differences in soil C stocks clearly reflected the differences in
litter fall and soil disturbance, as indicated by the highest C stocks in AHG. The dry weight of collected litter
showed that AHG accumulated the highest litter content (97.38 g/m2) compared to the lowest (37.63 g/m2) in
A–I/F. Organic matter addition to soil also increased the C stocks, even in annual crops. Aggregate stability
showed a positive correlation with C fractions. The regression models developed in this study can be used to pre-
dict available nutrients by measuring TOC or C fractions in similar land use types in the tropics. This study con-
firmed that tropical agricultural systems that include annual crops have potential for storing and maintaining C
in soils, if appropriately managed. The beneficial influence of SOC on available nutrients and aggregate stability
could be a driving force to increase carbon stock in tropical agricultural systems.
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INTRODUCTION

Soil organic carbon (SOC) plays an important role
in maintaining ecosystem services that are vital for
sustainable agriculture [45]. Though decline of carbon
stock of agricultural lands [20, 10] have been reported
depending on the agricultural and forestry manage-
ment practices and climatic scenarios, stored SOC can
act as a greenhouse gas source or sink [47]. Enhancing
carbon storage in soil is of great interest, as the soil
itself contain approximately 2500 Pg (1015 g) of C at
the global level [48]. Therefore, understanding the
behavior of SOC is critical for managing it in a way
that minimizes the increase in greenhouse gasses. It is
estimated that improving agricultural management

practices could sequester between 400 and 800 Mt C
per year worldwide [49].

Soil organic C consists of different SOC fractions
that play different ecological roles and have various
biological influences [43]. Soil organic C fractions
vary in turnover rates and resistance to decomposition
[21, 30, 43]. Therefore, when studying C sequestra-
tion, it is important to explore not only these fractions,
but also total SOC. Different systems are used to clas-
sify these SOC fractionations. Soil itself is a matrix of
these fractions that is combined by the formation of
both macro and micro aggregates [22]. These aggre-
gates will provide protection and allow the SOC to
remain in soils for a long period. Additionally, SOC
fractions are important for initializing process based
SOC models, such as the Roth C carbon model, by
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replacing the conceptual pools of SOC, as demon-
strated by Karunaratne et al. [56].

Land use management practices and land use/land
cover changes influence the total SOC and the pro-
portions of the various fractions [34, 51, 53, 63]. Gen-
erally, in commercial agriculture, continuous cultiva-
tion is practiced with conventional tillage and inor-
ganic fertilizer is used without the addition of organic
manure. Such cultivation practices lead to land degra-
dation, which is mainly due to the depletion of soil
organic matter (SOM).

Many studies have focused on assessing the
changes in labile pools of SOC associated with differ-
ent soil management practices in the temperate
regions of the world [29], but only a few studies have
focused on the tropical regions, particularly in agricul-
tural soils. A study by Benbiet al. [8] on poplar-based
agroforestry involving wheat-legume rotation, as well
as rice-wheat and maize-wheat agro ecosystems, in
semiarid India reported that organic C fractions in
soils were less stable and thus could be lost during land
use change. Further, Benbi et al. [9] reported that C
fractions except water soluble C, were strongly cor-
related with each other in cultivated and undisturbed
soils in northern India. SOC in tropical soils appears
to be more easily degraded compared to that of tem-
perate soils [42]. Hence, increasing the SOC contents
of soils in the tropics and subtropics is not an easy task
[48]. On the other hand, the need for higher SOC lev-
els to maintain suitable agricultural production sys-
tems in the tropics is equally important, if not more
important than doing so in temperate regions.

Soil organic matter (SOM) consists of dead plant
and animal material and includes SOC [21]. Some of
the nutrients in the soil are held in the organic matter,
comprising almost all the N, a large amount of P and
some S [5]. When organic matter decomposes, these
nutrients are released into the soil in a form that plants
can absorb [3]. Building soil organic matter or SOC
has a significant relevance Kyoto protocol [46] to mit-
igate global warming. The carbon sequestration
potential of soils plays an important role in mitigating
the effect of climate change, because soils serve as
sinks for atmospheric carbon [20]. Agricultural soils if
properly managed could act as sink of carbon [45, 63].
Altering crop rotation can influence soil C stocks by
changing quantity and quality of organic matter input.
More research is needed, especially in the tropical
areas where quantitative information is lacking [4].
Building SOC in agricultural soils depends on deci-
sions made by farmers in terms of managing SOM
which in turn depend on benefits gained. As studies in
tropical agricultural systems are limited in this aspect
present research aimed to study selected beneficial
influences of SOC in tropical agricultural soils.

The main aims of this study were to quantify the
SOC and its fractions and available nutrients (extract-
able) in soils under different agricultural land use types
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managed with organic, inorganic and combined fertil-
izer applications and to study the connections between
SOC fractions and available nutrients. Additionally,
we explored the interrelationships between SOC frac-
tions and aggregate stability. We hypothesized that the
SOC fractions would form a primary component of
the SOM, thereby influencing the soil available nutri-
ents and aggregate stability of the considered land use
types. Here, we present a case study from tropical agri-
cultural production systems in Northern Sri Lanka.

MATERIALS AND METHODS
Study Area

This study was carried out in the Jaffna District,
which is located in the northern tip of the dry zone of
Sri Lanka (5°54′ N to 9°52′ N latitude and 79°39′ E to
81°53′ E longitude). The main soil types of the study
area are Eutrustox and Quartzipsamments [61] which
are known locally as Calcic Red Yellow Latosol and
Sandy Regosols [15]. The mean annual rainfall in the
study area reported in between 696 to 1125 mm and the
mean annual temperature is reported as 26 to 33°C [39].

Landscape-Scale Different Treatment Structure Adopted 
in the Study

The nine different types of land uses were selected.
They are namely: (1) annual crop—organic fertilizer
only (A–OF), (2) annual crop—inorganic fertilizer
only (A–IF), (3) annual crop—organic/inorganic
both (A–O/IF), (4) home gardens (HG), (5) aban-
doned home gardens (AHG), (6) agricultural fields of
perennial crops (PC), within the same soil type calcic
red-yellow Latosol, (7) annual crop with organic fer-
tilizer only (A–OFS), and (8) uncultivated land
(USR) in a sandy Regosol. These land uses main-
tained the same land use for more than 10 years except
the annual crop-organic fertilizer only (A–OF). This
land use maintained the same condition only for
7 years. The abandoned home gardens are those which
had not been either maintained or disturbed for almost
twenty-five years due to civil war in this part of Sri
Lanka. Crop history, yield and cultural practices are
given in Table 1.

Soil Sampling
For each land use type three (3) plots having a size

of 20 × 20 m dimensions were demarcated in the
farmer’s fields. Each subplot was about 0.5 km apart
from each plot. Within each plot, samples were col-
lected (after removing the surface litter layer) at two
depth intervals namely 0–0.15, 0.15–0.30 m. Then
three sub plot data were pooled for respective depth
intervals and created composite samples per sub-plot
which resulted in 16 composite samples per sub plot
(8 each for considered depth intervals). Finally,
48 samples for each land use type were resulted.
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Table 1. Crop history and management practices of the land uses

Land Use Present Crop Duration under 
present crop

Annual Fertilizer application
Land preparation

and residue managementinorganic, 
kg/ha organic, tons/ha

(A–OF) Annual crop (chilli and 
onion) rotation

More than 10 years None 20–25 twice a year Till/residue removal

(A–IF) Annual crop (chilli and 
onion) rotation

More than 10 years N 250
P2O5 200
K2O 200

None Till/residue removal

(A–O/IF) Annual crop (chilli and 
onion) rotation

More than 10 years N 250
P2O5 200
K2O 200

20–25 twice a year Till/residue removal

(PC) Perennial crop (Banana) More than 10 years None None Till/residue incorporation
(HG) Home garden mixed 

crops
More than 10 years None None Till/residue removal

(AHG) Home garden Mixed 
crops

More than 25 years None None No-till/residue not removed

(A–OFS) Annual crop (Paddy) 7 years None 20–25 once a year Till/residue removed
(USR) Natural shrub vegetation More than 25 years None None No Till/residue not 

removed
Soil sample preparation and laboratory analysis. All
visible organic debris, stones, plant roots were removed
from the soil. Large soil aggregates were crushed and
sieved using a 2 mm mesh sieve. MBC, soil moisture
content and soil pH were analyzed using fresh soil.
MBC was determined by using the chloroform fumiga-
tion and extraction method [11]. After fumigation,
MBC was extracted using 0.5 M K2SO4 and quantified
using the TOC analyzer (multi N/C 2100, Analytikjena,
Germany). The remaining soil samples were air dried
and ground (0.15 mm) using a grinder (M20 IKA,
WERAKE) for further analysis [28].

The following analyses were carried out using dry
soil. TOC content was determined using ‘wet’ oxida-
tion by acidified dichromate of organic carbon [31].
The labile fractions of SOC were determined by POC
estimation [54]. The water-soluble organic carbon
(WSC) was estimated as described by Ghani et al. [2].
KMnO4-oxidizable carbon (POC) was extracted using
0.2 M KMnO4 in 1 M CaCl2. Water soluble organic
carbon (WSC) was extracted after shaking at 200 rpm
for 30 min and filtering (Whatman42, ash less). The
extract was analyzed for C by titration with ferrous
ammonium sulfate after dichromate oxidation in
acidic medium. Macronutrients (K, Ca, Mg) were
extracted by a modified Morgan extractant
(NH4OH/CH3COOH) [26] while micronutrients
(Cu, Mn, Fe, Zn) were extracted using diethylene tri-
aminepentaacetic acid [41]. The extracts were ana-
lyzed using atomic absorption spectrophotometer
(GBC 933 AA, Australia). Soil phosphorus was
extracted using 0.5 M Na2CO3 and the color develop-
ment was carried out using the molybdenum blue
method [16]. The concentration was measured using
UV-2450 (Shimadzu) spectrophotometer. Forms of
soil available N, namely Soil , was extracted using
1 N KCl [57] and determined colorimetrically. Soil

 was extracted using 0.5 M K2SO4and determined
colorimetrically.

As soil physical properties both aggregate stability
and particle size analysis were performed. Aggregate
stability index was measured as mean weight diameter
by the dry sieving method [62]. Particle size analysis was
determined using the pipette method [19] and derived
data were used to determine the soil textural classes.

Litter Sampling

Litter was collected from 1 × 1 m area of each plot.
The samples were oven dried at 60°C for 48 h and the
dry weight was measured.

Bulk Density

Bulk density of soil was determined by method
described by [18]. The samples for bulk density were
drawn by removing the top 1–2 cm of the surface soil
layer. Soil cores collected from each site were dried in
an oven at 105°C for 2 days. Bulk density was calcu-
lated as the ratio of dry mass of soil core and internal
volume of the metallic core.

+
4NH

−
3NO
EURASIAN SOIL SCIENCE  Vol. 52  No. 12  2019
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Table 2. Soil available nutrients at 0–15 cm depth in different land uses

Land use Available 
N K P Ca Mg Cu Mn Fe Zn

Depth 0–15 cm (μg g–1soil)

(A–OF) 7.72a 22.0a 29.72a 62.95e 23.67a 3929.1a 285.8a 3.78a 30.38ab 35.37a 11.15a

(A–IF) 6.32b 11.0b 17.32d 146.34cd 18.67a 1291.8e 111.4cd 2.44b 16.93abc 15.38c 1.98cd

(A–O/IF) 6.00b 20.0a 26.0ab 87.30de 20a 2137.3cd 139.5c 2.59b 12.99c 30.71a 4.07bc

(PC) 6.34b 10.0b 16.34de 153.40c 20.67a 2357.3bc 235.1b 2.23bc 15.93bc 20.13bc 5.19b

(HG) 3.49cd 3.67c 7.16f 240.50b 6.67b 2011.7d 140.7c 1.78bc 19.95abc 18.45c 3.19bc

(AHG) 6.12b 6.00bc 12.12e 374.15a 10.67b 1999.8d 312.6a 4.06a 31.61a 28.25ab 5.20b

(A–OFS) 2.82d 18.0a 20.82cd 21.05cd 18a 556.4f 115.8c 1.23cd 21.05abc 20.07bc 4.35bc

(USR) 4.12c 18.67a 22.79bc 10.79c 4.67c 465.0f 78.3d 0.49d 10.79c 15.88c 0.72d

Depth 15–30 cm ( μg g–1soil)
(A–OF) 2.02cd 14.00ab 16.02ab 43.67f 22.67a 3808.2a 134.2b 3.30a 23.43a 31.77a 6.12a

(A–IF) 3.02a 8.00cd 11.02cd 137.98cd 18b 1268.0d 64.4de 1.68b 10.27bc 13.13d 1.83de

(A–O/IF) 2.25bcd 12.67b 14.92bc 70.38ef 16.67b 1935.2c 66.7de 1.80b 7.48c 22.86b 3.64bcd

(PC) 2.45bc 4.67de 7.12de 136.86cd 19.33ab 2195.7b 96.8c 1.58b 15.37b 17.27bcd 4.92ab

(HG) 1.76ed 1.67e 3.43e 220.49b 3.67d 1554.5d 89.2cd 1.74b 10.41bc 15.18cd 2.37cd

(AHG) 2.25bcd 5.00de 7.25de 339.82a 5.67d 1993.8bc 275.7a 4.00a 22.18a 20.71bc 4.02bc

(A–OFS) 2.70ab 17.33a 20.03a 11.19de 17.67b 250.4e 80.5cd 1.04bc 11.19bc 17.14bcd 1.57de

(USR) 2.63ab 10.67bc 13.30bc 7.12ef 3.34d 448.0e 54.9e 0.46c 7.12c 13.29d 0.25e

+
4NH −

3NO
Estimation of C Stocks

Carbon stocks were calculated using the following
equation [9].

Statistical Analysis

The data were analyzed using analysis of variance
(ANOVA), on the basis of a completely randomised
design with 8 treatments and 3 replicates of each treat-
ment. All comparisons were completed using SAS [60].
The relationships between different SOM fractions
and soil nutrients were established through correlation
and simple regression analyses.

RESULTS
Status of Soil Nutrient Availability with Different Land 

Use Types and Sampling Depth Intervals

Significant differences were observed in the avail-
ability of macronutrients (N, P, K, Ca, Mg) among
the different land use types and between the surface
and subsoils (Table 2). Available N ranged from 7.16–
29.72 μg g–1at depths of 0–0.15 m. There was signifi-
cantly higher available N in A–OF at depths of 0–15 cm.
P availability ranged from 4.67–23.67 μg g–1 and was

( ) ( )
( ) ( )

=

× × ×

–1

–3

C stock t ha C content %

bulk density Mg m depth m 100.
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highest in A–OF at depths of 0–0.15 m. USR exhib-
ited the lowest available surface soil P. Ca availability
ranged from 465–3929 μg g–1 and was highest in A–OF.
Mg availability ranged from 78.33–312.63 μg g–1.
AHG exhibited the highest available Mg, although this
was not significantly different from that of A–OF. The
availability of K ranged from 10.79 –374.15 μg g–1 with
AHG containing the highest amounts and USR con-
taining the lowest.

All macronutrients were significantly lower in the
subsoil (0.15–0.30 m depth) than in the topsoil (Table 3).
Among the subsoil samples, the highest available N
(20.03 μg g–1) was observed in A–OFS. Nevertheless,
it was not significantly different from that of A–OF
(Table 2b). On the other hand, the lowest available N
was found in HG. Available K in the subsoil ranged
from 7.12 μg g–1 in USR to 339.82 in AHG. P availabil-
ity was highest in A–OF (22.67 μg g–1) and lowest
(3.34 μg g–1) in USR. Available Ca and Mg ranged
from 250.47–3808 μg g–1 and 54.97–275.74 μg g–1,
respectively, in subsoils.

Levels of available micronutrients (Zn, Fe, Cu,
Mn) varied significantly with depth and among land
use types (Tables 2 and 3). Available Zn ranged from
0.25–11.15 μg g–1, being highest in A–OF. Available Mn
ranged from 7.12–31.61 μg g–1 with AHG and A–OF
exhibiting the highest concentrations. Available Fe
ranged from 15.38–35.37 μg g–1. A–OF had the high-
est available Fe. Available Cu varied significantly
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Fig. 1. C fractions levels at selected land uses: total organic C (TOC) variation in different land uses (a), microbial biomass
carbon (MBC) variation in different land uses (b), water soluble C (WSC) variation in different land uses (c), KMnO4 oxidiz-
able carbon (POC) variation in different land uses. Bars with the same letter are not significantly different at P < 0.05.
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Table 3. Depth-wise nutrient availability in the study area,
μg g soil–1

Difference is significant at 0.05 level.

Available nutrients 0–15 cm 15–30 cm LSD

5.14 2.28 0.25

13.11 9.41 1.5
K 171.76 145.60 17.98
P 17.11 13.22 1.65
Ca 1922 1768 74.73
Mg 183 120 11
Mn 18.87 12.92 3.84
Fe 22.31 18.45 2.66
Zn 4.34 3.03 0.73
Cu 2.14 1.78 0.44

+
4NH
−
3NO
among the land use types but did not vary much with
the depth. Available Cu ranged from 0.49–4.06 μg g–1

and was highest in AHG and A–OF and lowest in USR.

Distribution of Soil Organic Carbon Fractions Across 
Land Use Types and Sampling Depth Intervals

AHG showed the highest TOC, although it was not
significantly different from that of A–OF in both soil
layers (Fig. 1a). On the other hand, the lowest TOC
was recorded in A–OFS in both layers. However, it
was not significantly different from that in USR. The
highest MBC was observed in A–OF at both depths,
although it was not significantly different from that of
HG (Fig. 1b). The lowest MBC, at both depths, was
found in A–OFS, and the difference was significant.
Water–soluble C (WSC) content was relatively high
in home gardens (HG, AHG) and A–O/IF, while it
had lowest mean values in A–OFS and USR (Fig. 1c).
Permanganate oxidizable C (POC) was the highest in
A–O/IF at both depth interval sand the difference was
statistically significant when compared with other land
uses types (Fig. 1d). In contrast, the lowest POC was
found in A–OFS at both depth intervals, while it was not
significantly different from those in USR and A–I/F.
Relationship between Soil Organic Carbon Fractions
and Available Nutrients

Except for available N, all of the nutrient elements
tested (P, Mg, Ca, K, Zn, Mn, Cu and Fe) showed a
significant positive relationship with at least one of the
EURASIAN SOIL SCIENCE  Vol. 52  No. 12  2019
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Table 4. Pearson correlation matrix between Soil C, available nutrients Aggregate stability and clay content

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed).

Para-
meter N P K Ca Mg Mn Fe Zn Cu Ag.st Clay

MBC 0.174 0.619(**) 0.628(*) 0.877(**) 0.606(*) 0.614(*) 0.593(*) 0.771(**) 0.715(**) 0.888(**) 0.356
TOC 0.083 0.504(*) 0.605(*) 0.808(**) 0.521(*) 0.545(*) 0.489 0.658(**) 0.656(**) 0.916(**) 0.432
POC –0.047 0.409 00.424 0.787(**) 0.408 0.385 0.402 0.642(**) 0.612(*) 0.860(**) 0.229
WSC 0.046 0.304 0.643(**) 0.549(*) 0.408 0.413 0.538(*) 0.418 0.682(**) 0.838(**) 0.429
Ag.st 0.118 0.414 0.638(*) 0.771(**) 0.559(*) 0.620(*) 0.604(*) 0.664(**) 0.785(**) 1 0.518(*)
clay –0.053 0.129 744(**) 0.588(*) 0.675(**) 0.352 0.254 0.334 0.754(**) 0.518(*) 1
carbon fractions (Table 4). Available P, K, Ca and Mg
exhibited significant positive relationships with MBC
and TOC. Available Ca also exhibited a significant pos-
itive correlation with POC fractions (Table 4, Fig. 2a).
The fitted regression models are presented in Table 5.
Though MBC exhibited a linear relationship (r2 – 0.76)
with Ca availability, the exponential model exhibited
the highest correlation (r2 – 0.83) (Table 5, Fig. 2b).
Similarly, with TOC, the exponential model showed a
significant positive trend with available Ca that was
superior to the linear model (Fig. 2c, Table 5). In addi-
tion, K exhibited a highly significant correlation with
WSC (Table 4).

Micronutrients exhibited similar trends. For exam-
ple, Cu exhibited very strong positive relationships
with all of the labile fractions and TOC (Table 4). All
elemental micronutrients analyzed (Mn, Fe, Cu and
Zn) showed significant positive relationships with
MBC. Mn, Zn and Cu showed significant positive
relationships with TOC. Fe did not show a clear rela-
tionship with TOC. However, it showed a strong rela-
tionship with WSC (Table 3). Zn was positively cor-
related with POC. The linear models had higher r2 val-
ues of 0.505, 0.43 and 0.599 for TOC vs. Zn, TOC vs.
Cu and MBC vs. Zn, respectively. The exponential
models had high r2 values (0.502, 0.493, 0.518, 0.461
and 0.398) for MBC vs. Mn, WSC vs. Cu, TOC vs. Fe,
WSC vs. Fe and MBC vs. Fe, respectively. On the
other hand, the power model exhibited the highestr2

(0.678) for TOC vs. Mn (Table 5).
Dry weight of litter collected showed that AHG

accumulated the highest content (97.38 g/m2) com-
pared to the lowest (37.63 g/m2) in A–I/F. A–OF and
A–O/IF accumulated litter content of 62.37 and
45.63 g/m2 respectively. The average organic C con-
tent of the residues returned to soil was estimated as
41.5% of the dry weight.

Soil C Stocks Across Land Use Types

Among the cropping systems included in the study,
AHG maintained the highest carbon stocks (31.32 T/ha)
EURASIAN SOIL SCIENCE  Vol. 52  No. 12  2019
followed by A–OF (25.44 T/ha) (Fig. 3). A–OFS main-
tained the lowest C stocks (0.26 T/ha).

Aggregate Stability Across Land Use Types and Sampling 
Depth Intervals and Its Relationship with Soil Carbon 

Fractions and Nutrient Availability

Aggregate stability varied significantly among land
use types and with sampling depth (Fig. 4). The aban-
doned home garden (AHG) exhibited the highest
aggregate stability index (4.11) in the 0–0.15 m layer.
However, it was not significantly different from that of
HG or A–OF. USR had the lowest stability index
value (0.2). Other land use types exhibited stability
index values between 2.4 and 3.96 in the 0–0.15 m
layer. Aggregate stability was significantly positively
correlated with carbon fractions such as MBC, TOC,
POC and WSC (r2 = 0.888, 0.916, 0.860 and 0.838,
respectively). The highest correlation was observed
with TOC (0.916).

Among the macronutrients, Ca, K and Mg were
significantly correlated with aggregate stability.
Micronutrient (Zn, Cu, Mn and Fe) availability also
showed a significant positive correlation with aggre-
gate stability. K, Mg and Ca availability exhibited
highly significant correlations with clay content, while
Cu availability also showed a significant correlation
with clay content.

Effect of Soil Texture on Aggregate Stability 
and Nutrient Availability

Soil texture varied with land use type from sandy
loam to loamy sand and sand (Table 6). Soils from
A–OF, A–IF, A–O/IF, PC and HG had sandy loam
texture in both surface and subsurface layers while
soils of AHG were loamy sand in both layers. The sur-
face and subsurface of both A–OFS and USR exhib-
ited loamy sand and sand soil textures, respectively.

Although the clay content of soils was positively
correlated with TOC, POC, MBC and WSC, the rela-
tionships were not statistically significant. However,
clay content was significantly correlated with aggre-
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Fig. 2. Correlation between C fractions and nutrient availability: KMnO4 oxidizable carbon (POC) vs. Ca (a), microbial biomass
carbon (MBC) vs. Ca (b), total organic C (TOC) vs. Ca (c), water soluble C (WSC) vs. K (d).
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gate stability (Table 4). Clay content was positively
correlated with all nutrients tested except N. This rela-
tionship was strongly significant for K, Mg and Cu
(p = 0.01), and significant for Ca (p = 0.05). The other
nutrients did not show a significant correlation with
clay content.

DISCUSSION

Nutrient Dynamics Across Different Land Use Types

Direct nutrient release by organic matter and its
nutrient retaining ability has increased the available N
content under A–OF and A–O/IF. Increased N con-
tent may also be due to the effect of changes in soil
microbial dynamics [27]. Annual crops with organic
fertilizer inputs in sandy soil (A–OFS) showed the
highest total available N at depths of 0.15–0.30 m,
possibly due to the leaching of nitrate to deeper layers.
Home gardens (HG) had more soluble carbon as a
result of the presence of multiple crops and allowed for
better microbial growth as indicated by microbial bio-
mass C. Increased microbial growth could sometimes
completely exhaust the N resources in the soil result-
ing in nitrate depletion [38] as seen by the low N avail-
ability in HG.

Continuous application of phosphate fertilizers in
soil leads to a build-up of soil P, commensurate with
the amount of fertilizer applied annually [7]. Although
A–OF had the highest value of P, all land use types in
which organic or inorganic P fertilizers had been
applied (A–O/IF, A–IF, A–O/IF, A–OFS) also
recoded similar values of P. On the other hand, the
EURASIAN SOIL SCIENCE  Vol. 52  No. 12  2019
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Table 5. Regression relation of carbon fractions and nutrients

Tested relation Model r2 Tested
relation Model r2

MBC vs. P Linear
y = 0.084x + 9.786

0.545 TOC vs. P Power
y = 42.36x0.263

0.362

MBC vs. Ca Exponential
y = 386.0e0.004x

0.83 TOC vs. Ca Exponential
y = 506.9e3.300x

0.754

Linear
y = 5.629x + 91.50

0.769 POC vs. Ca y = 431.2e0.003x 0.813

MBC vs. K Linear
y = 0.404x + 71.26

0.511 WSC vs. K y = 112.4e15.76x 0.756

POC vs. K Power
y = 9.124x0.448

0.360

MBC vs. Mg Linear
y = 0.361x + 35.24

0.516 WSC vs. Mg Exponential
y = 77.74e15.46x

0.474

MBC vs. Mn Exponential
y = 8.557e0.002x

0.502 TOC vs. Mn Power
y = 10.00e1.810x

0.687

MBC vs. Zn Linear
y = 0.011x + 0.937

0.599 TOC vs. Zn Linear
y = 8.103x + 0.911

0.505

MBC vs. Cu Exponential
y = 0.704e0.003x

0.639 TOC vs. Cu Linear
y = 3.611x + 1.034

0.43

WSC vs. Cu Exponential
y = 1.021e19.38

0.493

TOC vs. Fe Exponential
y = 16.01e1.324x

0.518 MBC vs. Fe Exponential
y = 16.37e0.001x

0.398

WSC vs. Fe Exponential
y = 17.90e9.756x

0.461

WSC vs. Ca y = 726.1e22.22x 0.44

Table 6. Soil texture and pH of different land-uses

Land uses Soil texture pH

0–15 cm 15–30 cm 0–15 cm 15–30 cm

(A–OF) Sandy loam Sandy loam 8.05 8.28
(A–IF) Sandy loam Sandy loam 7.60 7.80
(A–O/IF) Sandy loam Sandy loam 6.12 8.07
(PC) Sandy loam Sandy loam 8.27 8.14
(HG) Sandy loam Sandy loam 7.9 7.75
(AHG) Loamy sand Loamy sand 7.3 7.50
(A–OFS) Loamy sand Sand 5.7 5.7
(USR) Loamy sand Sand 7.0 7.1
land use types in which no fertilizers were added
and/or were only subject to natural nutrient cycling
such as AHG, HG and USR had relatively low P con-
tent compared to other land use types.

High Ca availability was observed in all land use
types included in the study. This is because the parent
material of the soils in this region is calcareous in
EURASIAN SOIL SCIENCE  Vol. 52  No. 12  2019
nature [55]. The high availability of Ca2+ in A–OF
may also be due to the stimulatory effect by high
nitrate content in A–OF [51]. Quartzipsamments
have inherently low calcium content as shown by the
low levels of Ca in USR and A–OFS [55].

High levels of organic matter mineralization and the
chelating effect of organic matter on Mg [13] may have



1550 RATNAYAKE et al.

Fig. 3. Soil C stocks maintained by different land uses (T/Ha). Bars with the same letter are not significantly different at P < 0.05.
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resulted in the higher availability of Mg in A–OF and
AHG. The high concentration of Zn in A–OF could
also be due to the same effect. Low availability of Mg
and Zn in USR, may be due to the leaching loss and low
cation exchange capacity of sandy soils [55, 64]. Rela-
tively high Fe concentration in A–OF and A–O/IF
could be due to higher chelation promoted by regular
organic manure applications in these land use types [25].

Variation of Soil Organic Carbon Fractions

Our results indicated that the continuous supply of
organic fertilizer in A–OF for several years resulted in
the highest SOC and other labile C fractions among
the land use types tested. Furthermore, greater
decomposition of SOM under mineral fertilizer has
lowered SOC and other labile C fractions measured in
the A–IF.

Differences in Soil C Stocks

The differences in soil C stocks clearly reflected the
differences in litter fall and soil tillage, as indicated by
the occurrence of the highest C stocks in AHG [51].
AHG were left abandoned for 25 years and therefore
nutrient and C status of soil has improved [53] without
EURASIAN SOIL SCIENCE  Vol. 52  No. 12  2019
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human intervention. Organic matter addition to soil
has also increased the C stocks even in annual crops
[53]. Similar results were reported based on the exper-
imental data over the last 37 years, relationship
between total carbon input and the change of organic
carbon stock, stock and rate of change in brown soil
presented the following rank: high-levels of organic
manures group > low-levels of organic manures group >
chemical fertilization group [35].

Organic carbon stocks in sandy soils are highly
dynamic and sensitive to management practices that
influence decomposition rates, as shown by low C
stocks in 2 sandy soil locations [23].

Effect of Soil Texture on Aggregate Stability 
and Nutrient Availability

No-till management is one of the most efficient
practices for sequestering C in croplands. Soil organic
C content in AHG has likely been improved by slow
decomposition activity and the absence of distur-
bance. Relatively higher MBC in A–OF indicates that
the microbiological activity in agricultural soils is
higher under organic fertilizer application relative to
the other intense soil management practices. Water-
soluble C (WSC) is relatively high in both home gar-
den types (HG/AHG), possibly as a result of the fresh
residues returned to the soil, whereas residue returns
in annual crop sites were minimal [51].

One study has reported that the use of plowing in
seed-bed preparation of annual cropl and causes a
rapid decline in SOC; approximately 8–15 Mg C ha–1

within 10 years [44]. However, an increase was shown
in our study in annual croplands that apply organic fer-
tilizer. These values exceeded the values reported for
tropical agroforestry systems by [24], showing that even
annual crops were able to fix more C in soils with appro-
priate management practices. Hence, this study showed
that SOC of annual crop lands can be increased through
organic fertilizer application compared to all other
perennial land uses types. In organic fertilizer applica-
tion in annual crops improves soil carbon storage only
when combined with organic fertilizers.

Relationships between Soil Texture, Aggregate Stability, 
Carbon Fractions and Available Nutrients

The high value of aggregate stability in AHG suggests
that the formation of soil aggregates has been improved
in undisturbed conditions and thereby has minimized
the potential for rapid oxidation of SOC [36]. Compost
additions to soil improve soil structure and lower bulk
density by increasing macro aggregation and rhizo-
sphere aggregate stability as shown by the organic addi-
tions in the experiments [14].

The amount and quality of plant residues returned
to soil influences the improvement of soil structure [6],
by adding SOC as shown by the strongly significant cor-
EURASIAN SOIL SCIENCE  Vol. 52  No. 12  2019
relation between aggregate stability and SOC fractions
in our study.

Cropping systems that produce large amounts of
biomass and provide quick ground cover conserve soil
and maintain better SOC levels over time, as evident
from abandoned home gardens [24]. It is well known
that adding N fertilizer usually enhances crop produc-
tion resulting an increase in C sequestration in soils [1,
24]. However, we noted a decrease in C sequestration
with inorganic fertilizer applications, probably due to
the presence of a fallow period [24]. Addition of com-
post or organic manure enhances carbon stock in soils
[35] which is also evidenced by higher SOC in organic
(A–OF) or organic + inorganic (A–O/IF) land uses.

Organic matter in soil generally increases microbial
activity and lowers C/N ratios. Immobilization of N fer-
tilizer is also possible with the addition of labile carbon
sources [59], such as organic manure, resulting in a lack
of correlation with N and organic C fractions, as
observed in our study. The strong correlations between
nutrient cations and aggregate stability in our study indi-
cated that nutrient cations have a profound effect on
aggregate stability. Chan and Heenan [32] reported that
aggregate stability increased with the formation of strong
bonding involving Ca2+ bridges, as shown by a signifi-
cant positive correlation. Increased aggregate stability
could also be a result of bonds formed with Fe [37].

Correlation between nutrient cations such as Ca
and Cu and soluble C fractions could be a result of the
chelating effect of organic matter [17]. The complex-
ation of metals with soluble organic matter in the soil
influences the solubility and mobility of these metals
[33]. As we hypo the sized, available P, Mg, Ca, K, Zn,
Mn, Cu and Fe showed a positive correlation with car-
bon fractions because organic matter acts as a source
of nutrients as well as improving greater nutrient reten-
tion [52]. In addition metal organic complexes could
have contributed to enhanced metal ion concentration
with increasing SOC in soils [40]. P availability has an
indirect effect on aggregate stability by influencing
colonization of arbuscular mycorrhizal fungi and
thereby increases root biomass and soil aggregation
[12]. Available P, K, Ca and Mg exhibited significant
positive relationships with MBC and TOC. Similar
results of increased available P and K in garden soils
with accumulation of SOC was recorded by other
workers [65]. Heavy leaching loss of nitrate in the agri-
cultural fields due to intense irrigation and higher
ammonia volatilization loss due to high pH (Table 6)
has been reported earlier in the study area [50, 58].
These are the possible reasons for poor correlation
between available N and SOC fractions.

CONCLUSIONS

Soil organic C and its fractions varied widely
among land use types and with sampling depth within
each land use type. Availability of macronutrients,
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except nitrogen and micronutrients, showed signifi-
cant positive correlations with either TOC and/or car-
bon fractions such as POC, MBC and WSC. We
found a positive relationship between aggregate stabil-
ity and carbon fractions. Regression models developed
in this study could be used to predict available nutri-
ents by measuring TOC or C fractions in similar land
use types. We conclude that enhancing SOC could
improve the availability of K, P, Ca, Mg, Fe, Mn, Cu
and Zn in soils. In addition, soil structure could also
be improved as indicated by the increase in aggregate
stability. This study confirmed that tropical agricul-
tural systems including annual crops with organic fer-
tilizers have potential for storing and maintaining SOC
and its fractions. The positive correlation observed
between available nutrients, aggregate stability and
SOC fractions could help to convince farmers to
increase carbon stocks in tropical agricultural systems.
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