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Abstract: The study was conducted to assess the long-term effects of predominant land uses on
physicochemical properties, nutrient status and their interactions in soils of south-western Punjab
representing the semi-arid soils of India. From each site, soil samples of three predominant land
use viz. croplands, horticultural lands and uncultivated lands were collected from 0–15, 15–30,
30–60 and 60–90 cm depths. Soils of both croplands and horticultural lands were classified as sandy
loam whereas uncultivated lands showed loamy sand texture with relatively higher pH, electrical
conductivity (EC) and bulk density (Bd). Greater soil organic carbon (SOC), available nitrogen (N),
phosphorus (P) and micronutrients (Zn, Cu, Fe and Mn) in horticulture might be due to the higher
addition of OC and mineral nutrients through the decomposition of leaf litterfall and root deposits
over their removal from soils while long-term use of potassic fertilizer raised the available K contents
in croplands. Profile study up to 90 cm depicted the largest sequestration of 74.89 Mg C ha−1

under orchards which was 40 and 70% higher than croplands and uncultivated lands respectively.
Significant variability in water-stable aggregates (WSA) (R2 = 0.5843, p < 0.05) and mean weighted
diameter (MWD) (R2 = 0.6497, p < 0.01) with SOC indicated better soil stability in horticulture due to
the presence of higher SOC. Positive relations of soil available micronutrients with SOC and finer soil
particles were supported by the results of correlation, Principal component analysis and dendrogram
indicating horticulture as a potent source of available micronutrients. An overall superiority of
horticultural land use over the other two land uses in terms of nutrient status and soil stability
suggests its inclusion as a positive strategy that could be taken into account in policymaking for
maintaining productivity along with the sustainability of the concerned land degradation prone area.

Keywords: land uses; semi-arid soils; soil physicochemical properties; soil nutrient status; soil
stability; sustainability

Agronomy 2022, 12, 1010. https://doi.org/10.3390/agronomy12051010 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy12051010
https://doi.org/10.3390/agronomy12051010
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0003-2330-0420
https://orcid.org/0000-0002-8999-8713
https://orcid.org/0000-0001-8130-4265
https://orcid.org/0000-0003-1358-6031
https://orcid.org/0000-0002-8297-935X
https://orcid.org/0000-0002-5008-8421
https://orcid.org/0000-0001-7208-7123
https://orcid.org/0000-0003-0264-2712
https://doi.org/10.3390/agronomy12051010
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy12051010?type=check_update&version=2


Agronomy 2022, 12, 1010 2 of 16

1. Introduction

Soil is one of the most important non-renewable natural resources and keeping it
healthy and productive is of utmost importance as it is the abode of terrestrial lives [1]
and plays a vital role in agriculture. Soil quality may be defined as the capability of soils
to boost the growth and development of plants as well as to maintain sustainability and
productivity of the environment [2]. Soils of good quality are also efficient to prevent
erosion and degradation and help in the mitigation of water and air pollution along with
the promotion of plant growth. Therefore, assessment of soil quality is essential to establish
a sustainable environment as well as an agricultural system. This information is also of
great interest to the scientists as well as national agencies and policymakers for suitable
adaptation and modification of land use and soil management practices to combat climate
change along with soil sustainability.

A sustainable system is capable of maintaining or improving the quality of the litho-
sphere, hydrosphere and atmosphere [3]. In recent years keeping the environment sustain-
able has become a serious concern due to the continuous degradation of natural resources.
Land-use changes due to anthropogenic activities are credible reasons behind land degra-
dation which has become a considerable concern worldwide as it is the origin of several
serious problems including hunger and poverty [4]. The pressure on the agricultural
production system has been rising with the increase in population and socio-economic
needs which ultimately results in unplanned land-use changes. Therefore, the selection of
balanced land use is essential to meet these demands along with keeping the soil fertility
optimum. Various agricultural land uses play pivotal roles in influencing the quality of
soil by impacting various soil physicochemical parameters and also affect the supply and
dynamics of nutrients [5]. Deforestation and conversion of natural vegetation into intensive
cultivation results in alteration in soil reactions which largely affects the mobility and
availability of several nutrients.

Soil organic carbon (SOC) is a pivotal factor that regulates the physical as well as
chemical qualities of soil and maintains productivity as well as sustainability on a long-term
basis [6]. Tree-based land uses usually have been found more efficient in soil C sequestration
because of larger canopy cover, the continuous addition of OM in the form of leaf litters
and various depositions from roots and the providence of a favourable environment for
microbial growth [7]. Reduction of SOC due to the conversion of forests, orchards and
grasslands into croplands were also noticed which in turn alters the soil physical and
chemical qualities also [8]. Tillage practices, use of heavy machineries and continuous crop
removal of nutrients under intensive cultivation are responsible for the deterioration of
soil physical properties as well as nutrient status [5]. Different land uses both directly and
indirectly by changing soil reactions, biomass and OM input influence the availability and
distribution of several macro- as well as micro-nutrients to an appreciable amount [9].

Although the effect of land uses and management practices on soil quality is a widely
studied issue around the globe periodic and improved assessment of soil quality and
health is highly needed to attain knowledge regarding present soil condition as well as
to keep the soil productive for a long run [10]. Selection of suitable land use can also
improve the soil health and quality along with its maintenance [1]. Thus, elucidation
of the impacts of land uses on soil health and quality, in the long run, is complex but
indispensable from the regional to the global stage. The customary practices of the present
study were performed in the semi-arid India, precisely the south-western plains of Punjab
renowned as the centre of the green revolution of India and have its great agricultural
importance. Similar to the various parts of the world, one of the customary practices of the
studied is intensive cultivation along with the burning of crop residues which accelerates
the process of land degradation as well as deterioration of soil fertility. We hypothesise
those changes in agricultural land uses on a long-term basis affect various physical and
chemical properties of soil which directly or indirectly alter nutrient availability, fertility
and sustainability of soils. To address this hypothesis, the objectives of this study were to
(i) assess major soil physicochemical parameters and soil nutrient contents under three
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mainland uses (croplands, horticultural lands and uncultivated lands) (Figures S1 and S2)
and to compare them for 90 cm soil profile at four different depths (i.e., 0–15, 15–30, 30–60,
60–90 cm) (ii) find out the interrelations among different physicochemical properties and
availability of soil macro and micronutrients and (iii) investigate the overall influence of
land uses on soil quality, health and sustainability for inclusion of suitable land use to
sustain quality and future productivity of soils of the intensively cultivated studied area.
The findings of the research would be effective to understand the present status of soil
physicochemical properties which in turn would be helpful for the policymakers to include
potential land-use systems for the sustenance of soil as well as environmental quality
and health.

2. Materials and Methods
2.1. Sampling Sites

Three sites were selected viz. Dhanaula (30◦18′ N, 75◦27′ E), located in Barnala district;
Bhucho (30◦15′ N, 75◦03′ E) and Phul (30◦19′ N, 75◦14′ E), located in Bathinda district
of the state Punjab (Figures S1 and S2; Table 1). The studied area could be classified
as agro-ecological subregion 2.3 of India and as a semi-arid subtropical region with a
mean temperature ranging from 4 ◦C (winter) to 45 ◦C (summer). The area receives about
400–500 mm of rainfall annually and most of which (around 75%) during the monsoon
(July to September). From each site, soil samples were collected from three predominant
land uses viz., croplands, horticultural lands and uncultivated lands (Table 1).

Table 1. Detailed information on sampling sites and studied land uses were assessed in the
present study.

Sites Land Use Crops/Plants Age of Land Use (Years)
(Approx.)

Geolocations

Latitude (N) Longitude (E)

Site 1
Dhanaula

Croplands Cotton-Wheat System 20 30◦17′22.5′′ 75◦27′19.2′′
Horticulture Guava and Kinnow 17 30◦18′57.5′′ 75◦27′51.1′′
Uncultivated - 15 30◦19′01.2′′ 75◦27′52.0′′

Site 2
Bhucho

Croplands Cotton-Wheat System 15 30◦15′49.5′′ 75◦27′28.0′′
Horticulture Guava and Kinnow 15 30◦15′28.2′′ 75◦27′50.6′′
Uncultivated - 15 30◦15′33.2′′ 75◦27′38.0′′

Site 3
Phul

Croplands Cotton-Wheat System 15 30◦19′43.0′′ 75◦27′11.3′′
Horticulture Guava and Kinnow 13 30◦19′19.2′′ 75◦27′59.3′′
Uncultivated - 15 30◦19′21.0′′ 75◦27′45.6′′

Total sample no. (n) = 108 = 3 {No of sites} × 3 {Land uses} × 4 {Depths} × 3 {Replications}.

The selected land uses were of more than 10 years of prevalence so that a decade long
prominent effects of land use on soil could be observed. Cotton-wheat cropping system was
selected in the case of croplands. Samples under the horticultural lands were taken from
10–20 years old Guava (Psidium guajava) and Kinnow (Citrus reticulata Blanco) orchards.
These lands were mainly under croplands in the early days and afterwards conversion of
croplands into horticultural lands was done due to the rising economic values of fruits.
The lands that were earlier under cultivation but abandoned for at least past 10 years
were selected as uncultivated lands for the study. In most cases the arable lands were
abandoned due to displacement of landowners or proprietary issues regarding the lands.
Such lands were mainly covered with herbaceous weeds (viz., Cynodon dactylon, Cyperus
rotundus, Cleome viscosa, Parthenium hysterophorus, etc.). Though it is difficult to gather
accurate historical information regarding the studied land uses which is a limitation of
this study, but the collection of reasonable information from local farmers and present
owners of the land has been made. Such systematic and similar traits (i.e., presence of all
three land uses with specifically mentioned cropping systems) were maintained during
the selection of studied sites (Table 1). The soils of Dhanaula, Bhucho and Phul fall under
Typic Ustochrepts, Ustochreptic Camborthids and Ustic Torripsamments, respectively [11].
Variations in nutrient input in soils under different studied land uses due to dissimilar
management practices regarding fertilizer and manure application is another important
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factor in the present study (Table 2) [12–15]. However, these variations have also taken into
consideration during the study.

Table 2. Fertilization and manuring practiced in the studied land uses.

Studied
Plants under Different

Land-Uses

Doses of Nutrients Applied through Fertilizers and Manures

Organic Manure (t ha−1) N (kg ha−1) P2O5 (kg ha−1) K2O (kg ha−1) Micronutrient
Recommendation

Crops

Cotton -
75–150 (Depending
upon Bt or Non-Bt

Varieties)
30 25–50

• 25 kg zinc sulphate
heptahydrate (21%) or
16.5 kg zinc sulphate
monohydrate (33%)
per hectare

Wheat - 120–130 60 30–60

• Spraying of zinc
sulphate heptahydrate
(21%) solution from
anthesis to early grain
development stages in
the evening hours.

Orchards (More than 7 years old)

Guava
(Spacing = 6 m × 5 m)

(Total trees = 325 nos. ha−1)

13–17 (Well Decomposed
Cow-dung, 40–50 kg tree−1)

115–150
(750–1000 g tree−1)

105–130
(320–400 g tree−1)

210–295
(650–900 g tree−1)

• 2–3 sprays of 1%
solution of zinc
sulphate at the
fortnightly interval
between June to
September.

Kinnow
(Spacing = 6 m × 6 m)

(Total trees = 275 nos. ha−1)

16–25 t ha−1

(60–90 kg tree−1)
205–250

(750–900 g tree−1)
95–125

(350–450 g tree−1) -

• Combined application
of 1000 ppm solution
of both Zn and Mn
during April
and August.

• 3–4 sprays of 0.18% of
ferrous sulfate
solution in April
and August.

• Spray of Bordeaux
mixture to avoid Cu
deficiency.

2.2. Sampling and Analysis of Soils

Collections of soil samples were made from three random spots under each particular
land-uses from 0–15, 15–30, 30–60 and 60–90 cm depths with the help of an auger, moved
to the laboratory in polythene bags and air-dried. Elico-glass electrode pH meter was used
for determining soil pH from 1:2 soil:water suspension using the method proposed by
Jackson [16] while electrical conductivity (EC) was measured after suspension overnight
using Elico conductivity meter. Soil texture characterization was made through the study
of the distribution of particle sizes in which international pipette method [17] was followed.
Measurement of soil bulk density (Bd) was done following core sampling method with
the help of metallic cores having 5 cm inner diameter and 7 cm length. The wet sieving
method [18] was used to measure the distribution of aggregates which is expressed in terms
of water-stable aggregate (<0.25 mm) percentage (WSA). The mean weighted diameter
(MWD) of aggregates was calculated using the formula:

MWD(mm) = Σn
i=1XiWi/Σn

i=1Wi (1)

where, n is the number of fractions, Xi is the mean diameter (mm) of the sieve size class
and Wi is the weight of soil (g) retained on the ith sieve.
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To estimate soil organic carbon content rapid titration method [19] was employed. The
values of SOC percentage and Bd were used to compute SOC stock following the formula:

SOC stock (Mg ha−1) = SOC (%) × BD (Mg m−3) × Soil depth (m) × 100 (2)

The Alkaline-permanganate method [20] was followed to measure nitrogen avail-
ability (kg ha−1) in soils. The procedure proposed by Olsen et al. [21] was followed to
estimate available phosphorus (kg ha−1) in soils. Potassium availability (kg ha−1) was
determined using Flame Photometer [22] after extracting the soil samples with neutral
normal ammonium acetate. Availability of soil micronutrients i.e., iron (Fe), manganese
(Mn), zinc (Zn) and copper (Cu) were estimated through diethylene triamine pentaacetic
acid (DTPA) (0.005 M DTPA + 0.01 M CaCl2 + 0.1 M TEA buffer adjusted to pH 7.30) extrac-
tion method [23] using an atomic absorption spectrophotometer (AAS) (Varian Techtron
Model ABQ 775).

2.3. Statistical Analyses

The software SPSS (Ver. 23.0) was used to analyze the collected data following the
randomized block design (RBD) and Tukey’s Post Hoc Test. Correlation and regression were
also performed to observe interrelations between studied parameters. The performance
of different land uses was analyzed by Principal Component Analysis (PCA). The biplot
analysis help to determine which land-use system performed well for a particular soil
property in south-western Punjab, India. The statistical significance was tested using the
Bertlette test at p < 0.05. To test the degree of similarity and disparity among different
land uses, cluster analysis was performed using straight line distance among observed
variables and variable space. The closer points on Dendrogram illustrate the closeness in
the relationship.

3. Results and Discussion
3.1. Soil Physicochemical Properties

All three studied land uses were found slightly alkaline and non-saline (Table 3).
Depth-wise increase in pH was noted under horticultural and uncultivated lands resem-
bling the findings of Bhunia et al. [24] while no specific order was observed in the case
of EC. The pH of the soils of horticulture was lowest than the other two land uses which
might be due to a negative correlation between SOC and soil pH which was observed in our
study (Table 3). Leaf litterfall for a longer period of time and deposition of root exudates
might be the reason behind the OC build-up as well as alleviation of soil acidity in surface
and deeper soil layers respectively [25]. Exhaustion of basic cations by plant uptake and
leaching along with the production of organic acids due to microbial oxidation could be
the reason behind lower the pH under croplands over uncultivated lands [26].

Long term fertilization with mineral N-source such as urea is another vital factor and
is responsible for lowering the soil pH [27]. Besides this, the mixing of upper soil layers due
to tillage leads to the rise in accumulation of carbonate contents which in turn is responsible
for the rise in pH under cropland as compared to horticultural land [5]. As the studied
area is mainly under Aridisols, higher evaporative demand, particularly in the case of
croplands and uncultivated lands, facilitates the accumulation of salts near the surface
soil and formation of the calcic horizon which ultimately leads to higher EC soil [28]. The
highest observed EC value in surface soils of croplands might be due to the addition of
various salts through fertilizer application. Conversely, the overall EC value of croplands
up to 90 cm was comparatively less than uncultivated lands may be due to the gradual
movement of salts to the deeper layers with irrigation water [29].
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Table 3. Depth-wise variation of soil physicochemical parameters under different studied land uses
in south-western Punjab, India.

Depths
(cm)

Land Uses

Croplands Horticultural Lands Uncultivated Lands

pH

0–15 7.98 (±0.040) aAB 7.69 (±0.015) cB 7.84 (±0.139) bC
15–30 7.92 (±0.024) aB 7.72 (±0.051) bB 7.94 (±0.142) aBC
30–60 7.96 (±0.030) aAB 7.73 (±0.036) bB 8.01 (±0.136) aB
60–90 8.06 (±0.044) aA 7.87 (±0.054) bA 8.15 (±0.110) aA

EC dS m−1

0–15 0.47 (±0.019) aA 0.33 (±0.026) cA 0.42 (±0.060) bA
15–30 0.39 (±0.019) abB 0.36 (±0.018) bA 0.43 (±0.046) aA
30–60 0.36 (±0.020) aB 0.32 (±0.022) aA 0.35 (±0.045) aB
60–90 0.31 (±0.011) bC 0.27 (±0.025) bB 0.39 (±0.035) aAB

Sand (%)

0–15 75.33 (±0.471) bA 70.22 (±1.188) cA 79.67 (±0.726) aA
15–30 74.33 (±0.333) bAB 67.22 (±1.746) cB 78.11 (±0.978) aAB
30–60 73.44 (±0.556) bBC 67.56 (±1.773) cB 77.33 (±0.850) aBC
60–90 72.33 (±0.527) bC 66.33 (±2.034) cB 76.22 (±0.997) aC

Silt (%)

0–15 15.56 (±0.444) bA 19.00 (±1.225) aA 11.78 (±1.128) cA
15–30 14.89 (±0.772) bA 19.22 (±0.401) aA 13.22 (±1.256) cA
30–60 15.33 (±0.957) bA 18.33 (±0.289) aA 14.78 (±1.579) bA
60–90 15.00 (±0.799) bA 19.11 (±0.351) aA 14.89 (±1.637) bA

Clay (%)

0–15 9.11 (±0.200) bC 10.78 (±0.465) aB 8.56 (±0.580) bA
15–30 10.78 (±0.983) bBC 13.56 (±1.600) aA 8.67 (±0.471) cA
30–60 11.22 (±1.267) bAB 14.11 (±1.611) aA 7.89 (±0.790) cA
60–90 12.67 (±1.155) bA 14.56 (±1.819) aA 8.89 (±0.735) cA

Bd (Mg m−3)

0–15 1.43 (±0.021) bD 1.39 (±0.048) bD 1.54 (±0.017) aC
15–30 1.56 (±0.018) aC 1.49 (±0.045) bC 1.66 (±0.028) aB
30–60 1.66 (±0.020) aB 1.57 (±0.070) bB 1.69 (±0.029) aB
60–90 1.73 (±0.017) aA 1.64 (±0.063) bA 1.76 (±0.019) aA

WSA > 0.25 mm (%)

0–15 57.99 (±0.907) bB 70.11 (±0.968) aB 52.72 (±0.318) cB
15–30 60.57 (±0.750) bA 72.06 (±0.649) aA 55.42 (±0.462) cA
30–60 58.57 (±0.791) bB 71.04 (±0.694) Aab 52.24 (±0.394) cB
60–90 55.66 (±1.171) bC 70.45 (±0.852) aAB 50.94 (±0.244) cC

MWD (mm)

0–15 0.53 (±0.006) bA 0.58 (±0.012) aAB 0.47 (±0.007) cAB
15–30 0.54 (±0.008) bA 0.59 (±0.010) aA 0.48 (±0.003) cA
30–60 0.53 (±0.006) bA 0.58 (±0.010) aAB 0.46 (±0.006) cBC
60–90 0.50 (±0.010) bB 0.57 (±0.010) aB 0.45 (±0.007) cC

LU = Land uses, D = Depths, NS = Not Significant. Values in parenthesis indicate the standard error of means.
Dissimilar lowercase letters (row-wise) indicate significant differences with respect to land uses whereas dissimilar
uppercase letters (column-wise) indicate significant differences with respect to soil depths (p ≤ 0.05).

The overall soil texture of the studied area was sandy loam irrespective of depths while
only the surface layers of uncultivated lands exhibit loamy sand soil texture. The maximum
amount of sands was observed under uncultivated lands followed by croplands and
horticultural lands along with the studied profile (in all four layers) (Table 3). Conversely,
an order of horticultural lands > croplands > uncultivated lands were observed along the
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depths in case of silt as well as clay contents. The overall soil texture of the studied area
was sandy loam while loamy sand soil was observed in surface layers of uncultivated lands.
Higher sand contents and lower fine particles (silt and clay) under cultivated lands than
in orchards suggest an indication of land degradation which conforms with the findings
of Tellen and Yerima [30]. This may be attributed to segregation and loss of silt and clay
due to agronomic management practices such as tillage, harrowing etc. Again the rising
amount of silt and clay with depth might be due to the illuviation of finer particles in
deeper layers. Overgrazing, lack of vegetative cover, the erosional effect of rain and poor
structure are associated with uncultivated lands which ultimately imparts the loamy sand
texture. Though recent land uses are the main drivers of soil properties but previous uses
of lands also influence soil properties to a great extent. Despite of exhibiting sandy loam
texture the soils of uncultivated land also contained higher sand particles in deeper layers
as compared to the rest two land uses, which might probably be due to previous exhaustive
use of land as croplands. However, a lack of proof and accurate information regarding the
past uses of such abandoned lands is a limitation of the present study.

The range of soil Bd varied between 1.39 and 1.76 Mg m−3 which falls in the usual
range of Bd (1.40–1.75 Mg m−3) of coarse-textured soils of semi-arid regions [31]. Greater
Bd was observed in croplands which might be due to compaction of soils as a result
of different agricultural practices and the use of farm equipment [32]. Lower Bd under
horticulture than other land uses was due to higher input of organic matter (OM) as an
inverse relationship between Bd and SOC was noted. Enhancement in the Bd with an
increase in depth was also observed in our research which might be attributed to the
continuous rise in compaction due to the weight of the overlying soil and lowering of soil
OM content along with the profile [33]. Higher Bd under uncultivated lands was due to
higher sand fractions, low SOC contents, less soil disturbance and compaction by grazing
animals for years.

On comparing both WSA and MWD, the highest value was recorded under horticul-
ture, followed by croplands and uncultivated lands. Tillage operations and other cultivation
practices were responsible for the mechanical breakdown of soil aggregates in croplands
while the lower aggregate stability in uncultivated lands might be due to the impact of
raindrops, overgrazing and harvest traffic that disrupts the aggregates and causes erosion
too [34]. Additionally, cultivation is the credible reason behind SOC depletion which ulti-
mately leads to the deterioration of aggregate stability in croplands [29]. Conversely, leaf
litter-fall and rhizodeposition under orchards facilitate SOC build-up as well as improve
microbial habitat and activity which in turn enhances soil aggregation [29]. The rise in
soil aggregation was noted in the sub-surface layer (15–30 cm) both in terms of WSA and
MWD irrespective of land uses which might be due to an additional supply of SOC through
rhizodeposition of exudates and root decomposition along with higher clay content and
less disturbance as compared to plough layer [35].

3.2. Soil Organic Carbon (SOC) Concentration, SOC Stocks and Soil Organic Matter (SOM)

Mean SOC concentration and soil organic matter (SOM) was found highest under
horticultural lands followed by croplands and uncultivated lands along with the profile
(Tables 4 and 5).

In each layer up to 60 cm depth, significant differences were noted among land uses
regarding SOC content whereas croplands and uncultivated lands were statistically similar
at 60–90 cm soil depth. Similar to our findings, a depth-wise decrease in SOC contents was
also observed by different researchers [36], while Pathak and Reddy [6] observed a gradual
reduction in SOC concentration up to 40 cm depth followed by an increase in 40–100 cm
depths. The greater amount of SOC content and SOM under orchards might be due to long-
term additional application of OM in the form of manures, lesser soil disturbance, minimal
C removal and higher biomass addition into the soil through deposition of root exudates
and fall of leaf litters [36]. Intensive tillage and mechanical disturbances generally facilitate
the breakdown of OM and loss of SOC under croplands as compared to orchards [36] but
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the addition of C in soils as external sources during manures and fertilizers application [37]
is the reason behind the upliftment of C content in croplands than that of uncultivated
lands. Though the addition of OM through external sources augments SOC [38], loss of
a significant portion (around 71%) of the applied C has also been noted [39] in semi-arid
climates which ultimately results in the stabilization of C in agricultural soils in a notably
lower degree. Figure 1a depicts that the SOC stock of the studied 90 cm deep soil profile was
maximum under horticultural lands (74.89 Mg ha−1) while croplands (53.87 Mg ha−1) and
uncultivated lands (43.72 Mg ha−1) exhibited about 40 and 70% lower values of SOC stock
respectively. No significant differences were observed between croplands and uncultivated
lands in terms of SOC stock of 90 cm deeply studied profile. All studied land uses showed a
common trait of greater SOC stocks in lower soil depths which was significantly prominent
in horticultural lands (Figure 1b).

Table 4. Soil organic carbon (%), availability of N, P and K (kg ha−1) and micronutrients (Fe, Mn, Zn
and Cu) (mg kg−1) are under-studied land uses in south-western Punjab, India.

Depths
(cm)

Land Uses

Croplands Horticultural Lands Uncultivated Lands

SOC (%)

0–15 0.61 (±0.019) bA 0.91 (±0.033) aA 0.36 (±0.019) cA
15–30 0.40 (±0.029) bB 0.57 (±0.050) aB 0.34 (±0.017) cA
30–60 0.35 (±0.032) bB 0.52 (±0.053) aB 0.28 (±0.010) cB
60–90 0.27 (±0.028) bC 0.40 (±0.047) aC 0.24 (±0.014) bB

SOM (g kg soil−1)

0–15 10.51 (±0.328) bA 15.62 (±0.568) aA 6.22 (±0.331) cA

15–30 6.8 (±0.494) bB 9.82 (±0.857) aB 5.76 (±0.300) bBC

30–60 6.01 (±0.551) bBC 8.92 (±0.910) aBC 4.84 (±0.176) bCD

60–90 4.71 (±0.473) bC 6.91 (±0.800) aC 4.15 (±0.236) bD

Available N (kg ha−1)

0–15 91.99 (±2.957) bA 103.14 (±2.788) aA 59.93 (±4.196) cA
15–30 71.78 (±3.324) bB 82.93 (±4.282) aB 55.75 (±2.852) cA
30–60 65.51 (±3.324) aC 64.11 (±3.432) aC 49.48 (±3.536) bB
60–90 64.81 (±5.913) aC 57.14 (±3.833) bD 43.90 (±4.435) cB

Available P (kg ha−1)

0–15 25.41 (±0.693) aA 25.13 (±0.679) aA 13.09 (±0.827) bA
15–30 18.40 (±0.196) bB 20.14 (±1.044) aB 10.16 (±0.883) cB
30–60 13.36 (±0.733) bC 14.67 (±0.949) aC 7.48 (±0.522) cC
60–90 10.39 (±0.3547) aD 9.89 (±0.844) aD 5.10 (±0.393) bD

Available K (kg ha−1)

0–15 227.11 (±4.288) aA 219.02 (±7.074) aA 125.07 (±7.974) bA
15–30 202.84 (±8.843) aB 184.80 (±10.964) bB 90.22 (±4.008) cB
30–60 164.89 (±17.035) aC 140.00 (±12.417) bC 79.02 (±4.708) cB
60–90 129.42 (±17.422) aD 118.22 (±14.917) aD 60.98 (±3.668) bC

Available Zn (mg kg soil−1)

0–15 0.61 (±0.122) bA 2.70 (±0.611) aA 0.48 (±0.196) bA
15–30 0.39 (±0.057) bA 1.66 (±0.341) aB 0.42 (±0.128) bA
30–60 0.26 (±0.043.) bAB 0.77 (±0.188) aC 0.30 (±0.077) bA
60–90 0.23 (±0.042) aB 0.45 (±0.104) aC 0.20 (±0.050) aA
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Table 4. Cont.

Depths
(cm)

Land Uses

Croplands Horticultural Lands Uncultivated Lands

Available Cu (mg kg soil−1)

0–15 0.49 (±0.053) bA 1.04 (±0.132) aA 0.46 (±0.127) bB
15–30 0.45 (±0.050) bA 0.67 (±0.045) aB 0.42 (±0.119) bB
30–60 0.45 (±0.041) aA 0.47 (±0.040) aC 0.61 (±0.214) aA
60–90 0.42 (±0.044) aA 0.41 (±0.027) aC 0.44 (±0.130) aB

Available Fe (mg kg soil−1)

0–15 3.36 (±0.544) bA 6.08 (±0.746) aA 1.84 (±0.365) cA
15–30 3.19 (±0.397) bAB 4.96 (±0.994) aB 2.57 (±0.359) bA
30–60 2.40 (±0.260) aBC 2.50 (±0.548) aC 2.19 (±0.410) aA
60–90 2.22 (±0.278) aC 2.00 (±0.484) aC 2.09 (±0.405) aA

Available Mn (mg kg soil−1)

0–15 3.67 (±0.365) bAB 7.31 (±1.286) aA 3.10 (±0.775) bB
15–30 4.61 (±0.755) bA 5.89 (±0.503) aB 2.99 (±0.722) cB
30–60 3.60 (±0.579) aAB 4.25 (±0.829) aC 4.32 (±1.048) aA
60–90 3.34 (±0.484) aB 3.41 (±0.639) aC 2.26 (±0.332) bB

LU = Land uses, D = Depths, NS = Not Significant. Values in parenthesis indicate the standard error of means.
Response: Dissimilar lowercase letters (row-wise) indicate significant differences with respect to land uses whereas
dissimilar uppercase letters (column-wise) indicate significant differences with respect to soil depths (p ≤ 0.05).

Table 5. Weighted means of soil physicochemical properties and nutrient status under different land
uses (data pooled for soil depths) in south-western Punjab, India.

Soil Properties
Land Uses

Croplands Horticultural Lands Uncultivated Lands

pH 7.99 (±0.034) a 7.77 (±0.039) a 8.02 (±0.121) a
EC 0.37 (±0.015) a 0.31 (±0.020) a 0.39 (±0.042) a

Sand (%) 73.54 (±0.420) b 67.54 (±1.714) c 77.48 (±0.881) a
Silt (%) 15.19 (±0.718) b 18.85 (±0.356) a 14.06 (±1.420) b

Clay (%) 11.28 (±0.902) ab 13.61 (±1.438) a 8.46 (±0.596) b
Bd (Mg m−3) 1.63 (±0.016) ab 1.55 (±0.054) b 1.69 (±0.021) a

WSA > 0.25 mm (%) 57.84 (±0.905) b 70.86 (±0.768) a 52.42 (±0.297) c
MWD (mm) 0.52 (±0.007) b 0.58 (±0.010) a 0.46 (±0.006) c

SOC (%) 0.38 (±0.234) b 0.55 (±0.432) a 0.29 (±0.108) c
SOM (g kg soil−1) 6.46 (±0.402) b 9.52 (0.744) a 4.99 (±0.187) b

Available N (kg ha−1) 70.73 (±3.667) a 71.43 (±2.265) a 50.41 (±3.240) b
Available P (kg ha−1) 15.22 (±0.447) a 15.73 (±0.831) a 8.07 (±0.573) b
Available K (kg ha−1) 169.76 (±13.577) a 153.38 (±11.778) a 82.55 (±4.455) b

Available Zn (mg kg soil−1) 0.33 (±0.031) b 1.13 (±0.178) a 0.32 (±0.095) b
Available Cu (mg kg soil−1) 0.45 (±0.042) a 0.58 (±0.030) a 0.50 (±0.154) a
Available Fe (mg kg soil−1) 2.63 (±0.281) a 3.34 (±0.518) a 2.16 (±0.376) a
Available Mn (mg kg soil−1) 3.69 (±0.505) a 4.75 (±0.710) a 3.21 (±0.503) a

LU = Land uses, D = Depths, NS = Not Significant. Values in parenthesis indicate the standard error of means.
Dissimilar lower cases letter indicate significant differences at p ≤ 0.05 concerning land uses.

In Punjab, Dhaliwal et al. [40] observed in-situ burning of about 15% of wheat straw
residues after mechanical harvesting during field preparation for the next crop which is a
vital reason behind the deterioration of SOC, soil nutrient status as well as soil health under
cultivation of cereal crops [7]. Lack of shades could be an additional cause that hastens
soil C loss in croplands and uncultivated lands over horticulture as elevated temperature
increases SOC oxidation rate [40]. Lower SOC stock in surface soils of uncultivated lands
might be due to erosion due to lesser canopy cover and overgrazing while enhanced
SOC stock in lower soil depths might be attributed to long-term OC build-up through the
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accumulation of decayed products and derivatives of roots of shrubs, grasses and several
other natural vegetation. The degree of C sequestration also depends upon the quality of C
inputs, in which case soils under orchards were marked as more potent than most other
land uses [41].
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3.3. Available Nutrient Status (N, P, K and DTPA-Extractable Zn, Cu, Fe, Mn)

The studied area was found deficient in soil N availability indicating a steady order of
horticultural lands > croplands > uncultivated lands with distinct significant differences in
upper soil layers (0–15 and 15–30 cm) (Table 4). On comparing weighted mean values the
N availability under uncultivated lands was significantly lower (50.41 kg ha−1) than that of
horticultural lands (71.43 kg ha−1) and croplands (70.73 kg ha−1) (Table 5).

Both the croplands as well as horticultural lands were supplied with an appreciable
amount of N through mineral fertilizer (Table 2). But higher OM addition through manur-
ing, greater organic input in the form of root derivatives and leaf litterfall under orchards
might augment N mineralization whereas exposure of soil to air facilitates microbial oxida-
tion of SOC which eventually lessens the availability of N under cultivation [27] as SOC and
soil N availability exhibited a positive relationship (Table S1). Less vegetation cover under
croplands as compared to horticulture facilitates loss of N due to rainfall and irrigation
eventually resulting in appreciable accumulation of N in deeper layers of croplands after
being leached from the surface. Again, unlike croplands and orchards, no additional input
of mineral N, continuous removal by weeds, weathering and land degradation could be
the reason behind the least available N content under uncultivated lands as compared to
the rest two studied land uses.

An order of croplands > horticulture > uncultivated lands was noted both in the upper-
most and deepest studied layers (Table 4) whereas a different trend of horticulture > crop-
lands > uncultivated lands was observed in 15–30 and 30–60 cm soil depths. On a weighted
mean basis, the highest P availability was recorded under horticulture (15.73 kg ha−1)
followed by croplands (15.22 kg ha−1) and uncultivated lands (8.07 kg ha−1). Higher P
content in the case of horticulture may be due to the presence of fine-textured soils coupled
with the significant addition of OM in soils through manure application, leaf litterfall and
root deposition [42]. Organic acids liberated during OM decomposition may complex
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or chelate Fe, Al, Mg and Ca ions and prevent them from reacting with phosphate ions
which improves the P availability in horticulture. Better P availability in surface soils
under croplands over the other two land uses might be due to the result of continuous
application of phosphatic fertilizers as well as organic manures that increase the availability
and accumulation of P in the soil [27]. Similar to N and K, no external application of P is a
reason behind the least P availability in soils under uncultivated lands. Accumulation of
carbonate in coarse-textured soils of uncultivated lands also enhanced P sorption which
eventually reduced the P availability [43].

Irrespective of depths soil K availability mostly followed a trend of croplands > hor-
ticultural lands > uncultivated lands (Tables 4 and 5). Long term application of potassic
fertilizers might have increased available K in cropland (Table 2). Relatively greater K avail-
ability in soils under orchards over uncultivated lands might be because of the application
of K fertilizers under guava cultivation, the addition of a significant amount of organic
matter as manure which enhances the SOC content especially in surface soils along with
leaf-litter fall and root deposition, the liberation of bound K during decomposition of added
organic matters and leaf litters and solubilisation of insoluble K. Lesser K availability in
soils under uncultivated lands might be due to no external addition of elemental K as well
as due to leaching losses and degradation of soil [44].

Mostly a gradual trend of horticultural lands > croplands > uncultivated lands was
found in the case of all four micronutrient availability which was more pronounced at
the upper layers. Statistical similarities were found between croplands and uncultivated
land uses at soil depths of 0–15 and 15–30 cm (Table 4) while in the case of Cu, Fe and
Mn availability no significant differences were recorded among the land uses while com-
paring their weighted average (Table 5). Under uncultivated lands, the accumulation of
micronutrients in deeper layers was a notable trait and was pronounced in 30–60 cm soil
depth. Greater micronutrient concentrations were recorded in horticultural lands and
croplands than in uncultivated lands which conforms to some other findings also [44–46].
Rich micronutrient availability in horticulture could be attributed to relatively lower pH,
finer soil texture, and more OM inputs through applying a bulk amount of organics as
manure and litterfall which also encourages microbial activity. The SOC content greatly
affects micronutrient availability as it influences oxidation and precipitation of micronu-
trients into their unavailable forms and serves as a source of chelating agents that forms
soluble complexes of micronutrients that would be available to plants [47]. Exogenous OM
addition through regular fertilizers and manures application under croplands results in
better micronutrients availability [48]. Application of micronutrients under wheat, cotton,
guava and kinnow cultivation to avoid decreases due to micronutrient deficiency [12–15]
could also be considered as a secondary factor behind better micronutrient availability in
soils of croplands and orchards. Contrarily, continuous crop removal, intensive cultivation
and soil disturbances offset micronutrient concentrations under cropland as compared
to horticulture causing a widespread deficiency in available Fe under cultivation. Poor
micronutrient availability in soils of uncultivated lands might be for poor texture, lower
clay contents and erosional loss. The gradual decrease in DTPA-extractable micronutrients
along the depth was observed almost under all three land uses. Generally due to biological
cycling nutrients move upwards as some proportion of nutrients uptaken by plants are
moved aboveground and again added to the soil surface as litterfall [49]. Root distribution
and rooting depth also influence the micronutrient profile significantly [50].

3.4. Relationships between Different Soil Parameters

The inverse relation between SOC and Bd (r = −0.70, p = 0.01) was noted in the recent
study while significant positive correlations of WSA (r = 0.62, p = 0.01) and MWD (r = 0.58,
p = 0.01) were found with SOC (Table S1). It was observed that SOC could explain 58%
variation in WSA (WSA > 0.25 mm) (Figure 2) which was about. 62 and 53% reported by
Saha et al. [51] and Holeplass et al. [30] respectively. Available soil N (r = 0.66, p = 0.05)
exhibited significant positive correlation with SOC.
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Figure 2. Relationship of (A) water-stable aggregates (WSA) > 0.25 mm (%) and (B) mean weighted
diameter (MWD) (mm) with soil organic carbon (SOC) (g kg soil−1) irrespective of land uses and
depths. * and ** next to R2 values indicate significance at p ≤ 0.05 and p ≤ 0.01 respectively.

The studied micronutrients showed significant positive relations with SOC which
was prominent in the case of Zn (r = 0.54, p = 0.01). Similar to the observations of
Dhaliwal et al. [52], a positive correlation between clay content and micronutrient availabil-
ity was also noted. Like the findings of Ojha et al. [53], the positive polynomial relationship
was noted between available micronutrients (Zn, Cu, Fe and Mn) and SOC contents where
enhancement in Zn availability with increment in SOC content was found continuous and
much stronger than the rise of available Fe and Mn (Figure 3).
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The formation of the chelating complex with organic material and slow mineralization
rate of OM bound Zn lead to the slow continuous supply of the element [54]. Variability of
Cu availability with SOC content in a lesser magnitude (R2 = 0.846, p < 0.01) might be due
to the tendency of Cu to form a stronger inner-sphere complex with SOM [55] and weaker
outer-sphere complex [56]. Thus, Cu exhibits better sorption to soil solids which ultimately
results in less availability but higher total soil Cu concentration and a longer supply of the
nutrient [57]. Biplots illustrate (Figure 4a,b) that the principal component explained 87.5%
of the total variance.
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Figure 4. Principle component analysis (PCA) biplots on the land-use systems (A) and the different
soil parameters including sand, silt, clay, bulk density (Bd), water-stable aggregates (WSA), mean
weight diameter (MWD), soil organic C (SOC), available nitrogen (Av-N), available phosphorus
(Av-P), available potassium (Av-K), available zinc (Av-Zn), available-copper (Av-Cu), available iron
(Av-Fe) and available manganese (Av-Mn) (B).

The first PC (PC-1) explained 67.3% and the second PC (PC-2) explained 20.2% of
total data-set variability (Table S2). From the Dendrogram (Figure S3) a close relationship
between SOC and available micro-and macro-nutrients was observed under different land-
use systems while the close relations of WSA and MWD of aggregates with soil silt and
clay content indicates governance of finer fraction in the formation of soil aggregation.

4. Conclusions

Based on the present study the soils of both croplands and horticultural lands could
be characterized as sandy loam soils. Soils of 15–90 cm depths under uncultivated lands
were characterized as sandy loam soil while surface soils (0–15 cm) of uncultivated lands
were classified as loamy sand soils with relatively higher pH, EC and Bd. Relatively poor
soil nutrient status and soil stability under uncultivated lands might be due to no external
input of mineral nutrients and micronutrients, very less OM input through decomposition
of roots and residues of naturally grown weeds, removal of nutrients by the weeds growing
in the abandoned lands, overgrazing and higher erosional loss. Greater SOC content under
orchards over croplands and uncultivated lands might be attributed to smaller removal as
compared to higher input of C through manuring, leaf litterfall and root deposits, and lesser
soil disturbances and less thermal oxidation of C due to greater amount of shades provided
by large canopy cover. Despite of being N deficient area, a positive correlation between SOC
and N availability might be the reason behind the considerable predominance of available
soil N under horticulture. Contrarily, appreciable accumulation of N in the deeper soil
layers of croplands over horticultural lands might be governed by the process of leaching
driven by rainfall and especially irrigation. Organic acids liberated due to decomposition
OM prevents the reaction of Fe, Al, Mg and Ca ions with phosphate ions by forming
chelates with them which leads to the overall rise in P availability. Greater OM content and
finer soil particles under horticultural lands also enhance the P availability while long-term
application of potassic fertilizer raised K availability in soils of croplands. The deficiency
of micronutrients due to no external application has been further enhanced by low OC
contents, greater disturbances and higher removal under uncultivated lands while a little bit
improved micronutrient availability in sub-surface and deeper layers in uncultivated lands
indicated positive influences of finer particles (silt and clay). Thus, an overall superiority
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both in terms of soil nutrient status and soil stability under predominant horticultural lands
over croplands and uncultivated lands indicates that the inclusion of horticulture with
suitable management practices in areas affected by intensive cultivation and abandoned
lands would be an effective strategy to maintain soil sustainability, particularly under land
degradation prone semi-arid climate.
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soil physico-chemical parameters and nutrients irrespective of land-uses and soil depths; Table S2.
Matrix of principle component analysis (PCA) for soils under different land use systems (data pooled
for soil depths) obtained with various soil properties viz. sand, silt, clay, bulk density (Bd), water
stable aggregates (WSA), mean weight diameter (MWD), soil organic C (SOC), available nitrogen
(Av-N), available phosphorus (Av-P), available potassium (Av-K), available zinc (Av-Zn), available-
copper (Av-Cu), available iron (Av-Fe) and available manganese (Av-Mn); Figure S1. Map indicating
location of study area (south western Punjab, India) and sites of soil sampling; Figure S2. Pictures
of the studied land-uses (a) Wheat field, (b) Cotton field, (c) Orchards (Kinnow cultivation and
(d) Uncultivated land) of semi-arid zones of south-western Punjab; Figure S3. Dendrogram depicting
single linkage and correlation coefficient distance between different soil variables viz. sand, silt, clay,
bulk density (Bd), water stable aggregates (WSA), mean weight diameter (MWD), soil organic C
(SOC), available nitrogen (Av-N), available phosphorus (Av-P), available potassium (Av-K), available
zinc (Av-Zn), available-copper (Av-Cu), available iron (Av-Fe) and available manganese (Av-Mn).
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