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Abstract

The study was conducted during september, 2022 to investigate the influence of altitudinal variation on soil nutrient status in apple orchards
located in the Kalpa block of the dry temperate region of the Himalayas. Soil samples were systematically collected from apple orchards
situated at different elevations and were thoroughly analysed for various key soil parameters, including soil pH, organic carbon, available
nitrogen, phosphorus, potassium, exchangeable Ca and Mg, sulphate-sulphur and micronutrients content. The results revealed that soil pH
remained near neutral across all elevations. However, a significant increase in the concentrations of soil organic carbon, available nitrogen,
phosphorus, exchangeable Ca and micronutrients was observed with increasing elevation. This enrichment at higher altitudes was largely
attributed to lower ambient temperatures, which slowed down microbial activity and decomposition processes, thereby enhancing organic
matter accumulation and nutrient retention in the soil. Conversely, the availability of potassium and sulphate-sulphur was found to be
higher at lower elevations. This could have resulted from more intense mineral weathering, higher soil temperatures, and the relatively
greater use of agrochemicals in lower orchards compared to those situated at higher altitudes. These altitudinal trends emphasized the
critical role of elevation in shaping soil fertility dynamics. The study provided valuable insights for the development of location-specific and
altitude responsive nutrient management strategies, which are essential for optimizing apple yield and maintaining long term soil health
in the ecologically sensitive and climatically diverse Himalayan agroecosystems.

Keywords: soil organic carbon, macronutrients, micronutrients, apple, altitudinal variation

1. Introduction Nutrients within the soil are essential indicators of soil

) ] ] o ~ fertility and play a critical role in influencing plant growth
Soils are continuously influenced by both biotic and abiotic and ecosystem productivity (Xing et al., 2025; Xu et al., 2021).
factors (Xiao et al., 2021 and Majid et al., 2023). The surface 1 qir spatial distribution is often heterogeneous, occurring
soil act as a major source of essential mineral nutrients and  ;, patches or gradients influenced by a range of natural
share a similar composition with the Earth’s crust (Bayon et g4 anthropogenic factors, including climate conditions,
al., 2022). Soils originate from parent materials that gradually parent material composition, topography, vegetation cover
transform through various physical, chemical and biological 3nd human interventions such as land management and
processes influenced by local environmental conditions and  agricultural practices (Yan et al., 2025). In agricultural
living organisms (Ren et al., 2015; Turdi and Yang, 2016). landscapes, assessing the soil nutrient status is particularly
Differences in soil-forming processes across various climatic  important for formulating efficient nutrient management and
zones lead to significant variations in nutrient element site-specific fertilizer application strategies, which can enhance
concentrations (Zhang et al., 2019 and Zhelezova et al., 2019).  crop yield while maintaining soil health (Wang et al., 2015;
The natural levels of essential nutrients in soil mainly arise ~ Gogoi et al., 2021). Moreover, differences in land use types

from the weathering of rocks, which releases minerals during ~ and environmental conditions lead to significant variations in
the soil formation process (Ribeiro et al., 2020). nutrient concentration, cycling, and availability within the soil
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system (Medriano et al., 2023; Zhang et al., 2014). Effective
nutrient management plays a vital role in maintaining and
enhancing soil health (Bordoloi et al., 2021)

Soil quality is commonly assessed through fertility related
characteristics, which serve as key indicators of crop
productivity (Maurya et al., 2020). Parameters such as soil
organic matter, available nitrogen, phosphorus and potassium
are crucial for understanding soil fertility status (Gerke, 2022;
Klimkowicz-Pawlas et al., 2019). In mountainous regions
like Himachal Pradesh, particularly the dry temperate zone,
soil fertility and nutrient dynamics are strongly influenced
by the region’s topography, climate and land use practices
(Kumar et al., 2024). This zone, marked by low precipitation,
cold arid to semi-arid conditions and a brief growing season,
poses unique challenges for agriculture but also offers
specialized advantages (Gangopadhyay, 2023). The Kinnaur
district, situated in this zone, is predominantly dependent on
horticulture, especially apple cultivation, which serves as the
backbone of its economy and a primary source of livelihood
for local communities (Sharma et al., 2018). The distinct
altitudinal gradients and climatic conditions of Kinnaur create
an ideal environment for producing high quality apples with
excellent colour and shelf life, making the region nationally
and internationally renowned for apple production.

Understanding the chemical properties of soil is vital for
developing region-specific soil fertility management strategies,
particularly in ecologically sensitive and agriculturally
significant regions like the dry temperate zone of Himachal
Pradesh. Despite the economic importance of this area
especially for apple cultivation, comprehensive studies on
soil nutrient status remain limited. Evaluating the current
nutrient profile is essential for detecting deficiencies or
toxicities, guiding balanced fertilization, and promoting
sustainable land-use planning and soil health conservation.
Given the pronounced altitudinal gradients and their impact
on soil formation and nutrient dynamics, this study focuses
on assessing the chemical properties and nutrient availability
in apple orchards across varying elevations. The objective is
to generate baseline data that supports informed decision-
making in agriculture and environmental management,
ensuring long-term productivity and ecological balance in the
dry temperate Himalayas.

2. Materials and Methods

2.1. Experimental site

The present study was carried out during September 2022 in
the Kalpa block, located in the Kinnaur district of Himachal
Pradesh, a high-altitude region characterized by rugged
terrain, steep river valleys and cold desert landscapes.
Situated in the upper Sutlej River basin, the area lay between
31°05’ N to 32°05’ N latitudes and 77°45’' E to 79°00' E
longitudes, with elevations ranging from approximately 2,000
to over 6,000 meters above sea level. The district fell under
the dry temperate zone due to its distinct climatic features.
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Summer temperatures generally fluctuated between 25-30°C,
while winters were harsh, with temperatures dropping as
low as -17°C. The area received an average of 500 mm of
rainfall annually, most of which occurred at lower altitudes,
contributing to varied agro-climatic conditions across the
region. Soils were generally shallow and sandy to loamy in
texture. The diverse altitudinal range and climatic conditions
supported a variety of natural vegetation and contributed
to the unique ecological and cultural landscape of the area.

2.2. Soil sampling

Surface soil samples (0-20 cm) were collected from 15 apple
orchards across three elevation ranges, viz. E1 (1900—-2200 m
amsl), E2 (2200-2500 m amsl) and E3 (2500-2800 m amsl)
from Kalpa to Powari villages in the Kalpa block. A composite
sample was prepared by combining 4-5 sub-samples to ensure
a more representative and uniform sample of each area. The
collected soils were then air-dried to remove moisture. After
drying, the samples were gently ground using a wooden pestle
and mortar to break down soil aggregates. The ground soil
was subsequently sieved through a 2 mm mesh to obtain a
consistent particle size suitable for laboratory analysis. Finally,
the processed samples were stored in clean plastic containers
to protect them from moisture and contamination prior to
testing.

2.3. Soil analysis
2.3.1. Soil pH

The soil pH was determined in 1:2 soil:water suspension as
per the method given by Jackson (1973).

2.3.2. Soil organic carbon

Soil organic carbon (SOC) was estimated using the wet
digestion method given by Walkey and Black (1934). In this
process, the oxidizable organic matter in the soil is oxidized
by potassium dichromate, with the reaction being accelerated
by the heat produced when concentrated sulfuric acid is
combined with a 1N potassium dichromate (K,Cr,05) solution.
The remaining, unreacted potassium dichromate was then
measured through titration using a 0.5N ferrous ammonium
sulphate solution, in the presence of a diphenylamine indicator
and sodium fluoride (NaF). The amount of organic matter
oxidized was calculated based on the quantity of potassium
dichromate that was reduced during the reaction.

2.3.3. Available nitrogen

The alkaline potassium permanganate method (Subbiah and
Asija, 1956) was used to estimate available nitrogen (N) in
soil. In this method, the soil was treated with alkaline KMnQ,4
and NaOH, which oxidized the organic matter and released
ammonia (NHs). The released ammonia was then distilled
and absorbed in boric acid. It was subsequently titrated with
standard acid to determine the amount of nitrogen present.

2.3.4. Available phosphorus

The Olsen method (Olsen et al., 1954) was used to estimate
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available phosphorus (P) in neutral to alkaline soils. In this
method, phosphorus was extracted from the soil usinga 0.5 M
sodium bicarbonate (NaHCO3) solution at pH 8.5. This solution
facilitated the release of phosphate ions that were loosely held
in the soil and available to plants. After shaking the soil with
the extractant, the mixture was filtered and the phosphorus
in the filtrate was measured calorimetrically at 660 nm. The
intensity of the blue colour formed was proportional to the
amount of available phosphorus in the soil.

2.3.5. Available potassium

Available potassium (K) in the soil was determined using the
method by Merwin and Peach (1951), where K was extracted
with neutral normal ammonium acetate. This extractant
displaced exchangeable potassium from soil particles. The
extracted K was then measured using a flame photometer,
which detected the intensity of light emitted by potassium ions
in a flame. The emission intensity was directly proportional to
the potassium concentration in the soil sample.

2.3.6. Exchangeable Ca and Mg

Exchangeable Ca and Mg [cmol (p+) kg'] were determined
using Neutral normal ammonium acetate extraction method
(Jackson, 1973)

2.3.7. Sulphate sulphur

Sulphate sulphur (S) was extracted by Morgan’s reagent
(Morgan, 1937) and determined by turbidity method of
Chesnin and Yien (1950).

2.3.8. Micronutrient cations (Fe, Cu, Zn and Mn)

Available micronutrients (Fe, Mn, Cu, Zn) were extracted
from soil using a DTPA (Diethylenetriaminepentaacetic acid)
extractant buffered at pH 7.3, as proposed by Lindsay and
Norvell (1978). This chelating agent helped to solubilize the
micronutrients bound to soil colloids without affecting the
non-available forms. After extraction, the filtered solution
was analyzed using an atomic absorption spectrophotometer
(AAS), which quantified the concentrations of these metals
based on their specific absorption wavelengths.

2.4. Statistical analysis

Descriptive statistics (range, mean, standard deviation and
standard error) was used to compare various soil parameters
at three elevation ranges and were computed using Microsoft
Excel. The correlation matrix among various soil parameters
was generated using ggplot2 and GGally packages in the
statistical software R (R Core Team, 2013)

3. Results and Discussion

3.1. Soil pH and OC

Data presented in Table 1 revealed that soil pH was found to
be near neutral at all elevations. Maximum SOC (24.24 g Kg?)
content was found at elevation E3 and minimum value (20.55
g kg!) was recorded in elevation E1, respectively.
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Table 1: Effect of elevation on soil pH and SOC (g kg?) in
apple orchards

Elevation Statistic pH SoC

E1(1900-2200 m)
Range 6.50-7.19 17.49-24.36
MeantSD 6.84+0.31  20.55+3.09
SE 0.14 1.38

E2 (2200-2500 m)
Range 6.50-7.47 14.77-25.33
Mean+SD 6.93+£0.42 22.24 +4.36
SE 0.19 1.95

E3 (2500-2800 m)
Range 6.41-6.91 20.30-25.60
Mean+SD 6.72+0.19 24.24+2.26
SE 0.09 1.01

Altitude played a significant role in determining the soil carbon
pool (Dar and Sundarapandian, 2015). Soil organic carbon was
generally higher in soils at higher elevations due to cooler
temperatures, which slowed down the decomposition of
organic matter by microorganisms, allowing more carbon to
accumulate in the soil. Higher elevations tended to promote
greater soil organic carbon storage due to favourable
environmental conditions (Badgery et al., 2013; Mishra et
al., 2021). In contrast, lower elevations typically experienced
warmer climates and more intense microbial activity, which
accelerated the breakdown of organic matter, leading to
reduced organic carbon levels (Hailemariam et al., 2023).

3.2. Avdilable macronutrients (NPK)

Maximum available N (296.00 kg ha*) and P (47.90 kg ha*) was
recorded in elevation E3 and minimum available N (239.60 kg
ha) and P (39.28 kg ha*) was found in elevation E1 (Table 2).
Whereas, maximum available K (338.55 kg ha) was observed
in elevation E1 and minimum (324.56 kg ha?) content was
found in elevation E3, respectively.

Nitrogen was found to be more abundant in higher elevation
soils primarily due to slower rates of organic matter
decomposition under cooler temperatures, which led to
greater accumulation of organic matter, the main reservoir
of nitrogen in soils. Carbon and nitrogen levels tended to rise
with increasing elevation, due to lower temperatures that
reduce respiration rates (Vieira et al., 2011). Additionally,
less intensive land use and minimal disturbance at higher
elevations preserve soil structure and nutrient content.
In contrast, lower elevations often experienced higher
temperatures that increased microbial activity and nitrogen
mineralization, but also resulted in greater nitrogen losses
through processes like volatilization and denitrification.

Available phosphorus content did not vary much among the
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Table 2: Effect of elevation on available soil N, P and K (kg
ha) in apple orchards

Table 3: Effect of elevation on soil available macronutrient
content in apple

Elevation Statistic  Available N Available Available
P K
E1(1900-2200 m)
Range 223-262 31.3-42.9 298-372
Meanzt 239.60+ 39.28+ 338.55 ¢
SD 14.05 4.59 29.79
SE 6.28 2.05 13.32
E2 (2200-2500 m)
Range 223-314 33.9-57.1 311-365
Meant 269.80 + 4428+ 33310 ¢
SD 40.16 8.84 26.20
SE 17.96 3.96 11.72
E3 (2500-2800 m)
Range 279-329 39.5-57.1 298-361
Meant 296.00+ 4790+ 324.56 %
SD 9.76 6.96 23.12
SE 8.84 3.11 10.34

three elevation ranges, and was in high range across the
sites. Potassium levels were found to decline with increasing
elevation. Similar findings were reported by Poubabaei et al.,
2020 and Sapkota, 2017, indicating a reduction in potassium
content at higher altitudes. This decrease was mainly
attributed to greater leaching in the light textured soils, as
potassium did not readily bind with organic matter in the
soil. Additionally, the rise in base saturation from calcium
and magnesium at higher elevations facilitated the leaching
of potassium (Seibert et al., 2009).

3.3. Exchangeable Ca, Mg and sulphate sulphur (S)

Data given in Table 3 revealed that maximum exchangeable
Ca (13.04 cmol (p*) kg?) was recorded in elevation E3 and
Mg (2.41 cmol (p*) kgt) was found in elevation E2. However,
minimum exchangeable Ca (12.46 cmol (p*) kg?) and Mg (1.82
cmol (p*) kg?) was recorded in elevation E1. On the other
hand, maximum sulphate sulphur (50.78 kg ha) content was
found in elevation E1 and minimum (46.00 kg ha) content
was observed in elevation E3, respectively.

The observed variations in exchangeable calcium (Ca),
magnesium (Mg) and sulphate sulphur across different
elevations could be attributed to several elevation induced
environmental and soil processes. Higher exchangeable Ca
content at elevation E3 might be result from slower leaching
rates and reduced plant uptake due to lower temperatures,
which preserve base cations in the soil. Research suggests
that the cooler temperatures and higher humidity typical
of mid to high altitudes promoted the accumulation of
organic matter, which could partly explain the variation in
soil calcium levels observed across different elevations (Li et
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Eleva- Statis- Exchange- Exchange- SulphateS
tion tic able Ca able Mg (kg hat)
(cmol (p*) (cmol (p*)
kg™) kg*)
E1 (1900-2200 m)
Range 9.94-14.13 0.98-3.18 35.50-58.40
Mean 12.46+1.57 1.82+0.87 50.78 £
+SD 9.08
SE 0.70 0.39 4.06
E2 (2200-2500 m)
Range 10.71-14.30 1.66-3.67 24.90-57.30
Mean 12.64+155 2.41+0.81 49.10
+SD +13.64
SE 0.69 0.36 6.10
E3 (2500-2800 m)
Range 12.38-13.66 1.29-2.62 29.50-57.30
Mean 13.04+0.57 1.99+0.62 46.00 £
+SD 13.87
SE 0.26 0.28 6.20

al., 2022). Conversely, the higher Mg levels at E2 could reflect
localized mineral weathering differences in parent material
composition. Meanwhile, the elevated sulphate sulphur at
E1 could be a result of more active mineralization of organic
matter under warmer conditions, enhanced sulphur release
and higher usage of agrochemicals.

3.4. Micronutrient cations (Zn, Cu, Fe, Mn)

Data presentedin Table 4 revealed that maximum micronutrient
cations were found in elevation E2 and E3. Maximum Cu (1.64
ppm), Fe (9.83 ppm) and Mn (5.06 ppm) content was recorded
in elevation E2 (2200-2500 m MSL), whereas maximum Zn
(5.35 ppm) content was recorded in elevation E3 (2500-2800
m MSL).

The slower decomposition rates at these elevations allowed
organic matter to accumulate, forming stable complexes with
micronutrients and keeping them in plant available forms.
Similar trend in micronutrient studies with respect to altitude
variation was reported by Charan et al., 2013.

3.5. Correlation studies among soil properties

Soil properties were intricately interconnected and their
correlations provided vital insights into soil health and
fertility status. These relationships helped identify patterns
and interactions that were critical for understanding soil
functioning. The correlation among different soil parameters
was presented in figure 1.

The data clearly indicated a strong and significant positive
relationship between soil organic carbon content and
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Table 4: Effect of elevation on soil micronutrients cations in apple

Elevation Statistic Zn (ppm) Cu (ppm) Fe (ppm) Mn (ppm)
E1(1900-2200 m)
Range 3.42-5.32 1.20-1.80 6-16.04 1.38-6.66
MeantSD 4.15+0.70 1.35+0.21 6.00+1.41 3.61£0.17
SE 0.32 0.15 1.00 0.12
E2 (2200-2500 m)
Range 3.14-5.16 1.18-2.08 7.74-13.94 3.50-7.36
Mean+SD 4.30+0.98 1.64+0.34 9.83+ 2.66 5.06+ 1.46
SE 0.44 0.15 1.19 0.65
E3 (2500-2800 m)
Range 3.62-7.64 0.80-2.08 6.92-15.22 3.90-5.76
MeantSD 5.35+1.48 1.23+0.51 11.42 +3.75 491 +0.77
SE 0.66 0.23 1.68 0.34
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Figure 1: Correlation (r-values) among different soil parameters

available nitrogen (r=0.74"") and Ca (r=0.71"") content in
soil, suggesting that as organic carbon levels increase, the
availability of nitrogen and calcium in the soil also improved.
This relationship likely reflected the role of organic matter
in enhancing nitrogen retention and mineralization. Among
the micronutrients assessed, zinc demonstrated a negative
and significant correlation with sulphur (r=-0.64"") content in
the soil, indicating an inverse relationship between the two
nutrients. This suggested that as the availability of sulphur
increases, the concentration of zinc tended to decrease
and vice versa. Such interactions were likely attributed to
antagonistic effects during nutrient uptake or competition for
adsorption sites in the soil matrix. Understanding this negative
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correlation was crucial for developing balanced fertilization
strategies, as the excessive application of one nutrient could
potentially suppress the availability or uptake of the other,
ultimately impacting crop growth and productivity.

4. Conclusion

The study conducted in the dry temperate zone of Western
Himalayas revealed a clear altitudinal gradient in soil nutrient
availability. Soil organic carbon, available nitrogen, phosphorus
and micronutrients increased with elevation, likely due to
cooler temperatures, reduced microbial decomposition and
greater organic matter accumulation at higher altitudes.
Conversely, potassium content was found to be higher at
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lower elevations, which may have been attributed to higher
mineral weathering rates in warmer, lower-altitude zones.
These findings highlighted the importance of considering
elevation in nutrient management strategies for sustainable
apple cultivation in the region.
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