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Abstract

Soil macronutrients are critical drivers of forest ecosystem productivity, resilience, and biodiversity. This study
investigates soil nutrient dynamics across four protected areas (Bannerghatta National Park, Cauvery Wildlife
Sanctuary, Male Mahadeshwara Hills Wildlife Sanctuary, and Biligiri Rangaswamy Temple Tiger Reserve) in
southern India. Each PA was sampled with forest, riparian, and agricultural plots, enabling a comparative assessment.
We analyzed soil chemical properties (pH, EC, OC, N, P, K, Ca, Mg, S, Cu, Zn, Mn, Fe) and integrated soil quality
indicators through statistical and PCA-based Soil Quality Index (SQI). Results reveal clear gradients along the
ecological transect, with increasing soil depth, organic carbon, and base cation availability from BNP to BRT.
Riparian plots consistently showed higher fertility, while agricultural soils exhibited imbalances and nutrient depletion.
The findings highlight the necessity of wvegetation-specific and topography-sensitive management strategies for
sustainable forest ecosystems.

INTRODUCTION

Soil functions as the foundation of forest ecosystems, regulating nutrient cycling, water retention, and
vegetation productivity (Bardgett & van der Putten, 2014 [2]; Fierer & Jackson, 2006 [8]). Macronutrients
such as nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S)
determine ecosystem resilience and biodiversity (Cleveland & Liptzin, 2007 [6]; Lal, 2004 [14]). Forest
soil quality is increasingly threatened by deforestation, land-use change, and agricultural intensification
(Don etal., 2011 [7]; Pan et al., 2011 [20]). Previous studies highlight the role of soil chemical and physical
indicators—including soil organic carbon (SOC), pH, cation exchange capacity (CEC), and bulk density—
in evaluating soil quality (Andrews et al., 2004 [1]; Biinemann et al., 2018 [4]; Haney et al., 2018 [10]).
However, few studies integrate these concepts into transitional landscapes connecting the Eastern and
Western Ghats, where ecological gradients are sharp and land-use pressures are high. This research
addresses this gap by assessing macronutrient dynamics, soil organic carbon, and composite soil quality
indices across protected areas and vegetation types in southern India.

MATERIALS AND METHODS

Study Area

The study was carried out along an ecological transect spanning four protected areas in southern India:
Bannerghatta National Park (BNP), Cauvery Wildlife Sanctuary (CWS), Male Mahadeshwara Hills
Wildlife Sanctuary (MM Hills), and the Biligiri Rangaswamy Temple (BRT) Tiger Reserve. These areas
represent a transitional landscape from the dry deciduous forests of the Eastern Ghats to the moist
deciduous forests of the Western Ghats, characterized by varied topography, rainfall regimes, and
vegetation types (Pascal, 1988; Ramesh et al., 2010).

Sampling Design

A total of 48 sampling plots were established, with 12 plots per protected area (PA). Within each PA,
plots were distributed across three habitat types: forest (n = 4), riparian (n = 4), and agricultural (n = 4).
This stratification enabled comparative assessments across land-use types and ecological settings. Each
plot measured 20 m x 20 m and was located at least 5 m apart to minimize spatial autocorrelation (Kent,
2012).

Soil Sampling and Analysis

Soil samples were collected from the topsoil (0-30 c¢m) at five random points within each plot and
homogenized into a composite sample. The collected samples were air-dried, sieved (2 mm mesh), and
subjected to laboratory analysis for the following soil physicochemical properties:

1. Soil reaction and salinity: pH and electrical conductivity (EC) measured using a digital pH and
conductivity meter (Jackson, 1973).
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2. Organic matter: Organic carbon (OC) estimated by the Walkley-Black method (Walkley & Black,
1934).

3. Macronutrients: Nitrogen (N) by the Kjeldahl method (Bremner & Mulvaney, 1982), phosphorus (P)
by Olsen’s method (Olsen et al., 1954), potassium (K) by flame photometry (Black, 1965), and
exchangeable calcium (Ca) and magnesium (Mg) by EDTA titration (Hesse, 1971). Sulfur (S) was
determined by turbidimetry (Chesnin & Yien, 1950).

4. Micronutrients: Copper (Cu), zinc (Zn), manganese (Mn), and iron (Fe) were analyzed using DTPA
extraction and atomic absorption spectrophotometry (Lindsay & Norvell, 1978).

Data Processing

Prior to analysis, the dataset was subjected to quality control, including the removal of missing values
(NA) and outliers identified using Tukey’s interquartile method (Tukey, 1977). All variables were
standardized (zscores) to ensure comparability.

Statistical Analysis

Descriptive statistics (mean, standard deviation, and range) were calculated for all soil properties. To test
differences among habitat types and protected areas, one-way Analysis of Variance (ANOVA) was
performed, followed by Tukey’s post-hoc test for pairwise comparisons (Sokal & Rohlf, 1995). Nutrient
balance was examined through the calculation of stoichiometric ratios, particularly N:P and N:K, as
indicators of nutrient limitation and ecosystem functioning (Sterner & Elser, 2002). To integrate multiple
soil variables into a single measure of soil health, a Soil Quality Index (SQI) was developed. This was
achieved using Principal Component Analysis (PCA), wherein principal components with eigenvalues
>1 were retained, and weighted scores were assigned based on variable loadings (Andrews et al., 2002;
Bastida et al., 2008). The SQI provided a composite indicator of soil fertility and quality across ecosystems.

RESULTS
Table 1. Soil physicochemical properties (mean + SD) across land-use types (Forest, Riparian, Agriculture)
within four Protected Areas (BNP, CWS, MM Hills, and BRT) along the Eastern-Western Ghats

transition corridor
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Figure 1. Ecological gradients along the transect from Bannerghatta National Park (BNP) to Biligiri
Rangaswamy Temple (BRT) Tiger Reserve, showing progressive increases in rainfall, soil depth, and
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fertility. BNP is characterized by shallow dry deciduous soils, while BRT supports moist deciduous
forests on deep lateritic soils, with CWS and MM Hills representing intermediate conditions.
Spatial Variability of Soil Macronutrients (N, P, K)
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Figure 2. Correlation matrix of soil macronutrients (N, P, K)
The correlation matrix revealed weak associations among the primary macronutrients, indicating largely
independent dynamics of nitrogen (N), phosphorus (P), and potassium (K). The N-P relationship was
weakly positive (r = 0.2), suggesting that phosphorus availability is not directly coupled with nitrogen,
likely due to strong P fixation in tropical soils or differential nutrient inputs across vegetation types
(Cleveland & Liptzin, 2007 [6]; Lal, 2004 [14]). Similarly, N-K exhibited only a slight positive correlation
(r = 0.3), reflecting their shared dependence on organic matter turnover but weakened by potassium
depletion in cultivated soils (Don et al., 2011 [7]). The P-K relationship was the weakest (r = 0.1), implying
that phosphorus and potassium operate independently, influenced by site-specific processes such as K
leaching and P immobilization (Jobbagy & Jackson, 2000 [12]; Meurer et al., 2022 [39]).
These weak correlations highlight a stoichiometric imbalance among macronutrients across the transect.
In forest and riparian ecosystems, nutrient cycling through litterfall and organic matter inputs may buffer
N and P availability, while in agricultural plots, continuous nutrient extraction exacerbates nutrient
decoupling (Pan et al., 2011 [20]; Bardgett & van der Putten, 2014 [2]). The particularly weak P-K
association suggests the possibility of dual nutrient limitations, where both phosphorus and potassium
constrain plant productivity. Such imbalances can reduce nutrient-use efficiency, limit ecosystem
resilience, and hinder sustainable forest and agricultural management in tropical landscapes (Biinemann
et al., 2018 [4]; Mollenhauer & Faust, 2023 [40]).
Spatial Variability of Soil Micronutrients
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Figure 3. Correlation matrix of secondary nutrients and micronutrients
The correlation analysis of secondary nutrients and micronutrients revealed clear clusters of association
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and decoupling among elements. Strong positive correlations were observed among Ca, Mg, and S (r =
0.7-0.8), suggesting their co-mobilization in soils with higher base saturation, most likely derived from
parent material weathering and cation exchange processes (Andrews et al., 2004 [1]; Biinemann et al.,
2018 [4)]). Similarly, Zn and Mn exhibited a strong correlation (r = 0.75), while Cu showed moderate
associations with Zn (r = 0.6) and Mn (r = 0.55), indicating their shared regulation by organic matter and
redox dynamics (Bardgett & van der Putten, 2014 [2]; Lawrence, 2021 [15]). In contrast, Fe displayed
weak or negative correlations with all other nutrients, reflecting its independent geochemical control and
tendency to accumulate in lateritic soils (Jobbagy & Jackson, 2000 [12]; Nekrasova et al., 2020 [19]).
These patterns suggest that two major mechanisms regulate micronutrient availability across the transect:
(i) geochemical drivers, influencing the strong Ca-Mg-S cluster and Fe accumulation; and (ii) biological-
organic processes, linking Zn, Mn, and Cu availability through organic matter turnover and hydrological
fluctuations (Liang et al., 2017 [16]; Mollenhauer & Faust, 2023 [40]). Riparian soils, enriched with
organic inputs, likely enhance Zn and Mn availability, while agricultural soils may disrupt these natural
linkages through nutrient depletion (Don et al., 2011 [7]; Meurer et al., 2022 [39]). The decoupling of Fe
from other nutrients highlights the role of lateritization and pedogenesis in shaping soil chemistry (Pan
et al., 2011 [20]; Lal, 2004 [14]). Collectively, these findings underscore the interplay of parent material,
vegetation, and land use in governing micronutrient dynamics and their implications for ecosystem
fertility and resilience.

Soil Organic Carbon (SOC)
Soil Organic Carbon (%) Across Vegetation Types
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Figure 4. Variation in Soil Organic Carbon (SOC) across vegetation types
Soil Organic Carbon (SOC) varied significantly across vegetation types, reflecting the influence of litter
input, hydrology, and land-use intensity. Riparian soils exhibited the highest SOC content (median =
1.9-2.0%), with values extending up to 2.7%. This enrichment is attributed to alluvial inputs,
hydrological deposition, and greater organic matter accumulation, which buffer nutrient availability and
enhance soil fertility (Jobbagy & Jackson, 2000 [12]; Lal, 2004 [14]; Pan et al., 2011 [20]). Forest soils
maintained intermediate SOC levels (median = 1.6-1.7%), consistent with seasonal litterfall
contributions but moderated by rapid decomposition under tropical conditions (Lawrence, 2021 [15];
Liang et al., 2017 [16]).
By contrast, agricultural soils showed the lowest SOC values (median = 1.2-1.3%), with several plots
falling below 1.0%. Continuous cultivation, residue removal, and soil disturbance likely reduce organic
inputs while accelerating carbon loss, leading to depletion of SOC stocks (Don et al., 2011 [7]; Meurer et
al.,, 2022 [39]). The order of SOC across vegetation types followed the trend Riparian > Forest >
Agriculture, consistent with patterns reported for tropical landscapes where natural vegetation and
hydrological regulation maintain higher soil carbon pools compared to disturbed agricultural systems
(Bardgett & van der Putten, 2014 (2]; Lal, 2004 [14]).
Soil Quality Index (SQI)
The PCA-based Soil Quality Index (SQI) revealed significant variation across sites and land-use types along
the BNP-BRT transect. BNP soils had the lowest SQI values (median = 0.45-0.50), reflecting shallow dry
deciduous soils with low organic carbon and limited nutrient reserves (Andrews et al.,, 2004 [1];

Bunemann et al.,, 2018 [4]). CWS plots showed slightly higher SQI values (median = 0.48-0.55),
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particularly in agricultural soils, where riverine alluvials enhance nutrient availability (Ellur et al., 2024

[23]; Ingle et al., 2024 [24)).
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Figure 5. Soil Quality Index (SQI) across sites and land-use types

MM Hills soils exhibited intermediate SQI values (median = 0.60-0.65), consistent with their transitional
red loamy soils and moderate fertility (Chattaraj, 2025 [25]; Kalambukattu et al., 2025 [26]).The highest
SQI values were observed in BRT soils (median = 0.75-0.80), indicating moist deciduous deep lateritic
soils with higher nutrient retention capacity and organic matter content (Lal, 2004 [14]; Pan et al., 2011
[20]). When assessed across land-use types, riparian soils consistently showed higher SQI values than forest
and agricultural soils, underlining the role of hydrological inputs, alluvial deposits, and organic matter
accumulation in maintaining soil fertility (Don et al., 2011 [7]; Bardgett & van der Putten, 2014 [2]).
Forest plots maintained relatively stable SQI across all sites, while agricultural soils displayed greater
variability and lower median values, particularly in BNP and CWS, suggesting nutrient depletion due to
continuous cultivation and reduced organic inputs (Meurer et al., 2022 [39]; Mollenhauer & Faust, 2023
[40]). Collectively, the SQI results highlight the influence of both ecological gradients (rainfall, soil depth,
vegetation type) and land-use practices in shaping soil fertility and ecosystem resilience.

The ecological transect from BNP to BRT revealed clear gradients in rainfall, soil depth, and vegetation
type, which strongly influenced soil nutrient dynamics, organic carbon, and overall soil quality (Andrews
etal., 2004 [1]; Bardgett & van der Putten, 2014 [2]). Macronutrients (N, P, K) exhibited weak and largely
independent associations, indicating a stoichiometric imbalance that was most pronounced in
agricultural soils due to continuous extraction and limited organic inputs (Cleveland & Liptzin, 2007 [6];
Don et al., 2011 [7]). In contrast, micronutrients formed structured clusters, with Ca~Mg-S and Zn-Mn-
Cu showing strong linkages while Fe remained geochemically decoupled, suggesting that macronutrients
are more vulnerable to depletion under land-use pressure whereas micronutrients are buffered by
geochemical and organic processes (Nekrasova et al., 2020 [19]; Mollenhauer & Faust, 2023 [40]).

Soil Organic Carbon (SOC) emerged as a central driver of fertility, being highest in riparian soils,
intermediate in forests, and lowest in agriculture, reflecting the combined influence of hydrological
deposition, litter inputs, and land-use disturbance. These patterns underscore the importance of organic
matter in sustaining nutrient cycling and fertility (Jobbagy & Jackson, 2000 [12]; Lal, 2004 [14]; Meurer
et al., 2022 [39]). The Soil Quality Index (SQI) synthesized these dynamics into a composite measure of
resilience, showing a progressive increase from BNP (lowest) through CWS and MM Hills (intermediate)
to BRT (highest), with land-use rankings consistently following Riparian > Forest > Agriculture
(Biinemann et al., 2018 [4]; Ellur et al., 2024 [23]; Ingle et al., 2024 [24]). This pattern confirms that soils
with strong hydrological and vegetation support maintain greater fertility and resilience.

Collectively, these findings highlight that ecological gradients and land-use intensity jointly regulate soil
fertility and quality, with direct implications for sustainable forest conservation and agricultural
management in tropical landscapes (Lal, 2004 [14]; Pan et al., 2011 [20]).

DISCUSSION

This study demonstrates that soil fertility and resilience across the BNP-BRT transect are shaped by the
interplay of ecological gradients, nutrient dynamics, and land-use intensity. While macronutrients (N, P,
K) exhibited weak correlations, highlighting stoichiometric imbalance and nutrient depletion in
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agricultural soils, micronutrients (Ca-Mg-S and Zn-Mn-Cu clusters) were more tightly regulated by
geochemical and organic processes, with Fe remaining geochemically distinct. These contrasting behaviors
emphasize that macronutrients are particularly vulnerable to disturbance and management practices,
while micronutrient availability reflects longer-term soil-forming processes.

Soil Organic Carbon (SOC) was identified as a critical buffer, with values highest in riparian soils due to
alluvial deposition and hydrological inputs, intermediate in forest soils with seasonal litter contributions,
and lowest in agriculture, where disturbance accelerates carbon loss.

The Soil Quality Index (SQI) effectively synthesized these multiple indicators, revealing a clear gradient
from BNP (lowest) to BRT (highest), and consistently ranking Riparian > Forest > Agriculture across land-
use types. Together, these findings highlight that land-use decisions and ecological setting jointly
determine soil quality, nutrient cycling, and long-term ecosystem sustainability.

CONCLUSION

Our results underscore that ecological gradients and vegetation cover are fundamental drivers of soil
fertility and resilience in tropical forest-agriculture mosaics. The observed macronutrient imbalances and
SOC depletion in agricultural soils emphasize the urgent need for organic matter restoration and nutrient
management strategies, while the stability of micronutrient clusters points to the role of geochemical
controls in buffering soil systems. The SQI gradient demonstrates that riparian and forest ecosystems
provide essential soil quality benefits, whereas agricultural expansion without restoration leads to long-
term degradation. These insights provide a scientific basis for topography- and vegetation-specific soil
management, contributing to sustainable conservation and land-use planning in tropical landscapes.
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