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ABSTRACT

A comparative analysis of soil properties in tropical
lowland forest (TLF) and tropical montane forest
(TMF) was conducted to understand the influence
of distinct ecosystems on soil health. While physical
properties, such as bulk density, remained consistent,
significant variations occurred in soil biochemical
properties. TMF soil exhibited markedly superior fer-
tility, characterized by significantly higher soil organ-
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ic carbon (SOC) concentrations. This enriched SOC
content was directly linked to greater retention of
essential macronutrients (P, K, Ca, Mg) and a stronger
buffering capacity against acidification. In contrast,
TLF soil displayed signs of advanced weathering,
with higher levels of aluminium and exchangeable
acidity. Biologically, TMF soils have significantly
higher microbial biomass carbon (MBC), dehydro-
genase activity (DHA), and nitrate levels. This study
concludes that TMF can foster superior soil health
compared to TLF due to increased SOC accumulation.
This highlights the critical role of regional climatic
and vegetative factors in dictating soil quality.

Keywords Tropical lowland forest, Tropical montane
forests, Soil health, Nutrient cycling, Soil organic
carbon.

INTRODUCTION

Soil serves as the living foundation of terrestrial
ecosystems, a complex medium where minerals, air,
water, organic matter, and a variety of organisms
interact to provide the conditions necessary for many
life forms (Manpoong and Tripathi 2019, Singh and
Tripathi 2020). Soil health is defined as the ability
of soil to function as a vital ecosystem, which is es-
sential for sustainable land management, ecological
restoration, and the conservation of overall ecosystem
resilience (Bhaduri et al. 2022, Devi et al. 2025).



Assessing soil health requires a comprehensive
analysis of the interrelated physical, chemical, and
biological characteristics of soil. Physical charac-
teristics influence the soil structure and its ability to
promote root growth and water transport, including
texture, aggregation, moisture content, and bulk
density (Baizan et al. 2021, Bharathi ef al. 2024).
The fertility of soil and its ability to support plant
and microbial life are significantly influenced by its
chemical characteristics, such as pH, organic matter
content, and nutrient availability (N, P, and K) (Lal
2016, Mebrate ef al. 2022). Microbial communities,
enzyme activity, and metabolic processes are exam-
ples of biological indicators that are becoming more
widely acknowledged as practical means of compre-
hending the dynamic processes of nutrient cycling
and decomposition that propel ecosystem functioning
(Singh et al. 2025, Upadhyay et al. 2026, Devi et al.
2026, Tripathi et al. 2026, Moirangthem et al. 2026).

The importance of maintaining soil health is
particularly pronounced in tropical lowland forests
(TLF) and tropical montane forests (TMF), as they
comprise 16% of the Earth’s surface area, and are
home to the planet’s most biodiverse ecosystems, pro-
viding essential ecological functions, such as water
storage, erosion prevention, and carbon sequestration
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(Anbarashan and Parthasarathy 2013, Tripathi et al.
2025). The soil, which serves as a vital centre for the
close nutrient cycles that drive biomass growth, is
essentially responsible for the enormous productivity
of these forests (Tripathi ef al. 2008; Hedin et al.
2009, Cheng et al. 2019). An excellent illustration
of this crucial area is the Indian state of Mizoram,
which ranks second nationally in forest cover density,
with forests occupying an astounding 85.34% of its
mountainous terrain (ISFR 2023).

Considering the vital role soil plays in maintain-
ing these globally important ecosystems, a thorough
evaluation of soil quality is necessary to develop
effective conservation policies and adaptive manage-
ment plans (Biinemann et al. 2018). Thus, the purpose
of this study was to examine the physicochemical
and biological properties of soils in TLF and TMF
ecosystems. The central objectives of this study are to
identify significant differences in soil characteristics
across two forests and to formulate targeted strategies
to conserve the region’s long-term soil health.

MATERIALS AND METHODS

Study area

The study was conducted in Mizoram, a state in
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Northeast India, situated between Myanmar and Ban-
gladesh, with a geographical area of 21,087 km? and
a forest cover of 75% (Tripathi et al. 2017). The state
is located between 21° 56°-24° 31° N latitude and 92°
16°-93° 26’ E longitude (Monsang et al. 2024). The
state features a monsoon climate, characterized by a
cold and dry winter (December to February), a warm
summer (March to June), a humid monsoon season
(July to September), and a cool post-monsoon period
(October to November). The TLF and TMF sites were
in Mizoram University and the Hmuifang community
reserve forests, respectively (Fig. 1). The university
is located near Tanhril village, approximately 10 ki-
lometres from Aizawl city, with an average elevation
of 710 m a.m.s.] and the total annual precipitation of
2161 mm (Wapongnungsang et al. 2021, Chanda et al.
2024, Chanda et al. 2026). The Hmuifang community
reserve forest, located approximately 50 kilometres
south of Aizawl city, at an elevation of 1620 m a.m.s.1
and with a total annual rainfall of approximately 2564
mm. Both forest areas are protected with minimal
disturbance and have semi-evergreen vegetation, as
described in detail by Lamare ef al. (2024).

Experimental setup

The two study sites (TLF and TMF) were demarcated
with six plots, each measuring 12 m x 12 m. Soil
samples were collected from three random locations
per plot. After removing the unconsolidated surface
leaf material, three soil samples were collected from
the top 5 cm of soil in each plot by digging a hole
of 10 cm x 10 cm at a depth of 5 cm. Soil samples
were spread on a polyethene sheet, and leaves and
roots were removed and brought to the laboratory
for further analysis. Immediately upon arrival in
the laboratory, the samples were separated into two
subsamples and sieved through a 2 mm mesh screen.
One sub-sample was allowed to air-dry and was stored
for chemical analysis, while the other was kept in a
zip-lock bag at -20 °C for biological analysis.

Soil analysis
Physical properties of soil

The soil moisture content (%) was estimated using
the gravimetric method, which involved drying a

known weight of fresh soil in an oven at 105°C for
24 hours. For the determination of soil bulk density
(g cm™), a soil core of known inner volume was used.
Soil collected was oven-dried, and the dry weight was
converted to g soil cm?.

Chemical properties of soil

The soil pH was determined by preparing a soil-water
suspension (1:2.5 soil-to-water ratio) and measuring
it with a pH meter. Available nitrogen (N_ ) was
determined using the alkaline permanganate method
(Subbiah and Asija 1956). Ammonium-nitrogen
(NHa4-N) was determined using the indophenol-blue
method (Rowland 1983) and the nitrate-nitrogen
(NO,-N) using the phenol disulphonic acid method
(Harpe 1924). Available phosphorus (P_ ) was an-
alysed with the Bray I reagent and quantified by the
blue color development technique (Bray and Kurtz
1945). Soil organic carbon (SOC) was measured by
the chromic acid wet oxidation method developed
by Walkley and Black (1934). Exchangeable potas-
sium (K) in soil was analysed by shaking soil with
1 N neutral ammonium acetate (Metson 1956) and
determining the concentration by flame photometry.
Exchangeable calcium (Ca) and Magnesium (Mg) in
soil were determined by the EDTA titration method
(Tucker and Kurtz 1961). A DTPA soil test was used
to analyse iron (Fe) and manganese (Mn) in soil, in
which 10 g of soil was mixed with 20 mL of extractant
and shaken for 2 hours. The filtrate was then mea-
sured using Atomic Absorption Spectrophotometry
(Lindsay and Norvell 1978). Using the KCI method,
the total exchangeable acidity (EA) and exchangeable
Aluminium (Al) were measured by extracting 20 g
of soil for 2 hours with 100 mL of 1 M KCI (Pionke
and Corey 1967).

Biological properties of soil

Microbial biomass carbon (MBC) was estimated
using the chloroform fumigation-extraction tech-
nique (Vance et al. 1987). Microbial biomass phos-
phorus (MBP) was measured using the chloroform
fumigation-extraction technique followed by Bray-1
extraction (Oberson et al. 1997). Dehydrogenase en-
zyme activity (DHA) was assayed using a modified
2,3,5-triphenyl tetrazolium chloride reduction method



(Casida Jr. et al. 1964, Casida Jr, 1977).
Statistical analysis

Data for all soil physicochemical and biological
properties were presented as mean = 1 SE. A two-
way analysis of variance (ANOVA) was conducted
to assess for significant differences among the study
sites. When the ANOVA indicated a significant effect,
means were separated using Duncan’s Multiple Range
Test (DMRT) at a significance level of p < 0.05. All
statistical analyses were carried out using OPSTAT (a
free Online Agriculture Data Analysis Tool developed
by O. P. Sheoran, Computer Programmer at CCS
HAU, Hisar, India).

Table 1. Continued.
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Table 1. Summary of two-way ANOVA for soil physical, chem-
ical and biological properties across plots and tropical lowland

(TLF) and tropical montane forests (TMF).

Parameter

Sources of

F-value P-value

Degree of freedom- Plots (5), Forest types (2), and
Plots x Forest plots (5)

Plots 0.79 0.55
Soil moisture content Forest types 4.39 0.04*
(%) Plot x Forest 2.07 0.10
Plots 0.87 0.52
Bulk density (g cm ) Forest types 1.94 0.18
Plot x Forest 0.24 0.93
Plots 1.49 0.23
Soil pH Forest types 1.09 0.31
Plot x Forest 1.04 0.41
Plots 2.56 0.05
Soil organic carbon Forest types 186.47 0.001*
(%) Plot x Forest 2.36 0.07
Plots 6.69 0.001*
Available phosphorus Forest types 1442 0.001*
(mg kg™) Plot x Forest 5.67 0.002*
Plots 9.61 0.001*
Available nitrogen Forest types 3.81 0.06
(mg kg™") Plot x Forest 1.08 0.4
Potassium (mg kg') Plots 5.90 0.001*
Forest types 166.01 0.001*
Plot x Forest 7.99 0.001*
Plots 1.48 0.24
Iron (mg kg™) Forest types 15.15  0.0007*
Plot x Forest 232 0.08
Plots 4.10 0.008*
Manganese (mg kg™) Forest types 160.77 0.001*
Plot x Forest 3.59 0.015%*
Plots 3.85 0.01*
Calcium (mg kg™) Forest types 390.13  0.001*
Plot x Forest 4.74 0.004*
Plots 6.89  0.0005*

Parameter Sources of F-value P-value
Magnesium (mg kg™') Forest types ~ 500.64 0.001*
Plot x Forest 9.92 <0.001*
Plots 28.65 0.001*
Aluminium (mg kg') Forest types  1066.77 0.001*
Plot x Forest 17.99 0.001*
Plots 2.11 0.10
Exchangeable acidity Forest types 100.62 0.001*
(mg kg') Plot x Forest 2.25 0.08
Plots 0.56 0.73
Ammonium (mg kg) Forest types 0.041 0.84
Plot x Forest 1.44 0.25
Plots 1223 <0.001*
Nitrate (mg kg™) Forest types 1409.96  <0.001*
Plot x Forest 11.67  <0.001*
Plots 10.98  <0.001*
Microbial biomass Forest types 599.84 <0.001*
carbon (ug g) Plot x Forest 10.36  <0.001*
Plots 6.98 0.0004*
Microbial biomass Forest types 36.23  <0.001*
phosphorus (ug g") Plot x Forest 512 0.002*
Plots 0.58 0.71
Dehydrogenase enzy- Forest types 38.72 <0.001*
me activity (ug g') Plot x Forest 1.03 0.42
RESULTS AND DISCUSSION

Soil biogeochemical properties were significantly
higher at the TMF site than at TLF, except that the
soil physical parameters remained uniform across
both sites (Table 1). TMF soil exhibited markedly en-
hanced fertility and biological activity, as indicated by
elevated levels of SOC, critical macronutrients (P, K,
Ca, Mg), and microbial markers (MBC, DHA, NOs").
These findings underscore the substantial influence
of regional climate and vegetation on soil quality.

SMC did not differ significantly between the
two sites (Fig. 2). Further, SMC did not vary across
plots or interact with forest type, indicating stable soil
moisture trends within forests. Similarly, BD did not
vary significantly among forest types, plots, or their
interaction, maintaining a uniform range of 1.19 to
1.27 g cm™ (Fig. 2). This suggests that both forest
soils possess a comparable and resilient physical
structure, lacking differential compaction (Saha et
al. 2010). The uniformity of the physical structure
indicates that biogeochemical processes, rather than
physical limitations, account for the considerable
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BTLF

O TMF

Fig. 2. Soil physical properties in tropical lowland and montane forests. Values represent mean + 1SE. Different lowercase letters denote

significant differences among plots at p <0.05.

differences in the chemical and biological properties
of the soil.

Soil pH was consistently acidic in both ecosys-
tems (ranging from 4.81 to 5.13 in TLF and 4.62 to
5.53 in TMF), with no significant difference (p>0.05).
This acidity is typical in leaching-prone soils found
in humid forest habitats. SOC was significantly (p <
0.05) higher in the TMF (4.43 to 4.79%) compared to
the TLF (3.12 to 3.83%). In contrast to the continu-
ously hot and humid tropical environment, the lower
breakdown rates at TMF limit microbial metabolic
activity, allowing organic matter to persist longer and
resulting in a higher buildup of SOC (Davidson and
Janssens 2006, Lal 2016). These variations are crucial
because SOC directly affects soil structure and nutri-
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ent availability, both of which are essential for forest
resilience and productivity (Ortiz et al. 2025). In addi-
tion, the consistently high temperatures and microbial
activity in tropical forests promote rapid decompo-
sition rates, thereby reducing SOC accumulation, in
contrast to the slower decomposition in TMF (Ghosh
and Tripathi 2021, Tripathi ez al. 2025, Singh et al.
2025). A significant (p < 0.05) interaction between
plots and sites was observed for Pavail in TMF soils
containing substantially more Pavail (1.37-5.24 mg
kg™) than TLF soils (0.88-2.01 mg kg™'). Similarly,
K concentrations were significantly (p < 0.05) higher
in the TMF (100.27-215.84 mg kg™') than in the TLF
(54.14-89.24 mg kg™"). The essential base cations,
Ca and Mg, were also significantly (p < 0.05) more
abundant in the TMF. These findings align with the
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Fig. 3. Soil chemical properties in tropical and sub-tropical forests. Values represent mean + SE, and different lowercase letters denote

significant differences among plots at p <0.05.
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Fig 4. Soil biological properties in tropical lowland and montane forests. Values represent mean + SE, and different lowercase letters

denote significant differences among plots at p <0.05.

documented function of SOC in augmenting cation
exchange capacity and nutrient retention, therefore
mitigating their loss via leaching (Brady and Weil
2017). Navail showed significant variation among
plots but not between forest types, suggesting that N
dynamics may be influenced more by localized factors
within each forest. Fe and Mn were significantly (p
< 0.05) higher in the TMF; the opposite was true for
indicators of soil acidity. Al and EA were significantly
(p < 0.05) higher in the TLF (Fig. 3). This paradox
is a standard indicator of soil health; lower levels of
base cations (Ca, Mg) and higher levels of soluble
Al in the TLF suggest a more heavily weathered,
acidified soil with a greater concentration of toxic
substances. In tropical environments, for instance,
long-term chemical weathering reduces the supply of
soil nutrients derived from rocks, restricting microbial
and plant access to vital components (Bukombe et al.

2021). According to Ussiri and Lal (2017), the TMF
has superior buffering capacity against acidification
due to its higher SOC and base cations.

The biological health of the soil, directly indic-
ative of its chemical richness, was evaluated. While
NHa+ concentrations showed no significant (p > 0.05)
differences, NOs— levels were significantly (p <0.05)
higher in the TMF (5.68-13.68 mg kg') compared
to the TLF (3.66-3.90 mg kg™!). This implies that
the richer substrate is probably the primary cause of
the more active nitrifying microbial population at
TMEF (Paul et al, 2015). MBC was substantially and
significantly (p < 0.05) greater in the TMF (1001.2
to 1771.5 ng g') than in the TLF (315.5 to 391.5 pg
g ). MBP also showed significant variation, indicat-
ing a larger microbial sink for nutrients in the TMF.
DHA, a key indicator of total microbial activity, was
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Fig. 5. Correlation between soil physico-chemical and biological properties in TLF.

significantly (p<0.05) higher in the TMF (25.0 to
28.3 pug g!) versus the TLF (14.19 to 22.86 pg g ')
(Fig. 4). According to Nannipieri et al. (2017), these
biological markers show that the TMF soil represents
a larger microbial population (as reflected by higher
MBC) and they are metabolically active (greater
DHA). This is supported by the higher SOC and nu-
trient availability, which drive more efficient nutrient
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cycling and contribute to the overall superior health
of the TMF soil.

This distinction highlights the importance of
considering regional biogeochemical characteristics
when evaluating nutrient limitation and developing
conservation or management strategies. The inter-
relationships among soil physical, chemical and
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Fig. 6. Correlation between soil physico-chemical and biological properties in TMF.



biological properties in TLF and TMF are illustrated
in Fig. 5 and Fig. 6, respectively. Understanding the
interactions among soil physical, chemical, and bio-
logical properties is crucial for predicting soil behav-
ior in response to changing environmental conditions
and for enhancing forest productivity (Gama 2023).

CONCLUSION

The soils of the TMF in this study exhibited signifi-
cantly higher health and fertility than those of the
TLF, primarily due to higher SOC accumulation. The
enhanced SOC facilitated a more active and diverse
microbial community, enhanced nutrient retention (P,
K, Ca, Mg), and mitigated the adverse effects of soil
acidity, including Al toxicity. These findings indicate
that local environmental conditions and vegetation
inputs are more important determinants of soil fertility
in TMF than those found in TLF. The study indicates
that TMF ecosystems are significant hotspots for
storing soil carbon and conserving biodiversity, un-
derscoring the need for targeted strategies to preserve
their distinct soil health attributes.
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