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ABSTRACT

A soil system consists of physical, chemical, and biological components that interact to regulate nutrient
availability, water retention, and ecosystem stability. Soil phosphorus (P) fractions, phosphatase enzyme
activity, and P adsorption-desorption characteristics are crucial for sustainable P management and are
influenced by various intrinsic and extrinsic factors. However, the characteristics of these parameters in
Nepalese soils remain largely unexplored. This study assessed the influence of soil properties on these
parameters by analyzing 225 soil samples collected from various locations in central Nepal. Key soil
properties, including pH, EC, OM, CaCOs, CEC, exchangeable Al, sand, silt, clay, total N, and available
nutrients (P, K, Ca, Mg, S, B, Cu, Mn, Fe, and Zn), were measured, alongside response variables such as P
fractions, phosphatase enzyme activity, and P adsorption-desorption characteristics, using standard analytical
methods. Statistical analyses, including Pearson’s correlation and redundancy analysis (RDA), were applied.
The results showed that soil properties accounted for 58.63%, 53.65%, 56.62%, and 38.37% of the total
variation in P fractions, phosphatase enzyme activity, P adsorption, and P desorption characteristics,
respectively. Fifteen soil properties significantly influenced P fractions, ranked in decreasing order of impact:
OM, Olsen P, pH, CEC, Fe, CaCOs, Cu, clay content, sand content, EC, K, Ca, Zn, Mg, and total N. Twelve
properties significantly affected phosphatase enzyme activity, listed in decreasing order as OM, pH, available
Ca, CaCOs, B, EC, P, CEC, Zn, K, sand content, and clay content. For P adsorption, twelve properties had
significant effects, ranked as follows: Olsen P, sand content, pH, B, CaCOs, Cu, Ca, EC, OM, K, CEC, and
clay content. Thirteen properties significantly impacted P desorption, listed in decreasing order as OM, sand
content, Olsen P, EC, pH, Cu, Zn, CaCOg, K, B, CEC, Fe, and Ca. These findings highlight the critical role
of specific soil properties in regulating P dynamics, providing valuable insights for enhancing P management
strategies in diverse agricultural systems.
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INTRODUCTION

Nepal, a landlocked Himalayan nation, is situated between latitudes 26°22' and 30°27' N and longitudes
80°4' and 88°12' E, covering an area of 147,181 sg. km (Lamichhane et al., 2021). Agriculture plays a vital
role in the nation's economy, contributing 24.67% to the GDP and providing employment to around 57.3%
of the population (MoALD, 2023). The predominant soil reference groups (RSGs) in Nepal, based on the
WRB classification, include Fluvisols, Gleysols, Phaeozems, Cambisols, Regosols, Luvisols, and
Umbrisols (Vaidhya and Sah, 2015). According to the USDA soil taxonomy, Nepal's main soil orders are
Entisols, Inceptisols, Mollisols, and Alfisols, with occasional occurrences of Spodosols, Histosols, Ultisols,
and Aridisols (Joshy, 1997).

Phosphorus (P), alongside nitrogen, is recognized as a key limiting nutrient for food production worldwide
(Dieter et al, 2010) and is essential for plant growth and development. It is primarily involved in energy
transfer during cellular metabolism and serves as a fundamental component of cell membranes, nucleic
acids, and other vital substances (Das, 2015). Consequently, ensuring sufficient levels of soil P is crucial
for the long-term viability of agricultural systems (Sharpley et al, 1994). P in soils comes from various
sources, including the parent material present in the soil and the incorporation of various organic and
inorganic nutrient inputs through different mechanisms (Havlin et al, 2010).

In Nepal, P is the second most frequently applied nutrient following nitrogen, which is predominantly used
in the form of urea. P is mainly supplied through diammonium phosphate (DAP) and single superphosphate
(SSP) (Panta, 2018). Since Nepal lacks its own fertilizer production facilities, it relies entirely on imports
to meet demand. Due to supply interruptions and price fluctuations, DAP sales have often fallen short of
demand, with reported quantities of 140,166.63 Mt in 2020/21, 77,719.87 Mt in 2021/22, and 110,084.30
Mt in 2022/23 (MoALD, 2023). As an agricultural nation, Nepal imported agricultural products worth NPR
378.60 billion while exporting NPR 125.51 billion in 2021/22 (Anonymous, 2022). To address the trade
deficit, it is vital to boost agricultural productivity by ensuring essential inputs, such as seeds, irrigation,
and fertilizer. However, the high cost of chemical fertilizers, especially without subsidies, remains a
concern for farmers. To mitigate this, the government provides a 52.38% subsidy on DAP. Over the past
decade, approximately one-third of the Ministry of Agriculture and Livestock Development's budget has
been allocated to fertilizer subsidies (Kharel et al., 2022), with an increase of 50.86% in the last fiscal year
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and 48.79% in the current fiscal year (MoF, 2024). Despite these efforts, logistical challenges persist, and
many farmers face delays in receiving their fertilizer allocations.

Phosphorus in soil exists in both organic (Po) and inorganic (Pi) forms (Weihrauch and Opp, 2018). The
sequential fractionation method, developed in 1957 and widely used since, is an effective technique for
determining P pools and understanding their chemistry and origin (Chang and Jackson, 1958; Cross and
Schlesinger, 1995). This method extracts various inorganic P fractions, including loosely bound P,
aluminum-bound P (Al-P), iron-bound P (Fe-P), reductant soluble P, and calcium-bound P (Ca-P). It also
allows for the extraction of organic P fractions such as labile P, moderately labile P, fluvic acid P, humic
acid P, and non-labile P (Zhang and Kover, 2009). The dynamics of these P forms are complex, influenced
by intrinsic soil factors like parent materials (Fairhurst et al, 1999), texture (Viegas et al, 2010),
management systems (Pavinato et al, 2009), fertilization practices (Guardini et al, 2012), and both biotic
and abiotic environmental factors (Resende et al, 2011; He et al, 2023).

Organic P, prevalent in soils, can enhance plant and microbial P nutrition through hydrolysis, releasing free
phosphate (Condron et al, 2005). This process is mediated by phosphatase enzymes, which are released by
plants and microbes as a reaction to P requirement or liberated from decaying cells (Quiquampoix and
Mousain, 2005). Soil phosphatases, including phosphomonoesterases (acid and alkaline),
phosphodiesterases, phosphotriesterases, and inorganic pyrophosphatases, each play distinct roles in
organic P hydrolysis. The activity of these enzymes is affected by variables like climate, soil properties,
and nutrient management (Tabatabai, 1982; Margalef et al, 2017; Janes-Bassett, 2022).

Understanding P adsorption and desorption characteristics in soils is essential for formulating effective
management plans and accurately anticipating fertilizer requirements (Zhang et al, 2005). The various P
adsorption-desorption characteristics, including adsorption capacity, binding energy, maximum buffering
capacity, sorption efficiency, standard P requirement, degree of P saturation, buffering capacity, desorption
capacity, desorption constant, desorption rate, and readily desorbable P (Fanjana et al, 2017), indicate the
potential movement of P from soils to ecosystems, which is essential for optimizing crop production and
protecting the environment. Research has demonstrated that soil separates and available P content are the
primary variables influencing P adsorption and desorption (Jalali and Jalali, 2016; Zhang et al, 2018).
Additionally, soil pH, organic matter, calcium carbonate content, and the presence of active iron (Fe) and
aluminum (Al) oxides as well significantly influence these processes (Pizzeghello et al, 2016; Fang et al,
2017).

Nepal's climate, physiography, parent materials, and vegetation vary significantly, creating diverse
ecosystems (Vaidya and Sah, 2015). This environmental variation strongly impacts soil landscapes,
ecosystems, and P dynamics. However, there is limited information on phosphorus pools, phosphatase
enzyme activity, and P adsorption-desorption within soils of Nepal. This exploration seeks to address these
gaps by evaluating the influence of soil properties on phosphorus fractions, phosphatase activity, and P
adsorption-desorption behaviour in central Nepal.

MATERIALS AND METHODS

Study area

The study was carried out in the central region of Nepal (Figure 1), focusing on three distinct ecological
zones: the high-hills, mid-hills, and Terai. The high-hills, comprising the mountainous areas, are
characterized by highly metamorphosed rocks such as phyllites, schists, gneisses, and quartzites (Vaidya
and Sah, 2015). This region experiences a temperate climate with mild summers and cold winters, where
freezing temperatures are common at night, and snow frequently covers the landscape. The high-hill study
sites were Gaurishankar, Jugal, Gosaikunda, and Ruby Valley rural municipalities in Dolakha,
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Sindhupalchowk, Rasuwa, and Dhading districts, respectively. Commaon crops in these areas include maize,
wheat, millet, barley, buckwheat, potatoes, beans, cabbage, chili, kiwi, and cardamom.

The mid-hills, situated in the middle range of the country, feature a varied topography of hills and valleys.
The geology of this zone includes Cambrian to Precambrian phyllites, schists, quartzites, granites, and
limestone (Vaidya and Sah, 2015). The mid-hills experience a sub-tropical climate, with mild summers and
cool winters, though some valley and river basin areas can have relatively higher temperatures. The mid-
hill study sites included Phikkal, Bagmati, and Siddhalek rural municipalities in Sindhuli, Lalitpur, and
Dhading districts, and Manthali and Namobuddha municipalities in Ramechhap and Kavrepalanchowk
districts. Typical crops cultivated in these areas are maize, wheat, rice, millet, buckwheat, along with
various vegetables and fruits.

The Terai, located in the southern plains, is characterized by flat or gently sloping terrain. Its geology
consists of recent and post-Pleistocene alluvial deposits, with deep, fine-textured soils that are mostly stone-
free (Vaidya and Sah, 2015). The Terai has a tropical climate, with hot summers and mild winters. Study
sites in the Terai included Madi municipality in Chitwan, and Thori, Devtal, Chakkarghatta, and Aaurahi
rural municipalities in Parsa, Bara, Sarlahi, and Dhanusha districts. Crops commonly grown in this region
include rice, wheat, maize, lentils, chickpeas, mustard, sugarcane, and various fruits and vegetables.

%3

Figure 1. Location map of the study area

Soil sampling and processing

Soil samples were taken from a depth of 0-20 cm using a soil sampling auger, with the exact coordinates
of each collection point recorded using a handheld GPS. A total of 225 samples were obtained from different
locations throughout central Nepal, as illustrated in Figure 1.

For analyzing inorganic P fractions, and other parameters as well as P adsorption-desorption isotherm study,
the air-dried soil samples were ground and sieved through a 2 mm sieve to ensure uniformity. On the other
hand, for the determination of organic P fractions and phosphatase enzyme activity, fresh soil samples were
kept at 4°C in a refrigerator until the start of analysis.

Laboratory analysis

Soil properties, namely texture, pH, electrical conductivity (EC), cation exchange capacity (CEC), calcium
carbonate (CaCOs), organic matter (OM), and exchangeable Al, were determined using the hydrometer
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(Bouyoucos, 1927), potentiometric (Jackson, 1973), distilled water (1:5) (FAO, 2021), sodium acetate
(Gupta, 2009), titrimetric (FAO, 2020), Walkley and Black (1934), and titrimetric (McLean, 1965)
methods, respectively. Additionally, total nitrogen (N), Olsen P, Bray 1 P, Mehlich 3 P, and available
potassium (K) were determined using Kjeldahl (Bremner and Mulvaney, 1982), modified Olsen (1954),
Bray and Kurtz (1945), Mehlich (1984), and ammonium acetate (Jackson, 1973) methods, respectively.
Similarly, available calcium (Ca) and magnesium (Mg), and sulfur (S) were determined using EDTA
titration (Estefan et al., 2013), and turbidimetric (Verma, 1977) methods, respectively. Likewise, available
boron (B), and iron (Fe), zinc (Zn), manganese (Mn) and copper (Cu) were determined using hot calcium
chloride (Keren, 1996), and DTPA (Lindsay and Norvell, 1978) methods, respectively.

Total P was quantified using the sodium carbonate fusion technique followed by spectrophotometric
analysis, based on the method outlined by Smith and Bain (1982). Alongside total P, different organic and
inorganic P fractions were separated through the sequential chemical fractionation process detailed by
Zhang and Kover (2009). Residual P was estimated by subtracting the combined organic and inorganic
fractions from the total P, following the approach of Fanjana (2017), Nishigaki et al (2018), and
Wierzbowska et al (2020).

Total P was measured using the sodium carbonate fusion method, followed by spectrophotometric analysis,
following the procedure described by Smith and Bain (1982). In addition to total P, the various organic and
inorganic P fractions were sequentially fractionated using the chemical fractionation method described by
Zhang and Kover (2009). Residual P was then calculated by subtracting the sum of the organic and
inorganic fractions from the total P, as suggested by Fanjana (2017), Nishigaki et al (2018), and
Wierzbowska et al (2020). The activities of acid phosphomonoesterase (AcPM), alkaline
phosphomonoesterase (AIPM), phosphodiesterase (PD), phosphotriesterase (PT), and inorganic
pyrophosphatase (IPP) were assessed following the methodology outlined by Olinger et al (1996). For the
P adsorption and desorption study, the method suggested by Pal (2011) was followed. Various
characteristics were determined from the adsorption and desorption isotherm study.

Statistical analysis

Pearson's correlation analysis was conducted to evaluate the relationships between each parameter of
response variables (P fractions, phosphatase enzyme activity, and P adsorption-desorption behaviors) and
the explanatory variables (soil properties), separately. The redundancy analysis (RDA) was performed for
assessment overall variation contribution due to explanatory variable set on response variable set.
Additionally, a permutation test was conducted within the RDA model to evaluate the significance of each
explanatory variable in explaining the variation in the response variable set. All the statistical was done
using R programming.

RESULTS

Effect of soil properties on soil P fractions in agricultural soils of central Nepal

The correlation between soil P fractions and various soil properties is shown in Table 1. The loosely bound
P (LB-P) showed a moderate and significant positive correlation with Olsen P, Bray 1 P, and Mehlich 3 P.
Additionally, it exhibited weak but significant positive correlations with EC, CaCOs, clay, available K,
available Ca, available S, available B, available Mn, available Zn, and available Cu, as well as weak but
significant negative correlations with sand and available Fe. Other soil properties did not show significant
correlations. The aluminum bound P (Al-P) showed a strong and significant correlation with Olsen P, Bray
1 P, and Mehlich 3 P, and a moderate and significant positive correlation with CEC, available B, and
available Zn. Additionally, it showed weak but significant positive correlations with OM, exchangeable Al,
sand, total N, available K, available S, and available Mn, while weak but significant negative correlations
were observed with pH, silt, and clay. Other soil properties did not show significant correlations.
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Table 1. Correlation between soil P fractions with soil properties in agricultural soils of central Nepal

Soil parameters

pH

EC
oM
CaCOs
CEC

Exchangeable Al

Sand

Silt

Clay

Total N
Olsen P

Bray 1 P
Mehlich 3 P
Available K
Available Ca
Available Mg
Available S
Available B
Available Fe
Available Mn
Available Zn
Available Cu

LB-P
0.03™
0.21**
-0.14™
0.27***
-0.02™
-0.04"
-0.13*
0.08™
0.14*
-0.07™
0.53***
0.40***
0.46***
0.14*

0.17*
0.05™
0.28***
0.34***
-0.16*
0.15*
0.30***
0.16*

Al-P
-0.25%**
0.12m
0.31***
0.11m™
0.45***
0.26***
0.22%**
-0.16*
-0.21**
0.35***
0.69***
0.80***
0.80***
0.32%**
-0.09™
0.08™
0.19**
0.40***
-0.03™
0.25***
0.59***
0.10m™

Fe-P
-0.39***
-0.05™
0.45***
-0.11m
0.44***
0.30***
0.26***
-0.19**
-0.24%**
0.47***
0.56***
0.76***
0.66***
0.41***
-0.26%**
0.09m
0.06"
0.32***
0.21**
0.29***
0.56***
0.19**

RS-P
0.08™
0.21**
0.20**
0.15*
0.11™
0.05™
0.08™
-0.06™
-0.07™
0.25***
0.52%**
0.47***
0.53***
0.25***
0.25***
0.07m™
0.25***
0.56***
'0.24***
0.08™
0.55***
0.26***

Ca-P
0.28***
0.35***
-0.03"
0.33***
-0.07™
-0.12m
0.04"s
0.06™
-0.15*
-0.001"
0.45***
0.40***
0.51***
-0.04"
0.43***
-0.04"
0.39***
0.45***

-0.22***

-0.13™
0.40***
0.27***

Soil P fractions
ML-Po

L-Po
-0.20**
0.16*
0.16*
0.33***
0.42***
0.30***
0.03™
0.03™
-0.08™
0.19**
0.40***
0.33***
0.46***
0.05™
-0.08™
0.25%**
0.10™
0.31***
-0.08™
0.15*
0.25%**
0.29***

-0.14*
0.04"
0.05™
0.16*
0.10™
0.19**
0.06"™
-0.03"
-0.07™
0.07™
0.36***
0.50***
0.41***
0.14*
-0.12"™
0.03™
0.11™
0.18**
0.06™
0.11™
0.31***
0.24***

* ** and *** indicates significant at 0.05, 0.01 and 0.001 level, respectively; ns = non-significant

FA-Po

'0.25***

0.20**
0.34***
0.15*
0.47***
0.22%**
0.03™
0.03™
-0.09™
0.33***
0.66***
0.61***
0.67***
0.24***
-0.04™
0.20**
0.20**
0.51***
-0.12™
0.35***
0.48***
0.39***

HA-Po
-0.33***
-0.19**
0.44***
-0.20**
0.30***
0l 28***
0.25***
-0.18**
-0.23***
0.39***
0.001™
0.16*
0.02m
0.20**
-0.35%**
-0.09™
-0.17*
-0.13*
0.04"™
0.19**
0.20**
-0.14*

NL-Po
-0.17*
-0.01™
0.37***
0.07™
0.48***
0.20**
-0.08™
0.06™
0.05™
0.38***
0.34***
0.29***
0.29***
0.37***
0.05™
0.12m
-0.01™
0.46***
-0.22%**
0.43***
0.37***
0.18**

Residual P Total P

-0.18**
-0.08™
0.06™
0.07™
0.27***
0.23***
0.04™
-0.04"
-0.03™
0.08™
0.18**
0.06™
0.08™
0.05™
'0.24***
0.11™
-0.16*
0.10m™
-0.20**
0.18**
0.09™
0.17*

-0.32***
0.01™
0.36***
0.11™
0.51***
0.36***
0.17*
-0.10™
-0.17**
0.37***
0.57***
0.57***
0.56***
0.28***
-0.23***
0.13*
0.01™
0.38***
-0.16*
0.34***
0.50***
0.27***
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The iron bound P (Fe-P) had a strong and significant correlation with Bray 1 P and Mehlich 3 P, and a
moderate and significant positive correlation with OM, CEC, total N, Olsen P, available K, and available
Zn. Additionally, it showed weak but significant positive correlations with exchangeable Al, sand, available
B, available Fe, available Mn, and available Cu, while weak but significant negative correlations were
observed with pH, silt, clay, and available Ca. Other soil properties did not show significant correlations.
The reductant soluble P (RS-P) exhibited a moderate and significant positive correlation with Olsen P, Bray
1 P, Mehlich 3 P, available B, and available Zn. Moreover, it also showed weak but significant positive
correlations with EC, OM, CaCOg3, total N, available K, available Ca, available S, and available Cu, while
weak but significant negative correlations were observed with available Fe. Other soil properties did not
show significant correlations.

The calcium bound P (Ca-P) exhibited a moderate and significant positive correlation with Olsen P, Bray
1 P, Mehlich 3 P, available Ca, available B, and available Zn. Furthermore, it also showed weak but
significant positive correlations with pH, EC, CaCOs, total N, available S, and available Cu, while weak
but significant negative correlations were observed with clay and available Fe. Other soil properties did not
show significant correlations.

The labile organic P (L-Po) showed a moderate and significant positive correlation with CEC, Olsen P, and
Mehlich 3 P. Additionally, it showed weak but significant positive correlations with EC, OM, CaCOs,
exchangeable Al, total N, Bray 1 P, available Mg, available B, available Mn, available Zn, and available
Cu, while weak but significant negative correlations were observed with pH. Other soil properties did not
show notable correlations. The moderately labile organic P (ML-Po) showed a moderate and significant
positive correlation with Bray 1 P and Mehlich 3 P. Additionally, it exhibited weak but significant positive
correlations with CaCOs3, exchangeable Al, Olsen P, available K, available Mg, available S, available Mn,
and available Cu, while weak but significant negative correlations were observed with pH. Other parameters
did not show significant correlations.

The fluvic acid labile organic P (FA-Po) exhibited a strong and significant positive correlation with Olsen
P, Bray 1 P, and Mehlich 3 P, along with a moderate and significant positive correlation with CEC, available
B, and available Zn. Additionally, it showed weak but significant positive correlations with EC, OM,
CaCO0s, exchangeable Al, total N, available K, available Mg, available S, available Mn, and available Cu,
while weak but significant negative correlations were observed with pH. Other parameters did not have
significant correlations. The humic acid organic P (HA-Po) showed a moderate and significant positive
correlation with OM. It also showed weak but significant positive correlations with CEC, exchangeable Al
sand, total N, Bray 1 P, available K, available Mn, and available Zn, while weak but significant negative
correlations were observed with pH, EC, CaCOs, silt, clay, available Ca, available S, available B, and
available Cu. Other parameters did not show significant correlations.

The non-labile organic P (NL-Po) exhibited a moderate and significant positive correlation with CEC,
available B, and available Mn. Additionally, it showed weak but significant positive correlations with OM,
exchangeable Al, total N, Olsen P, Bray 1 P, Mehlich 3 P, available K, available Zn, and available Cu,
while weak but significant negative correlations were observed with pH and available Fe. Other parameters
did not show significant correlations.

The residual P showed weak but significant positive correlations with CEC, exchangeable Al, Olsen P,
available Mn, and available Cu, while weak but significant negative correlations were observed with pH,
available Ca, and available Fe. Other parameters did not present significant correlations. Total P had
moderate and significant positive correlations with CEC, Olsen P, Bray 1 P, Mehlich 3 P, and available Zn.
Additionally, it showed weak but significant positive correlations with OM, exchangeable Al, sand, total
N, available K, available Mg, available B, available Mn, and available Cu, while weak but significant
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negative correlations were observed with pH, clay, available Ca, and available Fe. Other parameters did not
show significant correlations.

The relationship between soil P fractions and soil properties, as analyzed through redundancy analysis
(RDA), is shown in Figure 2 (A). The major first two RDA dimensions accounted for 48.09% of the total
variance (axis 1 = 38.80% and axis 2 = 9.29%). Based on the RDA, the studied soil properties contributed
58.63% of the total variation in soil P fractions. The correlation between soil properties and the RDA axes
is presented in Table 2. Overall, OM (11.48%), followed by available P (10.71%) and pH (8.67%), were
the top three soil properties contributing to the variation in soil P fractions (Table 3).
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Figure 2. Redundancy analysis (RDA) results of the relationship between soil properties and A) P fractions, B)
Phosphatase enzyme activity, C) P adsorption characteristics, and D) P desorption characteristics in
agricultural soils of central Nepal
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Table 2. Characteristics of the significant RDA axes linking soil properties with P fractions and phosphatase
enzyme activity in agricultural soils of central Nepal

P fractions Phosphatase enzyme activity
RD1 RD1 RD3 RD4 RD1 RD1 RD3
Eigenvalue 4.66*** 1.11%** 0.40*** 0.35*** 1.39%** 0.96*** 0.20***
Variance (total) % 38.80 9.29 3.33 2.93 27.84 19.29 3.91
Variance (constrained) % 68.18 15.84 5.67 5.00 27.84 47.13 51.04
Soil properties Correlation
pH 0.36 -0.59 0.06 -0.35 -0.05 -0.83 -0.19
EC 0.14 -0.64 0.04 -0.07 0.01 -0.56 0.11
OM -0.60 0.52 -0.18 -0.17 -0.74 0.60 -0.04
CaCOs3 0.05 -0.58 -0.13 0.01 0.10 -0.51 0.47
CEC -0.64 0.41 0.24 0.04 -0.56 0.53 -0.23
Exchangeable Al -0.58 0.43 -0.01 0.12 -0.24 0.61 0.16
Sand -0.34 0.19 -0.28 0.55 -0.09 0.51 0.32
Silt 0.15 -0.10 0.29 -0.44 -0.08 -0.38 -0.21
Clay 0.25 -0.16 0.18 -0.60 0.12 -0.47 -0.13
Total N -0.59 0.45 -0.14 -0.16 -0.65 0.51 -0.06
Available P -0.83 -0.11 -0.24 0.22 -0.43 0.20 0.41
Available K -0.53 0.38 -0.35 -0.28 -0.54 0.45 0.23
Available Ca 0.24 -0.61 -0.07 -0.61 -0.32 -0.78 -0.25
Available Mg -0.15 0.02 0.36 -0.02 0.17 0.01 0.12
Auvailable S 0.18 -0.57 -0.16 -0.15 -0.04 -0.53 -0.04
Auvailable B -0.49 -0.25 -0.25 -0.28 -0.70 -0.21 0.21
Available Cu -0.41 -0.35 0.17 -0.18 -0.25 -0.21 0.08
Auvailable Mn -0.36 0.39 -0.08 -0.20 -0.19 0.41 0.02
Available Fe 0.07 0.46 -0.40 0.23 0.11 0.51 -0.10
Auvailable Zn -0.76 0.14 -0.42 0.25 -0.51 0.46 0.50

*** indicates significant at 0.001 level.

Table 3. Variance details of soil properties that explain P fractions, and phosphatase enzyme activity in
agricultural soils of central Nepal

Soil properties P fractions Phosphatase enzyme activity
Variance Explain % Contribution % Variance Explain % Contribution %

pH 1.04*** 8.67 14.78 0.67*** 13.50 25.16
EC 0.24*** 2.01 3.43 0.07** 1.37 2.55
oM 1.38*** 11.48 19.59 1.11%** 22.17 41.33
CaCOs3 0.39*** 3.21 5.48 0.14*** 2.77 5.16
CEC 0.62*** 5.19 8.85 0.06** 1.22 2.28
Exchangeable Al 0.06™ 0.48 0.82 0.01™ 0.27 0.50
Sand 0.25*** 211 3.59 0.04* 0.79 1.47
Silt 0.05" 0.40 0.68 0.02" 0.31 0.58
Clay 0.26*** 2.14 3.65 0.04* 0.75 1.40
Total N 0.06* 0.48 0.82 0.01™ 0.21 0.39
Available P 1.29*** 10.71 18.27 0.06** 1.24 2.30
Available K 0.17** 1.39 2.37 0.04** 0.87 1.63
Auvailable Ca 0.16*** 1.37 2.34 0.20*** 4.04 7.53
Available Mg 0.06* 0.51 0.88 0.02" 0.42 0.78
Available S 0.02™ 0.15 0.26 0.01™ 0.17 0.32
Available B 0.05™ 0.38 0.65 0.07** 1.38 2.58
Auvailable Cu 0.34*** 2.81 4.80 0.02" 0.45 0.83
Available Mn 0.05" 0.45 0.76 0.01" 0.29 0.54
Auvailable Fe 0.43*** 3.62 6.17 0.03™ 0.51 0.95
Available Zn 0.13** 1.07 1.82 0.05** 0.93 1.73
Total 7.04 58.63 100.00 2.68 53.65 100.00

*,** and *** indicates significant at 0.05, 0.01 and 0.001 level, respectively; ns = non-significant
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Effect of soil properties on soil phosphatase enzyme in agricultural soils of central Nepal

The correlation between soil phosphatase enzyme activity and various soil parameters is shown in Table 4.
Acid phosphomonoesterase (AcPM) activity had a strong and significant positive correlation with OM and
total N, and a moderate and significant positive correlation with CEC, exchangeable Al, and available K. It
also showed a moderate and significant negative correlation with pH and clay. Additionally, there were
weak but significant positive correlations with sand, Olsen P, Bray 1 P, Mehlich 3 P, available B, available
Fe, available Mn, and available Zn, and weak but significant negative correlations with EC, CaCOjs, silt,
available Ca, and available S. Other soil parameters did not show significant correlations.

Alkaline phosphomonoesterase (AIPM) activity showed a moderate and significant positive correlation
with available Ca and available B. Additionally, it exhibited weak but significant positive correlations with
pH, EC, OM, CaCOs;, silt, total N, Olsen P, Bray 1 P, Mehlich 3 P, available K, available S, available Zn,
and available Cu, while a weak but significant negative correlation was observed with available Fe. Other
soil parameters did not show significant correlations.

Phosphodiesterase (PD) activity showed a moderate and significant positive correlation with available Ca
and available B. Additionally, it exhibited weak but significant positive correlations with pH, EC, CaCOs,
silt, Olsen P, Bray 1 P, Mehlich 3 P, available K, available S, available Zn, and available Cu, while weak
but significant negative correlations were observed with exchangeable Al, sand, and available Fe. Other
soil parameters did not show significant correlations.

Phosphodiesterase (PT) activity showed a moderate and significant positive correlation with OM, CEC,
total N, available Ca, and available B. Additionally, it exhibited weak but significant positive correlations
with exchangeable Al, available K, available Mn, and available Zn, while weak but significant negative
correlations were observed with pH and CaCOs. Other soil parameters did not show significant correlations.

Inorganic pyrophosphatase (IPP) activity showed a moderate and significant positive correlation with OM.
Additionally, it exhibited weak but significant positive correlations with CEC, exchangeable Al, sand, total
N, Olsen P, Bray 1 P, Mehlich 3 P, available K, and available Zn, while weak but significant negative
correlations were observed with pH, silt, clay, and available Ca. Other soil parameters did not show
significant correlations.

The relationship between soil phosphatase enzyme activity and soil properties through redundancy analysis
(RDA) is shown in Figure 2 (B). The two RDA dimensions account 47.13% (axis 1 = 27.84% and axis 2=
19.29%) of the total variance. Based on the RDA, the soil properties contributed 53.65% of the total
variation in phosphatase enzyme activity in soils. The correlation between soil properties and redundancy
analysis is presented in Table 2. Overall, among all the studied soil properties, OM (47.28%) followed by
pH (29.09%) and available Ca (8.70%) were major three contributors to the variance in soil phosphatase
enzyme activity (Table 3).
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Table 4. Correlation between phosphatase enzyme activity with various soil properties in agricultural soils of
central Nepal

Soil parameters Phosphatase enzyme activity

AcPm AlIPm PD PT IPP
pH -0.48*** 0.33*** 0.29*** -0.16* -0.22%**
EC -0.22%** 0.26*** 0.27*** -0.08™ 0.03"
oM 0.79*** 0.24*** 0.09m 0.48*** 0.47%**
CaCOs -0.33%** 0.21** 0.31%** -0.14* -0.12™
CEC 0.59*** 0.12™ 0.10m 0.46*** 0.24***
Exchangeable Al 0.43*** -0.10m™ -0.13* 0.21** 0.19**
Sand 0.38*** -0.12™ -0.15* 0.11m 0.23***
Silt -0.23*** 0.17* 0.15* -0.08" -0.17*
Clay -0.40*** 0.03™ 0.09m -0.10"™ -0.21**
Total N 0.68*** 0.21** 0.10m™ 0.42*** 0.39%**
Olsen P 0.17* 0.21** 0.24*** 0.07m 0.22***
Bray 1P 0.30*** 0.17* 0.16* 0.11m 0.34***
Mehlich 3 P 0.21** 0.25%** 0.23*** 0.08™ 0.27***
Available K 0.40*** 0.18** 0.18** 0.18** 0.31%**
Auvailable Ca -0.34*** 0.53*** 0.43*** -0.06" -0.23***
Auvailable Mg -0.09" -0.002"™ 0.01m™ -0.09" -0.002"
Auvailable S -0.16* 0.35*** 0.29*** -0.02" 0.01m™
Available B 0.19** 0.59*** 0.48*** 0.06™ 0.07m
Auvailable Fe 0.26*** -0.23*** -0.27*** 0.05™ -0.08™
Auvailable Mn 0.29*** -0.06™ 0.01m™ 0.17* 0.13m™
Auvailable Zn 0.37*** 0.36*** 0.31%** 0.19** 0.38***
Auvailable Cu -0.04" 0.21** 0.19** -0.05"™ 0.03m™

*, ** and *** indicates significant at 0.05, 0.01 and 0.001 level, respectively; ns = non-significant

Effect of soil properties on soil P adsorption-desorption characteristics in agricultural soils of central
Nepal

The correlation between soil P adsorption-desorption characteristics and various soil chemical parameters
is shown in Table 5. The Langmuir P adsorption constant (Qm) had weak but significant positive
correlations with pH, EC, Bray 1 P, Mehlich 3 P, and available Ca, and a weak but significant negative
correlation with available Fe. The other soil parameters did not show significant correlations. The Langmuir
constant (K.) had a moderate but significant positive correlation with OM. Additionally, total N, available
Mn, and exchangeable Al had weak but significant positive correlations, while weak but significant
negative correlations were observed with pH, CaCOs, Mehlich 3 P, available Ca, and available B. The other
soil parameters did not show significant correlations. The Freundlich constant (K¢) had a moderate but
significant positive correlation with OM. Furthermore, CEC, exchangeable Al, total N, and available Mn
had weak but significant positive correlations, while pH, EC, Olsen P, Bray 1 P, Mehlich 3 P, available Ca,
available S, available B, available Zn, and available Cu showed weak but significant negative correlations.
The other soil parameters did not show significant correlations. The Freundlich constant (n) had a moderate
and significant negative correlation with Bray 1 P, whereas weak but significant positive correlations with
OM and available Mn, and weak but significant negative correlations with pH, EC, CaCOs, Olsen P,
Mehlich 3 P, available Ca, available S, available B, and available Zn. The other soil parameters did not
show significant correlations.

The maximum P buffering capacity (MPBC) had a moderate and significant positive correlation with OM.
Additionally, CEC, exchangeable Al, total N, and available Mn had weak but significant positive
correlations, while pH, CaCOs, available Ca, and available B showed weak but significant negative
correlations. The other parameters did not show significant correlations. The P buffering capacity (PBC)
had weak but significant positive correlations with pH, EC, Olsen P, Bray 1 P, Mehlich 3 P, available Ca,
and available Zn. The other parameters did not show significant correlations.
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The standard P requirement (SPR) and external P requirement (EPR) had moderate and significant positive
correlations with OM. Similarly, CEC, exchangeable Al, total N, and available Mn had weak but significant
positive correlations, while pH, EC, CaCOs, Olsen P, Bray 1 P, Mehlich 3 P, available Ca, available S,
available B, available Cu, and available Zn showed weak but significant negative correlations. The other
parameters did not show significant correlations.

The P sorption index (PSI) showed weak but significant positive correlations with OM and total N, and
weak but significant negative correlations with CaCOs, Olsen P, Bray 1 P, Mehlich 3 P, available B, and
available Cu. Other parameters did not show significant correlations. The degree of P saturation (DPS) and
P eutrophication risk index (PERI) had strong and significant positive correlations with Olsen P, Bray 1 P,
and Mehlich 3 P, as well as moderate and significant positive correlations with available B and available
Zn. Additionally, they exhibited weak but significant positive correlations with EC, CaCOs, CEC,
exchangeable Al, available K, available S, available Mn, and available Cu, while weak but significant
negative correlation with pH. Both P adsorption parameters did not show significant correlations with other
soil parameters. However, only DPS had a weak but significant positive correlation with total N.

The Langmuir desorption maxima (Dm) had a moderate and significant positive correlation with OM, along
with weak but significant positive correlations with CEC, exchangeable Al, total N, and available K. It also
showed weak but significant negative correlations with pH, EC, available CaCOs, available Ca, and
available B. Other parameters did not show significant correlations. The Freundlich desorption maxima
(ad) exhibited weak but significant positive correlations with OM, CEC, silt, clay, total N, and available
Mn, and weak but significant negative correlations with CaCO3 and sand. Other parameters did not show
significant correlations. The Langmuir desorption constant (Kd) had weak but significant positive
correlations with Olsen P and available B, while other parameters did not show significant correlations.
The Freundlich constant (nd) showed weak but significant positive correlations with OM, CEC,
exchangeable Al, total N, Olsen P, Bray 1 P, Mehlich 3 P, available K, available B, available Mn, available
Zn, and available Cu, and weak but significant negative correlations with EC and available S. Other
parameters did not show significant correlations. The readily desorbable P (RDP) had strong and significant
positive correlations with Olsen P, Bray 1 P, Mehlich 3 P, and available Zn, and moderate and significant
positive correlations with available K and available B. Additionally, there were weak but significant
positive correlations with EC, OM, CEC, exchangeable Al, sand, total N, available S, available Mn, and
available Cu, and weak but significant negative correlations with pH, silt, and clay. Other parameters did
not show significant correlations.
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Table 5. Correlation between P adsorption-desorption characteristics with soil parameters in agricultural soils of central Nepal

Soil Adsorption-desorption characteristics
parameters  Qm KL  KF n MPBC PBC SPR EPR PSI DPS PERI Dm  ad Ka Ny RDP
pH 0.29%** -0.21**  -0.19**  -0.18** -0.17** 0.18** -0.21**  -0.19** 0.06™ -0.20**  -0.17** -0.18** -0.01™ 0.06" -0.12" -0.23***
EC 0.21** -0.12ns -0.18**  -0.25*** -0.11"™ 0.20** -0.20**  -0.18** -0.02™ 0.29*** 0.29*** -0.20** -0.15* 0.12" -0.22*** (0.14*
oM 0.02ns 0.45*%**  0.49*** (0.16* 0.46*** 0.06™ 0.48***  0.49*** (0.38*** (0.08™ 0.02™ 0.41*** (0.32*** -0.13™ 0.26***  0.31***
Caco; -0.005ns -0.25***  -0.36*** -0.27** -0.25*** (0.11™ -0.37***  -0.36*** -0.21** 0.26*%** (0.29*** -0.26*** -0.22*** (0.08™ -0.07™ 0.09ns
CEC -0.07ns 0.13ns 0.16* 0.04™ 0.13* 0.03™ 0.18** 0.16* 0.08™ 0.25***  (0.18** 0.24*** 0.16* -0.07™ 0.35***  (.37***
Al -0.09ns 0.16* 0.21** 0.09™ 0.15* 0.001™  0.19** 0.21** 0.10™ 0.20** 0.14* 0.19** -0.03" -0.09™ 0.14* 0.22***
sand 0.01ns 0.07ns -0.05"™ -0.11™ 0.07™ 0.07™ -0.04™ -0.05™ -0.05™ 0.12™ 0.11™ 0.11™ -0.26*** 0.002"™ 0.09" 0.29***
Silt 0.06ns -0.07ns  0.03™ 0.09™ -0.06™ -0.05™ 0.03™ 0.03™ 0.07™ -0.11™ -0.11™ -0.10™ 0.25*** -0.004™ -0.10™ -0.22**
Clay -0.008ns -0.05 0.06"™ 0.09™ -0.06" -0.07™ 0.04™ 0.06™ 0.02™ -0.08" -0.08"™ -0.08™ 0.17* 0.001" -0.06" -0.27***
Total N -0.01ns 0.32*%**  0.36*** 0.13™ 0.33*** 0.04™ 0.37***  (0.36*** (0.25*** (.15 0.10™ 0.35%**  0.24*** -0.09"™ 0.27***  (.33***
Olsen P 0.12ns -0.10™ L0, 20%k -0.28*** -0.09™ 0.15* -0.23*** -0.22*** -0.20** 0.96*** 0.87*** -0.09™ -0.04" 0.17** 0.16* 0.68***
Bray 1P 0.17* -0.08" 017 -0.40*** -0.07™ 0.26*** -0.19** -0.17* -0.19**  0.77*** 0.66*** 0.03™ -0.03"™ 0.08™ 0.19** 0.81***
Mehlich 3 P 0.19** -0.14* 0. 2g** -0.32*%** (0.13™ 0.26***  -0.29*** -0.28*** -0.19** 0.84*** 0.76*** -0.08™ -0.09" 0.12" 0.16* 0.80***
K 0.02ns 0.08™ 0.06™ -0.09M 0.09™ 0.09™ 0.07™ 0.06™ 0.03™ 0.20** 0.18** 0.13* 0.13" -0.004™  0.19** 0.43%**
Ca 0.25*** -0.22** L0 20w -0.18**  -0.20** 0.14* -0.23***  -0.22*** -0.01™ -0.04"™ -0.02™ -0.18** 0.12™ 0.05™ -0.02" -0.04ns
Mg -0.07ns -0.01" 0.02" 0.08™ -0.01™ -0.08™ 0.04™ 0.02™ -0.05™ 0.10™ 0.11"™ -0.07™ 0.09" 0.05™ 0.01" 0.07ns
0.12ns -0.11" -0.17**  -0.20** -0.10™ 0.13™ -0.18**  -0.17** -0.08™ 0.32*** (0.32*** -0.17** -0.10™ 0.12"™ -0.15* 0.22***
B 0.12ns -0.19**  -0.34*** -0.30*** -0.17** 0.10™ -0.32%**  -0.34*** -0.26*%** 0.45*** 0.44*** -0.16* 0.07" 0.19** 0.27***  0.54***
Fe -0.15* 0.02" 0.07ns 0.13™ -0.01™ -0.11™ 0.07™ 0.07™ -0.01™ -0.01™ -0.04"™ 0.03™ 0.08" -0.11™ -0.08" 0.09ns
Mn -0.11ns 0.19** 0.19** 0.19** 0.18** -0.13™ 0.22*%**  (0.19** 0.02™ 0.18** 0.15* 0.12" 0.22***  0.07™ 0.19** 0.21***
7n 0.12ns -0.01" -0.13* -0.23*** -0.004" 0.19** -0.13* -0.13* -0.07™ 0.48*%** 0.43*** (0.01™ -0.03"™ 0.11" 0.25%** (. 72***
Cu -0.01ns -0.12" -0.19**  -0.11™ -0.12m -0.001™ -0.17* -0.19**  -0.19** 0.27*** (0.25*** -0.12™ 0.05™ 0.07™ 0.36***  0.30***

*,** and *** indicates significant at 0.05, 0.01 and 0.001 level, respectively; ns = non-significant
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Table 6. Characteristics of significant RDA axes linking soil properties with P adsorption-desorption
characteristics in agricultural soils of central Nepal

P adsorption characteristics P desorption characteristics

RD1 RD1 RD3 RD1 RD1 RD3
Eigenvalue 4 47> 1.22%** 0.43** 0.83*** 0.72%** 0.31**
Variance (total) % 40.67 11.13 3.94 16.64 14.39 6.21
Variance (constrained) % 71.83 19.66 6.96 43.35 37.50 16.17
Soil properties Correlation
pH -0.07 0.61 0.46 0.30 0.30 -0.33
EC -0.26 0.31 0.44 0.01 0.54 -0.20
oM 0.20 -0.59 0.13 -0.37 -0.77 0.28
CaCOs3 -0.42 0.21 0.09 -0.07 0.56 -0.02
CEC 0.02 -0.42 0.10 -0.39 -0.65 0.22
Exchangeable Al 0.03 -0.57 -0.14 -0.37 -0.40 0.24
Sand -0.26 -0.22 0.01 -0.52 -0.03 0.43
Silt 0.22 0.12 0.04 0.37 -0.01 -0.37
Clay 0.19 0.08 -0.09 0.44 0.14 -0.36
Total N 0.13 -0.54 0.19 -0.39 -0.64 0.23
Available P -0.63 -0.77 0.09 -0.79 -0.08 0.18
Available K -0.05 -0.45 0.08 -0.47 -0.57 0.09
Available Ca -0.16 0.54 0.30 0.10 0.14 -0.56
Available Mg -0.01 -0.15 -0.30 -0.04 0.05 -0.25
Auvailable S -0.21 0.32 0.19 -0.03 0.41 -0.34
Available B -0.49 0.10 0.20 -0.62 -0.23 -0.39
Available Cu -0.31 -0.11 -0.36 -0.29 -0.27 -0.54
Auvailable Mn 0.06 -0.37 -0.36 -0.28 -0.39 -0.10
Available Fe 0.20 -0.34 -0.26 -0.12 -0.17 0.32
Auvailable Zn -0.39 -0.52 0.07 -0.85 -0.21 0.27

** and *** indicates significant at 0.01 and 0.001 level, respectively.

Table 7. Variance details of soil properties that explain P adsorption-desorption characteristics in agricultural
soils of central Nepal

Soil properties P adsorption P desorption

prop Variance Explain % Contribution % Variance Explain % Contribution %
pH 0.58*** 5.28 9.33 0.17*** 3.46 9.03
EC 0.33*** 3.00 5.30 0.17*** 3.48 9.08
oM 0.32*%** 2.95 5.22 0.36*** 7.23 18.85
CaCOs 0.48*** 4.35 7.69 0.08** 1.56 4.05
CEC 0.18*** 1.62 2.87 0.06** 1.21 3.15
Exchangeable Al 0.02™ 0.15 0.27 0.02™ 0.37 0.97
Sand 0.71%** 6.42 11.33 0.25*** 5.09 13.27
Silt 0.02" 0.20 0.36 0.01" 0.22 0.58
Clay 0.09* 0.80 1.42 0.005™ 0.09 0.24
Total N 0.04" 0.32 0.57 0.02" 0.31 0.80
Available P 1.73*** 15.71 27.75 0.19*** 3.85 10.05
Available K 0.29*** 2.66 4.70 0.08** 1.56 4.06
Auvailable Ca 0.37*** 3.37 5.95 0.05* 0.98 2.55
Available Mg 0.03" 0.23 0.40 0.02" 0.49 1.29
Auvailable S 0.02" 0.21 0.37 0.02" 0.36 0.93
Available B 0.48*** 4.38 7.74 0.08** 1.55 4.05
Available Cu 0.46*** 4.22 7.46 0.14*** 2.89 7.54
Available Mn 0.02" 0.15 0.27 0.03" 0.68 1.77
Auvailable Fe 0.03" 0.31 0.54 0.05* 1.02 2.65
Auvailable Zn 0.03" 0.26 0.47 0.10*** 1.96 5.10
Total 6.23 56.62 100.00 1.92 38.37 100.00

*, ** and *** indicates significant at 0.05, 0.01 and 0.001 level, respectively; ns = non-significant
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The relationship between soil P adsorption characteristics and soil properties through redundancy analysis
(RDA) is shown in Figure 1 (C). The two RDA dimensions account 51.80% (axis 1 = 40.67% and axis 2
= 11.13%) of the total variance. Based on the RDA, the soil properties contributed 56.62% of the total
variation in soil P sorption characteristics. The correlation between soil properties and redundancy analysis
is presented in Table 6. Overall, available P (15.71%) followed by sand proportion (6.42%) and pH (5.28%)
were major three soil properties contributing to variance in the soil P sorption characteristics (Table 7).

The relationship between soil P desorption characteristics and soil properties through redundancy analysis
(RDA) is shown in Figure 2 (C). The two RDA dimensions account 31.03% (axis 1 = 16.64% and axis 2
= 14.39%) of the total variance. Based on the RDA, the soil properties contributed 38.37% of the total
variation in soil P desorption characteristics. Overall, OM (7.23%) followed by sand proportion (5.09%)
and Olsen P (3.85%) were major three soil properties contributing to variance in the soil P desorption
characteristics (Table 7).

DISCUSSION

Effect of soil properties on P fractions in agricultural soils of central Nepal

Determining P fractions is important for understanding P chemistry in soils. The studied soil properties
could explain 58.63% of the total variance in soil P fractions. The 15 properties showed significant effects
on the compositions of the P fractions, in decreasing order, were OM > available P > pH > CEC > available
Fe > CaCOs > available Cu > clay content > sand content > EC > available K > available Ca > available
Zn > available Mg > total N (Table 3). Changes in these properties significantly affected the variation in
soil P fractions. The OM contributed comparatively higher (11.48%) for variation in P fractions may largely
be attributed to ability of OM for supply of inorganic P (Pi) through mineralization (Qiong et al, 2022).
Byproducts from the decomposition of soil OM, such as organic acids, sulfates, and fluorides, can compete
with phosphate ions in the soil solution for adsorption onto specific sites. If the phosphate ions are already
adsorbed, these byproducts can alter the surface charge of iron or aluminum oxides, leading to the
electrostatic displacement of the phosphates (Redel et al, 2007; Zamuner et al, 2008). The OM-derived
phosphate ions play an important role in the differentiation of P fractions.

Similarly, available P is another soil property contributed significantly (10.71%) to the variation in P
fractions after OM (Table 3). The high variation contributed by available P (Olsen P) might be due to its
immediate binding with other elements like Fe, Al, and Ca, forming inorganic P fractions (Ismat et al.,
2018). Additionally, plant roots absorb available P from the soil and translocate it to the shoots, where it
acts as an organic P fraction (Zhu et al, 2020). Olsen P exhibited significantly positive correlations with
nearly all the P fractions (except HA-Po) (Table 5). This indicates that as available P (Olsen P) increases,
soil P fractions also increase, and vice versa.

Another soil property, pH, contributed significantly (8.67%) to the variation in soil P fractions after OM
and available P (Table 3). The changes in P fractions with pH may be attributed to shifts in the abundance
and types of microbial populations responsible for phosphatase enzyme activity (Zhao et al, 2008).
Phosphatase enzyme activities are crucial for the transformation of organic P into inorganic forms (Weil
and Brady, 2017). Additionally, changes in soil pH altered the forms of P associated with iron, aluminum,
calcium, and other soil minerals, as well as P adsorbed onto soil colloids, by influencing the precipitation-
dissolution and adsorption-desorption equilibria of P (Javot et al, 2007). In acidic soils, P was
predominantly bound to iron and aluminum oxides, hydroxides, and clay minerals, forming different
complexes. In contrast, P retention in alkaline soils was primarily driven by precipitation reactions, though
it could also be adsorbed calcium carbonate and clay minerals, rendering it inaccessible to plants (Ismat et
al, 2018). Soil pH had significantly negative correlations with Al-P, Fe-P, L-Po, ML-Po, FA-Po, HA-Po,
NL-Po, residual P, and total P (Table 1), indicating that as soil pH increased, these P fractions decreased,
and vice versa. In contrast, a significantly positive correlation was observed with Ca-P (Table 5), implying
that as pH increased, Ca-P content also increased, and vice versa.
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The other soil properties, including CEC, available Fe, CaCOs, available Cu, clay content, sand content,
EC, available K, available Ca, available Zn, available Mg, and total N, also contributed to the variation in
soil P fractions. The variation may have been due to their influence on ionic balance, soil structure,
phosphatase enzyme activity, and the overall environment in which the P fractions were generated.

Effect of soil properties on phosphatase enzyme activity in agricultural soils of central Nepal

Soil phosphatase enzymes are crucial for P transformation, facilitating the conversion of soil phosphate into
forms of P that plants can readily adsorb. The studied soil properties accounted for 53.65% of the total
variance in phosphatase enzyme activity. The 12 properties that contributed significantly, in decreasing
order, were OM > pH > available Ca > CaCO:s > available B > EC > available P > CEC > available Zn >
available K > sand content > clay content (Table 3). Changes in these soil properties can significantly affect
the abundance and activities of the microbial community, thereby influencing soil phosphatase enzyme
activities. Phosphatase enzymes are produced by organisms as well as plant roots (Xu et al, 2010). Among
all the studied properties, OM contributed significantly higher (22.17%) to the variation in phosphatase
enzyme activity (Table 3). The significant positive correlations were observed with AcPM, AIPM, PD, and
IPP activity (Table 4), symbolize with the increase in OM increases activity of these enzyme also, and vice-
versa in soils. Microorganisms require energy for their growth and development, which is supplied through
OM. Soil OM serves as the primary source of carbon and nitrogen for microorganisms, which impacts
enzyme activity by affecting both the quantity and diversity of microbial communities (Floch et al, 2009).

Soil pH, another key soil property, contributed (13.50%) to the variation in phosphatase enzyme activity
after OM (Table 3). The different soil enzymes have different pH optima for their activity (Xu et al, 2017).
The growth and development of both organisms and plants was influenced by soil pH (Havlin et al, 2010).
Consequently, the growth and development of organisms and plants responsible for producing phosphatase
enzymes were also affected by soil pH, which may have explained its contribution to the variation in
phosphatase enzyme activity. Kompala-Baba et al (2021) also observed a significant impact of soil pH on
the variance of acid and alkaline phosphatase enzyme activities. A significant positive correlation was
observed with AIPM and PD activity (Table 4), indicating that as pH increased, their enzyme activity also
increased, and vice versa. Conversely, a significant negative correlation was observed with AcPM, PT, and
IPP activity (Table 4), meaning that as pH increased, their activity decreased, and vice versa. AcPM and
AIPM activity were found to be dominant in acidic and alkaline soils, respectively (Rocabruna et al, 2024).

The other soil properties mentioned as available Ca, CaCOs, available B, EC, available P, CEC, available
Zn, available K, sand content, and clay content also contributed to the variation in phosphatase enzyme
activity. This variation may have been due to their influence on enzyme production, structure, and the
overall environment in which the enzymes functioned.

Effect of soil properties on P adsorption characteristics in agricultural soils of central Nepal

The study of P adsorption-desorption isotherms is important for understanding P adsorption-desorption
behavior in soils and is crucial for long-term P management (Yang et al, 2019). The studied soil properties
could explain 50.92% of the total variance in P adsorption characteristics. The 12 properties significantly
influenced the composition of P adsorption characteristics, in decreasing order, were Olsen P>sand
content> pH > available B>CaCOs> available Cu>available Ca>EC>OM>available K>CEC > clay content
(Table 7). Changes in these properties significantly affected the variation in soil P sorption characteristics.
The available P contributed comparatively higher (15.71%) role for variation in P sorption characteristics
(Table 7). The increased available P, decreases P adsorption capacity of soils because as excess phosphate
ions occupy the adsorption sites, thereby hindering further reactions. Tang et al (2022) observed a reduction
of P adsorption capacity with P application when compared to the control. Additionally, DPS and PERI
was significantly positively correlated with available P (Olsen P) (Table 5), hence with the increase in
available P, DPS and PERI also increases, and vice-versa. In contrast, SPR and EPR exhibited significant
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negative correlation with available P (Olsen P) (Table 5), hence with the increase in available P, SPR and
EPR decreases, and vice-versa. Therefore, available P contributed significantly higher for variation in
adsorption characteristics.

Sand content did not show a significant correlation with P adsorption characteristics (Table 5), but it
contributed significantly (6.42%) to the variation in P adsorption characteristics after available P (Table 7).
Gou et al (2019) also found significant contribution of sand content in soil P adsorption characteristics.
Generally, sand has a smaller surface area compared to other soil particles. This could also be related to the
relatively lower number of positive charges available for interaction with and strong binding of negatively
charged phosphate ions in the soil solution, thereby reducing P adsorption capacity (Getie et al, 2021).

The pH is another soil property that contributed significantly (5.28%) to the variation in P adsorption
characteristics after available P and sand content (Table 7). Soil pH is a major influencing factor for
available P, which play important role for variation in P adsorption characteristics. At low pH, phosphate
ion is bound with Fe/Al, while at high pH bound with Ca. Moreover, the nature of Fe-Al oxides in soils
also depends on pH, which also plays important role for P adsorption through their surface area and active
sites for reaction (Ruttenberg and Sulak, 2011). At high pH (alkaline), hydroxide ions compete with
phosphate for adsorption sites on iron-aluminum oxides and hydroxides, while at low pH (acidic), the
protonation of the iron-aluminum compounds enhances P adsorption (Xu et al, 2016). The soil pH (4.65-
9.13) was significantly negatively correlated with K., K¢, n, MPBC, SPR, EPR, DPS, PERI, while
significantly positively correlated with Qm and PBC (Table 7) might also cause of variation in P adsorption
characteristics.

The other soil properties, including available B, CaCO:s, available Cu, available Ca, EC, OM, available K,
CEC, and clay content, also contributed to the variation in soil P adsorption. The variation may have been
due to their influence on ionic balance, surface area, phosphatase enzyme activity, and the overall
environment which enable phosphate ion reactions in soils.

Effect of soil properties on P desorption characteristics in agricultural soils of central Nepal
Desorption is the process that occurs in reverse to adsorption. The studies soil properties could explain
38.37% of the total variance in desorption characteristics. The 13 properties had notable influences on the
compositions of P desorption characteristics, in decreasing order, were OM>sand content>Olsen
P>EC>pH>available Cu>available Zn> CaCOz>available K>available B>CEC>available Fe>available Ca
(Table 7). Changes in these properties significantly affected the variation in soil P desorption
characteristics. The OM contributed significantly higher (7.23%) for variation in P desorption
characteristics (Table 7). The OM exhibited significantly positive correlations with Dm, ad, nd, and RDP
(Table 5). The organic anions produced by OM can compete with the phosphate ions for releasing adsorbed
P (Bhadha et al, 2010).

Sand content was another soil property contributed significantly (5.09%) after OM to the variation in P
desorption characteristics (Table 7). The sand content exhibited significantly positive correlation with
RDP, while significantly negative correlation with aq (Table 5). Generally, sand has a smaller surface area
compared to other soil particles. This feature was also associated with a lower quantity of positive charges
available to interact with and strongly bind the negatively charged phosphate ions in the soil solution, which
in turn enhanced P desorption capacity (Getie et al, 2021).

The available P was another property contributed significantly (3.85%) after OM and sand content for
variation in P desorption characteristics (Table 7). The increased available P, increases P desorption
capacity of soils, as an excess of phosphate ions occupies the adsorption sites, thereby hindering further
reactions. The available P (Olsen P) exhibited significant positive correlation with Kg, ng, and RDP (Table
5), with the increase in available P also increases these desorption parameters and vice-versa.
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The other soil properties, including EC, pH, available Cu, available Zn, CaCOs, available K, available B,
CEC, available Fe, and available Ca, also contributed significantly to the variation in soil P desorption. The
variation may have been due to their influence on ionic balance, surface area, phosphatase enzyme activity,
and the overall environment which enable phosphate ion reactions in soils.

CONCLUSION

P fractions, phosphatase enzyme activity, and P adsorption-desorption characteristics are key for making
decisions regarding sustainable P management in specific regions. This study assessed the influence of soil
properties-including pH, EC, OM, CaCOs, CEC, exchangeable Al, sand, silt, clay, total N, and available
nutrients (P, K, Ca, Mg, S, B, Cu, Mn, Fe, and Zn) on P fractions, phosphatase enzyme activity, and P
adsorption-desorption characteristics in agricultural soils of central Nepal using Pearson’s correlation and
redundancy analysis (RDA). The soil properties explained 58.63%, 53.65%, 56.62%, and 38.37% of the
total variation in P fractions, phosphatase enzyme activity, P adsorption, and P desorption characteristics,
respectively. Out of the studied variables, 15 properties significantly influenced P fractions, with OM,
available P, and pH being the most important. For phosphatase enzyme activity, 12 properties had
significant effects, with OM and pH being the primary factors. Similarly, 12 properties significantly
affected P adsorption characteristics, with available P, sand content, and pH being the major contributors.
In terms of P desorption, 13 properties had significant effects, with OM and sand content being the most
influential. This study highlights the critical role of specific soil properties in regulating phosphorus
dynamics, providing a foundation for enhancing P management strategies in diverse agricultural
environments.
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