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The 20-year study investigated the e�ects of conservation practices (CPs) and

farmers’ practices (FPs) on various soil quality parameters, yield, and economics

of horticultural land use systems. CPs demonstrated significant improvements in

soil organic carbon (SOC), available nitrogen (N), phosphorus (P), and potassium

(K), compared to FPs. Horticultural systems exhibited higher SOC and available N

and P contents than FPs, with substantial variations among di�erent fruit species.

CPs also enhanced soil quality index, functional diversity, culturable microbial

populations, enzyme activity, and soil microbial biomass carbon (SMBC) compared

to FPs. It was observed that the SMBC values were 25.0–36.6% and 4.12–25.7%

higher in 0–15cm and 15–30cm, respectively, under CPs compared to FPs for

all the land use systems. In CPs, dehydrogenase activities (DHAs) in surface soils

were 9.30 and 7.50 times higher under mango- and citrus-based horticultural

systems compared to FPs. The CPs adopted in aonla, guava, mango, litchi, and

citrus-based horticultural systems increased SOC by ∼27.6, 32.6, 24.4, 26.8, and

22.0%, respectively, over FPs. Canopy spread, fruit yield, litter yield, and soil

moisture were significantly higher in fruit-based horticultural systems under CPs.

Economic viability analysis indicated higher net present values (NPVs), benefit-

cost ratio (BCR), and shorter payback periods (PBPs) for horticultural land use

systems under CPs. Principal component analysis (PCA) revealed that CPs had

a more positive influence on soil parameters, particularly DHA, acid and alkali

phosphatase activity, available N, P, and K contents, soil microbial load, and organic

carbon. The maximum ecosystem services were contributed through mango-

based land uses among all land uses. Mango-based horticultural systems exhibited

the least impact from both CPs and FPs, while peach-based systems were most

a�ected by CPs. Overall, the findings highlight the benefits of conservation

practices in improving soil quality,microbial populations, enzyme activity, and crop

productivity in horticultural systems.
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Introduction

The land is a vital and non-renewable natural resource of

Mother Earth that provides essential resources such as food,

shelter, and fiber. Land degradation is an emerging global issue

that is caused by both anthropogenic and climatic factors (Singh

et al., 2023). This phenomenon is negatively impacting agricultural

productivity, with approximately 20% of agricultural land, 30%

of forests, and 10% of savannas worldwide (Zhang et al., 2019).

Moreover, it is projected that the percentage of degraded land will

increase in future, particularly in low- and middle-income nations

of tropical and subtropical regions (Chen et al., 2019). The loss of

productive capacity due to natural processes or human activities

is causing a decline in on-site and off-site native environmental

services, which has long-term effects. Land degradation is a

significant driver of food insecurity and climate change, resulting

in a yearly loss of 6.0 million hectares (M ha) of productive land

globally (Lal, 2015). Additionally, soil degradation is accelerating,

causing a decline in SOC and fertility, which is promoting soil

erosion problems, resulting in the loss of nutrients and SOC within

the root zone, and reducing crop productivity (Singh et al., 2022;

Jinger et al., 2023). Land degradation is affecting the lives of nearly

1.5 billion people, with approximately 15 BT of soil lost each year

due to desertification and drought. Moreover, approximately 12M

ha area is lost annually owing to these phenomena. The biodiversity

loss caused by land degradation amounts to approximately 27,000

species each year, with around 110 countries being under potential

risk, affecting the lives of 250 million people and putting 1 billion

individuals at risk. The global cost of desertification is estimated

at USD 42 million (Hamdy and Aly, 2014). El-Swaify and Dangler

(1982) noticed that the degradation of land reduces the availability

of plant nutrients present in the soil along with the reduction in

SOC, which is the cause of lowering crop productivity. Moreover,

the reduction in crop productivity is due to the initiation of land

degradation in the rooting zone of crops (El-Swaify and Cooley,

1981).

The United Nations Convention to Combat Desertification

(UNCCD) at COP 14 in 2019 aimed to bring 350M ha of

degraded land worldwide into cultivation by 2030. India has

approximately 120.7M ha of degraded land, with a significant

portion of it being physically degraded due to water erosion,

characterized by poor soil physico-chemical properties that make

it unsuitable for field crops (Gupta et al., 2021a,b; Jinger et al.,

2022). Recently, India committed to the restoration of 26M ha of

degraded land in the country to achieve land degradation neutrality

through prevention, mitigation, and rehabilitation techniques

(Dhyani et al., 2023). The degraded lands in India can be restored

through the application of various techniques, such as micro-site

improvements, the addition of organic manures, forest litter, crop

residues, and perennial deep-rooted fruit tree species (Rathore

et al., 2014). Rainfed agriculture, which makes up approximately

80% of the world’s produce and over 60% of the world’s food,

is particularly important for developing countries, as it is the

backbone of marginal or subsistence farming (Singh et al., 2021).

However, poor yields and high water losses are major issues in

rainfed agriculture, exacerbated by climate change and monsoon

variability. To improve productivity, in-situmoisture conservation

strategies should be given more attention. Additionally, innovative

interventions are needed to restore degraded or wastelands and

enable them remunerative, ecologically benign for sustainable

agriculture production systems, particularly in India, which

supports a large proportion of the world’s human and livestock

populations on limited land area.

In India’s Nationally Determined Contribution to the Paris

COP 21 agreement in 2015, India committed to sequester an

additional 2.5 to 3 billion tons of CO2eq through additional

planting of trees or fruit trees by 2030 (MOEFCC, 2015). Therefore,

growing fruit crops on degraded lands is a natural way to enhance

soil fertility and promote biological activities by adding organic

matter such as litterfall and root decay to the soil, leading to an

increase in soil organic carbon, soil fertility, nutrient recycling,

and biological transformations in the rhizosphere (Rathore et al.,

2014). Commercial fruit species, such as mango, guava, aonla, bael,

litchi, lemon, kagzi lime, pumelo, and grapefruit, are commonly

cultivated, but there is limited information on utilizing degraded

lands under rainfed conditions (Rathore et al., 2021). Thus, it

is important to cultivate fruit crops with deep roots and low

water requirements on degraded lands. Mango (Mangifera indica

L., Anacardiaceae), litchi (Litchi chinensis Som.; Sapindaceae),

peach (Prunus persica L.; Rosaceae), aonla (Emblica officinalis;

Phyllanthaceae), and mandarin (Citrus reticulata L; Rutaceae) are

commercially significant subtropical fruit crops that provide a good

source of vitamins, minerals, and antioxidants. These crops cover

an area of 3.6M ha, accounting for 53.5% of the total area under

fruits in India and producing approximately 36.7 MT of fruits,

which is 37.0% of India’s total fruit production. Their average

productivity ranges from 7.60 to 15.0 t ha−1 (NHB, 2021). Fruit-

based land use systems are economically viable for class V and

VI soil types as they use various resources judiciously and cater

to multiple needs simultaneously. These systems are most suitable

for areas that require soil moisture conservation, soil erosion

reduction, and sustainable production and income (Rathore et al.,

2018). They provide a self-sustainable system where solar energy is

harvested at different heights, resulting in higher economic returns

even under stressed growing conditions than annual crops (Saroj

et al., 2000). Furthermore, they offer opportunities for ancillary

industries such as fruit processing (preserves, jam, jelly, etc.),

essential oil extraction, employment generation, improved soil

organic carbon, and enhanced biological activity for rhizospheric

environment stability (Rathore et al., 2014). Cultivation of these

fruit crops under conservation practices imparts good quality

production of fruits and crops with higher productivity, ultimately

leading to achieving the SDG of zero hunger (SDG no. 2) and no

poverty (SDG no. 1). Moreover, employment generation through

digging pits for planting of saplings, pruning, harvesting of fruits

and crops, sustainable production of the fruit production system,

and mitigation of GHGs would achieve SDG of decent work

and economic growth (SDG no. 8), responsible consumption

and production (SDG no. 12), and climate action (SDG no.

13), respectively.

Furthermore, the valuation of ecosystem services in different

horticultural land use systems is important because it provides

a quantifiable measure of the benefits to the farmers and human

wellbeing. Ecosystem services include services such as water
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purification, climate regulation, and nutrient cycling, which are

crucial for sustaining agricultural productivity and maintaining

ecological balance (Orlandi et al., 2023). By assigning economic

values to these services, policymakers, land managers, and

stakeholders can make informed decisions regarding land

management, conservation efforts, and resource allocation.

Valuation helps in recognizing the contributions of ecosystems,

guiding sustainable practices, and promoting the conservation and

restoration of horticultural systems for long-term environmental

and socio-economic benefits. After considering these things,

the monetary value of regulating (carbon sequestration) and

supporting ecosystem service (nutrient augmentation) of different

horticultural land use systems has been estimated in this study

(Pandey et al., 2021).

We put forth a hypothesis that by restoring degraded land

and implementing an ecological approach that integrates deep-

rooted fruit-based land uses, with or without intercropping, and

applying crop residues for in-situ moisture retention, integrated

nutrient management, we can substantially enhance fruit yields,

soil fertility (including SOC and available N, P, and K contents),

microbial populations, and enzyme activity, thereby improving

nutrient recycling and valuation of ecosystem service. There is still

a lack of comprehensive information on soil enzymatic activities,

microbial biodiversity, and available nutrients in degraded lands

restored through horticulture land use systems. To validate the

above hypothesis, our objectives were to (a) assess the effect of CPs

and farmers’ practices (FPs) on long-term fruit productivity, (b)

evaluate the changes in soil fertility parameters, including SOC and

nutrient availability, (c) ascertain the soil microbial populations

and soil enzyme activities, and (d) valuate ecosystem services under

horticultural systems.

Materials and methods

Experimental site

The study was conducted at the research farm of the ICAR-

Indian Institute of Soil and Water Conservation in Selakui,

Dehradun, Uttarakhand, India from 1995 to 2015 under the

subtropical climate of the Indian Himalayas. The site is located

at 30◦ 21′ N latitude, 77◦ 52′ E longitude, and 517m above

mean sea level with an annual rainfall of 1,600mm. The mean

maximum and minimum temperatures ranged between 19.0 and

37.6◦C and between 3.6 and 24.0◦C in summer and winter,

respectively. In general, May–June were the hottest (45◦C), while

December–January were the coldest (2◦C). The experimental site

was a bouldery riverbed situated at Asan River, a tributary of

River Yamuna. Sieve analysis of 1 m3 soil profile conducted

at soil working time indicated that 1.27% to 79.46% of the

material was found to be <2mm, and the remaining were gravels

and boulders (weight basis). The soil gravel ratio observed in

the 1 m3 pit is mentioned in Table 1. The soil was neutral in

reaction (pH 6.5–7.0) with low organic carbon (0.5–0.6%), total

N (0.06–0.065%), available P (24.49–25.00 kg ha−1), available K

(116.42–117.56 kg ha−1), high Ca (0.195–0.197%), and Mg (0.14–

0.15%).

Treatment details

Five horticulture species were used, viz. mango, litchi,

peach, aonla, and mandarin, along with farmers’ practices

(control) for study. Two practices were selected for the study,

viz. (1) conservation practices (CPs) which include microsite

improvement (removal of boulders from the pit), integrated

nutrient management (farm yard manure + inorganic fertilizers

+ NPK-consortia of biofertilizer), and mulching (crop residue

and leaf litter of trees); and (2) farmers’ practices (FPs) includes

normal planting with fertilizers without mulching. The varieties

of different fruit species and planting geometry are mentioned

in Table 1. The methodology of how conservation practices in

different horticulture land use improve the ecosystem services has

been mentioned in a graphical format in Figure 1.

Soil sampling and analysis

Soil samples were collected using a randomized quadrat

sampling experimental design from different land use types. Three

quadrats, each of 10 × 10m for CPs and FPs land use types,

were taken as samples with two different soil depths (0–15 and

15–30 cm) in three replications from each quadrat. Pooling of

samples was done, and a composite sample was created with

a total of 12 samples. The samples were sieved with a 2-mm

sieve and stored at ambient temperature for further analysis. SOC

was determined using the K2Cr2O7-H2SO4 wet oxidation method

(Walkley and Black, 1934). The soil moisture was determined

using the gravimetric method (Reynolds, 1970). Soil mineral N

and available P and K contents were measured using standard

procedures of Hanway and Heidel (1952), Olsen et al. (1954), and

Bremner and Keeney (1965), respectively.

Enzyme activity-based index calculation

Soil quality index
The geometric mean (GMea) of the assayed enzymes was

calculated for each sample as:

GMea =
(DHA × AP × ACP × BOD × URE)

5
(1)

where DHA, AP, ACP, BGD, and URE stand for dehydrogenase,

alkali phosphatase, acid phosphatase, β-D-glucosidase, and urease,

respectively. GMea is an integrative approach for combining a large

number of enzyme activities related to different soil functions and

nutrients. Hence, it can imitate soil quality index (Paz-Ferreiro

et al., 2011). In addition, its sensitivity to soil management (García-

Ruiz et al., 2008; Paz-Ferreiro et al., 2012) makes it an eligible early

indicator of soil quality changes.

Soil functional diversity
It was determined using the
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TABLE 1 Description of subtropical fruit species, intercrops, and site characteristics.

Land uses Fruit species Intercrops Soil

Scientific names Cultivars Planting
geometry (m)

Intercropping of di�erent
crops/grasses

Soil (%) Gravel (%)

1995–2010 2011–2015

Aonla Emblica officinalis L. NA7 7× 7 Blackgram-Toria Natural grasses 52.7 47.3

Peach Prunus persica L. Pratap 7×7 Blackgram-Toria Natural grasses 45.8 54.2

Mango Mangifera indica L. Mallika 8× 8 Cowpea—Toria Natural grasses 56.8 43.2

Litchi Litchi chinensis Sonn. Rose Scented 8× 8 Cowpea—Toria Natural grasses 54.3 45.7

Citrus Citrus reticulata Kinnow 5×5 Sunhemp-Toria Natural grasses 59.2 40.8

FIGURE 1

Methodology or conservation practices in mango-based land use improve the ecosystem services (This model is similar to other fruit crops of this

experiment).

(i) Shannon’s diversity index (H)

H = −

5
∑

i=1

Pi× ln (Pj) (2)

(ii) Simpson–Yule index (SYI)

SYI =
1

∑5
i=1 P2i

(3)

where Pi is the ratio of each enzyme activity to the sum of all

enzyme activities for a particular sample. In all cases, enzyme

activities were expressed as microgram products formed per gram

of soil per hour.

Microbial population count

The stored soil samples at 4◦C were used for the analysis of

microbial count, viz. bacteria, fungi, and actinomycetes population

in the respective treatments along with control in three replications.

The autoclaved readymade potato dextrose agar media (38 g l−1)

with pH 7 was used for bacterial and fungal population count

using the serial dilution method. The suspension of serially diluted

samples from each treatment was spread in plates using a spreader

and incubated at 25 ± 2◦C and 32 ± 2◦C for fungus and bacteria,

respectively. The bacterial and fungal populations were recorded

in 48 h and 72 h, respectively, after incubation. For actinomycetes,

autoclaved actinomycetes isolation agar media with pH 7 was

used to ascertain the actinomycetes population in treatments. The
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TABLE 2 Data requirement and valuation methodologies for ecosystem services.

Ecosystem service Data Valuation method

Carbon sequestration (t/ha) Carbon stock in tree, increase in soil organic carbon, carbon price,

exchange rate of INR

Avoided cost method (Gulati and Rai, 2014)

Nutrient augmentation in soil (kg/ha) Increase in the soil nutrient availability, fertilizer price Market price method (Wilson and Carpenter, 1999)

serially diluted samples were inoculated in plates, and reading was

taken after 3 days of incubation (25 ± 2◦C) (Vance et al., 1987).

The population of fungi and bacteria was calculated in terms of

colony forming units (CFU) per gram oven dry weight basis (Rolf

and Bakken, 1987; Sepehri and Sarrafzadeh, 2018).

Soil enzyme activities

Five soil enzymes were estimated, which include β-glucosidase

activity (BGD), urease activity, alkaline phosphatase (AP), acid

phosphatase activity (ACP), and DHA. β-glucosidase activity

was determined using a procedure adopted by Eivazi and

Tabatabai (1977, 1988). In β-glucosidase activity, p-nitrophenyl-β-

D-glucoside was used as the substrate. The activity was expressed

as µg PNG g−1 dwt h−1 at 37◦C. Similarly, urease activity and

acid phosphatase activities were determined using the protocol

described by Tabatabai and Bremner (1969). Urease activity was

expressed as NH3-N g−1 h−1 at 37◦C and AP was expressed as µg

p-NPP g−1 h−1 at 30◦C (Tabatabai and Bremner, 1969). DHA was

determined using a spectrophotometer and expressed as µg TTC

g−1 h−1.

Soil microbial biomass carbon

Soil microbial biomass carbon (SBMC) was calculated by

fumigating fresh soil of known mass (35 g) with 2mL of ethanol-

free CHCl3, and the extract was taken with 140ml of 0.5M

K2SO4 after 1-day ambient temperature incubation. However,

unfumigated soil extract was taken directly. SBMC was calculated

from the difference in the carbon of fumigated and unfumigated

soil using a conversion factor (0.38) described by Vance et al.

(1987).

Growth, yield, and litter production
estimation

The canopy spread of all the fruit species wasmeasured with the

help of a measuring tape in north–south and east–west directions

during the first year and final year. The values of canopy spread

in both directions were averaged and expressed in meters (m). The

four trees of all treatments were marked for recording data on fruit

yield. The fruits of all five fruit species were harvested at maturity

stages, weighed with the help of electronic balance every year after

the initial fruit-bearing year, and expressed in t ha−1. Litterfall of

all fruit species was collected annually with the help of litter traps

of 1 × 1m size placed in four directions under the tree during a

litterfall period of 12 months each year (January–December) and

weighed by electronic balance after drying in oven and expressed in

t ha−1.

Economic analysis

The agriculture inputs such as fertilizers and manures, seeds,

intercultural operations, etc., and fruit yields were recorded

annually. The monetary values of these inputs and outputs were

calculated based on current economic values. During the study, the

average price of inputs and outputs was worked on based on yearly

price fluctuations. Minimum support prices of fruits and intercrops

for every year were taken into account for calculating the economy

(DFPD, 2015; NHB, 2015). Total returns were calculated annually,

and the benefit:cost ratio was inferred. Based on the economic life of

20 years for five fruit species utilized for estimating the benefit:cost

ratio (BCR), net present value (NPV), and payback period (PBP)

were calculated at a discounted rate of 8%.

The equivalent yield of crop X [t ha−1]=

[

Yield of crop Y(t ha-1)×Selling price of crop Y(Rs t-1)

Selling price of crop X (Rs t-1)

]

(4)

Tree and soil carbon sequestration

The calculated tree biomass was multiplied with the constant

factor of 0.50 for the computation of carbon stock (IPCC,

2003). The calculated carbon stock was used for calculating CO2

sequestration by multiplying the carbon stock with a constant

factor of 3.67 (IPCC, 2003). Based on SOC and bulk density, the soil

carbon sequestration was calculated (Lenka et al., 2013; Paul et al.,

2016; Yadav et al., 2018). Equation 5 has been used for calculating

soil carbon sequestration:

Soil carbon sequestration
(

t−1
)

=

SOC× BD
(

Mg m−3
)

× soil depth (m) × 10000

100
(5)

Ecosystem services valuation

The unit coefficients of these ecosystem services (carbon

sequestration and nutrient augmentation) were calculated. After

that, the avoided cost principle or the market price method was

used to compute monetary values associated with these ecosystem

services. The data requirements and valuation methodologies used

for these services are summarized in Table 2. The per hectare

quantity of nutrients augmented by the different land use was

multiplied by the economical price (market price and subsidies) of
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chemical fertilizers, as shown in Equation 6. The data on prices of

fertilizers in terms of nutrients were taken from the Department of

Fertilizers, Ministry of Chemicals and Fertilizers, Government of

India (GoI).

MVNS = QN PN +QP PP +QK PK (6)

where MVNS is the monetary value (Rs ha−1) of nutrients saved

due to retained soil that otherwise would have been lost; QN, QP,

and QK are unit coefficients of saved N, P, and K, respectively,

and PN , PP, and PK are the economical prices for N, P, and

K, respectively. Similar to the nutrient augmentation service, the

monetary value of the carbon sequestration was estimated by

multiplying the avoided cost per ton of CO2 by the per hectare

carbon sequestration potential of fruit trees and soil. The damage

avoided cost of CO2 was taken from the published literature

(Ricke et al., 2018; GOI, 2021). In most of the studies, carbon

sequestration has been reported in the form of SOC; hence, it was

converted into CO2 equivalent using the conversion coefficient of

the Intergovernmental Panel on Climate Change (Mekuria et al.,

2011).

Statistical analysis

To assess the impact of land use on various parameters,

including soil moisture, soil N, P, K, SOC, organic carbon of

bacteria, organic carbon of fungi, organic carbon of actinomycetes,

β-glucosidases, ureases, acid phosphatase, and DHA, factorial

(ANOVA) was carried out. Three factorial designs were used for

conducting the experiment (tree× conservation practices× depth

of soil). The statistical significance was determined and compared

using Duncan’s multiple range test (DMRT) at a significance level

of P < 0.05. The statistical analysis was performed using OPSTAT

(Sheoran et al., 1989). Principal component analysis (PCA) was

used to assess the relationship between multivariate data using R

Studio (version 3.5.1).

Results

Soil organic carbon, total N, and P

The analysis of variance showed that most of the characters

taken in the study showed significance. However, organic carbon

of fungi (OCF), organic carbon of actinomycetes (OCA), SMBC,

organic carbon, P content, N content, and dehydrogenase enzyme

activity (DHA) showed non-significant effect of interactions (tree×

conservation practices× depth of soil). However, other parameters

showed no significant interaction. With respect to AP, CP has

a non-significant effect, although tree species, soil depth, and

interactions do have significant effects. In relation to DHA, the

interaction between tree species and soil depth was non-significant.

The total P content showed a non-significant interaction between

tree species and CP. The SOC, available N, P, and K were

significantly improved in CP among horticultural land use systems

(Table 3). Significant improvements in the chemical composition

of soil (0–15 and 15–30 cm) were observed after 20 years of T
A
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TABLE 4 Soil quality index under di�erent horticultural land uses.

Treatments H SYI GMEa

0–15 cm 15–30 cm 0–15 cm 15–30 cm 0–15 cm 15–30 cm

Aonla 5.98 5.32 12.05 8.01 124.14 325.37

Peach 5.51 4.87 11.28 7.49 121.27 288.00

Mango 6.31 5.64 12.91 8.60 142.22 374.19

Litchi 5.01 4.39 9.69 6.39 100.33 201.82

Citrus 4.50 3.91 8.10 5.29 80.46 211.12

Fallow 2.76 2.24 5.74 3.67 36.77 96.87

H, Shannon’s diversity index; SYI, Simpson–Yule index; GMEa, geometric mean of enzyme activities.

horticultural system involvement (Table 3). Despite soil depth,

marked improvement in SOC was noted in all fruit-based land use

systems under CPs as against FPs. The peach-based land use system

with CPs recorded the highest increment in SOC, i.e., 37.70%

and 26.32% at 0–15 cm and 15–30 cm soil layer, respectively, as

compared to FPs, while citrus-based land use noted the lowest

increment (23.29%) in SOC at 0–15 cm soil layer. Interestingly,

mango, litchi, and citrus-based land uses recorded the equivalent

20% increase in SOC at 15–20 cm soil layer in CPs as against FPs.

In fallow land, SOC increment in CPs was 24.49% and 18.92%when

compared to FPs.

Between practices, ∼23.29–37.70% at 0–15 cm depth and

18.92–26.32% at 15–30 cm depth, more SOC was noticed among all

horticultural land use systems and fallow land use. The CPs adopted

in aonla, guava, mango, litchi, and citrus-based horticultural

systems increased SOC by ∼27.6, 32.6, 24.4, 26.8, and 22.0%,

respectively, over FPs. Approximately 3.03–57.5% and 23.8–157.1%

higher available N at 0–15 cm and 15–30 cm soil depth, respectively,

were recorded under CPs in horticultural land use systems over

fallow land. A similar trend was also found in FPs over control.

Between practices, 20.4–29.8 and 11.1–23.4% more available N at

0–15 cm and 15–30 cm depth, respectively, were registered in CPs

over FPs among land use systems. The mean plant available N

observed was 15.6–27.2% higher in the case of CPs than FPs among

horticultural land use systems. The horticultural systems improved

P availability by∼1.36–4.47 times and K availability by 1.17 to 3.04

times over control at the 0–15 cm soil layer. A similar trend was also

found in sub-surface (15–30 cm) soil.

Soil quality index and functional diversity

In surface soil, the geometricmean of enzyme activities (GMEa)

of the horticultural systems of mango and aonla was 3.87 and 3.38

times higher than the control, respectively. The subsurface soil

revealed similar findings (Table 4). Surface soil had a GMEa that

was around 4% higher than subsurface soil. In both soil layers,

Shannon’s diversity index (H) was greater in mango- and aonla-

based horticultural systems than in other treatments. Intriguingly,

the H value in the 0–15 and 15–30 cm soil layers of the mango-

based horticultural system was 2.29 and 2.52 times higher than

the control, respectively. The H values of citrus- and litchi-based

horticultural systems, however, were comparable. Mango- and

aonla-based horticultural systems in both soil layers had SYI

values that were noticeably greater than litchi- and citrus-based

horticultural systems. SYI levels were greater in both soil layers than

in H, in contrast. Notably, horti-pasture adoption produced more

soil functional diversity in surface and sub-surface soil layers than

in control land.

Culturable microbial population

Themicrobial populations of bacteria, fungi, and actinomycetes

were significantly improved in CPs among horticultural systems

(Table 5). The microbial counts of bacteria were 14.2–47.0% and

20.4–92.4% more in CPs than FPs at soil depths of 0–15 and 15–

30 cm, respectively. Similarly, approximately 27.4–53.8 and 10.4–

46.6% higher fungal population was recorded in CPs over FPs

at a soil depth of 0–15 and 15–30 cm, respectively. Similarly,

actinomycetes counts were also 20.4–51.5% and 15.5–40.4% higher

under CPs compared to FPs at soil depths of 0–15 and 15–30 cm,

respectively. Among the different horticultural land use systems,

higher densities of bacteria, fungi, and actinomycetes were recorded

in the aonla, mango, and citrus land use systems, respectively, over

the rest of the land use systems under both CPs and FPs.

Soil enzyme activity

CPs across horticulture land use systems substantially increased

the enzymatic activity (Table 6). The enzymatic activities of ACP

and AP were 94.5–175.2% and 155.8–319.4% and 64.3–144.3% and

30.6–133.2% higher under CPs over FPs at 0–15 cm and 15–30 cm

soil depth, respectively. CP and surface soil depth (0–15 cm) had

more enzymatic activities compared to FPs and sub-surface soil

depth (15–30 cm). Similarly, urease and BGD enzymatic activities

were also 130–139.0% and 50.1–279.1% and 13.6–47.0% and 37.1–

252.3% higher under CPs over FPs at 0–15 and 15–30 cm soil depth,

respectively. DHA was also 128–1,090% and 118.7–1,076.5% more

under CPs over FPs at 0–15 and 15–30 cm soil depth, respectively.

Among the different horticultural land use systems, higher activity

of ACP, AP, DHA, and BGD was observed in the kinnow land use

system, respectively, over the rest of the land use system under

both CPs and FPs. However, the mango land use system recorded
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TABLE 5 Culturable microbial population status under di�erent horticultural land uses.

Land
uses

Gravel
(%)

Bacteria (CFU × 106 g−1 dry soil) Fungi (CFU × 104 g−1 dry soil) Actinomycetes (CFU × 105 g−1 dry soil)

CP FP CP FP CP FP

0–15 cm 15–30 cm 0–15 cm 15–30
cm

0–15 cm 15–30 cm 15–30 cm 0–15 cm 0–15 cm 15–30 cm 0–15 cm 15–30 cm

Aonla 47.3 153.00 81.67 123.93 67.80 9.30 4.67 3.80 7.30 189.67 154.67 144.15 120.00

Peach 54.2 65.33 29.67 50.31 23.80 8.00 4.00 3.20 6.00 75.00 20.67 57.00 17.21

Mango 43.2 62.67 27.00 48.25 14.00 16.70 11.00 8.40 12.00 77.00 43.00 53.90 32.94

Litchi 45.7 46.33 28.67 40.54 21.40 5.00 3.00 2.50 3.90 76.33 37.00 63.36 32.02

Citrus 40.8 104.33 80.67 70.95 60.90 5.33 3.67 2.50 3.47 202.67 127.67 133.76 90.92

Fallow 66.2 38.67 23.67 28.61 12.80 4.00 2.23 2.02 2.72 59.33 15.33 42.13 12.48

CP, Conservation practice; FP, Farmers’ practice.

TABLE 6 Enzymatic activities of microbes under di�erent horticultural land uses.

Land
uses

Acid phosphatase (µg

p-NPP g−1 h−1)

Alkali phosphatase (µg

p-NPP g−1 h−1)

Urease (NH3-N g−1 h−1) DHA (µg TPF g−1 h−1) BGD (µg PNG g−1 dwt

h−1)

CP FP CP FP CP FP CP FP CP FP

0–15
cm

15–
30
cm

0–15
cm

15–
30
cm

0–15
cm

15–
30
cm

0–15
cm

15–
30
cm

0–15
cm

15–
30
cm

0–15
cm

15–
30
cm

0–15
cm

15–
30
cm

0–15
cm

15–
30
cm

0–15
cm

15–
30
cm

0–15
cm

15–
30
cm

Aonla 185.8 124.0 143.1 98.0 76.7 23.2 60.6 18.5 15,602.6 11,005.8 11,545.9 8,364.4 21.5 7.2 16.8 5.7 70.19 44.85 53.35 37.12

Peach 211.9 102.6 158.9 73.9 133.3 55.4 100.0 41.0 11,500.8 6,011.2 8,165.6 4,568.5 98.6 35.9 73.9 27.6 134.34 52.26 98.07 40.36

Mango 220.5 124.6 158.7 92.2 88.8 31.4 66.6 23.9 16,937.4 14,409.2 11,517.5 10,086.4 104.3 13.8 76.2 10.6 121.33 75.13 84.93 57.63

Litchi 250.6 124.8 213.0 109.5 81.4 37.0 70.0 32.9 14,117.5 12,897.6 12,282.2 11,349.9 95.0 8.0 83.6 7.1 134.33 63.02 111.5 54.21

Kinnow 346.7 212.1 214.9 140.0 135.5 65.2 86.7 43.7 8,202.9 4,867.1 5,003.7 3,309.6 129.3 33.5 81.5 23.5 312.18 82.34 206.0 58.48

Fallow 150.9 93.0 113.2 68.8 39.3 18.7 28.3 13.6 6,762.4 3,188.0 4,395.5 2,167.8 13.9 6.1 9.9 4.5 60.36 40.22 42.86 31.25

CP, Conservation practice; FP, Farmers’ practice; DHA, Dehydrogenase activity.
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the higher activity of urease both in CPs and FPs over other land

use systems.

Soil microbial biomass carbon

The data show that the SMBC values for different land uses

under CPs and FPs at two soil depths (0–15 cm and 15–30 cm)

were significantly improved after 20 years of plantation (Table 7).

Among horticultural land use systems, mango followed by litchi

had the highest SMBC values with the lowest value in peach under

both CPs and FPs and soil depths. Approximately 11.1–56.7%

and 28.2–57.1% more SMBC values were recorded in horticultural

land systems established under CPs compared to fallow land at

0–15 cm and 15–30 cm soil layers, respectively. Similarly, 1.69–

43.9 and 8.54–32.0% higher SMBCs were observed in horticultural

land systems established under FPs over fallow land at 0–15 cm

and 15–30 cm layer, respectively, among horticultural land systems

established under FPs. It was observed that the SMBC values

were 25.0–36.6% and 4.12–25.7% higher in 0–15 cm and 15–30 cm,

respectively, under CPs compared to FPs for all the land use

systems. The data also revealed that 14.3–31.8% and 2.89–21.6%

higher SMBCs were registered under CPs and FPs, respectively, in

the surface soil layer (0–15 cm) in comparison to the sub-surface

soil layer (15–30 cm). The average values of SMBC (0–30 cm)

recorded were 15.0–31.4% more under CPs than FPs among all

horticultural land use systems and fallow land. Finally, the fallow

land use has the lowest SMBC values under both CPs and FPs, with

a more considerable difference between the two practices in the

0–15 cm surface soil than in the 15–30 cm sub-surface soil.

Canopy spread, fruit yield, litter yield, and
soil moisture

Canopy spread, fruit yield, litter yield, canopy spread, and

soil moisture were observed significantly more in fruit-based

horticultural systems established with CPs over FPs on degraded

land (Table 8). The mean canopy spread of different fruit species

observed was mango (6.05m and 7.95m), litchi (5.82 and 7.46),

aonla (5.48 and 7.00), peach (5.56 and 7.00), and citrus (3.93m

and 5.00m) in different fruit species established under FPs and

CPs, respectively. The long-term data on fruit yield have shown

an increasing trend in fruit yield with the progressive years except

for litchi and kinnow. There was a declining trend in fruit yield

of kinnow and litchi after 12 years of plantation in both CPs and

FPs (Figure 2). The mango fruit yield and mango equivalent fruit

yield (MEFY) of litchi, aonla, peach, and citrus were calculated for

comparison of systems using Equation 4. Among the horticultural

systems, the maximum mango fruit yield was recorded (10.1 and

15.0 t ha−1) followed by mango equivalent fruit yield (MEFY)

of litchi (7.76 and 10.9 t ha−1), MEFY of peach (6.92 and 10.0 t

ha−1), MEFY of aonla (6.23 and 8.41 t ha−1), and MEFY of citrus

(6.11 and 8.13 tha−1) under FPs and CPs, respectively, of 20 years

plantation. Similarly, mean litter yields of mango, litchi, aonla,

peach, and citrus were observed at 3.02 and 4.05, 2.85 and 3.78,

5.46 and 7.48, 5.56 and 7.25, and 6.05 and 8.35 t ha−1 in FPs and

CPs, respectively during 20 years of life span. Similarly, mean soil

moisture in mango, litchi, aonla, peach, and citrus under FPs and

with CPs were 10.5 and 13.6, 10.15 and 13.1, 10.12 and 13.5, 12.6

and 14.5, and 13.4% and 15.2%, respectively, during 20 years of life

span in degraded lands.

Economic viability

The net present values (NPVs), benefit-cost ratio (BCR), and

payback period (PBP) were analyzed formango, litchi, aonla, peach,

and citrus fruit species based horticultural land use systems with CP

and FP conditions (Table 9). The values of NPV, BCR, and PBP of

all fruit species in the case of CPs were higher than FPs. The highest

NPVs were realized in mango (607,201.8 and 900,032 Rs ha−1)

followed by litchi (465,514 and 654,524 Rs ha−1), peach (415,166

and 604,832 Rs ha−1), aonla (374,002 and 504,464 Rs ha−1), and

citrus (366,786 and 487,982 Rs ha−1) established under FPs and

CPs, respectively. Similarly, the highest BCR was also realized in

mango (2.93 and 3.90), followed by litchi (2.81 and 3.14), aonla

(2.24 and 3.05), peach (2.11 and 2.95), and minimum in citrus (2.05

and 2.88) in FPs andwith CPs, respectively. Similarly, theminimum

PBP (4.0 and 3.2 years) was observed with peach, followed by citrus

(4.2 and 3.5), mango (5.0 and 4.0), litchi (5.4 and 4.2), and the

highest PBP with aonla (5.5 and 4.4 years) (Table 9).

Principal component and DMRT analysis

PCA biplots were compared for both CP and FP. The total

variation was 72.6% and 74.5%, respectively. In the scree plot, the

Y axis shows PC components while the X axis shows the variances.

By comparing both FPs and CPs, more correlation in the values of

BGD, DHA, ACP, AP, N, K, soil microbial load, and organic carbon

was found in CPs compared to the FPs. However, urease, organic

carbon fungi, P, organic carbon bacteria, and organic carbon

actinomycetes were less related, which is similar in both cases. This

showed that the CPs improvedmost of the soil enzymatic properties

holistically when applied compared to FPs. The PCA biplot showed

a better response by mango was least affected by both CPs and FPs;

however, peach was most affected by CPs (Figure 3). The DMRT

was also done to compare the different treatments (Table 10).

Ecosystem services

The carbon sequestration (trees+ soil), nutrient augmentation,

and total ecosystem services of horticultural land use system

under conservation and farmers’ practices have been assessed

in Tables 11–13. The monetary value of C-sequestration ranged

from Rs. 29,291.99 to 45,508.45 ha−1 under conservation practice,

which is 8.33% to 15.94% more than monetary values observed

under farmer practice. Similarly, the monetary value of nutrient

augmentation ranged from 808.6 to 11,414.5 and 377.4 to 9,411.1 in

conservation practice and farmer practice, respectively (Table 12).

The highest monetary valuation of the total ecosystem services
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TABLE 7 Soil microbial biomass carbon (µg g−1 soil) in di�erent fruit species established with conservation and farmers’ practices.

Horticultural land use systems Soil microbial biomass carbon (µg g−1 soil)

Conservation practices Farmers’ practices

0–15 cm 15–30 cm 0–15 cm 15–30 cm

Aonla 475.23 364.45 348.12 296.34

Peach 410.80 359.34 300.56 292.12

Mango 579.45 440.23 425.32 355.50

Litchi 568.65 435.66 420.91 346.84

Kinnow 565.34 429.32 415.23 341.45

Fallow 369.56 280.23 295.56 269.14

TABLE 8 Average growth parameter, fruit and litter yields, and soil moisture in di�erent fruit species.

Horticultural
land use systems

Conservation practices Farmers’ practices

CS (m) FY (t ha−1) LY (t ha−1) SM (%) CS (m) FY (t ha−1) LY (t ha−1) SM (%)

Aonla 7.00 20.18 5.58 13.54 5.48 14.96 4.46 10.82

Mango 7.95 15.00 6.35 13.68 6.05 10.12 5.02 10.5

Litchi 7.46 9.35 6.78 13.12 5.82 6.65 5.12 10.15

Peach 7.00 12.60 7.25 14.56 5.56 8.65 6.0 11.65

Kinnow 5.00 19.52 8.35 14.24 3.93 14.67 7.05 11.42

Fallow - - - - - - - -

CS, Canopy spread; FY, Fruit yield; LY, Litter yield; SM, Soil moisture.

FIGURE 2

Fruit yield (t ha−1) of di�erent fruit crops from 1995 to 2015.

(regulating service + supporting service) among different fruit-

based land uses with conservation practice is Rs 56,907 ha−1 in the

mango-based land use system among all land uses (Table 13). The

conservation practice realized 9.6% to 16.4% of additional benefits

in the form of ecosystem services in different horticultural land

use systems.
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TABLE 9 Economics of di�erent horticultural land uses.

Particulars Mango Litchi Aonla Peach Citrus

FP CP FP CP FP CP FP CP FP CP

NPV (Rs ha−1) 607,202 900,032 465,514 654,524 374,002 504,464 415,166 604,832 366,786 487,982

BCR 2.93 3.9 2.81 3.14 2.24 3.05 2.11 2.95 2.05 2.88

PBP (years) 5.5 4.3 5.9 5.0 6.4 5.5 5.7 4.5 5.8 4.5

CP, Conservation practice; FP, Farmers’ practice; NPV, Net present value; BCR, Benefit cost ratio; PBP, Payback period.

FIGURE 3

PCA biplot and screen plot for conservation practices (Left) and farmers’ practice (Right).

Discussion

C, N, and P in soils

The carbon, N, P, and soil quality index have been influenced

significantly by various fruit-based land uses (Tables 3, 4).

According to Ghosh et al. (2016), there may be a positive

association between microbial population and SOC in both soil

layers, which may account for the significantly higher DHA in

the kinnow- and mango-based horticulture systems. According to

Kumar et al. (2019), kinnow and mango-based agricultural systems

with higher levels of glucosidase activity than others may have

higher microbial biomass turnover and adequate C availability

because of higher litterfall, root biomass, and rhizodeposition.

Urea and similar compounds are hydrolyzed by urease. Due to

increasing SOC and a microbial population that promoted urease

secretion in mango- and litchi-based horticulture systems, its

activity increased (Chang et al., 2007). According to Chakrabarti

et al. (2004), the reduced urease activity in the control group

may be caused by insufficient C and energy. Kinnow- and

peach-based horticulture systems have much greater ACP than

fallow. According to Dodor and Tabatabai (2003), SOC can

specify phosphatase activity. It is possible that the presence

of phospholipids and inositol phosphates in litters promoted

phosphatase activity. Improved animal-based and horticulture-

based system + conservation practices were found to reduce soil

erosion (34%−48%) and loss of SOM (26%−51%), N (33%−45%),

P (19%−54%), and K (27%−51%) compared to the traditional

shifting cultivation system in Nagaland, India. It might be due

to the improved physical, chemical, and biological properties of

soil due to integrated nutrient management in this production

system (Chatterjee et al., 2021).
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TABLE 10 DMRT to compare the di�erent treatments of parameters taken

in the study.

Sl. No. Parameters Statistically at par
(DMRT)

1. Acid phosphatase Mango CP and Peach CP

Litchi FP and Aonla FP

2. Alkaline phosphatase Peach CP and Kinnow CP

Mango CP-Litchi CP-Aonla CP

Kinnow FP-Peach FP

Litchi FP-Fallow CP

3. Actinomycetes Kinnow-Aonla CP

Litchi-peach-mango-CP

4. Beta dehydrogenase activity Kinnow-Mango FP

Aonla CP-Litchi FP

Aonla FP-Fallow FP

5. Dehydrogenase activity Kinnow CP-Mango CP-Peach CP-

Litchi CP

Peach FP-Mango FP-Aonla

CP-Fallow CP-Litchi FP-Aonla

FP-Fallow FP

6. Potassium Kinnow-Mango CP

Kinnow FP-Mango FP

Aonla CP- Peach FP- Fallow CP

Aonla FP-Fallow FP

7. Nitrogen Kinnow CP-Litchi CP

Mango CP-Litchi FP- Kinnow FP

Mango FP-Aonla CP- Peach CP

Peach FP-Fallow CP-Aonla FP

8. Phosphorus Peach CP-Fallow CP-Aonla CP

Peach FP-Fallow FP-Aonla FP

9. Organic carbon Mango CP-Litchi CP- Kinnow CP

Kinnow FP- Mango FP

Aonla CP- Litchi FP-Fallow CP

Aonla FP- Fallow FP

10. Organic carbon bacteria Aonla FP- Kinnow FP

Peach FP-Litchi FP

Mango FP- Fallow FP

11. Organic carbon fungi Litchi CP-Kinnow CP

Peach FP- Fallow CP- Kinnow FP

12. Urease Mango FP-Litchi FP

Peach CP-Aonla FP

Fallow FP-Peach FP

13. SMBC Mango CP-Litchi CP- Kinnow CP

Aonla CP-Mango FP-Peach CP,

Litchi FP-Kinnow FP

Fallow CP-Fallow FP, Aonla FP,

Peach FP

Soil functional diversity is controlled by the kind, amount, and

accessibility of the substrate to microbes (Ghosh et al., 2019). As a

result, agroecosystems that get organic C, N, P, and S from various

sources may have an impact on howmicrobial communities in soils

operate and change organic matter (Hu et al., 2011; Ghosh et al.,

2020). Horticultural systems based on kinnow and peach had the

most litterfall. However, the larger Shanon’s diversity index (H) in

these plots than others was brought on by strong urease activity

in mango and aonla (Table 4). Although some systems received

varied amounts of litterfall, this measure was unable to distinguish

between the functional varieties of the soil in those systems. We

created the Simpson–Yule index (SYI), a dominance indicator that

gives more weight to common or dominant species, to distinguish

between them. Thus, a distinct distinction between litchi and

citrus was discovered. SYI fared better in this investigation at

detecting changes in soil functional diversity. The biggest C

availability, in this case, was accounted for by mango- and aonla-

based horticulture systems, which were notably different from

the others due to catabolic diversity (Ghosh et al., 2023) and led

to increased soil functional diversity. Mango- and aonla-based

horticulture systems may deliver organically bound N, P, and S

slowly but gradually thanks to equilibrium between labile and

recalcitrant pools of SOM. It is evident from GMEa values that

horticulture systems enhanced soil health. Utilizing horticulture

methods ensured a larger above-ground biomass production, which

in turn led to a higher litterfall and SOC status. In mango-based

horticulture systems, these events increased microbial population

and enzyme activity over control. Through increased root biomass

and higher litterfall, horticultural systems also made sure that

enzymes had access to the substrate. Improved nutrient cycling,

availability, and soil carbon sequestration were all made possible

by increased soil enzyme activity.

Culturable microbial population

Substrate quantity, quality, and microbial accessibility control

soil functional diversity (Bending et al., 2002). Therefore, the

agroecosystems receiving organic C, N, P, and S from different

sources can affect the microbial transformation of organic matter

and the functional diversity of microbial communities in soils (Sall

et al., 2006). The microbial populations of bacteria, fungi, and

actinomycetes were significantly improved in different horticulture

land use systems under CPs over FPs (Table 5). The population of

bacteria, fungi, and actinomycetes increased under all horticultural

systems over control, with the mango- and aonla-based systems

having the greatest population than others. Interestingly, topsoil

has a substantially greater population of culturable microbes than

sub-surface soil. In CPs, microsite improvement, mulching, and

integrated nutrient management all together might have improved

SOC and soil moisture regime, which served as a source of nutrients

and supplied hydrogen and oxygen to the microorganisms, and

it served as a solvent and carrier of other food nutrients to the

microorganisms (Jat et al., 2023). Thus, soil moisture and SOC

helped in improving the soil bacterial, fungal, and actinomycetes

density. In turn, it might have influenced the nutrient dynamics

to improve nutrient availability to fruit crops (Sahu et al., 2017).

Soil microorganisms mineralize litter and facilitate the release of

nutrient elements and their continual recycling (Kumar et al.,

2019). Dead plant residues and plant nutrients become food for the

microbes in the soil. The decomposition of SOM imparted energy

for growth and provided carbon for the formation of new cells.

In the process, N, P, and K were recycled and helped improve soil

health (Smith, 2018).

Soil enzyme activity

Our study revealed that CPs had higher activity of AP, ACP,

urease, and BGD over FPs both in surface and sub-surface soil

depths (Table 6). In both soil layers, horticulture systems had
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TABLE 11 Carbon sequestration regulatory ecosystem services (t ha−1) and monetization (Rs ha−1) under di�erent horticultural land use systems.

Horticultural
land use systems

Carbon sequestration (t ha−1) Monetization of
C-sequestration (Rs

ha−1)

% Benefits
(CP over

FP)

Conservation Practices Farmers’ practices

Tree CS Soil CS Total Tree CS Soil CS Total CS CP CS FP CS

Aonla 113.0 5.8 118.8 108.0 1.7 109.6 34,084.46 31,463.88 8.33

Peach 106.9 22.3 129.2 100.7 10.7 111.5 37,091.61 31,991.58 15.94

Mango 124.7 33.9 158.6 118.2 25.6 143.8 45,508.45 41,257.37 10.30

Litchi 121.6 26.4 148.0 114.2 18.2 132.4 42,484.45 37,985.85 11.84

Citrus 69.9 32.2 102.1 64.7 26.4 91.1 29,291.99 26,147.92 12.02

CS, Carbon sequestration; CP, Conservation practice; FP, Farmers’ practice.

TABLE 12 Supportive ecosystem services (nutrient augmentation with fertilizer equivalent of N, P, and K) in di�erent horticultural land use systems.

Horticultural
land use systems

Nutrient augmentation (kg ha−1) Monetization of saved
nutrients (Rs ha−1)

% Benefits
(CP over FP)

CP FP

Urea SSP MOP Urea SSP MOP CP FP

Aonla 97.8 −1.5 8.0 62.0 −3.9 1.3 808.6 377.4 114.2

Peach 97.8 8.7 33.5 79.7 5.9 25.7 1,654.1 1,290.8 28.1

Mango 309.8 212.2 262.1 251.0 171.4 211.4 11,398.5 9,201.6 23.9

Litchi 407.6 126.4 141.2 372.6 112.2 127.6 7,664.1 6,936.2 10.5

Citrus 415.8 68.6 280.0 346.3 54.8 230.6 11,414.5 9,411.1 21.3

CP, Conservation practice; FP, Farmers’ practice; SSP, Single super phosphate; MOP, Murate of potash.

TABLE 13 Total ecosystem services (TES) from di�erent horticultural land use systems (Rs ha−1).

Horticultural
land use systems

CP FP % Benefits
(CP over FP)

Regulating
services

Supporting
services

TES Regulating
services

Supporting
services

TES

Aonla 34,084.5 808.6 34,893.1 31,463.9 377.4 31,841.3 9.6

Peach 37,091.6 1,654.1 38,745.7 31,991.6 1,290.8 33,282.4 16.4

Mango 45,508.4 11,398.5 56,907.0 41,257.4 9,201.6 50,458.9 12.8

Litchi 42,484.5 7,664.1 50,148.6 37,985.9 6,936.2 44,922.0 11.6

Citrus 29,292.0 11,414.5 40,706.5 26,147.9 9,411.1 35,559.0 14.5

CP, Conservation practice; FP, Farmers’ practice; TES, Total ecosystem services.

considerably greater activities of C-cycling enzymes such as BGD.

In both soil layers, horticulture systems based on mango and guava

produced considerably greater levels of N and P cycling enzymes

such as phosphatase and urease. Significantly higher activities of

BGD, AP, ACP, and DHA under CPs might be due to greater SMBC

and SOC over FPs. Mijangos et al. (2006) have reported that SMBC

or SOC had a positive correlation (P < 0.05) with soil enzyme

activity in both soil layers. Mulching, microsite improvement, and

INM in CPs contributed a good amount of litterfall, root biomass,

and rhizodeposition and eventually enhanced carbon availability

(Hu et al., 2011). Dodor and Tabatabai (2003) reported that SOC

could stipulate AP and ACP activity. The presence of inositol

phosphates and phospholipids in litters might have encouraged

phosphatase activity. The decomposed part of the litterfall worked

as the substrate for BGD and improved its activity (Ghosh et al.,

2019).

Soil microbial biomass carbon

The SMBC significantly improved by different fruit-based land

uses (Table 7). Rathore et al. (2021) also observed a higher soil

microbial population in the upper layer of soil because of more

SOC present in the layer. The results on SMBC values under CPs,

FPs, and soil depths were significantly varied among various land
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uses. This indicates that mango followed by litchi had the highest

SMBC values, whereas the lowest values of SMBC in peach were

recorded under both CPs and FPs at two depths. The higher SMBC

under CP as well as in the upper soil layer is due to differences

in the root exudates of different plants, SOM content, litter yields,

and microbial community composition as compared to the lower

soil layer of degraded lands (Ghosh et al., 2019). The SMBC values

decreased with increasing soil depth, which is in line with the

fact that microbial biomass is highest in the topsoil layers, where

the SOM content is highest. Additionally, the difference in SMBC

values between CPs and FPs is more pronounced in the 0–15 cm

soil layer than in the 15–30 cm soil layer. This finding suggests

that CPs may have a more significant impact on microbial biomass

in deeper soil layers. Additionally, better soil structure, stabilized

microclimate, and higher nutrient recycling potential of CPs might

have also enhanced SOC and SMBC (Moore et al., 2003).

The horticultural land use systems enhanced the SMBC because

of the addition of leaf litter and root exudates, which increased

SOM and created favorable conditions for microbial growth. The

degradation of organic substances provides both energies for

growth and carbon for the creation of new cells of soil microbial

bacteria. SMBC and SOC in fruit-based land use systems had

grown in the degraded land, with CP accumulating higher SMBC

and SOC than farmer practice. Verma et al. (2010) also reported

that conservation practice improved SOC in apple orchards with

continuous application of farm yard manure. Furthermore, the

difference between SMBC values under CPs and FPs is more

prominent in the 15–30 cm soil layer than in the 0–15 cm soil

layer, suggesting that conservation practices have a more significant

impact on the microbial biomass in deeper soil layers. Finally, the

fallow land use has the lowest SMBC values under both CPs and

FPs, with a more considerable difference between the two practices

in the 0–15 cm soil layer than in the 15–30 cm soil layer. Overall,

the data highlight the positive impact of conservation practice on

SMBC, which varies among different land uses and soil depths.

Canopy spread, fruit yield, litter yield, and
soil moisture

The growth and fruit production have been significantly varied

under different fruit-based land uses (Table 8). Among the fruit

species planted with CPs and FPs, canopy spread was positively

correlated with fruit yield (r = 0.95) and litter yield (r = 0.92). This

indicated that higher plant spread would capture more sunlight

and convert more solar energy into food material (photosynthates)

for the production of more fruit yield under both situations on

degraded lands. The mean canopy spread was recorded higher

under CPs in mango followed by litchi, aonla, citrus, and peach

as compared to FPs. Mango attained maximum canopy spread

followed by litchi and aonla among all other fruit species because

of its very deep rooting pattern and ability to draw more nutrients

and moisture from deeper soil layer, which supplied the required

amount of moisture along with nutrients to the plant under CPs

as compared to FPs. Similarly, among the fruit species established

with CPs, the mango produced higher MEFY, litter yield, and

soil moisture than FPs on degraded lands, followed by litchi,

peach, aonla, and citrus. Mango produced more canopy spread

and fruit yield as compared to all other fruit species with CPs

due to the mulching effect and its suitability to edapho-climatic

conditions, which favored attainingmore canopy spread, fruit yield,

and soil moisture (Chavan et al., 2023). Melia dubia + dragon

fruit and Melia dubia + lemon grass cultivation along with soil

moisture conservation practices has resulted in better fruit yield

of dragon fruit and biomass yield of Melia dubia and lemon grass

compared to control besides conservation of soil and water in Mahi

ravines of Central Gujarat (Jinger et al., 2020, 2021; Kakade et al.,

2020).

Economic viability

The economic profitability was assessed in different fruit-based

land uses (Table 9). Benefit–cost analysis of horticultural land use

systems (mango, litchi, peach, aonla, and citrus) established with

CPs and FPs for 20 years of life span indicated that fruit species

established with CPs were more economically viable and profitable

than fruit species planted under FPs on degraded land (Table 7).

The NPVs of 900,032, 654,524, 504,464, 604,832, and 487,982 Rs

ha−1 were observed in mango, litchi, aonla, peach, and citrus land

use systems, respectively, planted with CP, whereas these NPVs

were lower among fruit species planted in FP analyzed for 20 years

of lifespan. Among horticultural land use systems, approximately

37.51–84.43% and 30.44–65.56% higher NPVs were observed in

mango land use under CPs and FPs, respectively, over other land

use systems. Similarly, the BCR of horticultural land use systems

was maximum in mango, followed by litchi, aonla, peach, and

lowest in citrus under CPs and FPs, respectively. The PBP observed

in different horticultural land use systems planted with FPs and

CPs was recorded minimum in mango followed by peach, citrus,

and litchi and highest PBP in aonla for 20 years. A comparison of

the horticultural land use systems under CPs with FPs indicated

that NPV of horticultural land use systems with CP ranged from

Rs 487,982 to 900032 ha−1, which were more profitable than FP

(366,786–607,202 Rs ha−1) calculated for 20 years of lifespan. The

benefit analysis of various fruit species for 20 years was observed

beneficial, which indicated that practicing INM, organic mulching,

and allowing natural grasses in different fruit species provided

more economic benefits than without INM and organic mulching.

Moreover, the fruit yield of various fruit species under CP was

higher because of more canopy spread, the availability of more

soil moisture in the soil profile helped in attaining more vegetative

growth, and the adsorption of more moisture along with nutrients

from deeper layers of soil helped in more fruit production under

degraded land condition (Chavan et al., 2022). Between the two

practices (CP and FP), fruit species established with CPs were the

most profitable (487,982–900,032 Rs ha−1) in 20 years, and the

difference of their respective NPVs was significantly 33.06–48.22%

more of different fruit species over clean cultivation. Overall, fruit

species established with CPs were a higher discounted profit earner

over FPs. Thus, fruit species established with CPs observed higher

BCRs than those established with FPs. In terms of PBP, fruit species

established with CPs had the shortest and fruit species with FPs

the longest (5.5–7.0 years). Thus, the utilization of inter-tree space
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by suitable crops can provide extra returns, leading to higher

economic benefits even in a shorter period than sole litchi (Rathore

et al., 2014).

Ecosystem services

The carbon sequestration in trees and soil under conservation

and farmers’ practices have been assessed in horticultural land use

systems (Table 11). It is observed that additional monetary benefits

accrued due to the adoption of CP over FP vary between 8.33%

and 15.94% for carbon sequestration. This comparison highlights

the advantage of adopting conservation practices in terms of

enhanced carbon sequestration and the associated economic

benefits. Similarly, the highest additional benefits due to the

adoption of conservation practices are observed (114.2%) in the

aonla-based horticultural land use system, whereas in the other

systems, additional benefits vary between 10.5% and 28.1%. This

can be inferred that conservation practices augment the nutrient

content of soil and reduce the requirement for external fertilizer

application (Table 12). The monetary quantification of the total

ecosystem services (regulating service + supporting service) in

different fruit-based land uses with conservation and farmers’

practices has been computed, which revealed that the highest

monetary value of total ecosystem services (56,907 Rs ha−1)

assessed was in mango-based land use system among all land uses

with CPs (Table 13). The total ecosystem services of mango under

conservation practice is approximately 12.8% more than mango-

based land use established with farmer practice (Pandey et al.,

2021). By adopting CPs, farmers can gain additional benefits in the

form of ecosystem services varying from 9.6% to 16.4% in different

horticultural land use systems. The conservation practice used in

fruit-based land uses attained more tree biomass and produced

higher fruit yield, which realized more returns ha−1 as compared

to farmer practice due to higher moisture availability and nutrition

supplied through integrated nutrient management. Additionally,

fruit-based land uses contributed to more litterfall into the soil,

increasing porosity and preserving more soil moisture, which

improved the vegetative growth of fruit trees (Kumar et al., 2018;

Rathore et al., 2020). The higher ecosystem services or benefits of

fruit trees have also been reported in the literature (Orlandi et al.,

2023).

Conclusion

The study compared existing farmers with conservation

practices based on deep-rooted fruit species in terms of the

chemical and biological characteristics of the soil, including the

organic carbon, N, and P contents, enzyme activities, and microbial

population, as well as economic analyses. The results of the analysis

of variance revealed that most of the parameters studied were

significantly affected by the CPs and horticultural land use systems.

The SOC and available N, P, and K contents were significantly

improved in the CPs adopted in horticultural land use systems. The

results showed that the CPs improved the soil enzymatic properties

holistically when applied compared to FPs. Furthermore, the

horticultural systems substantially increased the enzymatic activity

and microbial population of bacteria, fungi, and actinomycetes in

the soil. Moreover, SYI of mango- and aonla-based horticulture

systems showed notable differences from the others due to higher

catabolic diversity and led to increased soil functional diversity.

Among the horticultural systems, the canopy spread, fruit, and

litter yield was recorded highest in mango, followed by litchi. A

similar trend was also observed for NPV, BCR, and PBP. Overall,

the study provides evidence that CPs, such as the adoption of

horticultural land use systems, have a positive effect and lead to

improved SOC, nutrient availability, enzymatic activity, microbial

population, yield, and BCR.

Constraints of the study area

The investigation site is situated in the North-Western

Himalayas. The soil of the study site is prone to land degradation

(soil erosion) owing to steep slopes. Cultivation of arable crops

is very difficult due to high boulder content, low infiltration rate,

and poor soil organic matter, leading to crop failure. Moreover,

establishing fruit trees on these lands is also difficult as the root

growth is seriously affected. However, CPs played a crucial role in

enhancing soil fertility, survival, growth, and yield of the crops.

Furthermore, wild animals also cause damage to food crops and

fruit trees. However, spiny bamboo fencing reduced the damage

caused by the wild animal.
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