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5Department of Plant Production, College of Food and Agriculture Sciences, King Saud University,

Riyadh, Saudi Arabia

Soil function encompasses numerous functions and services the soil provides and

can be measured using physical, chemical, and biological characteristics. In any

event, research on fertility and biological activity is increasingly being stressed as

indices of ecosystem services. Rangeland degradation is one of the world’s most

widespread land use changes, with serious consequences for soil processes and

ecosystem services. The influence of uncontrolled grass cover on soil functioning

in semiarid environments is little understood. In the current study, the following

seven varieties of grass coverings were studied in a semiarid area of central India:

Cenchrus ciliaris (CC), Megathyrsus maximus (MM), Chrysopogon fulvus (CF),

Heteropogon contortus (HC), Sehima nervosum (SN), Vetiveria zizanioides (VZ),

and Tri-Specific Hybrid (TSH). The carbon accumulation proficiency of TSH, MM,

and HC was ∼2.23, 2.17, and 2.07 times greater than fallow. The nutrient cycling

capacity of grasses was ∼1.1 to 1.6 times greater than that of fallow, despite the

grasses’ depleted macronutrients in the soil. The biological activity under MM and

HC was ∼1.23 and 1.67 times higher than fallow. Overall soil functionality under

TSH and HC was 83 and 25% greater than MM, respectively. These soil functions

augment ecosystem services like climate regulation, biomass production, nutrient

recycling, water, and airflow. However, more attention should be paid to the

management of inputs for greater ecosystem services from this grass cover in

semiarid, degraded land.

KEYWORDS

grass cover, biomass productivity, nutrient recycling, biological activity, climate

regulation

Highlights

- The nutrient cycling capacity of grasses was∼1.1 to 1.6 times greater than that of fallow.
- The carbon accumulation proficiency of grasses improved by∼2 times over fallow.
- Soil functionality under TSH was 83% greater than that underMegathyrus.
- Grass-augmented services such as climate regulation, biomass production, and

nutrient recycling.
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1. Introduction

Soils, also designated as “reserves of natural capital”, serve
many ecosystem services. To verify the role of soil in the
sustainability of ecosystems, researchers have developed the idea
of soil function (Pulleman et al., 2012; Baradwal et al., 2022). The
capacity of soil to supportmicrobial activity, the delivery of nutrient
elements, structural stability, and support for biomass production
are the prime qualities of soil functioning. As most ecosystem
services could be linked to soils, restoring degraded land’s potential
to support soil functions and ecosystems should be a conservation
goal (Perring et al., 2015).

Low rainfall, inefficient crop water and nutrient usage, and
poor soil fertility are key challenges in semiarid regions (Wani
et al., 2007), leading to below-average yields, little agricultural
revenue, little organic carbon, and insufficient nutritional inputs
in the region (Nosetto et al., 2006; Wani et al., 2007). Growing
range grasses with a high capacity for sequestering carbon might
therefore be a solution for semiarid areas (Li et al., 2017; Notenbaert
et al., 2021). The capacity of grasses to bind soil particles,
reduce erosion, establish themselves quickly, and create humus
makes them more remarkable (Ola et al., 2015). The influence of
different grasses on certain soil parameters was described by earlier
workers (Wilekson et al., 2010). As a result, grasses can be paired
with mechanical techniques to provide soil protection (Prajapati
et al., 1973). Water cycling, carbon sequestration, nitrogen cycling,
gas exchange with the environment, climate change mitigation,
and aesthetic enjoyment are all critical activities of rangeland
grasses in dry and semiarid environments (Franzluebbers, 2012;
Fuglie et al., 2021). In semiarid regions, the primary stable food
source for the majority of ruminants worldwide is grasses; they
contain higher carbohydrate content but lower levels of protein,
minerals, vitamins, and lipids than legumes (Tambara et al., 2017;
Waliszewska et al., 2021). Despite this, grasses are the most
frequently used fodder.

The primary ecosystem services of soil are carbon
sequestration, food or biomass production, provision of
microbial habitat, nutrient recycling, etc. (Tellen and Yerima,
2018). However, the actual magnitude of soil functions provided
by range grasses has never been quantified. Moreover, there
is little data on the impact of range grasses on soil functional
indicators in semiarid regions. The goal of this study was to
assess the impact of range grasses on soil functionality and
establish a strong linkage with ecosystem services in semiarid
ecosystems in central India. Three research issues are addressed
in this study: (1) Do the soil fertility levels and nutrient supply
capacity of the soil change differently for various grasses?
(2) Under which grasses are microbial communities and soil
biota most active? (3) How does the range of grasses impact
the soil functionality in various soil layers? In response to
these inquiries, we postulated that range grasses would boost
carbon sequestration, food or biomass production, provision
of microbial habitat, and nutrient recycling at various soil
depths (i.e., 0–15 and 16–30 cm). Our findings are anticipated
to help us boost ecosystem services, optimize land cover
plans, and better understand how soil operates under various
range grasses.

2. Materials and methods

2.1. Experimental site description

The study was carried out in India’s Jhansi District (Figure 1).
The study site is located in the Bundelkhand area of India. The
soil type at the experimental site was sandy loam. They are
shallow, well-drained, and vary in color from yellowish red to
dark brown. A field experiment was carried out between 2015
and 2022 at the ICAR-Indian Grassland and Fodder Research
Institute’s Technology Demonstration Unit (25◦ 31

′

36.33
′ ′ N lat,

78◦ 32
′

54.18
′ ′ E long, and altitude 177m above mean sea level).

The research location is located in a semiarid environment with
high temperatures, irregular rainfall, a high aridity index, and
inadequate soil moisture. The study area’s long-term average annual
rainfall (1939–2015) is 908mm, withmost of it falling between June
and August (Rai et al., 2018). The climate here is characterized
by dry air, an excessively hot summer, and a chilly winter (late
November to the middle of March). From July to September, the
southwest monsoon occurs. The average annual rainfall (2015–
2023) in the district is 840mm. Approximately 90% of it occurs
during the southwest monsoon, and the rest occurs throughout
the year. Rainfall patterns in the Bundelkhand area are variable,
resulting in cyclic droughts. The average daily maximum and
lowest temperatures in January were 21.34 and 6.84◦C, respectively
(the coldest month). The average daily maximum temperature in
May from 2015 to 2020 was 41.48◦C (the warmest month). Peak
temperatures in May and June can reach 48◦C. The month of June
had the highest mean daily evaporation (12.80 mm day−1).

2.2. Factors and level of land degradation

Wind erosion and a lack of fertile soil are the reasons that
make the land susceptible to land degradation. All characteristics
were compared to a fallow land to remove any room for doubt
(located on a comparable slope, topography, soil texture, and parent
material). In terms of soil nutrients and biological characteristics,
we considered that fallow land had experienced minimal changes.
We also assumed that climate had a comparable impact on the soils
of alternate land use systems (ALUS) and fallow land, respectively.
The soil texture at the study site comprised sandy loam and was a
member of the Typic Haplustepts hypothermic family. They range
from pale yellowish-red to dark brown. The soil lacked mineral N
(183 kg ha−1), low SOC (0.35%), low plant-available P (9 kg ha−1),
and medium K contents (250 kg ha−1). These soils have a modest
ability to retain nutrients and water. The soil’s ability to store water
at saturation level was 32.5% (v/v). Throughout May and July, the
average wind speed is >8 km/h, which results in soil erosion of
between 35 and 50Mg ha−1 yr−1.

2.3. Experimental details

Seven perennial tropical range grasses, namely Cenchrusciliaris
(CC), Megathyrsus maximus (MM), Chrysopogon fulvus (CF),
Heteropogon contortus (HC), Sehima nervosum (SN), Vetiveria
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FIGURE 1

Geographic location of the experimental site.

zizanioides (VZ), and Tri-Specific Hybrid (TSH: Pennisetum

glaucum x Pennisetum purpureum x Pennisetum squamulatum)
were evaluated in this study. The grass seedlings were transplanted
to the field on 15th July 2015. At the establishment stage, 2–
3 irrigations were permitted to ensure uniformity and were
afterward maintained in rainfed circumstances. Every year on 15th
November, the grasses were trimmed 5 cm from the root and left to
grow during the wet season (June–July). The biomass production
of grasses was estimated using a uniform plot size of 10× 15 m.

2.4. Collection of soil and plant samples

Areas with comparable physiography, geology, and climatic
conditions were chosen to create a homogenous sampling
arrangement. In each of the grasses, three locations were selected.
During winter, after cutting grass in October 2021, five soil samples
(from the four corners and the center of the plots) were collected
from two layers of 0–15 and 16–30 cm at each location. Soil samples
were also collected from fallow land. Soil samples were immediately
taken to the laboratory and divided into two halves: one half was
air-dried and utilized for physical and chemical analyses, while
the other half was maintained at 4◦C for microbiological property

evaluation. The plants were harvested, kept in perforated brown
paper bags, suitably labeled, and dried to attain constant weight in
a thermostatically controlled oven at 70± 2◦C (Ghosh et al., 2019).
The dry weight was recorded and expressed in terms of dry matter
accumulation by plants (g m−2). Root morphology was studied
using a root analyzer coupled with Win-Rhizo.

2.5. Analysis of soil physical, chemical, and
biological parameters

Soil particle size distribution (soil texture), bulk density,
pH, and electrical conductivity were measured (Jackson, 1973).
Soil organic carbon (SOC) and nitrogen were determined using
chromic acid oxidation and permanganate oxidation. Available
phosphorus (P) was determined by NaHCO3 extraction (Olsen,
1954), followed by spectrophotometric estimation. Available
potassium (K) was extracted using the acetate salt of ammonium
(Hanway and Heidel, 1952). The availability of micronutrients
(iron, manganese, zinc, and copper) was determined using
diethylene triaminepenta acetic acid. Microbial biomass C was
measured with 45% extraction efficiency (Jenkinson and Powlson,
1976). Important nutrient-cycling enzymes, such as the activities
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TABLE 1 Relative evaluation of ecosystem services from di�erent grass covers in this study.

Type of ecosystem service Ecosystem services Soil functions Indicators

Provisioning Biomass production Grass productivity Dry matter yield

Regulating Climate regulation Carbon storage SOC concentration and carbon
accumulation proficiency

Purification of soil air Aeration Porosity

Supporting Nutrient cycling Nutrient supply capacity The concentration of available
nutrients

Microbial habitat provision Biological activity Soil enzyme activity

of β-D-glucosidase, urease, and alkali phosphatase, were assessed
(Dick, 2020).

2.6. Computation of indices of soil
functionality for understanding ecosystem
services

The pertinent ecosystem services and their indicator soil
parameters have been listed in Table 1. Soil functionality was
thought to be a function of nutrient supply capacity, carbon
accumulation proficiency, biomass output, and microbial activity.
It was calculated to determine the total potential of range grasses to
boost soil functions.

A biological activity index was computed by using a formula
(Ghosh et al., 2021).

BAI =
1

4

4∑

i= 1

Pi . . . , (1)

where Pi is the ratio of the activity of the ith enzyme in experimental
soils to that in fallow land. BAI is typically calculated as the
average of all enzyme activity responses in cultivated land over
fallow ground.

Nutrient supply capacity (NSC), a measure of nutrient
dynamics, was calculated (Baradwal et al., 2022).

NSC =
1

7

7∑

i=1

Ni... (2)

Ni is the proportion of the availability of ith nutrient in ALUS to
that in fallow.

Carbon accumulation proficiency (CAP), a measure of
ecosystem carbon sequestration, was calculated (Baradwal et al.,
2022).

CAP =
Cr

Cf
. . . (3)

Cr is SOC accumulation in restored land, and Cf is SOC
accumulation in fallow land. The biomass yield of grasses was
normalized using a Z-score.

Z =
x− u

€
. . . (4)

x is the biomass yield of grass, µ is the mean yield of grasses, and e
is the standard deviation of grass yield.

Soil functionality (SF) was estimated as (Baradwal et al., 2022).

SF = 10log (NSC×BAI×CAP×Z)
. . . (5)

2.7. Statistical analysis

The collected data were processed for variance analysis
(ANOVA) as applicable to one-way ANOVA to examine for
differences among the range grasses specified byGomez andGomez
(1984). Tukey’s honest significant difference test (P < 0.05) was
employed as a mean separation test. Node analysis was performed
to understand the contribution of each grass to specific ecosystem
services. The figures were created usingMSOffice Excel 2020–2021.

3. Results

3.1. Biomass productivity and root growth
of grasses

The TSH produced the highest fodder yield. It had ∼138, 87,
and 64% greater yields than SN, VZ, and HC. The yield of CC
and CF was similar. However, the yield of MM was ∼101, 58,
and 39% greater than that of SN, VZ, and HC, respectively. The
biomass productivity of SN was the lowest (Table 2). Important
qualities such as root length density (RLD) and root surface
density (RSD) were highest for Vetiveria zizanoides grass (64.71 cm
cm−3 and 8.59 cm2 cm−3, respectively), followed by Hetropogon

contortus and Chrysopogon fulvus grass. However, the root weight
density (RWD) was higher under TSH grass (117.01mg cm−3),
followed byMegathyrsus maximus grass (110.07mg cm−3), and the
lowest was observed in Cenchrus ciliaris (79.53mg cm−3), whereas
Megathyrsus maximus had the lowest RLD (39.73 cm cm−3), and
RSD (6.07 cm2 cm−3). Similarly, the highest number of root tips
was recorded for Megathyrsus maximus grass (9,115.25), followed
by Vetiveria zizanoides grass (6,944.50). The average root diameter
of different grasses varied from 0.30 to 0.46mm. The maximum
root diameter was recorded for Sehima nervosum grass (0.46mm),
followed by TSH grass (0.38mm) and Vetiveria zizanoides grass
(0.38mm) (Table 2). In the case of root volume, the highest root
volume (157.49 cm3) and root dry weight (23.07 g plant−1) were
observed for Megathyrsus maximus grass, while the lowest values
were with Heteropogon contortus and Cenchrus ciliaris grass.
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TABLE 2 Root morphological traits [root length density (RLD), root weight density (RWD), and root surface density (RSD)] and biomass productivity of

di�erent tropical perennial range grasses in semiarid India.

Grasses RLD
(cm cm−3)

Root dry
weight

(g plant−1)

RWD
(mg cm−3)

RSD
(cm2 cm−3)

Estimated
volume
(cm3)

Dry matter
production

(Mg ha−1)

#CC 45.23bc 10.55e 79.53d 6.67d 118.13e 7.76b

MM 39.73c 23.07a 110.07b 6.07e 157.49a 9.83ab

CF 47.52b 11.68d 83.72c 8.06b 124.91d 7.83b

HC 48.37b 9.47f 84.51c 7.40c 110.72f 7.09b

SN 41.88bc 11.57d 86.21c 7.32c 122.62d 4.88c

VZ 64.71a 19.43b 80.90d 8.59a 141.30b 6.21bc

TSH 45.50bc 15.46c 117.01a 6.70d 128.50c 11.65a

This means that similar lower-case letters within a column are not significantly different according to Tukey’s HSD test (p < 0.05).
#CC, Cenchrus ciliaris; MM,Megathyrsus maximus; CF, Chrysopogon fulvus; HC, Heteropogon contortus; SN, Sehima nervosum; VZ, Vetiveria zizanioides; TSH, tri-specific hybrid.

TABLE 3 Bulk density, porosity, soil moisture content, and penetration resistance of soil under di�erent tropical perennial range grasses at the surface

(SL; 0–15cm) and subsurface (SSL; 16–30cm) soil layers in semiarid India.

Grass Bulk density (Mg m−3) Porosity (%) Soil moisture (%) Penetration resistance (kPa)

SL SSL SL SSL SL SSL 0–30 cm

#CC 1.66cd 1.76c 37.44ab 33.40b 8.44b 7.83c 1004cd

MM 1.65d 1.87b 37.71ab 29.47bc 6.38c 6.37c 1102bc

CF 1.70c 1.81c 35.75b 31.75bc 11.51a 8.89b 1137b

HC 1.58e 1.63d 40.28a 38.54a 11.92a 10.78a 1132b

SN 1.66cd 1.80c 37.47ab 32.04ab 8.93b 8.15b 1072c

VZ 1.75b 1.79c 34.07bc 32.55ab 12.9a 11.86a 935d

TSH 1.55e 1.54e 30.13c 30.66bc 11.91a 11.65a 840d

F 1.88a 1.92a 28.87c 27.69c 5.51d 5.62d 1386a

This means that similar lower-case letters within a column are not significantly different according to Tukey’s HSD test (p < 0.05).
#CC, Cenchrus ciliaris; MM,Megathyrsus maximus; CF, Chrysopogon fulvus; HC, Heteropogon contortus; SN, Sehima nervosum; VZ, Vetiveria zizanioides; TSH, tri-specific hybrid; F, fallow.

3.2. Soil bulk density, porosity, moisture
content, and penetration resistance

The plots under VZ, HC, TSH, CF, SN, CC, and MM had
∼ 134, 116, 116, 108, 62, 53, and 15.78% higher soil moisture
than fallow land in the 0–15 cm soil surface. However, the VZ,
HC, TSH, CF, SN, CC, and MM had ∼ 111, 107, 91, 58, 45, 39,
and 13%, respectively, superior soil moisture as compared to fallow
land at the 16–30 cm soil layer, while the moisture of the MM plot
was comparable to the moisture of fallow land in both soil layers
(Table 3).

At the surface and subsurface soil, porosity increased by nearly
4–40% under grass cover. At the 0–15 cm layer, porosity under MM
and HC was ∼27 and 37% higher than TSH, whereas, at the 16–
30 cm layer, HC and TSH had ∼40 and 11% greater porosity than
fallow. At the 0–15 cm soil surface, the soil under HC had a 15%
lower bulk density than the fallow land (Table 3). However, at the
16–30 cm soil layer, HC, MM, SN, CC, and CF had∼16, 13, 12, 12,
and 10% lower soil bulk density than fallow land (Figure 2). The
plots under TSH, VZ, SN, CC, HC, MM, and CF had ∼39, 33, 23,
13, 11, 6, and 4% higher soil penetration resistance than fallow land
(Table 3).

3.3. Soil organic C and nutrient availability

Range grasses significantly improved the SOC status at both
soil layers over fallow land. The soil under TSH had ∼35, 19,
and 17% greater SOC than VZ, SN, and CF at the soil surface.
However, the soil under HC had ∼26, 10, and 8% greater SOC
than VZ, SN, and CF, respectively (Figure 2). At the 16–30 cm soil
layer, soils under all grasses had similar SOC, except MM. The
range grasses either depleted or improved the soil mineral N in
the surface layer. However, N under VZ and SN was depleted by
∼11 and 6%, respectively, compared to fallow land. However, the
N status under TSH, HC, and MM was maintained at the soil
surface. Interestingly, at the subsurface, TSH and SN improved
mineral N status by ∼33 and 24% over fallow. All other range
grasses except CC and VZ significantly improved the mineral N
status at the soil subsurface (Figure 2). Range grasses significantly
reduced the available P at the soil surface. The CF, HC, SN, VZ,
and TSH depleted P by ∼24, 42, 20, 60, and 26% over fallow.
At the 16–30 cm soil layer, CC, MM, CF, and TSH improved soil
P status by 73, 37, 11, and 9% over fallow. Soil P availability
declined by ∼35 and 16% under HC and SN over fallow. All
the range grasses depleted soil K remarkably over the fallow
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FIGURE 2

Nutrient availability in soil under di�erent tropical perennial range grasses in semiarid India. The error bars indicate the LSD value according to Tukey’s

HSD test (p < 0.05). CC, Cenchrus ciliaris; MM, Megathyrsus maximus; CF, Chrysopogon fulvus; HC, Heteropogon contortus; SN, Sehima nervosum;

VZ, Vetiveria zizanioides; TSH, tri-specific hybrid; F, fallow.

period. The VZ and TSH contributed to the highest depletion
of K at the surface and subsurface layers. The concentrations of
micronutrients (Fe, Mn, Zn, and Cu) were mostly improved by
range grasses at both soil layers, although a few trend breakers were
present (Figure 2).

3.4. Soil microbial activity

Soils under TSH, HC, VZ, MM, and CF had ∼130, 119, 90,
70, and 50% higher urease enzyme activity than fallow land in
a 0–15 cm soil layer. However, CC and SN had ∼30 and 29%
lower urease enzyme activity than fallow land in a 0–15 cm soil
layer (Figure 3). At the 16–30 cm soil layer, TSH, HC, and SN
had ∼93, 66, and 31% higher urease enzyme activity than fallow
land. However, CF, MM, CC, and VZ had ∼57, 50, 50, and 49%
lower urease enzyme activity than fallow land. Soils under VZ had

∼15% lower alkaline phosphatase enzyme activity than fallow land
in a 0–15 cm soil layer. However, MM had ∼22% lower alkaline
phosphatase activity than fallow land. The soils under HC, CF,
and MM had ∼192, 58, and 45%, respectively, more DHA enzyme
activity than fallow land in 0–15 cm soil layers. However, SN, VZ,
CC, and TSH had ∼80, 70, 44, and 42%, respectively, less DHA
enzyme activity than fallow land in a 0–15 cm soil layer. At a 16–
30 cm soil layer, CF had ∼45% higher DHA enzyme activity than
fallow land (Figure 3). However, CC, TSH, MM, SN, VZ, and HC
had ∼93, 91, 90, 60, 55, and 15%, respectively, lower DHA enzyme
activity than fallow land. In the 16–30 cm soil layer, TSH, SN, and
CF had ∼68, 57, and 34% higher β- glucosidase enzyme activity
than fallow land. However, MM, VZ, CC, and HC had ∼74, 58,
34, and 11% lower β-glucosidase enzyme activity than fallow land,
respectively. The soils under CF, HC, SN, MM, TSH, and CC had
∼173, 135, 63, 58, 22, and 5% higher β-glucosidase enzyme activity
than fallow land in 0–15 cm soil layer. However, VZ had ∼34%
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FIGURE 3

The activity of dehydrogenase (DHA; µg TPF g soil−1 24 h−1) alkaline phosphatase (ALP; µg PNP g soil−1 2 h−1), glucosidase (GLU; µg PNP g soil−1

h−1), and urease (µg NH+

4 g soil−1 2 h−1) in soil under di�erent tropical perennial range grasses in semiarid India. The error bars indicate the LSD value

according to Tukey’s HSD test (p < 0.05). CC, Cenchrus ciliaris; MM, Megathyrsus maximus; CF, Chrysopogon fulvus; HC, Heteropogon contortus;

SN, Sehima nervosum; VZ, Vetiveria zizanioides; TSH, tri-specific hybrid; F, fallow.

minimum β-glucosidase enzyme activity than fallow land in a 0–
15 cm soil layer. At the 16–30 cm soil layer, TSH, SN, and CF had
∼68, 57, and 34% higher β- glucosidase enzyme activity than fallow
land. However, MM, VZ, CC, and HC had ∼74, 58, 34, and 11%
lower β-glucosidase enzyme activity than fallow land (Figure 3).

3.5. Soil functions and their indices

In the surface soil (0–15 cm), carbon accumulation proficiency
(CAP) was found to be highest under the SN grass system, which
was statistically at par with the MM and HC grass systems. The
lowest CAP was found in the VZ-based system. CAP in the SN,
MM, and HC systems was ∼122, 117, and 107% higher than the
fallow (Table 4). In sub-surface soil (16–30 cm), CAP was found
to be highest under the CF-based system, which was statistically
at par with the HC, VZ, and SN-based systems. The lowest CAP
was found in the MM-based system. CAP in the CF, TSH, HC,
VZ, and SN-based systems was ∼91, 87, 107, 65, and 122%,
significantly higher than fallow (Table 4). In the surface soil (0–
15 cm), nutrient supply capacity (NSC) was found to be highest

in the VZ-based system. The lowest NSC was found in the CF-
based system, which was significantly NSC under VZ based system
was∼39% significantly higher than the CF-based system. TSH and
HC-based systems also showed∼24 and 19% higher NSC than CF-
based systems, respectively (Table 4). NSCwas found highest on the
CC-based system, followed by the VZ-based system in sub-surface
soil (16–30 cm). The lowest NSCwas found in the CF-based system.
CC and VZ-based systems show ∼43 and 27% higher NSC than
the CF-based system, respectively (Table 4). The biological activity
index (BAI) in surface soil (0–15 cm) was found to be highest in
the HC-based system, followed by the CF-based system, which
was statistically at par with the MM-based system. The VZ-based
system found the lowest BAI, which was statistically at par with the
CC and SN-based systems. The HC-based system showed ∼120%
higher BAI than the VZ-based system (Table 4).

In sub-surface soil (16–30 cm), BAI was found highest in the
TSH-based system, followed by the CF-based system. CC-based
systems showed the lowest BAI, which was statistically at par with
the MM-based systems. The TSH-based system showed ∼100%
higher BAI than the CC-based system. In the surface soil (0–15 cm),
soil functionality (SF) was found to be highest in the HC-based
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TABLE 4 Carbon accumulation proficiency (CAP), nutrient supply capacity (NSC), biological activity index (BAI), and soil functionality (SF) of soil under

di�erent tropical perennial range grasses at the surface (SL; 0–15cm) and subsurface (SSL; 16–30cm) soil layers in semiarid India.

SL SSL

CAP NSC BAI SF CAP NSC BAI SF

#CC 1.91bc 1.23cd 0.84d 15.19cd 2.37b 1.13a 0.68e 14.12b

MM 2.17ab 1.14d 1.21b 29.49ab 1.58c 0.81c 0.54e 6.74c

CF 1.91bc 1.10de 1.24b 20.47bc 2.73a 0.70d 1.14b 17.18b

HC 2.07ab 1.31bc 1.67a 32.29a 2.58ab 0.89c 1.00c 16.31b

SN 2.22a 1.15d 0.80d 9.99d 2.50ab 0.89c 0.80d 8.63c

VZ 1.65d 1.53a 0.76d 11.89d 2.54a 1.01b 0.73d 11.58bc

TSH 1.87c 1.36b 0.99c 29.32a 2.63a 0.86c 1.36a 36.00a

F 1.00e 1.00e 1.00c 1.00e 1.00d 1.00b 1.00c 1.00d

This means that similar lower-case letters within a column are not significantly different according to Tukey’s HSD test (p < 0.05).
#CC, Cenchrus ciliaris; MM,Megathyrsus maximus; CF, Chrysopogon fulvus; HC, Heteropogon contortus; SN, Sehima nervosum; VZ, Vetiveria zizanioides; TSH, tri-specific hybrid; F, fallow.

system. SF was found in the order: HC > TSH > MM > CF >

CC > VZ > SN > F. HC and TSH-based systems showed ∼ 223
and 193% higher SF over SN-based systems, respectively. SF was
found highest on the TSH-based system, followed by the CF-based
system in sub-surface soil (16–30 cm). The lowest SF was found in
the MM-based system. SF was found in the order TSH > CF > HC
> CC > VZ > SN > MM > F (Table 4).

4. Discussion

4.1. Tropical grasses could deplete
macronutrient status

The chemical and physical properties of the soil can be
significantly impacted by grass cover. The amount and type of
crop debris and organic materials that reach the soil also affect the
possible outcomes (Bakhshandeh et al., 2019; Paramesh et al., 2022).
The emphasis in this situation is on studying and evaluating the
condition of C and soil nutrients (as indicators of soil function) in
addition to the numerous physical and chemical features of the soil
(Kooch et al., 2019; Fan and Han, 2020). In actuality, changes in the
spatial distribution of environmental factors, such as land use and
management, microbial activity, and soil organic matter, affect soil
fertility conditions (Basso et al., 2000). Our findings demonstrated
that grass cover dramatically changed the nutritional condition of
the soil. Since grasses absorb nitrogen, grass cover did not increase
the N content, even though the C input from straw and grassroots
considerably enhanced SOC (Chamberlain Lucas et al., 2022). The
results of this study are consistent with those of de Oliveira et al.
(2015), who discovered that land use clearly affects the quality
and quantity of litter input, litter decomposition rates, and organic
matter stabilization processes in soils. As a result, land use and
the corresponding plant cover significantly alter the organic matter
content. However, there are a number of other potential causes
for the fall in soil P and K content under grass cover, including
soil erosion, nitrogen absorption by these grasses, nutrient leaching
during the wet season, etc. Increased micronutrient status under

grass cover may be caused by weak absorption and the creation of
strong bonds with organic materials.

To assess the state of ecosystems, one factor that may be taken
into account is soil nutrients (Kooch et al., 2019). The C-P and C-
N ratios in the current investigation revealed statistically superior
variations among the grasses, and it appears that their absolute
values were better able to capture the deterioration in soil quality.
Significant data indicates that soil enzymatic activity can be utilized
to indicate soil fertility and soil microbial activities. Soil enzyme
activities are particularly responsive to grass cover (Wang et al.,
2012; Parsapour et al., 2018; Ram et al., 2022). Wider C-N and C-
P ratios suggest that the decreased BAI values under CC, SN, and
VZ may result from severe food restriction. Several soil function
indicators in the current study showed considerable improvements,
whereas others showed significant declines. To sustain the soil
nutrient strategy on semiarid, degraded land, greater focus should
be placed on managing grasses. Although grass covers typically
receive favorable responses, range grasses appear to require a
fertilizing approach to enhance soil conditions.

4.2. Grasses strengthen the linkage
between soil functions and ecosystem
services

4.2.1. Climate regulation through carbon
preservation

The CAP parameter investigates how grass cover may affect
carbon flows, retention, and sequestration. The CAP provides a
signal for C cycles, flows, and the systems’ relative operational
supremacy (Ghosh et al., 2021). The capacity of the grass cover
to store and transport atmospheric carbon and produce biomass,
among other things, enhanced CAP (Sainepo et al., 2018). The
technology of grass cover had a more protected SOC than fallow
land because of the comparatively high CAP ratings. In semiarid
India, this research discovered that TSH andMM are viable choices
for conserving or recovering SOC contents (Figure 4).
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FIGURE 4

Node analysis plot depicting the contribution of di�erent grasses toward soil functional indicators and their linkage to ecosystem services. The width

of the lines indicates the strength of the linkage. CAP, Carbon accumulation proficiency; NSC, nutrient supply capacity; BAI, biological activity index;

SF, soil functionality; BP, biomass productivity. CC, Cenchrus ciliaris; MM, Megathyrsus maximus; CF, Chrysopogon fulvus; HC, Heteropogon

contortus; SN, Sehima nervosum; VZ, Vetiveria zizanioides; TSH, tri-specific hybrid; F, fallow.

4.2.2. Microbial activity and nutrient supply
capacity

The ongoing supply of nutrients provided by live roots is
beneficial to microbial cells. In contrast to fallow, CC, VZ, and
SN, this may have increased BAI in MM and HC and maintained
BAI under TSH (Guyonnet et al., 2018). The capacity to thrive
in poor soil conditions, thick, deep networks of fine roots, and
faster biomass development are just a few of the traits that assist
in boosting biological activity under MM, HC, and TSH (Hu et al.,
2021). By possibly increasing biomass productivity, these grasses
help maintain soil biological activity, biodiversity, and ecosystem
processes (Ghosh et al., 2021). The NSC parameter also evaluates
the dynamics of nutrients in agroecosystems. Crop yields are
increased due to the mineralization and decomposition of litter
under grass cover (Figure 4). Nutrient deposition from leaves and
rain may supplement litter decomposition, which is the main
source of nutrients.

Moreover, the observed increases in NSC levels may result
from a decrease in the distribution of nutrients out of the systems
due to limited leaching in tree rows brought on by the impact of
sheltering (Alva et al., 1999). Furthermore, the observed increase
in SOC beneath the grass cover may result in a greater CEC and

a consequent rise in the aptitude to retain nutrients (Lehmann,
2007; Bambrick et al., 2010). The nutrient outflow has been seen
to have an impact on cations, particularly K+, in soil profiles
(Jobbágy and Jackson, 2004). Litter deposit and breakdown are
crucial to preserving NSC, particularly in less naturally fertile soils
used for raising grasses. These processes are regulated by fauna,
soil temperature, and management options (de Freitas et al., 2018;
Ghosh et al., 2020).

4.2.3. Biomass productivity and soil airflow
The higher SOC content and root development may be

related to the higher soil porosity under all grass cover compared
to fallow. As a result, during the crucial low flow phase,
soil water status and the ongoing river water flow to the
soil profile are maintained. In the end, the deteriorated soil
produced a sizable quantity of biomass due to the NSC and
CAP (Figure 4). The production of plant biomass (fodder) serves
as the foundation for ecosystem services connected to animal
production. The productivity of grasses was lower than the stated
yield, even though fodder production fluctuates with soil nutrients
and moisture.
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5. Conclusions

Soil functionality indicators, which frequently highlight the
traits of soil ecology and fertility, offer important insights into
ecosystem services. Functionality indicators in the soil can be
considerably impacted by the type of grass. The habitats of semiarid
areas, which are frequently situated in vulnerable locations, are
particularly significant in this regard. Based on this, the current
study examined how seven grasses affected the physical, chemical,
and biological characteristics of the soil. According to our research,
unmanaged grass coverings decreased soil nutrients, including N,
P, and K, even if they increased SOC.

Nonetheless, regardless of the grass type, they could maintain
their micronutrient status. Long-term grass growth led to the
emergence of soil organisms that are better suited to cycling
nutrients. In addition, more plant residuals entered the soil
in the long term. Accordingly, grasses boosted soil functions
such as green forage productivity, nutrient cycling capacity,
carbon accumulation, and water and airflow compared to fallow.
These functions of soil augment ecosystem services like climate
regulation, biomass production, nutrient recycling, and water
and airflow. In the long run, soil functionality under TSH and
Heteropogon increased significantly in semiarid regions. In general,
more attention should be paid to the management of inputs, such
as nutrients, water, and manure, for greater ecosystem services.
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