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Development of bamboo-
(Bambusa bambos) based
bio-fence to protect field crops:
Insights from a study in India’s
Bundelkhand region
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Darshan Manikrao Kadam, Lakhan Lal Ahirwar,
Anil Kumar Dohare and Gautam Singh

Indian Council of Agricultural Research — Indian Institute of Soil and Water Conservation, Research
Center, Datia, Madhya Pradesh, India

Stray/wild animals can cause serious damages to crops, leading to accusations
and counter accusations among villagers. In the Bundelkhand region of India,
this problem is more severe due to “Anna Pratha,” that is, letting loose animals
to open graze. Protective measures employed by farmers (barbed wire fencing,
conventional fencing, etc.) are not fully effective and also require periodical
maintenance, which involves additional costs and manpower. This necessitates
the evolution of a cost-effective and long-term solution to minimize the
problem. The current study seeks to evaluate the potential of thorny bamboo
(Bambusa bambos) as a bio-fence creating deterrence to stray/wild animals
at the ICAR—IISWC RC, the research farm of Datia, Madhya Pradesh, India.
After 21 months of planting, bamboo plants attained the maximum plant
height up to 4.47m with the highest clump spread diameter of 30.50cm.
However, the growth of the bamboo bio-fence to be effective depends on
the edaphic and management conditions. The findings revealed that planting
bamboo at a distance of 80.00 cm in the continuous trench can be an effective
bio-fence to avoid man—animal conflict. Huge crop losses were reported
before the establishment of a bio-fence. In 2021-2022 (when bamboo plants
turned into a closely spaced thicket, making a bio-fence), only two incidents
of the invasion of animals were reported with no crop damage. The initial
cost to develop a bamboo bio-fence was estimated at INR 5,796 for a length
of 100 m. Therefore, the present study suggests that bamboo bio-fencing
is an economical and effective crop protection measure against damage by
wild/stray animals.

bamboo, bio-fencing, Bundelkhand region, crop protection, wild/stray animals
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Highlights

- This the
of bamboo-based bio-fence to protect crops from

study involved systematic  development
wild/stray animals.

- Closely spaced planting was found to be beneficial for the
development of a bio-fence.

- Bamboo-based bio-fence reduced the events of animal
intrusion into a cropped field, and thus preventing

crop loss.

Introduction

Lately, the increase in stray cattle and wild animals,
especially the blue cow, has devastated field crops across the
country (India). Sometimes, farmers resort to suicide due to
the complete devastation of crops. This menace also gives
sleepless nights to farmers, resulting in drudgery and ultimately
stress. In the rural areas of India, farmers mostly take care of
animals to save their crops. According to the 2019 livestock
census report, the total stray animal population in India was
5.02 million (GOI, 2019). Crop damage/losses by wild or stray
animals is estimated at 25-60% and in many cases may be up
to 100% (HDR, 2012; Goel and Sharma, 2021). In the Indian
state Madhya Pradesh, ~2,122 events of crop-raiding occur
every month with some degree of variations rendering to crop
seasons. The most damaged crops are corn (73.68% responses),
wheat (44.74% responses), and gram (36.84% responses), as
reported by ABVIGGPA (2021). This problem of stray and
wild animals is even more intense in the Bundelkhand region
of the country due to the practice of “Anna Pratha.” The
Bundelkhand region is situated in the northern part of central
India, spreading over a total geographical area of 7,078.80
thousand ha, including seven districts from each of the states
Uttar Pradesh and Madhya Pradesh. Approximately 60% of
the total area of the Bundelkhand region is cultivable while
the rest is covered by other land uses with a forest cover of
20.00% (DACFW, 2019). The region is known for peculiarities
like extreme weather situations, undulating topography with
shallow red soils, low soil organic carbon, low soil moisture
holding capacity, threatened groundwater resources, erratic
rainfall, high soil erosion, and frequent crop failures due to
droughts (Gupta et al., 2014; Singh et al., 2014; Dogra, 2015;
Tewari et al.,, 2016; Kumar et al., 2021). Livelihood security in
the region is adversely affected by biotic pressure on forest and
community land, resulting in decreased vegetation cover, fodder,
and fuelwood availability (Dev et al., 2016, 2018, 2020), which
has further increased the incidence of human-animal conflict.
According to Mekonen (2020), the major causes of human-
animal conflict are agricultural expansion, human settlement,
overgrazing, and deforestation. Farmlands near forest areas are
more prone to crop raiding by wild animals, which not only
impacts the security of farmers’ livelihood but also jeopardizes
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the wildlife conservation. Forest animals, especially the blue
cow (Boselaphus tragocamelus), wild boar (Sus scrofa), etc. enter
nearby cropped fields in search of food and damage the crops by
eating or trampling by foot. Crop damage concerning yield, as
well as economic loss from different kinds of wild animals, has
been recited from different parts of India and other countries
(Rao et al., 2002; Hariohay and Reskaft, 2015; Hua et al., 2016;
Govind and Jayson, 2018; Can-Herndndez et al., 2019; McKee
et al.,, 2020; Nair and Jayson, 2021; Raphela and Pillay, 2021). To
reduce yield and economic losses, farmers apply a wide range
of protection measures including fencing, manual guarding,
trenches, and other devices. According to reports (ABVIGGPA,
2021), night watching is maximally practiced as a protective
measure (73.70% respondents) followed by firecrackers (63.20%
respondents) and fencing (42.10% respondents) with fencing
reported to be most effective. Barbed wire fencing, chain-
link fencing, and solar-powered fencing are some effective
measures to cope with the problem; however they are very costly
and require continuous maintenance that poor farmers cannot
afford. The majority of farmers construct traditional fences using
thorny branches and wooden poles cut from neighboring forests.
This is a labor-intensive practice involving family members
as the practice also requires maintenance about two to three
times every year causing considerable damage to the forest.
Bio-fencing, also referred to live-fencing, is a cheap and long-
lasting alternative to different kinds of mechanical fencing.
Bio-fences are the lines of bushes or trees that are planted
closely spaced at field boundaries to provide crop protection
against wild/stray animals. In addition to crop protection, bio-
fences also act as windbreaks, control soil erosion, enrich
the soil, function as carbon sinks, and improve microclimatic
conditions (Raich and Tufekcioglu, 2000; Albrecht and Kandji,
2003; Villanueva-Lopez et al., 2016). Bio-fencing can also help in
recovering forest cover and conserving the animal in its natural
environment (Vadeo et al., 2018). Bio-fencing is expected to
recover forest cover and conserve the animal in situ environment
(Vadeo et al,, 2018). As evidenced by several documents, bio-
fencing has a great conservation perspective: they prevent
land degradation, influence animal movement, and maintain
biodiversity. They also provide ecological habitats and refuge
areas for plants, insects, and birds and can form collaborations
with other management systems (Pedraza et al., 2022). However,
the use of bio-fences around croplands is not common due
to many reasons. Bamboo is identically the most versatile
and fastest growing plant on earth (Kleinhenz et al., 2003;
Chauhan and Kumar, 2005). As a significant forest resource in
many countries, bamboo is an exceptional substitute for wood
products with several foods and nonfood uses, which has led
to an increase in the area under bamboo cultivation globally
(Xu et al., 2020). In India, bamboo grows in an area of ~15.70
million ha (Dev et al., 2020). With several multifunctional
applications, bamboo has a very high potential to boost farm
income and provides a large number of ecosystem services
like soil erosion control, climate change, carbon sequestration,
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FIGURE 1

Location map of study (A) and layout plan of bamboo bio-fence around the study block (B).
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water recharge, biodiversity conservation, slope stabilization,
and natural resource conservation (Varmah and Bahadur, 1980;
Lawler, 1993; Yanhui and Yongmin, 1995; Pande et al., 2017; Dev
et al., 2020; Kaushal et al., 2020, 2021; Patra et al., 2021; Rathour
etal., 2022). The government of India has decided to bring about
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0.10 million ha area under bamboo plantations in farmlands,
degraded lands and forests to promote the bamboo sector, create
livelihood opportunities, and meet industrial demands (Kaushal
et al., 2021). Due to its hasty biomass gathering, bamboo has
a high carbon sequestration potential (6-13 Mg ha~! year™!)
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FIGURE 2

Meteorological data recorded in the study location from July 2020 to March 2022.
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with a net primary productivity of 12-26 Mg ha—! year—! (Nath
et al,, 2015). This capacity of bamboo makes it a permanent
carbon stock that continues to grow even with selective felling.
Keerthika and Chavan (2022) referred that fully grown bamboo
produces 300kg of oxygen per year. The bamboo species
Bambusa bambos grows naturally in the soil and environmental
conditions of the Bundelkhand region. This species of bamboo
can serve very well for the purpose of bio-fencing due to its
fast-growing nature, dense thickets, and the presence of very
strong and large thorns, which makes it very suitable to prevent
animals from entering into the cropped fields. However, there
is no systematic study available in the literature including the
package of practices to follow to develop an effective bio-fence
unit in a short time and this is one of the reasons for less
popularity of bio-fencing among farmers. The idea of a bamboo
bio-fence was necessitated due to the failure of the barbed wire-
cum-thorny twigs fence and night watching to protect crop
damages/losses due to grazing by stray cattle and blue cow in the
research farm.

As mentioned above, a study on the development of
a bio-fence using B. bambos was framed in one of the
blocks of the Research Farm, ICAR—IISWC RC, Datia,
Madhya Pradesh, India with the following objectives: (i)
to test the growth performance of B. bambos as a bio-
fence and (ii) to examine the effectiveness of closely spaced
planting of B. bambos as a bio-fence. This study hypothesized
that closely spaced planting of thorny B. bambos will
form a line/fence of the dense thicket in a relatively
short time and prevent animals from entering into the
cropped fields.
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Materials and methods

Study location

The present hypothesis was piloted at the Shankarji block
of the research farm of the Indian Council of Agricultural
Research—Indian Institute of Soil and Water Conservation
Research Centre (ICAR-IISWC RC), Datia, Madhya Pradesh,
India located at 25° 42 N latitude, 78° 26 E longitude with
229m elevation from the mean sea level (Figure 1A). Two
different types of soils are present in the block: (i) red, coarse-
textured gravelly soils and (ii) blackish-brown fine-textured
loamy soils. In general, the Bundelkhand region is a hot and
semiarid region with an extreme range of temperature from
1.00°C during the winter to more than 40.00°C during the
summer. May and June are the hottest months. The distribution
of rainfall is highly uneven with more than 85.00% of the
total rainfall received from June to September. The average
annual rainfall of the region is about 860 mm, and the most
amount of this rainfall is lost through runoft (HDR, 2012). Some
amount of showers are also received during winters. Drought-
like conditions are very common during peak summers. The
temperature and rainfall recorded during the study period are
shown in Figure 2.

Scheme of testing hypothesis

The scheme of testing hypothesis is illustrated in Figure 1B.
The Shankarji block of the institute research farm was selected
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TABLE 1 Treatments/scenario details include general physicochemical characteristics of soils as a part of treatment/scenario.

Conditions Scenario 1

Planting location/condition Uncultivated shallow soils at the base of
a hill under continuous shade of
Anogeissus pendula

Trench formed for bamboo plantation No trench formed
Plantation spacing between two plants 0.80 m
Soil characteristics
Classification Lithic Ustorthents
Characteristics Red, coarse textured gravelly upland
soils with high infiltration rate and poor

water holding capacity

Sand (%) 66.0-72.0
Silt (%) 18.0-22.0
Clay (%) 10.0-12.0
pH 7.60-8.00
EC (dSm™!) 0.10-0.17
Organic Carbon (%) 0.26-0.28
Available N (kg ha™!) 160-230

Available P (kg ha™!) 7.00-10.0
Available K (kg ha™!) 200-300

Field capacity (%) 13.0-15.0
Permanent wilting point (%) 4.00-6.00

for this study due to an intensive problem of crop damage
by wild/stray animals. One side of the Shankarji block is
covered by a boundary wall, while the remaining sides were
covered with conventional fencing arrangements, which were
insufficient to prevent the invasion of animals. On the sides that
have conventional fencing arrangements, one side is covered
by a hill and dense forest of Anogeissus pendula trees, while
the remaining sides are covered by a small seasonal rivulet
and are the main sides for the entry of animals into the
cropped block. The overall length of these sides is roughly
1,500 m, necessitating the construction of a fence around the
block. These sides of the block varied in soil conditions as
well as the density and types of trees/plants growing along
with the border bund of block. It is common to observe some
kind of plants/trees growing naturally along with field bunds,
which were taken into account to note the growth of bamboo
plants under such varying conditions. This assists to evaluate
the suitability of bamboo plants for the development of a
bio-fence in a short period. Considering the aforementioned
variations, the total distance to be covered with bio-fencing was
divided into three different situations called “scenarios.” The
length of each scenario ranges from 400 to 550 m. Treatments,
planting conditions, and soil characteristics are given in detail
in Table 1. Scenario 1 (S1) had red shallow soils with very
low water holding capacity. The borderline of the block with
scenario 1 was under continuous shade from A. pendula plants.
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Scenario 2 Scenario 3

Cultivable fallow fields under dispersed ~ Cultivated fields under dispersed mixed
mixed tree vegetation on the border

bund

tree vegetation on the border bund

Trench was formed

0.80 m

Vertic Ustochrepts, Typic Ustochrepts
Black-brown, fine textured-loamy medium to lowland soils with moderate

infiltration and water holding capacity

44.0-46.0
28.0-31.0
24.0-26.0
7.40-7.50
0.15-0.28
0.36-0.38
201-270
13.0-18.0
450-500
15.0-18.0
5.00-7.00

Scenario 2 (S2) had cultivable fallow lands with dispersed
mixed tree vegetation on the border, whereas scenario 3 (S3)
featured cultivated fields with dispersed mixed tree vegetation
on the border. The soil properties of both scenarios 2 and 3
were uniform.

Planting procedure to create bamboo
bio-fence

Step 1: Development of traditional fence

Although bamboo plants are browsable, but they escape
browsing damage with their fast-growing attribute. However,
a cost-effective physical barrier is necessary to prevent initial
grazing damage to planted bio-fencing saplings. With this
objective, a traditional fence was developed along with the
proposed bio-fencing line area. Branches of thorny bushes
and thorny plants were looped from the nearby forest area,
and a fence was established from the looped thorny branches
using wooden poles (Figure 3A). This is a common practice
followed by farmers in the area to protect their crops from
wild/stray animals. However, this fencing is temporary with
a restricted shelf-life (<6 months). For a better shelf-life, it
requires periodical maintenance. Protection of bamboo plants
planted as bio-fence for initial six months will escape browsing
them by the stray/wild animals.
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FIGURE 3

members of research team.

Steps taken to develop bamboo-based bio-fence; (A): the formation of conventional fence using the thorny branches of local available
vegetation; (B): the preparation of a trench using MB plough; (C): digging of small pits using tractor-mounted digger; (D): application of farm
yard manure (FYM) in pits; (E): planting material used; (F): planted saplings; (G): application of water just after plantation; (H): water conservation
in a trench during rains; (1): periodical weeding, inter-cultivation, and irrigation; (3): new culm arising in a 4-month-old plant; (K): in a 9-
month-old plants; (L): in 15-month-old plants in the shape able to prevent animal trespassing. Humans appearing in the pictures are the

Step 2: Opening of trenches, digging and filling
of pits

A trench was opened with the help of a tractor-mounted
Moldboard (MB) plough (Figure 3B) at the line marked for
bio-fencing. The depth of a trench was around 30 cm with a
width of 45cm. The trench was opened for scenarios 2 and
3 only because the use of the MB plough was not possible in
scenario 1. The purpose of the trench was to ease irrigation
during the plant growth phase and to conserve rainwater.
Later during the rains, the trench conserved enough amount
of water (Figure 3H). After opening the trench, small pits
(30 cm diameter x 30 cm depth) were dug inside the trench for
scenarios 2 and 3 (Figure 3C), while, for scenario 1, the pits were
dug at marked points. The distance between the two consecutive
pits was kept at 0.80 m. Each pit was filled with 2.50kg of
well-rotten farm yard manure (FYM) and properly mixed with
soil (Figure 3D).

Step 3: Plantation and aftercare
Eight-month-old  Bambusa
were procured from

bamoos polybag plants
the Social Forestry Division of

Forest Department, Bhuta Nursery, Datia (Figure 3E) and
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|Scenario B s1Es2[] sa|

EN

N

Plant height (m)

n=30

Scenario

FIGURE 4

Plant height of bamboo in different planting scenarios. Error
bars representing the standard deviation (SD); bars with the
similar letter do not differ significantly with each other. S1:
Scenario 1; S2: Scenario 2; S3: Scenario 3, a and b: letters to
represent a significant difference; m: meter, n: sample size. The
least significant difference (LSD) test was used in the context of
the analysis of variance (ANOVA), to test whether the difference
between the population means is significant or not.

appropriately planted in the pre-prepared pits. Plantation
was done during the 1st week of July 2020 (Figure 3F).
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difference between the population means is significant or not.

Clump spread diameter vs. the number of culms clump~! where the size of the point representing the clump spread diameter (A), Average no.
of culms per clump (B) and clump spread diameter (C) of bamboo in different planting scenarios. Error bars representing the SD; bars with the
similar letter do not differ significantly with each other. S1, Scenario 1; S2, Scenario 2; S3, Scenario 3; a, b and c, letters to represent significant
difference; cm, centimeter; n, sample size; CSD, clump spread diameter. The LSD test was used in the context of the ANOVA, to test whether the

Scenario

After planting, water was immediately applied to the plants
(Figure 3G). The first watering was done using the water
tanker mounted on a tractor. Subsequent irrigations were
applied by the furrow method in the trench. In scenario 1,
an irrigation channel was formed after planting with the
help of a spade and irrigation water was applied through this
channel (Figure 3I). The interval between the two consecutive
irrigations was 7 days during the summer season and 15
days during the winter months. Irrigation was generally not
required during the rainy season. A total of four weedings
and intercultural operations were performed to keep weeds
away from the planting area and to conserve soil moisture. As
bamboo is a hardy plant, no special care was required after
planting other than irrigation, apart from some weeding and
intercultural operations. After a period of 15 months plants
were converted into the shape of thickets (Figures 3]-L).
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Observations on bamboo plants

The growth parameters of bamboo, namely, plant height,
clump spread diameter, number of culms per clump, length and
diameter of the first, third, fifth, and seventh internode, and
the gap between the two consecutive clumps, were recorded
in March 2022 (21 months after planting). All these growth
parameters were recorded following the procedure described by
Kaushal et al. (2018) and Dev et al. (2020). For the observations,
30 plants were randomly selected from each scenario. Plant
height was measured using a handy portable scale and staff
gauge. The diameter of clump spread was measured using
a vernier caliper. The number of culms was calculated from
each selected plant. The average of each study parameter was
calculated using the data obtained from these randomly selected
plants. To collect data on internodes, three culms were randomly
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FIGURE 6
Internode diameter (A) and internode length (B) of bamboo under different planting scenarios. Error bars representing the SD; bars with the
similar letter within a scenario do not differ significantly with each other. S1, Scenario 1; S2, Scenario 2; S3, Scenario 3; a and b, letters to
represent a significant difference; mm, millimeter; cm, centimeter; n, sample size. The LSD test was used in the context of the ANOVA, to test
whether the difference between the population means is significant or not.

selected from each selected plant and the average length and
diameter for the first, third, fifth, and seventh internodes were
recorded. The length and diameter of internode were measured
using a measuring tape and digital vernier caliper (manufacturer
address), respectively. The average gap between the two clumps
was noted using a tape measure of randomly selected 15 spots in
each scenario.

Recording data on animal entry and crop
loss

Field crops were cultivated in the study block during the
rabi (winter) season of each year before and after planting
the bamboo bio-fence. Night watching, as well as traditional
fencing, was the measure to prevent animals from damaging
the crops prior to establishing the bamboo bio-fence. After July
2020, bio-fencing was an additional feature added to protect
crops from wild/stray animals. Crops cultivated in the block
in 2019-2020, 2020-2021, and 2021-2022 were wheat, barley,

Frontiersin Ecology and Evolution

08

mustard, and taramira, respectively. Crops were cultivated
following the standard package of practices described by ICAR
(2013). After sowing the crop, a supervisor visited the study
block on a daily basis to examine the invasion of animals
and crop damage in the block and along the borders. Any
physical entry or signs or footmarks of the intrusion of animals
as well as crop damage were recorded by the supervisor or
the person engaged in night watching. The entry of animals
was identified by footmarks in case of reporting of their
invasion and damage in the next morning. Damaged crop area
was measured and recorded in square meter for individual
plots/crops. The total damaged crop area was summed up for
individual crops at the end of crop season every year. Based
on the total crop area damaged by animals, financial losses
in terms of Indian National Rupee (INR) were calculated. In
2019-2020, there was complete crop damage. In this case,
financial losses were calculated using the average yield of a
particular crop for the region, market price, and total damaged
area. Financial losses during 2021-2022 (observed a partial
crop damage) were calculated using the reference yield of a
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FIGURE 7

A gap between the two consecutive bamboo clumps under
different planting scenarios. Error bars representing the SD; bars
with the similar letter do not differ significantly with each other.
S1, Scenario 1; S2, Scenario 2; S3, Scenario 3; a, b, and ¢, letters
to represent a significant difference; cm, centimeter; n, sample
size. The LSD test was used in the context of the ANOVA, to test
whether the difference between the population means is
significant or not.

particular crop, the minimum support price for crops, and
the total damaged area. The yield of a particular crop from
the plots with no damage was used as the reference yield for
this purpose.

Cost of a bamboo bio-fence

The cost of a bamboo bio-fence for the initial 21 months
was calculated based on the inputs used in different scenarios.
The cost of developing a bamboo bio-fence was projected
considering market/prevailing rates for various works and
inputs, such as plants, machinery rate per hour, daily labor
wages, and prices of other inputs. The cost was projected for a
1,500-m length.

Statistical analysis

Statistical analysis of the recorded data on bamboo growth
was conducted with the ease of one-way analysis of variance
(ANOVA). To test and interpret the scenario effect, the
least significant difference (LSD) test at the 5.00% level of
significance (p < 0.05) was performed (Gomez and Gomez,
1984). The software R Studio program was used to conduct
all kinds of statistical analyses relevant to this study. The
graphs were prepared using the ggplot2 package in the R
Studio program.
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Results

Growth parameters of bamboo

Data on bamboo growth parameters, namely, plant height,

1 internode

clump spread diameter, number of culms clump™
length, and internode diameter, were recorded and analyzed
to study the development of thickets formed by closely spaced
bamboo plants in bio-fencing lines under different planting
scenarios. The data revealed that after 21 months of planting,
scenario 3 had the highest plant height (4.47 m) closely followed
by scenario 2 (4.25m). Scenario 1 recorded the significantly
lowest plant height (2.66 m). Statistically, scenarios 2 and 3 did
not differ significantly from each other in terms of plant height

(Figure 4). Data on the number of culms clump_1

and the clump
spread diameter are graphically represented in Figure 5A, where
the size of bubble represents the clump spread diameter for the
individual clump under study. It is clear that scenario 1 has the
total number of culms clump~! in the range of 4.00-10.00, while
the number of culms clump ™! for scenarios 2 and 3 were in the
range of 6.00-17.00 and 7.00-15.00, respectively. Statistically,
scenario 3 reported the significantly highest value for the average
number of culms clump™! (11.13), which differed significantly
from scenarios 2 (9.86) and 1 (5.93), as shown in Figure 5B.
In case of the clump spread diameter, scenario 2 recorded a
significantly higher clump spread diameter (30.50 cm), but did
not differ significantly from scenario 3, which recorded the
clump spread diameter of 27.70 cm. Scenario 1 recorded the
significantly lowest clump spread diameter (Figure 5C). Data on
the diameter and length of the first, third, fifth, and seventh
internodes revealed that lower internodes had a higher diameter
value than upper internodes. Conversely, the length of the
lower internodes was less as compared to upper internodes
irrespective of the scenario (Figures 6A,B). The diameter of
all internodes (first, third, fifth, and seventh) was significantly
higher in scenario 3, which did not differ from scenario 2.
Scenario 1 had a significantly lower value for internode diameter
for all the internodes studied (Istfirst, 3rdthird, 5thfifth, and
7th seventh). The diameter of the first, third, fifth, and seventh
internodes in scenario 3 was 26.34, 23.19, 20.49, and 17.14 mm,
respectively. Similar trends were observed for the internode
length of the first, fifth, and seventh internode, where the
internode length was significantly higher in scenario 3 with no
significant differences from scenario 2. Different scenarios did
not differ significantly from each other in terms of the values
recorded for the internode length of the third internode. The
length of the lower internode was much smaller than that of
the upper internode within the same plant; however, the length
of internodes of a similar sequence among different scenarios
was largely analogous, ranging from 8.43 to 10.58 cm for the first
internode and 19.44-21.64 cm for the seventh internode.
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TABLE 2 Total events of the invasion of wild/stray animals reported into crop plots of the study block, estimated crop damage area, estimated yield
loss, and estimated economic loss value due to stray/wild animals grazing in rabi season crops in different years (all three scenarios are taken as the

whole bio-fence unit).

Year/particulars  Total events  Plot No Animal Crop Estimated crop Estimated  Estimated loss
recorded for damage by stray  total yield  value (US$")
stray/wild animals loss (q)
animal’s (area m?)
intrusion Crops Total

Year 2019-20 10 21 & 26 Cow Barley 15,000 30 638 2,913
(October 2019 to
April 2020)

14, 20, 29, 30 Cow, Blue Wheat 40,250 78.12 2,275

27,35 35A, 36, cow, Wild

31, 32,24 and Boar

25
Bamboo
live/bio-fencing was
initiated during July
2020
Year 2020-21 03 35A, 35B, Cow, Blue Mustard 6,800 591 371 371
(October 2020 to 36,26, 20 and cow, Wild
April 2021) 14 Boar
Year 2021-22 02 No crop A few wild Wheat, 00 00 00 00
(October 2021 to damage was boars with no Barley
April 2022) reported in damage and

any plot reported in Taramira

crops

"US dollars.

Exchange rate 1 INR = US$ 0.0133 and 0.0135 as on date 30 April 2020 and 2021, respectively.

Average gap between two consecutive
bamboo clumps

In view of developing a biological wall using bamboo
plants to prevent the invasion of animals into the cropped
fields, the average gap between the two consecutive clumps
was recorded (Figure 7). A significantly lower (36.66 cm) and
higher (63.93 cm) gap between the two consecutive clumps was
observed in scenarios 2 and 1, respectively. The gap between the
two consecutive clumps in scenario 3 was 45.40 cm.

Intrusion of animals and crop loss

Data pertaining to the intrusion of animals and crop
losses are presented in Table 2. Crops were sown during the
rabi (winter) season of each year. In 2019-2020, barley and
wheat crops were sown in different plots of the block. The
crop protection measures adopted were traditional fencing
(a fence with looped thorny branches and wooden poles)

Frontiersin Ecology and Evolution

and night watching. In 2019-2020, a total of 10 animal
intrusion events were reported in the cropped fields of the
block. Flocks of animals mostly crossed traditional fencing
arrangements (Figure 8A) to graze crops. Stray cows, blue
cows, and wild boars were the animals whose invasion was
reported in the block. In 2019-2020, heavy crop damage was
reported where 15,000 m? area for barley and 40,250 m? area
for wheat crop were totally damaged by wild/stray animals
with an estimated yield loss of 30.00 and 78.12 q for barley
and wheat, respectively, leading to a total financial loss of
US$ 2193. The bamboo bio-fence plan was initiated in July
2020, and the mustard crop was sown for the rabi season
of 2020-2021. In these years, a total of three events (stray
cows, blue cows, and wild boars) of the entry of animals
into the block were reported with a total of 6,800 m? of
grazed/damaged crop area, 591 q of yield loss, and a total
financial loss of US$ 371. These losses were smaller compared
to the losses that occurred in the previous year. In 2021-2022,
no losses were observed (Figures 8C,D) in terms of crop yield
and finance.
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FIGURE 8

Pictorial view of the herd of stray animals roaming in plot no. Twenty of the study block during August 2019 (A), heavy grazing damage to wheat
crop in plot no. 20 of the study block during February 2020 (B), good wheat crop standing in plot no. 20 of the study block during March 2022
(C) and good barley crop on the maturity stage in plot no. 24 of the study block during March 2022 (D).

Initial cost to develop a bio-fence

Data/details pertaining to the cost incurred in the
development of a bamboo bio-fence are provided in Table 3.
The initial cost (from preparatory works to 21 months after
planting) to develop a bamboo bio-fence with a plant-to-plant
spacing of 0.8 m was estimated at US$ 1147.57 for 1,500 m and
US$ 76.52 for a length of 100 m.

Discussion

Growth parameters of bamboo

The better growth performance of bamboo plants planted
for bio-fencing development in scenarios 2 and 3 might be
attributed to better soil conditions (texture, depth, nutritional
status, and water holding capacity), the formation of a trench for
planting and less shade in comparison to scenario 1. The effect
of soil behavior, especially texture and soil moisture, on forest
variables is also explained by Pena-Claros et al. (2012). Soil type
is also another important factor considering its influence on soil
moisture and nutrient availability for plants (Potts et al., 2002;
Phillips et al., 2003). In our study, soil type in scenario 1 was
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a coarse-textured, red soil with low water-holding capacity, low
field capacity, and permanent wilting point compared to soils
in scenarios 2 and 3 that had black-brown fine-textured soils.
The authors opined that the shallow soil depth of scenario 1
may be contributing to the slower growth of bamboo plants as
soil depth can greatly affect the growth of plants growing in
the soil. Generally, deeper soils can provide more water and
nutrients to plants compared to light soils (Rajakaruna and
Boyd, 2019). Tall woody plants, such as shrubs and trees, rely
more on soil depth for mechanical support. However, studies
explaining the influence of edaphic factors on bamboo growth
are still insufficient. Bamboo is known for its survival in various
soil conditions, whether it is grown naturally or planted, but
can sometimes be affected by light intensity. Some particular
species of bamboo are also influenced by soil conditions (Sofiah
et al., 2018). Estrada-Villegas et al. (2020) reported that tree
biomass accumulation was significantly affected by soil fertility.
As bamboo plants in scenario 1 were under continuous shade
from A. pendula, plant growth was slower due to lack of
light, which might have affected photosynthesis. Bamboo plants
were planted using a trench and pit method in scenarios 2
and 3, while the pit (no trench) was used in scenario 1. Soil
moisture-conserving structures, such as trenches, reduce the
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TABLE 3 Incurred cost for the development of bamboo bio-fence (cost is calculated as per the practices used in S2).

Items Particulars Total cost incurred
For 1,500 m For 100 m
length (US$) length
US$”™  INR*
Planting material Total No of plants Unit rate (US$" plant™") 297 19.8 1,500
(Polybag plants)
1,875 12
Trenching Total Length (m) Time taken by tractor (h) Unit charges (US$" h~1) 42.24 2.81 213
1,500 4 10.56
Digging of pits Total no of pits Time taken by tractor (h) Unit charges (US$" h~!) 84.48 5.64 427
1,875 8 10.56
FYM FYM applied (kg plant™!)  Total quantity used (kg) Unit rate (US$" kg™!) 136.13 9.08 688
2.5 4,687.5 0.029
Man-days for FYM Total man-days Unit rate (US$" manday™") 15.84 1.06 80
application
4 3.96
Man-days for plantation Total man-days Unit rate (US$" manday™!) 27.72 1.85 140
7 3.96
Irrigations Total irrigations Time for each irrigation (h) Electricity charges (US$" h™!) 171.92 11.46 868
37 8 0.58
Man-days for irrigations Total man-days Unit rate (US$" manday~!) 293.04 19.54 1,480
74 3.96
Weeding and Total no of operation Total man-days Unit rate (US$" manday~!) 79.2 5.28 400
inter-cultivation
4 20 3.96
Total cost incurred (during first 21 months after plantation) 1,147.57 76.52 5,796

"US dollars.
“Indian National Rupee.
Exchange rate 1 INR = US$ 0.0132 (as on 31 March 2022).

runoff and increase the opportunity time for water to infiltrate
the soil during rains and manual irrigation. This water is then
available to plants during non-watering/irrigated or dry periods,
which helps plants to produce more biomass compared to
plants without trenches or soil moisture harvesting structures
(Burton et al., 2000; Panigrahi et al., 2007; Sumbali et al.,
2012). The authors suggested that trenching was another major
reason behind the better growth of bamboo plants in scenarios
2 and 3. Celma et al. (2019) and Alem et al. (2020) also
reported that the establishment of trenches on degraded lands
facilitated better growth and biomass production. Better growth
and the yield of bamboo shoots with improved soil water
availability were also demonstrated by Kleinhenz et al. (2003).
Vadeo et al. (2018) observed that in a study of non-bamboo
species bio-fencing, the plant survival rate was 70% and the
growth of plants was even after 2 years of planting. Considering
the
with the growth performance of bamboo plants to develop

different scenarios, the research team was satisfied

a bio-fence.
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Average gap between two consecutive
bamboo clumps

The average data gap between the two consecutive clumps
was recorded to observe the time to fill the available gap between
the two clumps so that a biological wall can be developed to
prevent trespassing of animals in the cropped fields. Scenarios 2
and 3 were observed to have a low gap available between the two
consecutive clumps. It was assumed that the lower gap available
between the two consecutive clumps will be more difficult for
animals to enter the cropped fields through this gap. A small
gap between the two consecutive clumps in scenarios 2 and 3
is attributed to better growth of bamboo and the clump spread
diameter, which was higher in these two scenarios. The better
growing conditions for bamboo in these two scenarios resulted
in a relatively higher number of culms per plant, which in
turn resulted in a more spread of bamboo clumps, ultimately
resulting in a low gap between the consecutive clumps. The
wider gap between the two consecutive clumps of bamboo in
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FIGURE 9

Pictorial comparison of varied clump spread, bamboo thorns, distance, and a closer view of the fencing line under different planting scenarios.

All pictures were taken on the same day March 2022.

scenario 1 was due to relatively slower growth with smaller
clump spread diameter. The authors hypothesized that the
spread of bamboo clumps will cover more area and reduce the
gap between the two plants. As time passes, the gap will be
completely filled, and a biological wall will be formed to prevent
animals from entering the cropped field. As our results denoted
the findings of the initial 21 months, indicating that bamboo
plants should be planted at a smaller distance to develop an
effective bio-fence to prevent the intrusion of animals. To date,
there is no published evidence on suitable spacing to develop a
fast and effective bio-fence. The authors decided on this planting
spacing based on their general assumption that planting at this
spacing would be suitable to cover all available gaps between
the two clumps in a short time. The authors opined that a
closer spacing (50.00-60.00 cm) would have been better for
bamboo plantation to develop a fast and an effective bio-fence.
However, more research is needed to identify a suitable space
for developing a bio-fence in a short time, preferably within one
cropping season.

Intrusion of animals and crop loss

Routinely, incidents of animals entering cropped fields
were recorded before and after the establishment of a bamboo
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bio-fence. Before the establishment of a bio-fence, the block
was fenced using conventional fencing practices and with the
management of night guarding. It was observed that there was
a reduction in the event of animals entering the block as well as
crop losses after the implementation of a bio-fence. Although the
block was fenced and guarded day and night, entire crops were
grazed before the flowering stage (Figure 8B) within few nights
in 2019-2020, making the fence and night watching ineffective.
In 2019-2020, the fence was a conventional one developed from
wooden poles and loop-shaped thorny branches, which were
not strong enough to prevent the entry of animals. However,
the authors assumed that if there was a strong bio-fence, these
losses could have been prevented or reduced. In 2020-2021,
there was a reduction in damage to the total crop area compared
to 2019-2020. The authors suggested that the bio-fence did not
contribute to the reduction in losses in 2020-2021 as the bio-
fenced bamboo plants at these times were not strong enough
to prevent the illegal entry of animals. The choice of crop
planting was considered an important element to reduce losses
in 2020-2021 as it has been observed that animals preferred
the mustard crop less for grazing than wheat and barley. This
might be due to the pungency of mustard leaves. In 2021-
2022, bamboo plants formed a continuous and closely spaced
thicket, with their thorny branches bumping against one other,
forming a bio-fence. Wheat, barley, and taramira crops were
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sown in the different plots of a block, and only two incidents
of the invasion of animals were reported. The intruding animal
was observed to be few a wild boars, which are much smaller
in size compared to stray cows and blue cows. In these year
(2021-2022), no losses were observed (Figures 8C,D) in terms
of crop yield and finances. These findings suggest that, with the
same level of management, incorporating a bamboo bio-fence
can significantly minimize the problem of wild/stray animals
(posing a threat to crops) within 2 years. The authors also
assumed that a bio-fence thicket along the block boundary
would have hindered wild/stray animals from seeing the cropped
fields. Secondly, the presence of strong thorns on bamboo plants
(Figure 9) might also have helped to keep animals away from the
cropped field. However, few entries of wild boars were attributed
to their smaller size, which is also expected to stop with further
closure of bamboo clumps and the reduction of the gap between
bamboo clumps. Similar to our study, WWF (2018) reported
a significant reduction in human-elephant conflict as a result
of the implementation of solar-powered fencing and bamboo
bio-fencing in the Sonitpur district of Assam in India. However,
there is not sufficient literature available to support our findings
and views.

Initial cost to develop a bio-fence

Considering the local market cost of materials to develop
wire, solar, and chain-link fencing, it is clear that mechanical
fencing cannot be developed at such low costs. In our study,
it is indicated that very little investment is required to develop
a bamboo bio-fence. Low-cost development of a bamboo bio-
fence is attributed to the easy availability of the planting material
at a very low price, less labor requirements of a bamboo plant as
it is very hardy by nature, the requirement of less post plantation
care, and it is disease and pest resistance. The cost of developing
a bamboo bio-fence can be further reduced if the saplings are
prepared with bamboo seeds. The economics of the bio-fence,
including the total financial benefits, cannot be worked out
as the plant has not yet started culm yield. However, in the
upcoming 1 or 2 years, it is expected to be a win-win situation,
as bamboo bio-fencing plants are expected to provide financial
returns through the selective felling mature bamboo culms and
selling them to the industry, in addition to reducing yield losses.

Conclusion

In this study, it is demonstrated that planting bamboo (B.
bambos) at a distance of 80.00 cm in a continuous trench can
be an effective bio-fence to avoid man-animal conflicts and
thus protect the crop against damage from stray and wild
animals, which keep farmers stress-free within 1-2 years of
establishment. The time period to obtain the closure canopy of
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the bamboo bio-fence for full-proof protection against animals
depends on the edaphic conditions. Unlike the other practices
of crop protection, the bamboo bio-fence may last more than
50 years. In addition, it is suggested to study on the screening
of bamboo species suitable for the region, the standardization
of bamboo spacing for early canopy closure preferably in the
very first season, the scheme of selective felling of clumps to
generate income without affecting the effectiveness of a bio-
fence, the shading effect of a bio-fence on crop yields, and the
environmental benefits of bamboo bio-fence.
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