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Chapter-1

INTRODUCTION

Agroforestry is a land use management system irchwivoody perennials are
deliberately grown around or along with agricultuf@od crops and pasturelands.
Theoretically, agroforestry is based on ecologagno ecology which comprehends various
applications, such as: improved nutrient and carbgniing, better water conservation and
optimum utilization, biodiversification of habitatsnproved soil nutrients, etc. Agroforestry
is a new concept although it has been practicéaldia for thousands of years (Puri and Nair,
2004). It is recognized as one of the important mag@ reduce COemissions as well as
enhancing carbon sinks. Globally, agroforestryssneated to be practiced over around 1.6
billion hectares, having more than 10 per cent t@eer (Nair and Garrity, 2012). It is the
major land use activity after agriculture and fongsn India, covering approximately 25.32
million hectared.e. about 8.2 per cent of the total geographical §bdgyaniet al, 2013),
which can further be increased up to 80 milliontaexs (FSI, 2013). In 2014, the Indian
government created the National Agroforestry Policgcognizing the potential of

agroforestry as a pro-poor, multi-benefit land ngg@maent strategy.

Various agroforestry systems have the potentigroaiuce 100 rhtimber/ pulpwood
for industrial and domestic use (Chawral, 2015). It is capable of satiating 65 per cent of
the country’s timber demand, 70 per cent of smialbér demand, 70-80 per cent of
plywood demand and 60 per cent raw material denfangbaper pulp. In addition, it is
capable of producing 150 million tonnes equivaleftfirewood which fulfills half of
country’s firewood demand. Likewise, 9-11 per cehthe green fodder requirements are
met from the trees grown on the farires through agroforestry (Singh and Pandey, 2011).
Eighty seven per cent of the Indian farmers belngmall and marginal categories. They
could be highly benefitted by the famous 6 Fs: {dadlt, fiber, fodder, fertilizer and fuel, all
in same place at the same time (Chaearal, 2015). A report of Indian Council of
Agricultural Research (ICAR) in 2010, suggestedt thgroforestry has been capable of
safeguarding nearly 120.7 million hectares of l&modn different forms of soil degradation.
The trees have deep, spreading roots and are eapfataking up nutrients from deeper soill
profile and eventually depositing on the surfacgefa through litter-fall and other

mechanisms, referred to as nutrient pumping bystrébey increase the supply of nutrients



within the rooting zone of crops and reduce nutrless by leaching and erosion (Rolaetd
al., 1996). Addition of nutrients through litter deconsfitmn, dead root biomass and nitrogen
fixation increases importance of tree species ihngdrient status improvement. Trees affect
the environment for soil organisms, stimulate ni¢ab activity and contribute to nutrient
inputs and synergistic symbiosis. nitrogen fixing bacteria and leguminous treesr(iBa et
al., 2002). It improves soil biota, soil health, agyhplay a role in soil organic matter
decomposition, nutrient cycling, influencing physdiand chemical properties of soil which
ultimately determines the soil fertility and longsin sustainability. Further, by joining the
carbon credit markets, the landowners could aldb tee carbon sequestered by their

agroforestry trees (Takimoto, 2007).

Therefore, a lot counts on agroforestry for itstvapplications and utility in varied
contexts. The inclusion of trees. nitrogen fixing, may specifically enhance SOC agw in
agroforestry systems. An Intergovernmental PaneClmate Change (IPCC) report (2000)
estimated at least 630 Mha of futile cropland, waitle could be converted to agroforestry
with an additional sequestering of about 500 MTboarby 2040. In India, by 2050, there is a
scope of increasing the area under agroforestrarmther 28.0 Mha and thus, a total of
53.23 Mha or 17.5 per cent of the area under agrsfiy (CAFRI, 2015).

In addition to climate benefits, agroforestry carliver benefits for rural
development. In line to this, India has annount¢ediandmark National Agroforestry Policy
in 2014 that will mainstream the growing of trees farms to meet a wide range of
developmental and environmental goals, especiallgrid agro-ecosystems which cover a
large number of areas in India (Chawral.,2015). India has also become the first country
in the world to develop and declare a National Agmestry Policy which has to be
promulgated whole-heartedly to reduce the pressarforest areas for fuel wood, diversify
agriculture, and most importantly, aid carbon ssetraiion. The C@reduction in atmosphere
can only be achieved by shifting from lower biomkssl uses (e.g. grasslands, crop fallows
etc.) to tree-based systems such as agroforestests, and plantation forests (Roshetko
al., 2007) which revealed a general trend of increasimy carbon sequestration (SCS) in
agroforestry as compared to other land-use practjedth the exception of forests). An
agroforestry system that incorporates trees, algur@l crops, and/or animals has the ability
to improve soil fertility, minimize erosion, imprevwater quality, boost biodiversity,

improve aesthetics, and absorb carbon (Maial, 2009). It has long been recognized that



agroforestry methods provide services and benafita variety of geographical and temporal
dimensions (lzac, 2003). With focus on more andemmarbon sequestration worldwide,
emphasis is being laid on forest plantation whigshai herculean task. A much feasible
approach, therefore, is the planting of trees llmfalands, urban areas, public places, farms
and agricultural lands, etc. Of all these opticsecial attention is being paid on planting
trees on agriculture lands because of its outnuimdpesf the benefits compared to other
plantations. Agroforestry multitasks by sequestgricarbon, improving microclimate,
providing additional incomes and improving soil mernt status simultaneously.

Agroforestry can also play a vital role in achigyiSustainable Development Goals
(SDGs) set forth by the United Nations Developmrdagram (UNDP). More than half of
the seventeen UNDP SDGs are attainable, if agrstigrés practiced scientifically in rural
areas. Natural cycling of nutrients from soil tamtls, animals and back, has been a part of
earth’s history since life appeared on earth. Agmedtry's potential to improve soil quality
has been widely recognized as a major benefit,tduts inherent nature as a rejuvenator of
soil nutrient cycling which makes agroforestry farstainable than other counterpart land
use systems. It enriches the soil with various ients for overall enhancement of soil
properties, character and form (Young, 1989; N2@x11). Soil biology, nutrient dynamics
and degradation resistance are highly influenceddlyorganic matter which is added by
woody perennials in agroforestry systems (Lal, 20@urther, the floral diversity of
agroforestry systems creates suitable conditionsdid microbes, which play a major role in
litter decomposition and release of nutrients (Kyn2811). Although agroforestry systems
store less carbon per unit area than forests @& plantations, the land available for

agroforestry is vast across the world.

Carbon in the earth system is transported beti@@nmajor reservoirs: fossil and
geological formations, oceans, atmosphere and steak ecosystems such as forests
(Siegenthaler and Sarmiento, 1993 and Presmtia, 2001). The movement of carbon from
one reservoir in the system to another is termedraalation, whereas an additional transfer
of carbon from the atmosphere into a reservoir g fagroforestry system is termed
sequestration. This process is a genuine contoibut climate change mitigation (Powlson
et al.,2011). Agroforestry is now a well-established sce for carbon sequestration which
is simply the seizing and storing of the elemen&abon (atmospheric GPby forests, agro-
ecosystems, oceans, etc. During photosynthesis matst terrestrial carbon storage in tree



trunks, branches, foliage and roots commonly knoagnbiomass. Because they store
significant amounts of carbon in plant, detritusd aoil, and exchange large amounts of
carbon with the atmosphere through photosynthesls@spiration, forest ecosystems play a
critical role in regional and global terrestriakloan cycles (Dixon et al., 1994). Same goes
for the agroforestry tree species too as averagldsyirom clonal plantations in agroforestry
have proven to be 20 to 25 times more than theagegproductivity of forests in India (Tahir
et al, 2017). Carbon sequestration is a long term captlihe removal of COfrom
atmosphere occurring via various routes: biologipabcesses (in peat lands, forests,
wetlands, agriculture, bamboo farming, etc.), ptaisiprocesses (biomass burial, ocean
storage, geological sequestration etc.) and chénpecacesses (mineral carbonation,
industrial use of carbon, etc.). Out of all theboar emitted by humans, nearly 30% is
absorbed by the oceans, 45% remains in the atm@spimel rest is incorporated into the

terrestrial ecosystems.

The above-ground woody biomass of agroforestrystisecomprised of majority of
carbon sequestered in the system (Chauwttaal, 2015). But with the advancement of
mankind, the burden on our forest resources hasbaen on constant rise. The total carbon
stock in forests in India is estimated at 7,124ilion tonnes, 42.6 million tonnes increase as
compared to the India State of Forest Report (ISRRL7 and a lot can be attributed to
agroforestry which covers more than 25 million hees (8.2 per cent) of the total
geographic area of the country. India also aime@teasing this total carbon stock in forests
from 7.1 billion tonnes to 10 billion tonnes by 20&s per the Paris Agreement (ISFR, 2019).

Solil is the biggest carbon reservoir on the plas#iring almost three times the
amount of C found in plants and roughly double thand in the atmosphere (Eswaetral,
1993). The top one metre of soil stores betweef0ldnd 1,600 Pg C (Post al, 1982;
Batjes, 1996; Guo and Gifford, 2002), while the &8 m stores around 2,350 Pg C
(Jobbagy and Jackson 2000). As a result, soil pdaysmportant part in the global carbon
budget and can have a significant influence onaradimissions in a climate change scenario
(Lal et al, 1995).

The capacity for carbon sequestration is deterdhinebiological productivity, which
itself is determined by interactions among land tg®e, species, climate, management
techniques, stand age and edaphic variables (Peegihd Euskirchen, 2004). As a result,

carbon density and sequestration potential varlpbgtion, type of agroforestry system, and
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must be calculated on a regional and species-bgiespebasis. Furthermore, different
ecosystem components (vegetation, detritus, anyl reaict to changes in these regulating
variables in different ways (Gowet al, 1997; Lawet al, 2003; Martinet al, 2005). As a
result, knowing the factors that influence carbdorage and distribution in distinct
agroforestry system components is critical for éasging carbon balance responses to

climate change and mending agroforestry practices.

India’s annual per capita G@mission has doubled in almost 50 years and isetka
from 0.6 MT in 1950 to 1.2 MT in 2004 (Sharregal, 2006). Sequestering G@rom point
sources or atmosphere through natural techniquBsrdstation, reforestation, natural
regeneration of forests and the adaptive agriceiltaetc.) is economically and ecologically
sound in increasing the carbon storage capacitythef terrestrial ecosystems. Hence;
increased tree plantation surface on wastelanadieisas increased tree density on farmland,
have long been suggested as ways to slow the r&@.0buildup in the atmosphere (Dyson,
1977). For two reasons, a realistic estimationasban density at any given time is critical,
firstly, to tell if plant has the ability to absodarbon or not and secondly, determining net
carbon flux to and from soils using time seriecafbon stock in vegetation (Goodaleal.,
2002). It is important to assess the practical maie of Carbon Sequestration (CS) by
agroforestry systems as globally, 630 Mha arexpe&ed to be available for agro-forestry,
which has the potential to sequester 586 MT of @marper year by 2040 (Watsaat al.,
2000). Agroforestry systems are considered to plew variety of ecosystem services, but
there has been little evidence in the literaturdodck up these claims. Three prospective
ecosystem services and environmental advantagesagobforestry are: (1) Carbon
sequestration, (2) biodiversity preservation, aB)dspil enrichment. Agroforestry is a good
balance since it improves carbon storage on landewalso potentially improving

agricultural productivity.

Although, agroforestry systems (AFS) are not prilpadesigned for carbon
sequestration, there are many recent studies tstamiiate the evidence that agroforestry
systems can play a major role in storing carbolove-ground biomass (Murthgt al,
2013) as well as in below ground biomass (Nairal., 2009). The carbon sequestration
potential of agroforestry land use system has qeitently drawn attention especially since
the recognition of agroforestry by the Kyoto praib@as a viable option for alleviating
greenhouse gas emissions and climate change. ¥aiesearches have proven the might of



agroforestry in retaining carbon in above and bejpaund as compared to the tree-less land

use systems.

Given, future greenhouse/climate change forecdbts, balance between carbon
sequestration (storage) in various sinks such ihsust vegetation versus that released to the
atmosphere as carbon dioxide ({f@ currently a matter of contention. Althoughdias
have been conducted to work out the carbon seatiestrpotential of various plantations
(Sharma and Singl2010; Shalet al.,2013;Devi et al, 2013 and Kaur and Kaur, 2016) and
traditional agroforestry systems (Goswaetial, 2013; Rajputet al, 2016; Gupteet al,
2017; Singhet al, 2017) of the north-western Himalayas. Therefaierent land use
patterns in Himachal Pradesh's mid-hill and subiduregions might well be potential
carbon sequestration sources which sequester caahdnprovide numerous ecosystem

services, economic and environmental gains atréifitdevels.

The Department of Silviculture and Agroforestrysttarried out a lot of tree species
plantation and agroforestry model development dmersiin the University campus since the
2000s. But, as of now, no systematic attempts Hazen made to analyze the newly
developed agroforestry systems for their carbomuestigation and soil enrichment potential
vis-a-vis traditional agroforestry systems of tegion. In the present study, precedence was
given to such agroforestry systems which are faronentedviz., fruit based, fodder based,
fire wood based and silvipastures. Hence, the pteswtidy “Evaluation of established
Agroforestry systems for their carbon sequestragioth soil enrichment potential in mid-hills

of Himachal Pradesh” will be carried out with thedw mentioned objectives:

i) To quantify the biomass production and carboqusstration potential of different
agroforestry ecosystems in mid-hill zone of HimadPradesh;

i) To assess the soil enrichment potential ofdifierent agroforestry systems.



Chapter-2

REVIEW OF LITERATURE

Agroforestry is a major practice around the glblog has come in limelight recently
for the role it can and will play in mitigating dlie global climatic threats being faced by the
world since past few decades. Apart from agriceltdhe farming community has adopted
diversified land use systems, of which, agrofosesyistems appear most appealing because
agroforestry products are substitutes for simile@dpcts obtained from natural forests and
several other benefits, along with sequesteringararA lot of studies have been conducted
on the prowess of agroforestry systems as modusagie for carbon storage, soil
enrichment and economic feasibility. To promotes tmulti-faceted practice among the
masses, further advancements need to be encoufagedich, the prior studies need to be
taken cognizance of. Therefore, an attempt has bese to examine previous works on
carbon sequestration and soil enrichment potemtiahis chapter, and available literature

pertaining to the present study have been reviame@r the following subheads:

2.1 Carbon sequestration potential
2.1.1 Biomass and carbon stock in different compents of systems
2.1.2 Carbon sequestration by systems

2.2 Soil enrichment potential
2.2.1 Soil physico-chemical properties

2.2.2 Soil microbiological properties

2.1 CARBON SEQUESTRATION POTENTIAL

Carbon sequestration studies are rapidly progrgssioridwide because of the
increasing concentrations of atmospheric carboridiéo(CQ) which is leading to problems
viz. climate change, global warming, seasonal charffesting agriculture and natural
environmental cycles, etc. To check these issudsaaart further damage, sequestration of
greenhouse gases (GHGSs) especially &Qvery necessary. Therefore, carbon sequestration
studies are of great significance with respect rees and have been studied widely

throughout the globe, especially since past thwdeur decades.



2.1.1 Biomass and carbon stock in different compamts

Carbon stock in terrestrial pools include thevabground plant biomass, such as
timber, fuel wood and Below-ground biomass sucloass, soil microorganisms, and all the

forms of organic and inorganic C in soils includoheep root zone.

a). Vegetation

Samraet al. (1999) studied various silvipastoral systems ornldeyumarginal lands in
Doon valley needing rehabilitation and simultan&puseeting the biomass requirements of
poor farmers. Four tree speciddbizia lebbeckBauhinia purpurea, Grewia optiva, Leucaena
leucocephalaand two grass speciag. Chrysopogon fulvusand Eulaliopsis binatawere
analysed. It was observed that biomass productmsihighest in case of grass wghuhinia
purpurea(2,929 Kg ha) and thenGrewia optiva(2,372 Kg h#), both appearing to be most
suitable tree species wilulaliopsis binata

Rao et al. (2000) at Acharya NG Ranga Agricultural Universifgajendranagar
campus, Andhra Pradesh, carried out an experimentlomultipurpose tree species was
undertaken on red sandy loam soils (IndAapcia albida A. auriculiformis A. nilotica, A.
tortilis, Albizia lebbeck Azadirachta indica Dalbergia sissop Leucaena leucocephala
Dendrocalamus strictygucalyptus camaldulensigsndTamarindus indicaDalbergia sissoo
produced the most biomass (214.6 MT-hdollowed byL. leucocephalg187.8 MT h&) and
A. auriculiformis (162.4 MT h&). Similar trend was observed for highest maximueam
annual biomass productioB. sissoo(23.8 MT h&) followed byL. leucocephalg20.9 MT
ha') andA. auriculiformis(18.0 MT h&'). Whereas, in case of foliage outpltJeucocephala
(16.8 MT ha') stood first, followed byA. auriculiformis(12.0 MT h&) andE. camaldulensis
(9.9 MT ha).

Carbon sequestration in Indian agroforestry vafiesn 19.56 Mg Chd in north
Indian state of Uttar Pradesh to a carbon pool34&-47.36 Mg Chain tree-bearing arid
agro-ecosystems of Rajasthan, as observed by Pé2@@3).

Nair et al. (2009) showed that the carbon sequestration pateoit agroforestry
systems was remarkable than single-species crppsture systems because of their apparent
capacity to collect and use growth resources (lightrients, and water). The amount of
carbon stored in AFS is estimated to be betweed &2l 15.21 Mg hayr Above-ground



and 30 to 300 Mg hayrin the soil up to a depth of one metre. Thus, baged agricultural
systems stored more carbon in deeper soil layas the tree than treeless systems; higher

soil organic carbon content was linked to bettexcss diversity and tree abundance.

Singh and Lodhiyal (2009) conducted studies in teygtar-old Populus deltoides
agroforestry plantations in Terai region of Centiahalayas. They observed a total biomass
of 202.59 MT h&, of which, 78.68 per cent was Above-ground an®2her cent was the

below ground biomass.

Singh and Rai (2012) studied biomass production3@f bamboo species in a
bamboosetum. Among all the speci@ambusa bambo®3. balcooa B. cacharensisB.
nutans, B. pallida, B. tulsdbendrocalamus giganteu®. hookerj D. sikkimensisetc. are
the world’s highest biomass producer 494.67 + 26043 ha’. In most bamboos, the culms
constituted more than 90 per cent of the total lgsnsuch as iArundinaria hirsuta, A.
mannii, B. bambosand B. balcooa The leaves and the branches Sf polymorphum
constituted around 40 per cent of the total biom@hke total biomass production in bamboo
showed a significant positive correlation with theight and thickness of the culms, the leaf

length and number of internodes per culm.

Gaur and Gupta (2012) studied carbon storage Irpkoit systems in relation to site
conditions undefPopulus deltoidedased agroforestry system. Top layer of the sai$ w
analyzed and the soil organic carbon (SOC) pooleumbpulus deltoidesagroforestry
system was higher at Kalesar at 22.31-20.28 Mg Cigainst 19.63-30.11 Mg Chaat
Salimpur. The Carbon storage varied from 18.921t®Z Mg Ch& at Kalesar and 14.78 to
56.91 Mg Chd at Salimpur. Agroforestry system with wheat crogsv8.70-3.5 3 Mg Cha
in Salimpur and 3.84-3.68 Mg Chén Kalesar.

Zhuanget al. (2015) analysed Moso bambdehfllostachys pubesceénstands in the
forests and concluded that total carbon biomassi4asg culm’. The total biomass carbon
storage on an average, was approximated at 54 Ba¥gith soil Carbon storage being 90.6
Mg ha' up to 60 cm soil depth. The total Carbon storagienased was 145.3 Mg CHaThe
removal of annual yield by harvest was recordedirai3.97 Mg hai.e. 7.3 per cent of the

total bamboo biomass Carbon.



b). Soil

Schimel (1995) stated that at global level, the am@f carbon stored in soil may be
almost equivalent to the amount stored in vegetatind in the atmosphere combined. A
substantial portion of carbon fixed by vegetatietransferred to the soil annually (Raich and
Nadelhoffer, 1989), a portion of which is refragtomaterial with very slow rate of
replacement, the rest decomposes relatively rajiddyis returned to the atmosphere as CO
(Falloon and Smith, 2000).

Sanneh (2007) studied the various land use sysfemtheir soil organic carbon
storage potential and concluded the forest lantesyso be displaying the maximum value
of soil organic carbon stock, 108.99 Mg CHallowed by agrihorticulture with 105.46 Mg
Cha’, agrisilviculture 40.40 Mg Chh grasslands 36.37 Mg Chand silvipastoral 33.54 Mg
Cha'in the top layer of soil up to 40 cm deep. The nig@arbon was much higher in the

top 0-20 cm layer compared to the 20-40 cm deegrlay

Nair et al. (2010) reported that studies on carbon sequestrati soils of India and
rest of the world revealed a general trend of iasireg SCS in agroforestry as compared to
other land-use practices (with the exception oe$ts). Overall, in terms of SOC content, the
land-use systems were ranked in the order: forestgroforests > tree plantations > arable

crops.

Chauharet al. (2011) investigated the carbon sequestration dgpaicpoplar block
plantations for one to six years. They found tfitgrl and roots in the surface layer of soil (0-
15 cm) under poplar blocks increased soil orgamiban levels when compared to open
areas with just wheat crops. From treeless siteoujve year old planting, the total organic
carbon concentrations varied from 6.91 to 8.44 Mg, lan increase of 22.14 % under fifth-

year planting compared to the tree-free contradl. plo

Guptaet al. (2013) worked in Indo-gangetic plains conductingfimulation study for
carbon sequestration and soil organic carbon (Sfd@yroforestry systems. They concluded
carbon sequestration potential of agroforestryesystincreased with increasing tree density
per hectare and soil organic carbon in the basetinging from 8.13 to 9.12 Mg Chand
could be increased up to 24.51 Mg Cha Dinajpur and Ludhiana district, respectively.
Further, carbon sequestration in soil was deterthorethe basis of C4-IX models. It was

observe that agroforestry systems with 37.95 trdeBoplar/Eucalyptus Rain Ludhiana
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were able to sequester 0.513 Mg Clga* in soil. Similar results, outside India reported by
Post and Kwon (2006) inferred that the averageoh&CS under tree-based systems ranged
between 0-3 Mg Chayr™.

A study was conducted by Kanine¢ al. (2013) on biomass production and carbon
sequestration in several tree-based systems i€eéhé&ral Himalayan tarai region, found the
highest soil organic carbon stock (48.99 Mg*hainder Dalbergia sissoo. The larger
accumulation of leaf litter, organic carbon, andueed bulk density of soil in the system

were linked to the highest carbon stock uridalbergia sissoo

Goswamiet al. (2013) investigated biomass and carbon sequestrati several
agroforestry systems in a Western Himalayan wageksfound that the total C pool on
disused soils (0—40 cm) was the greatest, follomedilvipasture and agrisilvihorticulture
systems. For the agrihortisilviculture system, ip@sture, agrisilvihorticulture, and
agrisilviculture systems, C stocks in soil (0—40) surpassed C stocks in plants by a ratio of
15.81, indicating a greater C mitigation potentil1.71, 1.52, and 1.43 Mg Char?,
respectively.

Mangalasseryet al. (2014) investigated carbon sequestration in agestoy and
pasture systems in arid northwestern India, foinad s$ilvipastoral system#¢acia tortilis +
Cenchrus ciliaris Acacia tortilis + Cenchrus setigerysAzadirachta indica+ Cenchrus
ciliaris, Azadirachta indicat Cenchrus setigerjssequestered 36.3 percent to 60.0 percent
more soil organic carbon stock in contrast to tsgstems Acacia tortilis Azadirachta
indica) and 27.1-70.8 per cent more compared to pastyséeras Cenchrus ciliaris,
Cenchrus setigerls indicating that silvipastoral systems can help better carbon

sequestration than tree or pasture systems.

2.1.2 Carbon sequestration by systems

Agroforestry, according to Pandey (2002), is andrtgnt land use system in the
context of the global carbon cycle for two primaegsons: the tree component in agroforestry
systems fixes carbon from the atmosphere and siiouesil they are cut or die and helps to
reduce pressure on natural forests by supplemestinge of the products obtained in natural
forests. He also stated that agroforestry systemsahsorb 0.2 to 3.1 Mg Chgr* and have
the potential to sequester 7 Gt of carbon glodadtyveen 1995 and 2050.
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Albrecht and Kandji (2003) analysed carbon storatga in some tropical
agroforestry systems to discuss the role they tanip reducing C@in the atmosphere. The
Carbon sequestration potential of agroforestryesystwas estimated between 12 and 228
Mg ha® with an average value of 95 Mg haTherefore, based on earth's area suitable for
practising agroforestry (585-1,215 x ®1Ba), 1.1-2.2 BT carbon could be stored in the

terrestrial ecosystems over the next 50 years.

Central Agroforestry Research Institute (CAFRI)riBichas been working on carbon
sequestration potential of various agroforestrytesys since 2000 and released its official
document “Vision 2025” in 2007 and “Vision 2050” 2#013. CAFRI as a partner in ICAR
scheme NICRA (National Innovations on Climate Restl Agriculture) is assessing the
carbon sequestration potential of selected AF®iencountry. The survey (32 districts of 12
states) for existing trees on farmers’ fields ies districts varied from 2 to 204 harhe
standing biomass in the tree component varied Bd8 to 113.12 Mg DMH§ whereas, the
total biomass (tree and crop) ranged from 4.96 28.88 Mg DMh&. The soil organic
carbon ranged from 4.28 to 24.13 Mg Ch@he CSP of existing AFS at district level has
been estimated to range from 0.05 to 2.78 Mg'Ghia. Based on this study, estimated value
of trees per ha was 19.44 and average CSP ofrexiéfS at country level was 0.34 Mg
Cha'yror equivalently AFS in India has the potential titigate 1.245 Mg CHayr™.

Kaul et al. (2010) used a dynamic growth model (F€X) for estimating the carbon
sequestration potential dtucalyptus,poplar, sal and teak forests in India. The results
indicated that long-term total carbon storage rerfgem 101 to 156 Mg Chayr™, with the
largest carbon stock in the living biomass of loatation sal forests (82 Mg Cha The net
annual carbon sequestration rates were achievddsogrowing poplar (8 Mg CHar™) and
Eucalyptusplantations (6 Mg Chayr™) followed by moderate growing teak forests (2 Mg
Cha' yr') and slow growing long rotation sal forests (1 Kga* yr™). Due to fast growth
rate, short rotation plantations, in addition toboen storage rapidly produce biomass for

energy and contribute to reduced greenhouse gasiems.

Nair et al. (2010) analyzed that the CSP of trees varies spicies, structure, age
and spatial distribution. The tree density rangethf312—800 trees Hgusually preferred by
the farmers in planted AFS), the CSP varied inréfmge of 0.25 to 19.14 Mg Chagr. The
world scenario of carbon stored in AFSs ranged ffb29 to 15.21 Mg Chhyr’ in above
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ground, and 30-300 Mg Char™ up to a depth of 1 m in the soil (the age varieanf4 to
35 years).

Luedelinget al. (2011) stated that agroforestry can raise carbmrks of agricultural
systems which can potentially be sold as,Gfnission offsets. Biophysical, technical,
economical and practical information about agraftose systems such as live fences,
parklands and home gardens was collected and ifoussl that they had substantial carbon
stocks and accumulated 0.2-0.8 Mg Clga’. It was observed that rotational woodlots and

improved fallow lands sequestered C faster, but dating fallow phases.

Pathaket al. (2011) compiled the information on carbon sequéstiapotential of
different cropping systems of Indian agricultureudééd through different long term
experiments (LTE’s) in different agro-climatic zeneof India and reported that C
sequestration rate varied from 0.02 Mg €ha™ (in NPK treatment for soybean-wheat
cropping systems over the 28 years duration atgabam Madhya Pradesh) to 1.2 Mg Cha
yr! (in NPK+FYM treatment for cassava based systemsr d& years duration at
Trivandrum, Kerala) and 0.59 Mg Char™ carbon sequestration potential of rice-wheat
cropping system in no-tillage conditions. The C$BM®year duration pure crop based LTE’s
ranged from 0.02 to 0.10 Mg Char*with an average value of 0.062 Mg Char™.
However, majority of published reports assents tisbon sequestration in pure cropping
systems is only feasible, when some organic mé&éM, green manure, straw, and some

other tree material used for growing crops) is used

Pragasan and Karthick (2013) estimated the poteoti@arbon stock sequestered
Eucalyptusplantation (EP) and mixed species plantation (NtP)Bharathiar University
campus at Coimbatore, India. Total carbon stockS)raf all live trees was determined by
non-destructive method. Tree density and total bissrwere 320 & 468 stemstend 48.05
& 39.64 MT ha' sites EP and MP, respectively. Total carbon st@guestered by the two
plantations was 27.72 and 22.25 MT'haspectively. This reveals that TCS increases with
increase in tree density and biomass, results shatmhe carbon sequestration potential of
the fast-growing Eucalyptus plantation is 11 pentchigher than the mixed species

plantation.

Wang et al. (2014) studied the carbon sequestration in diffeferest categories
between 2004 and 2008 to evaluate the averagercatbmge to be 360 Mg Chaith 300
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Mg Cha' in vegetation and 59 Mg CHan top layer of the soil (0-1m). The total carbon
sequestered ranged from 20 Mg Clia bamboo forest to 110 Mg Chan broad-leaved
forest, during the study period.

Tanwar et al. (2019) analysed carbon sequestration potentiakight land-use
systems of arid western Rajasthan. The biomas€k stas recorded maximum in farm
forestry ofAcacia tortilis (31.4 Mg Cha) followed by Prosopis cinerariaand Hardwickia
binatabased silvoarable systems (8.8 and 10.6 Mg'{t8oil C stock was also maximum in
farm forestry (47.6 Mg ChY followed by Ziziphusbased systems (32.5-33.9 Mg Cha
The total C sequestered (biomass plus soil) oyered of nineteen years was in the order:
farm forestry (49.80 Mg CH3> silvoarable systems (11.0-13.3 Mg CJra hortipastural
system (8.3 Mg ChY> agrihorticulture system (5.5 Mg Che silvopasture (5.4 Mg CHa
and sole pastures (5.3 Mg Cha@ompared to (-1.0 Mg CHyin sole cropping.

2.2 SOIL ENRICHMENT POTENTIAL

Although, agroforestry community has long been @ored of its soil health benefits,
it remains to be fully accepted by the mainstregnicalture community, thus, large number
of studies have been carried out world over tobdista the soil enriching character of
agroforestrySoil improvement under trees and agroforestry systie in great part related to
increases in organic matter, whether in the fornswface litter or soil carbon. Therefore,
besides their role in above-ground carbon sequestraagroforestry systems also have a
great potential to increase carbon stocks in thkeasal for mitigation of greenhouse gas
emissions to reduce climate change. Increasesganar matter, whether in the form of
surface litter or soil carbon, are closely linkem goil improvement beneath trees and

agroforestry systems.

2.2.1 Soll physico-chemical properties

Evans and Rombold (1984) observed tMslia azederachhas the potential to
improve soil by adding organic carbon and nitrogéang with improving soil aeration. Its

roots had the potential to retrieve nutrients leachelow the root zone.

Hazra et al. (1990) tested silvipastoral systems with variouse tspeciesyiz.,
Leucaena leucocephala, Acacia nilotica, Albiziabletk and Albizia proceraagainst open
grasslands without trees for 7 years and repotiatiLeucaena leucocephalksignificantly
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decreased soil pH and EC (Electric conductivity) arcreased the nutrient status of the soill

as compared to the open grasslands.

Dhyaniet al. (1990) studied the effects of five tree speciegs Bauhinia purpurea,
Grewia optiva, Leucaena leucocephala, Eucalyptustimrnis andOugenia oojeinensien
the nutrient status in 0-15cm soil depth and catediuthat N, available,Ps, available KO,
exchangeable Ca and Mg were higher in the soil utigetree species compared to treeless

areas.

Szottet al. (1991) studied the nature of soil constraintshi@ humid and semi-arid
tropics and how these limitations affect plant/soieractions related to nutrient additions,
losses and cycling via litter-soil organic matt8OM) pathways in agroforestry systems and
concluded that the ability of agroforestry systeamgnhance nutrient availability of infertile
soils is quite limited as compared to systems éstednl on fertile soils. Though, agroforestry
systems can play an important role in reducingienitiosses on both. Litter production and
quantities of nutrients recycled in litter are dezan fertile than on infertile soils, however,
management techniques for hastening nutrient fltixesigh pruning appear to hold promise
for increasing plant productivity on the latterlsaitter production, decomposition, and soil
organic matter dynamics are key processes affestmlgfertility and the sustainability of

agroforestry systems based number or limited use of chemical fertilizers.

Nair (1993) inferred that the atmospheric biologind@rogen fixation has nutrient
cycling potential in agroforestry systems and playgnificant role in resolving these
problems. In case of legume, most of the nitrogeing tree species are from Mimosoideae
and Caesalpinioideae. Within these sub-families, ®8 and 30 per cent of the tested
mimosoids, papilionoids and caesalpiniods, respelgtishowed potential to fix atmospheric
nitrogen. The non-legume families, such as Betalac€asuarinaceae, Chrysobalanaceae,
Coriariaceae, Eleagnaceae, Myricaceae, RosaceadJlamaceae also showed; Nixing
capabilities. There are more than 650 tree spé&ecies/n to fix nitrogen. Biological nitrogen
fixation takes place through symbiotic and non-sigtib means. Symbiotic fixation occurs
through the association of plant roots with nitnediging microorganisms. Many legumes
form an association with the bacteria Rhizobium lvithe symbionts of a few non-
leguminous species belong to a gefuankia. Non-symbiotic fixation is affected by free-
living soil organisms, and can be a significanttdaan natural ecosystems, which have

relatively modest nitrogen requirements from owssgstems. Also, nutrients released from
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the fine root biomass are another important pathafagthe improving soil nutrient health.
Trees allocate a large portion of gross primarydpotion to Below-ground for the

production and maintenance of roots and mycorrhikiagr et al,, 2009).

Alegre and Casse1996) investigated a shift from slash-and-burn to cortgtan
planted agricultural systems, that is underway umid tropics with the purpose to
characterise the dynamics of soil physical propsrtinder slash-and-burn and other systems
in Yurimaguas, Peru. Different land-clearing methodnd post-clearing management
systems were investigated for their influence oih gloysical attributes. Bulk density was
found to be lower in the agroforestry systems wides or cover crops (multistrata, peach
palm production, shifting agriculture low input ahdh input continuous cropping), where
the bulk density of bedded and flat planted soiswlal4 and 1.29 g cfn respectively.
Similarly, porosity was also affected with infiltian rate decreasing from 420 mnt to 35
mm H* after cutting. Hence, they advocated well-manaakernatives against slash-and-
burn to can prevent soil deterioration, maintainl dertility, and increase long-term

productivity.

Nayak (1996) studied soil chemical properties unéeyear-old plantations of
Eucalyptus tereticornjsLeucaena leucocephaknd Melia azederacland reported that pH
was reduced and nutrient values increase undeplaeéd area compared to unplanted area.
Also, pH reduction was relatively higher in the teyer as compared to the deeper layers.
The order of efficiency of the species wasicalyptus tereticornis Leucaena leucocephala

> Melia azederach

Mathewet al. (1997) collected soil and litter samples from pédion of multipurpose
tree species and observed lower pH uittefdlanthus emblicéamla), higher available P and
K under Casuarina equisetifoliaand higher organic Carbon and total nitrogen under
Paraserianthes falcataraiand Acacia auriculiformis They further reported that plantations

significantly influence the chemical properties andisture status of the soil.

Mongiaet al. (1998) worked on improving effects of forest tre@sacidic soils in
Haryana. It was found that growirgcacia niloticafor 3 years, the organic matter, Fe and
Mn content increased while pH, electrical conduttiand CaCQ@content of soil lowered.

Sahaet al. (1999) investigated quantitative multivariate senaccessible soil
moisture, soil physical qualities, and nutrientiklity, different silvipastoral systems of
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pure Eucalyptus, Bhabbdtflaliopsis binaty Eucalyptus + Bhabbar grass and Eucalyptus +
Vetiver. in the rainfed foothill region of northdia. The organic carbon content was higher
(2.5 g Kg" in the silvipastoral systems than in the croppat, while the pH and soil
texture were nearly identical in all systems (1.Kgj'). In comparison to other plots, the
pure Bhabbar plot (14 Kg Hp had a significant increase in phosphorus (7.5 Hg).
Potassium availability ranged from 78 to 113 Kg-h&@umulative infiltration, absorptivity
and moisture content (90-120 cm depth) of the sailwell as soil chemical characteristics
such accessible phosphorus and organic carbonsiaesl to be key discriminators.

Jobaggy and Jackson (2001) tested three welblesttad predictions: the most
limiting nutrients for plants would have the shalést average distributions across habitats;
along a gradient of soil types with increasing \weahg-leaching intensity, the limiting
nutrients would be proportionally more abundant ttugreferred cycling by plants and the
vertical distribution of a limiting nutrient woulte shallower as the nutrient grew more
scarce. Plant-cycled nutrients like N, P and K wee concentrated in the topsoil (upper
20 cm) than nutrients like Na and ClI, which arenmalty less limiting for plants. Shallowest
to deepest ranking of vertical distributions amongrients on a global scale was: P > K > Ca
> Mg > Na= Cl= SQ.

Aggarwalet al. (2005) studied litchil(itchi chinensisSonn) and mangdviangifera
indica) plantation based systems for soil properties. Samhples were taken up to 90 cm
depths around trees at various distances (i.e3,4,2and 5 m) from the tree trunk. DTPA
iron (Fe), manganese (Mn), and zinc (Zn) concepmatwere substantially higher in soils
under both the systems, although DTPA copper cdrat@gans were significantly lower in

soils under mango trees (Cu).

Jha and Gupta (2005) analysed top 1 foot of sndeu six land use systems,
agriculture, agroforestry, barren land, foreststyp@s and plantations for comparing their
carbon storage in soil. Highest carbon storagenpielevas shown by forests 120.0 t*ha
83.6 t ha by agroforestry followed closely by plantationsB0ha', agriculture 66.0 t ha
pastures 40.0 t Haand barren land 20 t haThey implicated tall size of vegetation to be the
reason for higher carbon sequestration.

Amusanet al. (2006) investigated five soil parameters bulk dgngravel content,

soil pH, organic matter content, and accessiblesphorus under six land use systenrs
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Cacao plantation, legume-planted fallow, bush faleith mostly herbaceous weed species,
cassava-cowpea intercropped plot, continuous nsgbean cropping plot, and secondary
woodlands. The tree crop plot has a gravel conagoitr of 65.52 per cent, bulk density was
slightly greater in continuous cropping plots, sishcassava/cowpea plot 1.54 g camd
minimum was recorded in tree crop at 1.54 g°cithe usage of heavy machinery and lower
organic matter addition on the plot may explain swnewhat higher bulk density in

continuous cultivation plots compared to other lasd types.

Augustineet al. (2006) evaluated the success of agroforestry trattiim improving
the sustainability of mountainous agricultural syss in terms of soil nutrient status and
erosion control using alley cropped Maiz&e§ mayesand pastures with nitrogen fixing
Gliricida sepiumtrees. Significantly high SOM (soil organic mattes reported compared
to plots with no alley-cropping and higher totatrogen (0.16 per cent) in comparison to
only 12 per cent non-agroforestry plots. Howevagnisicant differences in available soil P

were not observed.

Sahaet al. (2007) studied five multipurpose tree speciés nepalensis, Gmelina
arboreg Michelia oblonga Parkia roxburghiiand Pinus kesiya maintained under normal
recommended practices at ICAR complex, Umiam, Mkilaa to select tree species having
capabilities to bio-ameliorate and provide higheor@mic returns in highly degraded soils
of the north-eastern hill regions of India. It wasncluded thalnus nepalensjdVichelia
oblonga and Pinus kesiyawere best suited for the purpose. With greateraserfcover,
constant leaf litter fall and extensive root systencreased the soil organic carbon by 96.2
per cent, improved aggregate stability by 24.0 qeet, available soil moisture by 33.2 per
cent, and in turn reduced soil erosion by 39.5ceet.

Singhet al. (2007) experimented on a five-year-old poplar f#aon with two row
directions and three spacings, to study litter fatldition and nutrient returns. The
concentrations of several macro and micronutrieatsed dramatically across months, but
there was no discernible pattern. During Novembed Becember, the return of several
nutrients was much higher than in other monthghéndifferent spacings, the total return of
Fe were reported to be highest (6,854-7,767 § hehile the total return of Cu were the
lowest (103.1-115.6 g Ha
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Das and Chaturvedi (2008) studied five agroforedtge speciesviz.,, Acacia
auriculiformis, Azadirachta indica, Bauhinia variigg Bombax ceibaand Wendlandiaex
sertaat a research farm in Rajendra Agricultural Ursitgr Pusa, Bihar and concluded that
although all these species had improved soil fgrtdtatus, but,Acacia auriculiformis

outperformed all others.

Yimer et al. (2008) scrutinised various soil chemical propsttisuch as soil pH,
exchangeable base concentrations *{C#Mg**, K*, Na’), CEC, and percentage base
saturation (PBS) in three nearby land-use typescuture, grazing land, and natural forest
in agriculture, grazing, and forest soils in Ethi#p Bale Mountains. The soil nutrients*Ca
and Md" levels changed greatly depending on land use a@ihdepth, while C& and Md*
levels varied with soil depth. The conversion afiadive forest habitat to agriculture raised
soil pH and PBS while lowering Nand K’ levels. When compared to the natural forest, the
CEC in agriculture was reduced by 37.7% (2.6 pdreach year), which was attributed to

lower organic matter concentrations.

Rawat et al. (2009) stated that litter production in agroforgssystems mainly
depends upon the nature of tree-crop species ahorsaiz., climatic, edaphic, topographic
and biotic as they affect plant growth and phengpldaithe chemical properties of the litter
include Nitrogen content, C: N ratio, phosphorusteat, C: P ratio, phenolics, phenolics to
N or P ratio, lignin content and lignin to N ratiotter nutrients release depends upon not
only litter composition but also soil type, micrabicommunities and soil properties. The
high values of C:N ratio, C:P ratio, phenolics, pblecs to N or P ratio, lignin content and
lignin to N ratio lower down the decomposition ratéhereas, high nitrogen and phosphorus

content accelerate decomposition rate.

lllany et al. (2010) studied the effect of monoculturellgix paraguariensisand its
intercropping withAraucaria angustifolian two different age classes of 30 and 50 yeats ol
for soil fertility status. Various chemical proped of soil were analysed to evaluate Al, C,
Ca, Mg, N, P, K, CEC and pH in two topsoil laye@s5 cm and 5-10 cm). In younger
plantations, the agroforestry sites had lower eatrivalue than the pure stands Itax
paraguariensis However, the pure stands were also more promseitautrient degradation
with time as compared to the agroforestry sitetiqdarly in C, Ca, CEC and N for both soil

layers.

19



Singh et al. (2010) compared soil nutrient status of Poplaseblaagroforestry
systems at PAU, Ludhiana with pure stands of 13-g&hAcacia catechuAlbizia lebbeck
Dalbergia sissopEucalyptus tereticornjsAzadirachta indicalLeucaena leucocephaland
Melia azederacland their adjoining open areas (Control) at PAglaeal station, Bathinda.
Soil was studied depth wise for soil organic car(®@®C) and available N, P and K. Results
showed slightly higher SOC and available nutrientsurface layers (0-15 cm) vis a vis
deeper layers irrespective of the tree specie®, Ate soil nutrients under tree species were
far higher compared to the open field (Control)in&reased by 7.25 g KgunderAlbizia
lebbeck 7.03 g K@ in Acacia arabica 6.94 g Kg" in Dalbergia sissoand 6.88 g Kg in
Leucaena leucocephaompared to 3.81 g Kgin control. Available N, P and K were also

higher under these tree species.

Kumar (2011) inferred that the floral diversity afgroforestry systems creates
suitable conditions for soil microbes, which playrajor role in litter decomposition and
release of nutrients. In,Nixing tree species, litter decomposes fasteromspared to non N
fixing tree and crop species. Any dip in litter Mncentration, increase lignin content and
elevated atmospheric G@oncentration marked decrease in rate of litteodgosition and
timing of nutrient release but the largest charsgeaused by environmental factors, such as

temperature, moisture and evapotranspiration, etc.

Chisanga (2012) studied the carbon storage aihgbhreperties of different land use
systems in dry temperate North West Himalayas. taéed that all of the agroforestry
systems had greater nitrogen levels, which was tiladlyy owing to the yearly leaf litter

production, fertilizer application, cattle graziramd other anthropological factors.

Munishamappat al. (2012) concluded that crop species contributet emsompared
to perennial woody tree species in total litterduction in agroforestry systems. Deciduous
species contribute more in litter fall as compat@dhe evergreen species due to litter fall
occurred throughout the year. The summer and sga@agon recorded higher litter fall and
contributed 25% each, whereas, autumn season estdedst. Generally, wind velocity

increases in summer and spring season which praimeieaves abscission.

Bhardwaj et al. (2013) investigated different soil properties ieven land uses,
including agrihorticulture (AH), silvipasture (SPagrisilviculture (AS), horticulture (H),
forest (F), agriculture (A), and grassland (G), rotreee elevational gradients of 1500-1800
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m, 1800-2100 m, and 2100-2400 amsl, and found tti@tmaximum bulk density under
horticultural land use system (1.207 g 9mand lowest in forest and silvipasture (0.983 g
cm®) and because of the concurrent reduction in befisiy with increasing altitude, the

total soil organic carbon pool also decreased asltitudinal range increased.

Yitbarek et al. (2013) studied the impact of land cover on the spiochemical
parameters of soils in three land use types, naroebst, grazing and arable lands. The
concentrations of soil OM, total N, CEC, exchandeddg and accessible micronutrients
(Mn, Zn, and Cu) were lower in farmed land thamearby forest area, respectively. The
gazing area had considerably lower PBS and acdessibronutrients (Fe, Mn, Zn, and Cu)
than the nearby forest land. However, no significariations in soil OM, total N, CEC or
accessible P were found between forests and graasmires. According to the findings of
this study, soil quality and health were relativataintained under the tree cover, whereas
the influence on most parameters was negative @sdits of cultivated land, indicating the
need for integrated soil fertility management tatimpe and maintain favourable soil
physico-chemical properties in the long run, whinhy be achievable under agroforestry

based cultivations.

Sarvadeet al. (2014) reported that trees on the field are thgoitant component of
the sustainable land use systems (agroforestry)chwimproves soil nutrient status by
various processes, such as litter addition, decsitipo, nutrient release, atmospherig N
fixation, nutrient pumping, etc. The nutrient Idssough soil erosion is also controlled by
tree species. The improved soil through agrofoyesgstems helps to meet increased food

requirement and serve as an evergreen revolution.

Gardini et al. (2015) carried out investigation on changes in gbiysical and
chemical properties in Cacao based agroforestriesys for extended period of time in
Peruvian Amazon. The physical properties such #sdrnsity, porosity, field capacity and
wilting point have considerable effects on produtti of the systems. In general, bulk
density was lower in surface soil layers and inseeaas soil depth increased (1.39 gcm
and 1.42 g ci, respectively). They concluded that the managerseategies and kind of
vegetative cover can modify the soil physical diedi over time as, the lower the bulk
density, the better it is for root development, exsally in tree plantations, since with
increase in soil bulk density, soil strength als®s and soil aeration declines, resulting in

unfavourable impacts on root growth.
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Negaseet al. (2017) investigated variation in soil propertiesar different land use
types managed by small holder farmers in southéniofa, finding that soil properties such
as sand, clay, soil bulk density, electrical conishity (EC), soil organic carbon (SOC per
cent) and total nitrogen. All these soil paramegadsibited greater value in agroforestry land

than that in cropland, indicating a considerableavece among land use types.

Pardonet al. (2017) studied spatial variability of soil orgargarbon, acidity and
nutrient status (N, P, K, Ca, Mg and Na) of theuplo layers were analyzed on a set of 17
arable agroforestry fields comprising 6 young (<€ang) alley cropping fields and 11 fields
bordered by a row of trees of moderate to older(a§e47 years) in Belgium. Significantly
higher soil organic carbon and soil nutrient coticgions of N, P, K, Mg and Na were
observed in the vicinity of trees in field boundgi most likely resulting from the input of
tree litter and nutrient-enriched throughfall wafear K and Na). Observed increases were
strongly related to the distance from the tree rosgulting in a gradual change in soil
conditions up to at least 30 m into the field. Tessults highlight the potential of middle-
aged to mature tree rows to increase soil orgaaiban stocks and nutrient availability for

the agricultural crop in AFS.

Reddyet al. (2017) compared soil nutrient status of Tedkcotona grandis and
bamboo Dendrocalamus strictysplantations at a agroforestry research farm igpda to
pure agriculture land. Soil samples were studietvimlayers: 0-15 cm and 15-30 cm of teak
(8-9 years old), bamboo (14-19 years old) plantatiand farm lands. Soil was analysed for
available N, P, K, exchangeable Ca and Mg, ino@@&arbon, organic Carbon and PH. The
pH was quite high in cultivable land and lower @ak followed by bamboo. Bamboo had
higher organic and inorganic Carbon, Sulphur anchargeable Calcium and Magnesium
compared to teak plantations and farmland. Avadldbland P was highest in teak followed

by bamboo and farmland.

Costaet al. (2018) studied soil organic matter and L£fluxes in small tropical
watersheds, under forest and cocoa agroforestriheriwo agroforestry systems, managed
Cacao based agroforestry system (MC) and unman@gedo based agroforestry system
(UC), Ca+ and Mg+ ions concentrations were likewiggher at depths of 0—20 metres, the
values were higher as compared to PF, and there n@apattern in the concentration
distribution. They also stated that reserved feréstd lower Fe and H+ Al concentrations

by several orders as compared to the MC and U®, eahcentrations sometimes tending to
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grow with depth, though no discernible pattern vedserved and similarly in total of

exchangeable bases values.

Jianget al. (2019) evaluated the hydrological process in seitéch are critical for
carrying and distributing water in rubber-basedoémestry systems. A correlation between
water flow behaviours, soil physical qualities,ilinhtion patterns of soil showing distinct
soil layers and variation patterns in water flovh&@our was observed. The soil physical
gualities of forestry patches unddevea brasiliensigHB) andCitrus reticulata(CR) were
shown to be superior to those of areas with notagiga (NV) and the field capacity of the
soil strata at depths of 20 cm to 60 cm rose by #6%e CR plot and 8% in the HB plot.
The field capacity, saturated water-holding capaaind saturated hydraulic conductivity
were all strongly affected by the soil bulk densityn-capillary porosity, and capillary

porosity.

Matos et al. (2020) studied soil properties and litter qualitgder agroforestry
systems of south-eastern Brazil. In case of sojisigial qualities, the forest had the best
aggregate stability and the lowest bulk densityplyimg that these soils may support higher
water infiltration rates and better erosion manag@&mnThe pasture, on the other hand, had
the highest bulk density, indicating possible coatipa problems may be due to poor
grazing and soil fertility management. The bulk siBes of the agroforestry system plots
were all close to that of forest soil, implying tltmmpaction difficulties had been mitigated
or avoided since eight years when the agroforesgsfems were established on degraded
pastures.

Gusli et al. (2020) conducted a study in mountainous landscaipeSulawesi
(Indonesia), and measured organic carbon concemtrand soil physical attributes of
different land cover types: secondary forest, ratrhia cocoa—based agroforestry, and
multistrata (mixed fruit and wood) agroforests lmanosequence. They measured five pools
of C-stock, according to IPCC recommendations: balk density (BD), macro porosity
(MP), hydraulic conductivity (Ks) and accessible tevacapacity of the soil (AWC).
Following forest conversion, soil compaction in@ed BD while decreasing MP, Ks, and
AWC. In older agroforestry, AWC per meter of rootall profile increased by 5.7 mm per
unit (g Kg') increase in organic carbon. The repaired AWC sugsport evapotranspiration,
which helps in climate change adaptation.
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Kaur et al. (2020) studied and observed a popRofulus deltoideBartr.) based
agroforestry system (AFS) for 10, 20, and 30 y@ader to assess the fractions of cationic
micronutrients (Fe, Mn, Zn, and Cu). They reportieat trees in major agricultural systems
may help to alleviate micronutrient deficits by neasing the mobilization of micronutrients
in the soil. At different depths, the residual fran of all micronutrients was higher than the
other fractions. The use of a poplar-based AFS ltegbun the accumulation of total
micronutrients and their different pools in thelsblence; the use of a poplar-based AFS
resulted in the accumulation of total micronutrseand their different pools in the soil.

Sarkaret al. (2020) worked on three agroforestry systems: Kdémthocephalus
cadambaMiq.) based agrisilvicultural system, Simaroul&infarouba glaucaDC) based
agrisilvicultural system, Litchiltchi chinensisSonn.) based agrihorticultural system and
one open agroforestry system (without trees) tdysthe effects of agroforestry systems on
soil micronutrient status up to 30 cm soil depti A\ extraction solution was used to assess
available micronutrient cations (Copper, Zinc, lraand Manganese). According to the
findings, all agroforestry systems had the abitdyboost micronutrient levels. Over the
control plot, the contents of both Simarouba hadhighest micronutrient revival capability.
In all plots, the presence of all micronutrientssviar higher in the surface soil as compared

to the lower soil.

Narenderet al. (2021) carried out a study in the semi-arid regodrHaryana, in

Gillan Khera in the district Fatehabad. pH, eleaiiconductivity (EC), organic carbon, soil
moisture, and accessible nitrogen, phosphorus, partdssium were all measured in soil
samples. Under trees, the soil pH and EC declineterthan under control (single wheat
crop), dropping from 8.09 to 7.89 and 0.46 to (&, respectively. At both soil depths,
intercropped situations had greater levels of NKPorganic carbon (131.38,16.00, 301.10
(Kg ha') and 0.46 percent, respectively) and soil moistametent. The increased amount of
nutrients is justified by the extra moisture undbady conditions, which resulted in faster
litter decomposition, mineralization, and nitrogeptake as compared to full sunlight
situations. Under the influence of trees, orgaaiton and other beneficial changes occurred
in the soil. Under the influence of trees, orgaradoon and other beneficial changes occurred
in the soil.

2.2.2 Soil microbiological properties
Arunachalamet al. (1999) explored the effect of soil characteristics microbial

populations, activity, and biomass in humid subttabmountainous habitats of India. These
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parameters were monitored in slightly acid orgasails of major mountainous humid
subtropical terrestrial ecosystems along a sdiilitgrgradient to examine the impact of soil
properties on microbial populations, activity, biass and perhaps to better understand the
dynamics of microbial biomass. Soil respiration w@sest in the 7-year-old regrowth and
natural grassland, despite the fact that fungusxddmce was highest in the undisturbed
forest. The MBC (microbial biomass carbon) was tyadétermined by the soil's organic C
condition and values in mature forest were genegaktater than in natural grassland, 1-year-
old jhum fallow, and 4-year-old alder plantatiorhel deduced that several soil parameters,
particularly nutrient levels, had a significant eff on enzyme activity, soil respiration,

bacterial and fungal populations, and microbiahiess.

Kaur et al. (2000) analyzed the role of agroforestry systamesnhancing soil organic
matter status, microbial activity, and nitrogen ilality in moderately alkaline soils at
Karnal, Haryana. A rice—berseem crop cycle was usild agrisilvicultural systems of
Acacia, Eucalyptus, and Populus, as well as riceselaen and single species tree plantings.
In tree-based systems, microbial biomass was 4Zemr higher (microbial C) and 13 per
cent higher (microbial N) than in monocropping.tiaee-based systems, microbial biomass
immobilised 2.32—-2.57 per cent of soil carbon ar@B44.48 per cent of soil nitrogen. The
integration of trees with crops over 6—7 years aokd soil carbon by 11-52 per cent. In
comparison to monocropping, soil inorganic N leweése 8—74 per cent higher in tree-based
systems, and nitrogen mineralization was 12—-37cpeat greater. Agrisilvicultural systems
have been found to be ecologically sustainable-lesglsystems for employing moderately
alkaline soils due to enhanced soil organic matteritent, expanded soil microbial biomass

pool, and improved soil N availability.

Tangjanget al. (2009) studied three arecanut-based traditionadfagestry systems
practised by two ethnic communities, the Kalitad &lyishis, for investigating seasonal and
depth-wise variation in bacterial and fungal popiales. With an increase in soil organic C,
total N, and accessible P, the soil organic C,| thtaand available P dropped. Bacterial
population was highest during spring and that ofgfuduring autumn. Nonetheless, the
highest microbial counts were recorded in the tog8el0 cm) layer except during the rainy
season when the population was greater in the dalosu(10-20 cm) layer. Altogether, 29
soil micro-fungal forms were recorded from thretsi The microbial colony forming units
were related to the concentrations of organic C tmdl N in the soil. Plant residues,
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additional organic matter, vegetation, plant specemposition, and soil mineral nutrients
were found to change the microbial population apeécgs composition in a classic
agroforestry system. Plant residues, additionakmigy matter, vegetation, plant species
composition, and soil mineral nutrients were fouadchange the microbial population and

species composition in a classic agroforestry syste

Abbasi et al. (2010) looked at changes in soil characteristitd mnicrobiological
indices across several management sites in JamohiKashmir's mountain settings. The
forest had 22.3 x facteria, 8.2 x T0actinomycetes, and fungus 2.5 X filngus, whereas
it was 8.2 x 11D in arable land. Both season (temperature) and degith (15-30 cm
subsurface layer) had a significant influence owrratiial development, since both activity
and nutrient content decreased significantly inwheter. They discovered that the organic
matter content of soils collected from the forgsgssland, and arable land was 3.4, 2.0, and
1.5 per cent, respectively, and that the growth @opllation microbes showed a significant
correlation with SOM f = 0.87, 0.82, and 0.67, respectively), implyingttmatural

vegetation appears to be a major contributor togeaility.

Yu et al. (2012) in a subtropical mountainous location afteern China, investigated
soils from a representative land-use sequencesubtiopical region of China, including four
natural forests, two plantations, and a citrus ardhto determine the response of soil
microbial diversity to land-use conversion of natuorests to plantations as soil microbial
community diversity, soil organic matter, and nenti cycling can all be affected by land-use
conversion. Phospholipid fatty acid (PLFA) analysienaturing gradient gel electrophoresis
(DGGE) and real-time quantitative polymerase chasction (PCR) were used to explore
soil microbial diversity. The amount of PLFA andethumber of bacterial 16 S rRNA gene
copies were considerably reduced when natural wa@as converted to plantations. In the
CUL plantation and the citrus orchard, the averageantity of PLFA was lower by 31 per
cent and 57 per cent, respectively, than in natorakts. Changes in the amount of litter and
the state of soil nutrients caused by land use @ promote these indirect changes. At
the same time, the average copy number of the hmcte6 S rRNA gene reduced
considerably from 8.1 x 1bg ™ dry weight (DW) in wild forest to 4.9 x #bg ™ DW in
Cinninghamia lanceolat{ CUL) plantation. They inferred that these indirebanges were
affected by changes in litter fall and soil nuttistatus as a result of land-use modification
and deliberate management has a negative impasbibmicroorganisms, which does not

favour the sustainability of the ecosystem.
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Lingappaet al.(2013) performed a long-term fertilizer experimstudying effects of
N, P and K fertilizer application on the soil mibes. The study revealed that a balanced N,
P and K treatment boosted microbial population dmoimass growth and improved
community composition, whereas an unbalanced i&tibn decreased microbial N levels

while increasing the C: N ratio of microbial biorsas

Bagyaraj et al. (2015) compared soil micro organismgz, bacteria, fungi,
actinomycetes and arbuscular mycorrhizal (AM) fupgesent in different typologies of
coffee production systems. Two types of coffee fslawere grown under different
agroforestry management such as coffee under oe@asiped shade species, multi-storey
coffee systems with 2 shade tree species, and reesrgecological conditions. Under
evergreen conditions, Arabica coffee had the marinamount of infective propagules of
AM fungus. Bacteria, fungus, and actinomycetes faimns were higher in an evergreen
habitat than in a deciduous one. When compareddecaluous habitat, the abundance of
nitrogen-fixing bacteria was more than doubledvergreen settings. Evergreen ecosystems
had more lignin degrading bacteria than deciduoussystems, whereas deciduous
ecosystems had more starch hydrolyzing bacteria pautin-utilizing bacteria. It can be
concluded that evergreen coffee system supportsehigopulation of microorganisms.
Coffee cultivated beneath two shade tree types stgap the highest population of all

microbes of the three typologies.

Radhakrishnaret al. (2016) measured soil physico-chemical parametads the
guantity of microorganisms while working on thetssaof microbial diversity in agroforestry
systems in Tamil Nadu. In different samples analysiege bacterial population was found to
be the most prevalent (64 per cent), followed bynamycetes (23 per cent) and fungi (13
per cent). The total bacterial count was linkegad organic carbon (C), moisture content,
pH, nitrogen (N), and micronutrients like iron (Feppper (Cu), and zinc (Zn). Similarly,
bulk density, moisture content, pH, C, N, phospkofB), potassium (K), calcium (Ca),
copper (Cu), magnesium (Mg), manganese (Mn), and @n) all had positive associations
with total actinomycetes count. Similarly, bulk dég, moisture content, pH, C, N,
phosphorus (P), potassium (K), calcium (Ca), cog@ar), magnesium (Mg), manganese
(Mn), and zinc (Zn) all had positive associationghwtotal actinomycetes count. The
microbial population in agroforestry systems wasoahffected by soil organic matter,

vegetation, and soil nutrients.
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Chapter-3

MATERIALS AND METHODS

The present study entitletEvaluation of established Agroforestry systems for
their Carbon sequestration and Soil enrichment potetial in mid-hills of Himachal
Pradesh” was conducted in the mid hill zone of Himachald@sh during 2020-2021. The
description of study, techniques and methodologdyingo use in the present study is given as

below.

3.1 SITE DESCRIPTION
3.1.1 Site and Location

The present study was carried out at the Silwicaland Agroforestry Research Farm,
Majhgaon, Department of Silviculture and AgroforgstDr. Y. S. Parmar university of
Horticulture and Forestry, Nauni, Solan (H.P.) adbining areas during the year 2020-21.
The experimental area is located in the mid-hileof Himachal Pradesh, 13 km away from
Solan town. The latitude and longitude coordinatiethe site are 30°50'30” to 30°52’00" N
and 77°08'30"to 77°11'30"” E, respectively, haviran average elevation of about 1,250 m

above mean sea level.
3.1.2 Climatic and Edaphic factors

The area falls under sub-humid mid-hill zone ofmidchal Pradesh, India and is
considered to be a transitional zone between sydetl and sub-temperate zone. According
to the data available with Department of Environtak8ciences, YSPUHF, Nauni, the study
site experiences hot summers and cold winters \aiterage minimum and maximum
temperature varying from 3°C during winters (Jaguéo 32°C during summers (June). The
average annual temperature however, is 19°C amdatimual rainfall varies from 1,000-
1,400 mm with an average of 64 rainy days. Mosthef rains are confined mainly to the
monsoon season (July to September) with few presomm showers, along with limited
winter rains, received in January and February. Sdierepresents the ‘Inceptisol’ group and

is dominantly clayey loam.



3.2. METHODOLOGY
3.2.1 Experimental Details

Experiment | To quantify the biomass production and carbon ssiation potential (CSP)
of different artificially designed as well as nalagroforestry systems of sub

humid mid-hill zone of Himachal Pradesh.

The treatment detail of the experiment is as below

A. Agroforestry Systems

T1- Sole Cropping

T, - Agri-silvi-horticulture system

T3- Agri-silviculture system

T4- Fruit tree based agroforestry system
Ts- Fodder tree based agroforestry system
Te - Bamboo based agroforestry system
T, - Melia based agroforestry system

Tg- Poplar based agroforestry system

To- Silvipasture system

Design : One-way ANOVA
Treatments : 9 (Agroforestry systems)
Replications : 3

Sample plot size : 50 x 20 sqg. m. (for trees)

1 x 1 sqg. m. (for crops and herbage)
Experiment Il To study soil physical, chemical and biological gedies of agroforestry

systems of sub-humid mid hill zone of Himachal sdd
The treatment detail of the experiment is as below

A. Agroforestry Systems

T1- Sole Cropping

T, - Agri-silvi-horticulture system

T3- Agri-silviculture system

T4 - Fruit tree based agroforestry system
Ts- Fodder tree based agroforestry system
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Te - Bamboo based agroforestry system
T, - Melia based agroforestry system
Tg- Poplar based agroforestry system
Tg- Silvipasture system

Soil Depths

S - 0-20 cm

S;-21-40 cm

$-41-60 cm

Design : Two-way ANOVA

No. of Treatment combinations: 27 {9 (agroforestystems) x 3 (soil depths)}
Replications : 3

3.2.2 Observations recorded

3.2.2.1 Tree parameters:

1.

B)

Height (m)

Height of all the trees in the sample plot was snead individually, using Ravi
multimeter. Later, used in the estimation of steamass.
Diameter (m)

Diameter of each tree was taken at breast height thve help of tree caliper. The
girth of the fodder trees was taken at breasthtesereas, in fruit trees, basal girth
(5-10cm above-ground level) was measured. In bas\bdiameters of individual

culms were measured and, total diameter was detednioy adding diameters of all
the culms.

Biomass Characters:

Tree component

Stem biomass

To estimate biomass, all the trees falling in samplot were enumerated. The

diameter at breast height (d.b.h) and height chdeee was measured. Later, stem
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biomass was calculated using volume equations lojge@ for particular species

present in the agroforestry system.

Branch biomass

Total number of branches irrespective of size veeneted in each of the sample tree
and then categorized on the basis of basal dianmetethree groupsjiz., <6 cm, 6-

10 cm and >10 cm. Fresh and dry weight of threepéed branches from each group
was recorded separately. The following formulai@@maya, 1990) was used to

determine the dry weight of branches.

Bdwi = Btwi/1 + Mcbdi

Where,

Bdwi - oven dry weight of branch
Btwi - Fresh/green weight of branches

Mcbdi — Moisture content of branch on dry weighsis

Total branch biomass (Fresh/dry) per sample treedegermined as given by:

Bbt = nlbwl + n2bw2 + n3bw3J -nibwi

Where,

ii)

Bbt - Branch biomass (fresh/dry) per tree
ni — number of branches in tH&branch group

bwi — average weight of branch 8fgroup

Leaf biomass

For leaf biomass also, branches were taken areba@ted on the basis of basal
diameter into three groupsiz, <6 cm, 6-10 cm and >10 cm. Leaves from three
sample branches from each group were removed hegignd oven dried separately
to a constant weight at 80 + 5°C (Chidumaya, 1960Yry biomass estimation. An
estimate was made of biomass present in eacredammple branch which was used
later to estimate the total biomass of all thedsan the trees, individually.
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iv) Tree biomass

The total tree biomass was the sum of stem biomassich biomass and leaf
biomass. The tree biomass was converted into ndraotion by factor of 0.5 (IPCC

default value).

B. Crop component

The following tree-crop combinations (Table 1) weevaluated for biomass
production, carbon sequestration and soil enrictimpotential of different

agroforestry systems.

)] Crop & herbage biomass

Crop biomass was estimated using 1 x 1 sq. m. gtesjrwith three samples drawn
from each sampling plot. All the crops and herbaggurring within the borders of the
guadrate were cut at ground level and weighed.rLdtese samples were sub -
sampled and oven dried at 65 £ 5°C to a constamjhiveThe crop biomass was
converted into carbon by multiplying it with a facof 0.45 (Woomer, 1993).

i) Grass biomass

Grass biomass was estimated using 1m x 1m quadnaith three samples drawn
from each sampling plot. The total grass biomassiwing within the borders of the
quadrate were cut at ground level and collectexbsss were weighted, sub sampled
and oven dried at 65 £ 5°C to a constant weigheé d@rop biomass was converted into

carbon by multiplying with a factor of 0.45 (Woom&993).

Table 1: Tree-crop combinations under different agoforestry systems during the time

of study
Plot| Area Area
AFS Code Tree-crop combinations size| under under
(ha)| tree | crop/grass
(ha) (ha)
Sole Cropping T, | Red chilies - Wheat/Pea 0j1 - 0.1
System Cabbage - Garlic
Cauliflower - Onion
Agri-silvi- T, |Apricot + Celtis + Tomato - Wheat 0.1 0.0p 0.8
horticulture Grewia + Pear + Maize - Wheat
System Grewia + Plum + Maize - Garlic
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Agri-silviculture T; | Grewia + Toona + Soybean|0.1 0.02 0.08
system Mustard

Grewia+ Celtis + Okra - Wheat

Grewia + Bauhinia + Soybean - Pea
Fruit tree based | T, [Apricot + Peach + Okra - Wheat 0.1 0.04 0.06
AFS Plum + Pear + Cabbage - Potato

Plum + Pear + Soybean - Linseed
Fodder tree based| Ty Grewia + Capsicum - Potato 0.1 0.03 0.07
AFS Morus + Maize - Chickpea

Grewia + Soybean - Linseed
Bamboo based Te Bamboo + Soybean - Ginger 0.1 0.04 0.06
AFS Bamboo + Capsicum - Mustard

Bamboo + Turmeric - Mustard
Melia based T, Melia + Cauliflower - Radish 0.1 0.04 0.06
AFS Melia + Cabbage - Garlic

Melia + Soybean - Mustard
Poplar based Tg | Poplar + Turmeric - Wheat/Pea 0.1 0.04 0.06
AFS Poplar + Capsicum - Mustard

Poplar + Turmeric — Wheat
Silvipasture Tg Leucaena + Grewia + Grasses 01 0.08 0.0p
System Grewia + Morus + Grasses

Bauhinia + Grewia + Grasses

C. Surface leaf litter

To quantify surface litter inside any agroforesygtem, litter was randomly collected
at five sample sub-plots, using a 1 x 1 sq. m. rptadsize. All the floor litter inside the
quadrate was collected and oven dried at 60°C asidhed. To convert litter biomass to
carbon, biomass was multiplied by a default valu@.870 (Smith and Heath, 2001).

3.3 ABOVE-GROUND BIOMASS

3.3.1 Above-ground tree biomass
3.3.1.1 Volume estimation

The trees falling in the plot of 50 x 20 sq. mrevenumerated. The diameter at breast
height (d.b.h.) was measured with the help of t@&eer and the height was measured with
Ravi's multimeter. Volumetric equations developeddpecific tree species and regions were
used for calculating the volume of the trees ofghmple plot. The volume equations as put
forth by FSI (FSI, 1996; 2009; 2011; 2015) are giabead:
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Table 2: Volume equations used for volume estimatioof different woody tree species

’i;‘- Tree species Volume equations

1 | Bauhinia variegata | V/D? =0.007602/D - 0.033037/D + 1.868567 + 4.483454 x []
2 | Celtis australis V/D? = 0.007602/B- 0.033037/D + 1.868567 + 4.483454 x D
3 | Grewia optiva V/D? = 0.007602/B- 0.033037/D + 1.868567 + 4.483454 x D
4 | Melia composita V = 0.00045 + (0.000026 x’> H)

5 | Morus alba V =0.167174-1.735312 x D + 12.039017 % D

6 | Populus deltoides |V =0.193297 - 2.2667002 x D + 10.679492 % D

7 | Prunus armeniaca |V =0.193297 - 2.267002 x D + 10.679492 xD2

8 | Prunus domestica |V =0.193297 - 2.267002 D + 10.679492 % D

9 | Prunus persica V = 0.193297 - 2.267002 D + 10.679492 % D

10 | Pyrus communis V/D?=0.775 - 7.787 x D + 22.748 ¥D

11 | Toona ciliata V/D?= 0.007602/ B- 0.033037/D + 1.868567 + 4.483454 x [

(Where, D = Tree diameter; H = Tree Height; V d/e)

3.3.1.2 Biomass stock estimation (Mg 3

The estimation of Above-ground biomass of the dreas done by using specific
gravity and expansion factors, developed for the-aestructive estimation of above-ground

biomass of trees.

Stem biomass (Mg Ha= VOB x WD

Above-ground biomass density (Mgta Stem biomass x BEF
Where,

VOB = Volume over bark

WD = Volume weighed wood density

BEF = Biomass expansion factor
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3.3.1.3 Wood density (g cif)

The wood density of the different tree speciesgme in the experimental plots has

been given as below.

Table 3: Wood density of different woody tree spees

S. N¢. | Name of species Wood density | Source
1. Bauhinia variegata 0.67 IPCC (2006)
2. Celtis australis 0.71 Sheikhet. al.(2011)
3. Grewia optiva 0.71 Sheikhet. al.(2011)
4. Leucaena leucocephala 0.74 Sheikhet. al.(2011)
5. Melia composita 0.70 Sheikhet. al.(2011)
6. Morus alba 0.74 Sheikhet. al.(2011)
7. Populus deltoides 0.40 Wiemann M C (1990)
8. Prunus armeniaca 0.63 AF Tree Database, ICRAF
9. Prunus domestica 0.63 AF Tree Database, ICRAF
10. | Prunus persica, 0.63 AF Tree Database, ICRAF
11. | Pyrus communis 0.54 AF Tree Database, ICRAF
12. | Toona ciliata 0.55 Sheikhet. al.(2011)

3.3.1.4 Biomass expansion factor (BEF)

It is the ratio of the total above ground oven-bigmass density of trees (minimum
d.b.h. =10 cm or more) to the oven dry biomassidgiof inventoried volume. Some of the
expansion factors developed for different tree sgseare given in table ahead.

Table 4: Biomass expansion factor of different waty tree species present at the study

site
.S.No| Name of species Expansion factor | Source
1. | Bauhinia variegata 1.40 IPCC (2003)
2. | Celtis australis 1.32 Kishwan et al (2010)
3. | Grewia optiva 2.01 Kishwan et al (2010)
4. | Morus alba 1.30 IPCC (2003)
5. | Populus deltoides 1.58 Rawatet al.(2015)
6. | Prunus armeniaca 1.43 Hidayat and Simpson (1994)
7. | Prunus domestica 1.43 Hidayat and Simpson (1994)
8. | Prunus persica 1.43 Hidayat and Simpson (1994)
9. | Toona ciliata 1.40 IPCC (2003)
10. | For remaining trees 1.50 Brown and Lugo (1984)

3.3.2 Above-ground Biomass of Crops

Five quadrates of 1 m x 1 m were used for estimgaitne crop biomass in a sample
plot. The total biomass was estimated by uprootatigthe crops from the quadrates at
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harvesting stage and then isolated root and aboweng parts were weighed separately to
decide the fresh weight. All the crop samples veaiéected, weighed, sub-sampled and oven
dried at 65 + 5°C until a constant weight, and thenverted into carbon by multiplying with
a factor of 0.5 (IPCC default value).

3.4 BELOW-GROUND BIOMASS

3.4.1 Below-ground tree biomass

Below-ground biomass of trees was calculated biiphying Above-ground biomass
with a factor of root: shoot ratio of particulaedras per the guidelines of IPCC (1996), Cairns
et al. (1997), Mokanyet al (2006) and others. The root-shoot ratio of ddfértree species

are given below in the table:

Table 5: Root-Shoot ratio of different woody tree pecies present in the study site

S.Nc. | Name of tree species Root-Shoot ratio | Source
1. | Bauhinia variegata 0.27 IPCC (2003)
2. | Celtis australis 0.21 Hidayat and Simpson (1994
3. | Grewia optiva 0.32 Ranaet. al (1989)
4. | Morus alba 0.26 Rajputet. al (1985)
5. | Populus deltoides 0.19 Kumar (1998)
6. | Prunus armeniaca 0.27 IPCC (2003)
7. | Toona ciliata 0.27 Rajputet. al (1985)
8. | For remaining soft wood trees 0.21 IPCC (2006)
9. | For remaining hard wood tregs 0.25 IPCC (2006)

Table 6: Root-Shoot ratio of different agriculture crops concerned

S. Nc. | Name of crop species | Root-Shoot ratio | Source
1. | Brassica campestris 0.20 Kumaret al (2008)
2. Capsicum annum 0.41 A’fifah et al (2015)
3. | Cicer arietinum 0.22 Ganet al (2009)
4. | Glycine maxL.) Merill 0.25 Kushwahet al.(2014)
5. | Solanum lycopersium 0.36 Ghanenet al.(2011)
6. Phaseolus vulgarik. 0.26 Boutraa (2009)
7. | Pisum sativunti. 0.11 Ganet al.(2009)
8. | Solanum melongena 0.35 Kuchay and Zarger (2016)
9. | Triticum aestivuni. 0.20 Ganet al.(2009)
10. | Zea mayd. 0.20 Kushwahet al.(2014)
11. | Others - Determined in Laboratory
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The data pertaining to root: shoot ratio of tre@s wstimated by:

Below-ground biomass = Above-ground biomass x:rslobot ratio
3.4.2 Below-ground biomass of crops and herbs

Below-ground biomass of crops and grasses wasilagdd by multiplying above-
ground biomass of crops/grasses with a factor of shoot ratio of particular crop/grass.The
root: shoot ratio of different crop species areegiin Table 6. Below-ground biomass of some
grasses and crops, whose root: shoot ratios weawauable, were estimated by direct

measurements in the laboratory.

3.5 CARBON STOCK
3.5.1 Vegetation Carbon Stock (Mg h§

The above ground and below ground carbon stockegktation was estimated by
vegetation biomass multiplied with default valu® QIPCC, 1996). Total carbon stock in

vegetation was determined by adding Above-grourmbBelow-ground carbon.
Carbon stock = Biomass x 0.5 (IPCC default value)
3.5.2 Soil Carbon Stock (Mg hd)

The soil organic carbon stock was expressed inaddgns per hectare for a particular
depth was estimated using the formulae of Caetad (2001). The carbon concentration data
and the bulk density of soil was used to estimlageamount of Carbon per unit area of each

agroforestry system, as follows:

C (Mg ha) = Bulk density of soil (g ci) x Soil depth (cm) x Carbon (%)
3.6 CARBON AND CO, ESTIMATION

3.6.1 Carbon (Mg ha&)

Above and below-ground carbon stock in vegetatias determined by multiplying
vegetation biomass with 0.5 (IPCC default valu€a)9

Carbon = Biomass x 0.5
3.6.2 Vegetation carbon density (Mg hg

Vegetation Carbon density = tree biomass carbbark biomass
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3.6.3 Carbon sequestration rate (Mg hayr™)

agroforestry systems (sole cropping in the adjgiramea) from that inside the system and

Carbon sequestration was estimated by subtrachiegcarbon stock outside the

dividing it by the average age of the trees presetite system.

Carbon sequestration rate =

Carbon stock of study area — Carbon stock of anjgifand

Age of the trees

Here, study area = area under agroforestry system;

adjoining land = area just outside the agrofoyesystem

S.No.| Agroforestry Systems Year of establishment] Averagage of trees
1. | T4 (Fruit tree baseAFS) 2006 14
2. | Ts (Fodder tree baseAFS) 2006 14
3. | Ts (Bamboo baseAFS) 2006 14
4. | T; (Melia basetAFS) 2006 14
5. | Tg (Poplar baseAFS) 2003 17
6. | To (Silvipasture syster 2001 20

3.6.4 CQ mitigation rate (Mg ha'yr™)

3.7

Carbon mitigated = Carbon sequestered x 3.67

SOIL ANALYSIS

Collection and preparation of Soil samples

agroforestry system using pickaxe, spade and peasth auger. Composite samples of each
depth were then prepared. Soil samples were shat drinded in pestle and mortar, sieved
through 2 mm sieve and then stored in cloth bagsldooratory analysis, later. Various

physical and chemical properties of soil were deieed

below:

At least three soil samples were drawn from thdiféerent depths from each

3.7.1 Soil physical properties

using standard methods as given

S.No. | Physical Property Method employed
1. Bulk density Core method (Blake,1965)
2. Particle density Pycnometer method
3. | Soil Porosity Bulk density method
4. | Soil texture Hydrometer method
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3.7.1.1 Bulk density (g crif)

Bulk density (BD) of soil samples was determinedha laboratory after using core-

tube method in the field. It was calculated usimg formula:

_ Wsc
pb_ Ve

Where,

2b = bulk density of soll
Wsc = weight of oven dry soil in the core (g)

V¢ = Volume of the core/soil (cth
3.7.1.2 Particle density (g ci)

Particle density (PD) of soil samples was deteetiim the laboratory by standard

pycnometer method and was calculated using theuiarm

Ws
Wpw+ Ws +Wpsw

Ps =

Where,

ps = particle density of soil

Ws = weight of soil
Wpw = weight of water filled pycnometer (g)

Wpsw = weight of pycnometer + water + soil (g)
3.7.1.3 Porosity (per cent)

The porosity of collected soil samples was deteeahiby taking into consideration the

values of bulk density and particle density with ttelp of following formula:

Porosity (%) = ﬂ X 100
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Where,
Py, = Bulk density (g crii)

ps = Particle density (g i)

3.7.1.4 Soil texture

Hydrometer method was used to measure the pasimés of soil samples based on
Stoke’s law. Later, using soil particle size, thgttiral class of the soil is determined with the
help of textural triangle as per the amount of saiitland clay particles present in the soil
sample.

3.7.2 Soil chemical Properties

ﬁg. C;‘:prg'r(tzil Method employed

1. |pH 1:2 Soil:Water suspension, measured with digital ph&ter
(Jackson,1973)

2. |EC 1:2 Soil:Water suspension, measured with digital BE@ter
(Jackson,1973)

3. | Organic Carbon| Walkley and Black wet digestion method (Walkley aBthck,
1934)

4. | Available N Alkaline KMnQ method (Subbiah and Asija, 1956)

5. | Available P Olsen method (Olsenal.,1954)

6. | Available K Ammonium acetate method (Merwin anddbed 951)

7. | Available Ca Ammonium acetate method (Merwin anddPe 1951)

8. | Available S 0.15% Caginethod (Bardsley and Lancaster, 1960)

9. | Available Diethyl triamine penta acetic acid (DPTA) method

micronutrients

10. | Microbial count | Pore plate method (Subba Rao, 1999)

3.7.3 Soll biological Properties

Microbial population analysis was done of fresimpkes sealed in containers and
estimated within 24 hrs of sampling. The samplesevgerially diluted with distilled water up
to 1¢ dilutions and 100 pl of aliquot was poured on plaeving special growing media
(Nutrient Agar for bacteria; Potato Dextrose Agar fungi; Ken Knights and Munaier's Agar
for actinomycetes). The Petri-plates were incubatedptimum temperature (28 + 1°C for
bacteria; 30 + 1°C for fungi and actinomycetes)riplicate. On appearance of microbial
colonies their counting was done (3 days for baxted days for fungi; 7 days for
actinomycetes) after incubation and expressed ta$ ¢alturable colony forming units per

gram of dry weight (cfu Q) of soil sample. For actinomycetes, streptomycimd a
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cycloheximide were added to inhibit the growth atteria and fungi at a final concentration

following Yang and Yang (2001).

3.7.3 Soil Quality Index
The soil quality index was developed by takingiobnsideration, all the soil physico-

chemical characteristics investigated. These were used sst af quantitative properties
(indicators) to monitor soil quality (Dalal and Moley, 2000) and variations in these markers
can be used to measure overall soil quality. Thighted mean values of the parameters were
transformed using linear scoring method as sugddstéAndrewset al. (2002). To do so, the
weighted mean values of soil characteristics werted in ascending order, with the 'more is
better' method applied if a larger magnitude of gaeameter is preferable for enhancing soil
quality. On the other hand, those parameters whedection is deemed a positive quality
were grouped in decreasing order and the 'lesstierbstrategy was applied. Each 'more is
better' observation was divided by the highest ndesevalue, with the highest observed value
earning the highest possible score of 1. For iedsetter’ parameters, the lowest observed
value was divided by each observation, givinglthneest recorded value a maximum score of
1. Further the factors were ranked from 1 to 1Getam their relevance and reactivity to soil
aggradation or degradation, as outlined by DaldlMobloney (2000) and followed by Sharma
et al. (2005). The resulting product was totaled andddidi by the sum of the scores. As a
result, the Soil Quality Index was named after shegle value acquired for each land use
system. The effect on soil quality was compareaiqisihe single value indices produced for
each land use system.

¥ Linear score x Score value of respective parameter

SQl =

Sum total of scores

Table 7: Scoring chart for indicators of soil qualty index

S. | Selection criteria pH E.C. Organic Available Total
No. matter nutrients nutrients
1. Responsiveness 7 5 7 8 6
2. Ease of capture 8 6 7 6 4
3. Interpretation 7 9 8 8 6
4. Measurement error 7 6 8 7 5
5. Stable to measure 9 9 10 7 5
6. Frequency 8 8 8 6 3
7. Cost 8 7 6 5 4
8. Aggregation 6 8 9 5 4
9. Mappable 9 8 9 5 4
10. Acceptance 9 8 10 9 5
Total Score 79 74 82 66 51
Average Score* 7.9 7.4 8.2 6.6 5.1
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Plate 9. Bacteria on NA, Actinomycetes on K&M
and Fungi on PDA media

Plate 10. Fungal growth on PDA media




* Average score used to multiply with deviationsretgpH 7.9, EC 7.4, organic carbon 8.2,
exchangeable Ca, Mg, Na, and K each 6.6, and falrnatrientsviz,, N, P, K, Ca, Mg, Mn,
Zn, Fe, each 5.1.

3.8 STATISTICAL ANALYSIS

The data obtained was subjected to statisticallyais as per thprocedure suggested
by Gomez and Gomez (1984). In case of exhibitiorsighificance of 5 per cent level of
probability critical difference (CD) was calculateinalysis of variance was carried out on
computer using SPSSS software.
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Chapter-4

RESULTS AND DISCUSSION

The carbon sequestration and soil enrichment patentf various established
agroforestry systems were estimated by conducigld §tudies in University campus and
adjoining areas of Dr. Yashwant Singh Parmar Usiterof Horticulture and Forestry,
Nauni during the year 2020-21. In addition to ibil samples collected from different
agroforestry systems were subjected to physico-aesmnalysis at the laboratory facility
available at Department of Silviculture and Agrefstry, Dr Yashwant Singh Parmar
University of Horticulture and Forestry, Nauni. f2ifent agroforestry systems selected under
the present study were 3-natural (agri-silvi-haiftigre system and agri-silviculture system)
as well as, 6-experimental agroforestry systemst (free based agroforestry system, fodder
trees-based agroforestry system, bamboo basedeaggtly system, melia based agroforestry
system, poplar based agroforestry system and agtipe system). Each system has a wide
range of biomass turnout, carbon storage, carbguestération and COmitigation potential
because of the differences in their origins, stmet function, tree species, density and
management. The data obtained for various biomagsail characteristics, were subjected
to analysis of variance for determining the congmari on average basis, and have been

presented and discussed under the following headisizbheads.

4.1 Biomass and biomass carbon density
4.2 Carbon stock in different component (vegetati litter and soil pools)
4.3 Carbon Density and carbon sequestration poteiat
4.4.2 Carbon density inside and outside agroforastsystems
4.4.2 Carbon Sequestration and C@mitigation potential
4.4  Soil physico-chemical and microbial properties

4.1 BIOMASS AND BIOMASS CARBON DENSITY

The biomass output of vegetation is an indicafatsoconstituent species' production
capacity in a given environment, density, climatiocd edaphic variables, quantity and
intensity of management, all have a role in detemg the carbon density and biomass in a
specific agroforestry system (Swamy and Puri 2004r et al, 2009; Niu and Duiker 2006;
Janaet al, 2009; Dash and Behera, 2013; et al, 2015; Yadawet al, 2016). To improve



total carbon estimates, the above-ground tree t8smiaelow-ground biomass, shrub, and
herb/grass biomass must all be calculated (Hamb2@§0). The biomass output is
categorized as tree above-ground biomass, beloungrdbiomass, total tree biomass, and
herb/grass biomass.

Globally, vegetation biomass is largest storehdiasecarbon as compared to the
atmosphere and acts as a major terrestrial caibhkr{Bevi, 2011). Thus, the biomass stored
in vegetation can affect the climate at local, oegi and even global level. Among different
kind of land-use systems, agroforestry is quite4kebwn and has been identified as having
the best potential for C sequestration among all lases studied in the LULUCF assessment
(IPCC, 2000). Biomass estimation and evaluationmiperative for the quantification of
carbon sequestration potential of the differentesys, as the underlying concept of carbon
sequestration capacity of land-use systems incjudgroforestry systems, is simply related
to the basic physiological processes, photosynthesis and respiration in plants (Dietn
al., 1994).

4.1.1 Tree biomass

4.1.1.1 Tree Above-ground biomass

The tree Above-ground biomass is divided into laes present in different

componentwiz., stem, branch and leaf biomass. Table 8 showthsesmame.

Table 8: Biomass in different components of the agforestry systems in the sub-humid
mid-hill conditions of Himachal Pradesh

Tree stem Tree Tree leaf Total tree

Agroforestry systems biomais pranch biomais above-

(Mg ha™) biomass (Mg ha™) ground

(Mg ha™) biomas:

T, (Sole Cropping system) - - - -

T, (Agri-silvi-horticulture system) 22.2¢1 4.33 2.31° 28.84
T, (Agri-silviculture system) 18.8F 451 1.75 25.08
T, (Fruit tree based AFS) 15.68 1.7 0.79 18.18
Ts (Fodder tree based AFS) 42.9T 3.8 1.13 47.85
T, (Bamboo based AFS) 16.10 3.54 1.37 21.0F
T, (Melia based AFS) 66.17 10.18 2.86° 79.14
T (Poplar based AFS) 73.44 18.76 7.36' 99.58
T, (Silvipasture system) 49.58 12.23 3.3¢ 65.19
Mean 38.15 7.38 2.62 48.11
SEw 2.255 1.604 0.493 2.687
CDy g 6.840 4.866 1.497 8.150

44




4.1.1.1.1 Tree Stem biomass

The data on tree stem biomass is depicted in Tahlereveals that the tree biomass
varied significantly amongst different agroforesgystems. Maximum stem biomass was
accumulated by the poplar based agroforestry systdmech was closely followed by melia
based agroforestry system, only. The tree stem dssnproduction in fodder based system
and silvipasture systems remained statisticallyaat Similarly, the stem biomass production
in the agroforestry systems, like agri-silvi-houlitire, agri-silviculture, fruit tree based and

bamboo based agroforestry systems also remaingstistdly identical.

Higher stem biomass of the poplar and melia tczas be attributed to the genetic
makeup of the trees and their unrestricted growthereas, stem biomass in silvipasture and
fodder tree based agroforestry system was also aa@tipely higher due to higher plantation
density, despite having smaller sized trees. Thehd.and height of the stem have an
influence on volume and biomass estimation becatiseee stem biomass being a function
of volume of stem density (Rizét al, 2011). This can also be applied in context of-ag
silvi-horticulture and agri-silviculture systems,hieh showed lesser biomass due to
decreased tree densities, as they were naturadlyept on bunds or planted as boundary
plantations. Further, the trees were regularly pduand lopped. Lesser stem biomass was
recorded in fruit tree and bamboo based systemstalgenaller tree size for easy canopy

management and hollow stems, respectively.

4.1.1.1.2 Tree Branch biomass

It is crystal clear from the Table 8 that the lmtamiomass varied markedly among
different agroforestry systems in a significant mam Maximum tree biomass (18.76 Md ha
) was recorded in poplar based agroforestry systetich was closely followed by
silvipasture and melia based agroforestry systdins.tree branch biomass production in all

other agroforestry systems remained significaralydr and statistically alike.

Higher branch biomass allocated to tree branah@®plar and melia trees, is mainly
due to their untended canopies, whereas in casivgfasture system it is due to higher tree
density per hectare in protein banks, along witjul& seasonal lopping being practiced.
Agri-silviculture and agri-silvi-horticulture systes also showed lesser branch biomass due

to their comparatively lesser plant density. Lowssinch biomass was observed in fruit trees

45



based agroforestry systems because these treesegutarly trained/ pruned for fruit

production.

4.1.1.1.3 Tree Leaf biomass

It is evident from the data presented in Tablba the leaf biomass production of the
trees under different agroforestry systems varigphificantly. Maximum leaf biomass
accumulation (7.36 Mg ha was observed in poplar based system, which wasdfdo be
significantly higher than all other agroforestrys@ms. The tree leaf biomass under different
agroforestry systemwiz., agri-silvi-horticulture, melia based and sildpare system
remained statistically identical to each other. Mokthe agroforestry systems, except for
polar based and silvipasture systems, showed tgtatisimilarity. Minimum leaf biomass
production (0.79 Mg hg was exhibited by fruit tree based agroforestrstey, followed by

bamboo based and fodder tree based agroforestgnsys

Leaf biomass is directly proportional to brandbnass and therefore higher amount
of leaf biomass in poplar and melia can be dueatgel and untended canopies. Likewise,
higher leaf biomass in silvipasture system wastduarger tree density along with seasonal
lopping leading to continuous flushing of new leaadter each cut. Agri-silvi-horticulture
and agri-silviculture systems also had greaterl&ahass due to large size of trees in natural
agro-ecosystems along the fields and hence, ldegéryields. Minimum leaf biomass was
observed in fruit tree based agroforestry systemngwo harsh canopy management

practices of fruit trees in form of training andiping, in winters.

4.1.1.1.4 Total tree above-ground biomass

A perusal of the data presented in table 8 revil@diomass in the Above-ground
varying significantly and was observed to be ragdiom 18.16 Mg hato 99.55 Mg ha.
The maximum tree above-ground biomass was accuadulay poplar based agroforestry
system, which was found to be significantly higtien all other agroforestry systems under
investigation. The trend followed by different afgn@stry systems was: poplar based
agroforestry system (99.55 Mg hHa> melia based agroforestry system (79.14 Mg) ha
silvipasture (65.19 Mg ha > fodder tree (47.85 Mg Ha> agri-silvi-horticulture (28.88 Mg
ha') > agri-silviculture (25.08 Mg ha > bamboo based agroforestry system (21.01 MYy ha

> fruit based system (18.16 MghaAgri-silvi-horticulture was statistically at paith agri-
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silviculture and bamboo based agroforestry systarmhereas fruit based system was

statistically at par with agri-silviculture and bboo based agroforestry system.

The amounts of biomass production in the prestmtysis more or less similar to
values reported by Minj (2008) and Toppo (2012Himachal Pradesh. Tree above-ground
biomass depends upon the number of plants pelateat, size of the tree stem, number and
volume of branches, etc. Aroed al (2014) calculated the above-ground biomass afjdap
plantation in Tarai region of Central Indian Himgda, and reported the values from 0§
ha' in 1 year old plantation to 90.1 Mg ha 11 years old plantatioThey documented a
total biomass of 202.59 Mg hawith 78.68 per cent attributed to above-grounoihizss,
alone. The interaction between tree species diyeasid genetic diversity within dominant
tree species determines variations in Above-grduincthass output (Crawford and Rudgers
2012). The above-ground biomass recorded in frag¢ based agroforestry system is lower
(about 2/8") to that reported by Rajput (2010) in Kullu valléye reported the above-ground
biomass in agri-horticulture system to be 37.82g against 24.14 Mg Han the present
study. Kaonga and Smith (2011) also studied thectdfof fiveLeucaena spmn soil and
plant C stock in Zambia. In seven-year-old woodlth® measured stem and total above-
ground tree C stocks ranged from 17.1 to 29.2 @8 @ 55.9 Mg h3 respectively, which
is partly in agreement with findings in the presstoidy.

4.1.1.2 Tree below-ground biomass

Data regarding tree below-ground biomass is predemt Table 9. The analysis of
data shows that tree below-ground biomass vargrdfgiantly among different agroforestry
systems under investigation. Similar to above-gdobiomass, the below-ground biomass in
trees was found to be significantly maximum (24.8B® ha') under poplar based
agroforestry system, which was followed closelynbglia based agroforestry system (21.37
Mg ha') and silvipasture system (18.42 Mg'hawhich however, remained statistically
identical to one another. The minimum below-grosgstem was recorded in fruit tree based
agroforestry system (4.54 Mg Hawhich was found to be significantly at par wattyri-silvi-
horticulture system and agri-silviculture systemmifarly, agri-silvi-horticulture, agri-
silviculture and bamboo based agroforestry systsmramained statistically identical to one

another.

The root shoot ratio is the ratio of below-groubmass to the above-ground

biomass, major approach used worldwide to measier&éelow-ground biomass and carbon
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stock (Mokany et al, 2006). The below-ground biomass of tree compbnan the
agroforestry systems is dependent on the tree epecid the above-ground biomass of the
same. Highest below-ground biomass was observ@dprar and melia based agroforestry
systems. Bamboo based system also showed excdlytibiggner below-ground biomass in
comparison to above-ground biomass owing to widezorhe network. In the Terai area of
the Central Himalayas, Singh and Lodhiyal (200@yited 40.83 Mg ha(21.32 per cent), of
the total 202.59 Mg ha to below-ground biomass, in an eight-year-Blapulus deltoides
based agroforestry system.

4.1.1.3 Total tree biomass

A perusal of data in Table 9 depicts that totaétbiomass varied significantly with
the different agroforestry systems. The maximunaltoee biomass (124.44 Mg hawas
amassed by poplar based agroforestry system, widchfound to be significantly higher
than all other agroforestry systems (natural ad aglexperimental agroforestry systems).
The biomass accumulation in different agroforestygtems followed the trend (124.44
Mg ha') > T, system (100.50 Mg ha> T4 (83.62 Mg hd) > T5(61.73 Mg hd) > T, (36.05
Mg ha') > T (32.49 Mg ha) > T, (31.35 Mg ha) > T,(22.72 Mg h&). The minimum total
tree biomass was documented in fruit based agmtigresystem, albeit, it remained
statistically at par with agri-silviculture and bboo based agroforestry system.

Total tree biomass was estimated by aggregatiagabove-ground and the below-
ground biomass of the trees of particular agrotoyesystem. The average total biomass of
all the systems stood at 61.34 Mg*haf which, 48.11 Mg ha(79 per cent) was contributed
by above-ground and 13.23 Mgh&1 per cent) by below-ground biomass. The resurks
entirely synchronous with those of Chhabtaal (2002), who calculated standing biomass of
forest trees in India and reported exactly the saordributions of 79 and 21 per cent, in
above-ground and below-ground biomass, respecti@iyilarly, in the Terai region of the
Central Himalayas, Singh and Lodhiyal (2009) exadiright-year-oldPopulus deltoides
agroforestry plantations. They found a total biosna202.59 Mg h4 with 21.32 per cent
(63.45 Mg ha) below-ground biomass. Individual tree size mayabeounted for biomass
estimate, which is typically measured by variationsree diameter at breast height (d.b.h.)
and height (Ali and Mattsson, 2017). Hence, highie=st biomass was recorded in poplar

based and melia based systems due to their convadyancredible size, leading to higher
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above-ground biomass. These are followed by sibtipa system and fodder tree based
system because of their relatively higher belowdgrbbiomass as discussed above, earlier.
Similarly, Schmitt-Harslet al. (2012), also revealed that the biomass in Guatmal
coffee agroforests ranged from 74.0 and 259.0 M§ kdth a mean of 127.6 Mg Ha
attributing 73.18 Mg haand 54.45 Mg hato above-ground and below-ground biomass,
respectively. Ranet al. (2016) also reported standing biomass in the coeeponent from

0.58 to 113.12 Mg h&in various tree based farming systems.

4.1.2 Crop biomass
4.1.2.1 Above-ground crop biomass

The data presented in Table 9, regarding crop agomend biomass, reveals the total
tree biomass varied significantly among agrofogesyistems, from a minimum of 3.15 Mg
ha' to a maximum of 6.07 Mg Halt is evident from the data in Table 9 tiia¢ maximum
above-ground crop biomass was accumulated by sofping system (6.07 Mg Hp which
however, remained statistically at par with fruge based agroforestry system (5.96 Mg) ha
and agri-silvi-horticulture system (5.84 MgfaThe agri-silviculture system (4.87 Mgha
fruit tree based system (5.96 Mg'haagri-silvi-horticulture system (5.84 Mg fa poplar
based system (5.07 Mg Hhamelia based system (4.29 Mg*'habamboo based system (4.25
Mg ha'), all remained statistically at par to each otiwith respect to crop above-ground
biomass. However, minimum value (3.15 Mg'havas recorded in silvipasture system,

which was statistically identical to fodder treeséa agroforestry system (3.37 Mg'ha

Maximum above-ground biomass in agriculture creps observed in sole cropping
system, which may be an outcome of no interferarideee canopies on sunlight reaching
the ground, along with no adverse impact of treg-anteraction and hence, an increase in
vegetative biomass yield of the crops in monocel{fgeynoldst al, 2007).

Further, some other negative interactions suchledopathy can also take a toll up to
some extent on the crop biomass and productivityeuriree canopies. Dutt and Gupta
(2005) too attribute the drop in herbage biomasa fall in LAI of herbage beneath trees.
Similar conditions under fruit tree based systegri-silvi-horticulture and agri-silviculture
systems due to relatively sparse canopy or widacisg may have caused them to follow
closely. Also, Bahar (2003) stated that climateditbons, edaphic features, phenology, and
floristic diversity govern the production of eveegological system, including agroforestry

systems.
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Table 9: Tree and crop biomass (Mg hd) under different AFS in sub-humid mid-hill conditions of Himachal Pradesh

Tree Biomass(Mg ha) Crop Biomass(Mg ha™) Total
Agroforestry systems Above- Below- Total Above- Below- Total Vegetation
ground ground tree ground ground crop Biomasls
biomas: biomas: biomas: biomas: biomas: biomas: (Mg ha™)
T, (Sole Cropping system) - - - 6.07 1.82 7.89 7.89
T, (Agri-silvi-horticulture system) 28.84 7.21% 36.05 5.84"° 1.7% 7.60° 43.65
T, (Agri-silviculture system) 25.08" 6.27¢ 31.35 4.87 1.02 5.89 37.24"
T, (Fruit tree based AFS) 18.18 45% 22.73 5.96° 1.78 7.75 30.48
Ts (Fodder tree based AFS) 47.85 13.88 61.73 3.37 1.0 4.38 66.11
Te (Bamboo based AFS) 21.0Ff 9.23 30.30" 4.258° 1.27° 5.53° 35.83
T, (Melia basedAFS) 79.14 21.37 100.5% 4.29 1.29 5.58 106.09
Ts (Poplar based AFS) 99.58 24.89 124.44 5.07 1.3@ 6.43 130.87
Ty (Silvipasture system) 65.19 18.42 83.62 3.15 0.94 4.10 87.72
Mean 48.11 13.23 61.34 4.60 1.31 5.91 67.24
SEw 2.687 1.016 3.610 0.304 0.089 0.393 3.381
CDg s 8.15 3.080 10.82 0.913 0.266 1.178 10.05
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These findings are partly in agreement with tho$eKumar et al (2021) who
recorded above-ground crop biomass of wheat untfereht agroforestry systems prevalent
in the Himalayan foothills to be ranging from 862.12 Mg Cha underA. procerabased
agroforestry system to 9.81 + 0.17 Mg ChmderP. deltoidesased agroforestry system.

4.1.2.2 Below-ground crop biomass

Data pertaining to below-ground biomass of cropwrmg agroforestry systems as
depicted in Table 9 reveals it to be ranging fra84Mg ha' to 1.82 Mg had. The maximum
below-ground biomass was registered by sole crgppgih82 Mg hd), which was
statistically at par with fruit tree based agro&irg system (1.78 Mg hx and agri-silvi-
horticulture system (1.75 Mg tia These were followed by poplar based agroforestsyem
(1.36 Mg hd), milea based agroforestry system (1.29 Mg)hhamboo based agroforestry
system (1.27 Mg hq, agri-silviculture system (1.02 Mg Ha statistically at par with the
fodder based agroforestry system (1.01 Mg)hwhich remained statistically at par to one
another. The minimum below-ground crop biomassweeasrded in silvipasture system (0.94
Mg ha'), which showed statistical similarity to foddeedrbased, bamboo based and agri-

silviculture systems.

Crop below-ground biomass in the present studgeteplly followed the same trends
as that of the above-ground biomass, reason bémglerivation from the above-ground
biomass using the root-shoot ratio (Mokatal, 2006). Kumaet al, 2021, reported below-
ground biomass of wheat crop along with the abaweesyd biomass under different
agroforestry systems prevalent in the Himalayanhidle to be ranging from 1.22 + 0.02 Mg
ha' in melia based agroforestry system to 2.04 + Ogphd in P. deltoideshased system.

4.1.2.3 Total crop biomass

A perusal of data presented in Table 9 revealsth®total (above-ground + below-
ground) crop biomass varied from 4.10 to 7.89 Md. Ade highest value was exhibited by
sole cropping system (7.89 Mg hawhich was statistically identical to fruit trémsed
agroforestry system (7.75 Mg ‘Ha These were further followed by agri-silvi-hottiture
system (7.60 Mg h9, poplar based agroforestry system (6.43 Mdg)hagri-silviculture
system (5.89 Mg h9, melia based agroforestry system (5.58 Md)h&éamboo based
agroforestry system (5.53 Mg ‘Haand fodder tree based agroforestry system (M@8&a’),

respectively, in descending order. The lowest \&lfetotal crop biomass was exhibited by
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silvipasture system (4.10 Mg Hawhich, however remained statistically identimabamboo

based and fodder tree based agroforestry systems.

The maximum total crop biomass was found in sod@ming system which can be as
described earlier, to the absence of over head,ttedampered sunlight reaching the crops,
unlike other agroforestry systems. These findingsima consonance with those of Zahaor
al. (2021), who reported higher crop biomass in mamguing systems as compared to the
agri-horticulture based farming systems. Also, bigight and temperature conditions in sole
cropping system may have led to higher photosyittheite and hence, more biomass
production as also reported by number of workereelggh and Whrey, 1978; Singh and
Singh, 1980; Hazra and Patil, 1986, and, Heinrigmd Schmidt, 2010). Further,
intercropping of crops and trees leads to competifior available light, water and soil
nutrientsetc. (Nair et al, 2009). Sole cropping is followed by the frugds based and agri-
silvi-horticulture system, which also share higlight and temperature conditions due to
smaller, sparser canopies and large spacing betweertrees, respectively. The overall
biomass of herbage found in present study (4.1086 Mg ha) is partly in agreement with
that of Guptaet al (2015), who also found that the total biomasserbaceous vegetation
ranging from 3.02 to 4.72 Mg Raunder various tree-based systems. Biomass under
agroforestry was comparatively lower than in setgping system, which might be owing to
the fact that monocrop had a greater plant pojuiatian that in tree based systems, as well
as inter and intraspecific competition for differgmowth factors (Gupta and Gupta, 2017).
Gaur (2012) compared carbon storage in poplar bagesforestry system at different sites,
and concluded that wheat crop yield ranged fron6-7.40 Mg ha in Salimpur, Bihar to
7.32-7.68 Mg hain Kalesar, Haryana.

4.1.3 Total Vegetation Biomass

The total vegetation biomass is depicted Tabl& Showcases the total biomass of
different agroforestry systems varied markedly lwe tpresent study with poplar based
agroforestry system demonstrating the highest tbtamass (130.87 Mg Hj which
significantly exceeded than all other agroforeslygtems in the present investigation. After
poplar based agroforestry system, the trend foldlbtxe the agroforestry systems was: melia
based system (106.09 Mg ha> silvipasture system (87.72 Mg Ha> fodder based
agroforestry system (66.11 Mg Ha> agri-silvi-horticulture system (43.65 Mg ha> agri-
silviculture system (37.24 Mg Hp> bamboo based agroforestry system (35.83 M{) ha
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fruit tree based agroforestry system (30.48 Mg)h@he lowest vegetation biomass was

observed in the sole cropping system (7.89 MY.ha

The total biomass documented in agri-silvi-hotticte system (43.65 Mg Hy agri-
silviculture system37.24Mg ha') and fruit tree based agroforestry system (30.48hd"),
in the present study are somewhat comparable setheported by Rajput (2017) as 48.07
Mg ha', 41.04 Mg ha and 37.83 Mg ha for agri-silvi-horticulture, agri-silviculture and
agri-horticulture systems, respectively, in the +nill zone of Himachal Pradesh. Wood
density, total tree height and tree diameter ane fkedictive factors for estimating forest
biomass and these properties vary among species, @yl soil fertility (Muller-Landau
2004; Chaveet al, 2006; Teret al, 2006; Swenson and Enquist, 2007 and Noguetil,
2008). Furthermore, the biomass is clearly beingeoked to be affected by the size and
density of trees. This statement is supported kyfitidings of De Jongt al. (1995), who
manifested that conversion of maize fields to féonestry systems in Mexico resulted in an
estimated increase in carbon density from 46.7 M{th 236.7 Mg ha. The poplar and
melia based systems lead the table of total vedptamhass along with the tree biomass,
whereas, fruit tree based, bamboo based, agresiture as well as silvipasture systems lag
for the same reason. These are in consonance hatlproposals of Albrecht and Kandii
(2003), Luedelinget al. (2011) and Essliret al. (2015), who manifested that biomass in
agriculture emphasized agroforestry systems is a@ftiyn dependent on the species and
number of woody plants. The total biomass undetpsisture system according to Rajput
(2010) in Kullu valley is 102.10 Mg Havis-a-vis 87.72 Mg hg in the present study.he
total biomass observed in present investigatiomrisost similar to the values (37.8 Mgha
in the pear + wheat and 10.8 Mg him wheat mono cropping) reported by Yadgtval
(2015) for fruit tree based land use systems imamdédimalayas. Variability in agroforestry
system production, as shown, is also consistertt wlitservations of Albrecht and Kandiji
(2003). Crop biomass has little contribution to tb&al vegetal biomass except for the sole
cropping, which lacks the tree component. Retnal (2016), reported total biomass (tree +
crop) in agroforestry systems to be ranging fro8640 123.58 Mg ha Guptaet al (2017),
studied biomass storage across various agroforegstgms and reported total (above-ground
+ below-ground) biomass in the systems to be 8464614 + 17.33) Mg hain silvipasture
system, which is comparable to 83.62 (65.19 + 1)8MQ@ ha' recorded for the silvipasture

system in present study.
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4.2 CARBON STOCK IN DIFFERENT COMPONENT (VEGETATIO N, LITTER

AND SOIL)

The carbon stock under different components (véigetaeaf litter and soil) as well

as total carbon density has been described unde 18.

Table 10: Carbon pool in different components (vedation, litter and soil) of the system

as influenced by average effect of the agroforestisystem

Vegetation | Leaf litter Soil carbon Total

Type of Agroforestry system garbc_)n carbc_)n densit_){ carbqn
ensity density (Mg ha") density
(Mg ha™) (Mg ha™) (Mg ha™)

T, (Sole Cropping system) 3.9% 0.08 84.74 88.76
T, (Agri-silvi-horticulture system) 21.82 0.49 107.28 129.59
T, (Agri-silviculture system) 18.62' 0.25 94.76 113.62
T, (Fruit tree based AFS) 15.24 0.33 100.29 115.86
Ts (Fodder tree based AFS) 33.06 0.27 95.24 128.56
Te (Bamboo based AFS) 17.97 047 114.69 133.08
T, (Melia based AFS) 53.04 0.60° 104.0%° 157.66
Tg (Poplar based AFS) 65.44 0.66' 107.87 173.9%
T, (Silvipasture system) 43.86 0.30% 113.7F 157.86
Mean 30.33 0.38 102.50 133.21

SEw 1.719 0.012 1.554 2.256

CDg 05 5.153 0.035 4.659 6.764

4.2.1 Vegetation carbon density

A cursory look at the table reveals that vegetatarbon density varied appreciably
amongst different agroforestry systems. Signifigahighest vegetation carbon density was
registered in poplar based agroforestry systenwals followed by other systems in the
following trend: melia based agroforestry syster8.g8 Mg h&) > silvipasture system
(43.86 Mg ha) > fodder tree based agroforestry system (33.06 B4l > agri-silvi-
horticulture system (21.82 Mg fa> agri-silviculture system (18.62 Mg Ha> bamboo
based agroforestry system (17.91 M¢)ha fruit tree based agroforestry system (15.24 Mg
ha') > sole cropping system (3.95 Mgharespectively, in the decreasing order. However,
fruit tree based agroforestry system and agri-$ibrticulture systems were statistically at
par with agri-silviculture system and bamboo baseploforestry system. Significantly
minimum vegetation carbon density was recordeaia sropping system.
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Vegetation carbon density is the amount of carttmned by the plants as biomass,
expressed in Mega grams per hectdtg ha'). Carbon storage is directly proportional to the
amount of biomass in particular component of agestry system. However, tree species’
growth, biomass output, and carbon stock are dluenced by environmental factors,
anthropogenic activities, and genotypic responser\&ih, 2016). According to Pandey
(2002), carbon sequestration in Indian agroforeséyges from 19.56 Mg Han Uttar
Pradesh to 23.46-47.36 Mg him tree-bearing dry agro-ecosystems of RajastAanra et
al., 2014, also investigated the vegetation carbooksin 11 year old poplar plantation in
Tarai region of Central Indian Himalayas, be 90.1 Mg ha'. Chauharet al (2010) also
documented higher net carbon sequestration in aggstfy based farming systems (34.61
Mg ha') as compared to wheat monocropping systems (1Blg4ha'). Moreover, the
frequency of pruning and other management actsviéect the carbon storage potential of
the systems (Montagnini and Nair, 2004). The carbtmtk was lowest in sole cropping
system due to the absence of tree component isytem. According to Ciampitgt al
(2011), trees absorb more carbon in agroforeststesys, crops also fix and store significant
amounts of carbon and enhance soil organic mattech is an important component of the

terrestrial carbon sink.

4.2.2 Leaf litter carbon density

Data presented in Table 10 reveals that the cadvored in the leaf litter to be
varying significantly under different agroforestsystems, extending from 0.08 Mg h@
0.66 Mg ha. The highest leaf litter carbon stock was documenitedpoplar based
agroforestry system (0.66 Mg Hawhich was found to be significantly higher thelhother
agroforestry systems. It further followed the tremeklia based agroforestry system (0.60 Mg
ha') > agri-silvi-horticulture system (0.49 Mg Ha> bamboo based system (0.47 Mg)ha
fruit tree based agroforestry system (0.33 Mg)ha silvipasture system (0.30 Mg ha>
fodder tree based agroforestry system (0.27 MY haagri-silviculture system (0.25 Mg ha
Y. However, agri-silvi-horticulture system and balbased agroforestry systems remained
statistical identical. Silvipasture system also a@mad statistically at par with the fodder tree
based agroforestry system. The lowest leaf lit@ban stock was observed in the sole
cropping system (0.08 Mg Ra which was found to be significantly lower thalh @ther
agroforestry systems.
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Litter has the capability of storing carbon whican be retained for a long time
before biological breakdown releases it back inedtmosphere. Litter also offer a plethora
of ecological benefits in addition to carbon stesaguch as providing a local micro habitat
for soil organisms, reducing runoff surface wagerd aiding the process of water absorption
into the soil as well as becoming a nutrient sodiocghe plants. Litter formation is a crucial
aspect of the organic matter transfer from vegmtai the soil. Lodhiyaét al (2017), stated
that the nutrients released by litter decompositiothe soil are critical for keeping up the
soil fertility and productivity of particular agrofestry system and also, for carbon storage
for extended period of time. Carbon stock presansurface litter is totally dependent on
guantity and quality of litter production. The wentseason corresponds with a considerable
spike in litter fall for all the tree species (Noweer to February). Litter was positively
related to the size of the tree and spacing adagdtedy with the canopy management which
is discernible by the fact that litter was far hegln poplar, melia and bamboo based systems
as compared to fruit tree and fodder tree basedf@gstry systems, beside natural
agroforestry systems (agri-silvi-horticulture andrissilviculture system) studied. Sole
cropping exhibited lowest litter carbon density do@bsence of full size tree in vicinity and
received small amount of litter only from agricu#.crop, herbage, waste, etc. The values of
leaf litter in current study are similar to thogeMuhdi et al, 2021, who reported the average
total litter carbon produced in rubber agroforestygtem to be 0.56 Mg hain Indonesia.
Also, Matoset al.(2020), having conducted a study in Brazil, repbtteat leaf litter biomass
in rubber based agroforestry systems ranged frdi@ Mg ha' to 1.32 Mg ha, which is
equivalent to 0.59 Mg haand 0.66 Mg héaof litter carbon stock.

4.2.3 Soil carbon density

Similar to vegetation and leaf litter carbon dénssoil carbon density also varied
appreciably amongst different agroforestry systel@ximum soil carbon density (114.69
Mg ha') was recorded in bamboo based agroforestry systamgh however, remained
statistical on par with the silvipasture system3(¥1 Mg ha), only. The soil carbon density
recorded under poplar based agroforestry systenaineah statistically identical to melia
based agroforestry system and agri-silvi-hortiaeltsystems. Minimum soil carbon density
(84.74 Mg hd) was recorded under sole cropping system. The caibon density of
different agroforestry systems under different fayez., 0-20 cm, 20-40 cm and 40-100 cm
has been tabulated in Table 11. The table revdws the soil carbon density varied

significantly at each layer.
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The soil carbon density (SCD) is the largest depisof carbon stock in all the
terrestrial ecosystems, and, is a portrayal of ety of various factors affectingviz. bulk
density, organic carbon, and, especially depthaegarding soil carbon density is inscribed
in Table 11, which depicts the effect of increassng depths on the amount of SOC stored

in different layers of the soil.

Table 11: Soil carbon density (Mg ha) at different soil layers under AFS in sub-humid
mid-hill conditions of Himachal Pradesh

Agroforestry systems D SO” carbon deg sit Total
1 2 3

T, (Sole Cropping system) 2487 17.60 42.33 84.74
T, (Agri-silvi-horticulture system) 28.90 24.46° 53.9F° 107.28
T, (Agri-silviculture system) 26.44 21.53 46.791 94.76
T, (Fruit tree based AFS) 28.04 22.72¢ 49.54 100.29
Ts (Fodder tree based AFS) 26.28 20.19 48.76 95.24
Ts (Bamboo based AFS) 26.59 25.36 62.74 114.69
T, (Melia based AFS) 27.03 23.92 53.06° 104.0%°
T (Poplar based AFS) 26.66 24.32° 56.84 107.8F
T, (Silvipasture system) 28.20"° 26.98 58.56" 113.7¢
Mean 27.00 23.01 52.50 102.50

SEw 0.271 0.414 1.586 1.554

CDy.0s 0.81 1.24 4.76 4.66

4.2.3.1 0-20 cm soil depth

In 0-20 cm soil layer, soil carbon density thowsginificant, showed a slight variation
in under different agroforestry systems. Maximuni sarbon density (28.90 Mg Hahas
been recorded in natural (agri-silvi-horticultureystem, which however, remained
statistically identical to the silvipasture systefhe soil carbon density under different
agroforestry systemdz., agri-silviculture system, fodder based, bambasel, melia based
and poplar based agroforestry systems remainedstsally at par with one another.
Similarly, soil carbon density under fruit tree bdsagroforestry system and silvipasture
system remained statistically identical. Minimunil sarbon density (24.81 Mg Hpwas
recorded in sole cropping system..

Highest soil organic carbon stock in agri-silvificulture system may be due to large
canopies causing higher litter fall and larger regstems of native species in natural
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conditions. Variation in carbon stocks in the tapdr of the soil among different ecosystems
represents the contrast in leaf litter quantity guodlity, amount of carbon present in litter
and also, it's disintegration and degradation @flal, 2002). Higher carbon density in the
top layer of the soil can be associated with greadet biomass of trees in the top layer
together with the crops and herbage besides higfiects of the nutrient cycling causing
pumping of nutrients from the sub soil and retugninto the surface layer in the form of
organic matter, exorbitant in organic carbon whictids up in the soil with time. Schmitt-
Harshet al. (2012) discovered the soil carbon pool to be i18381g Chato 45.09 Mg Cha
range, in a study of coffee based agroforestryesystMoreover, Gaur and Gupta (2012)
investigated the top layer of soil for estimatingrbon storage in soil plant systems in
response to site circumstancesHopulus deltoidedased agroforestry system. The soill
organic carbon (SOC) pool ranged from, 22.31-20M& Cha' at Kalesar in Haryana,
compared to 19.63-30.11 Mg Chat Salimpur, Bihar.

4.2.3.2 20-40 cm soil depth

In the second soil layer (20-40 cm), maximum sailbon density (26.95 Mg Cha
was observed in silvipasture system which was fdone statistically at par with bamboo
based agroforestry system (25.36 Mg Ghanly. It was closely followed by agri-silvi-
horticulture system, poplar based agroforestryesygsimelia based agroforestry system, fruit
tree based agroforestry system, agri-silvicultystesm and fodder tree based agroforestry
system, respectively in the descending order. Thenmum soil carbon density (17.60 Mg

Cha') was recorded in sole cropping system.

In case of the aggregated results of top two kgier of the present study are
considered, the outcomes become comparable to tfoSaiset al (2011), who reported
the mean soil organic carbon reserves for theagerl(0—40 cm), to be 30 to 140 Mg Cha
in the African savannah and woodland ranges. LikewZhuanget al (2015) estimated the
total soil carbon storage in Moso bamb&yllostachys pubescenstands in the forests to
be 90.6 Mg Chaup to 60 cm soil depth, which is expectedly higiean the present findings
of approximately 60 Mg Chaup to same soil depth in bamboo based agroforegstems.
Also, the soil carbon density decreases in thessilldue to the fact that the root biomass is
also decreasing with increasing depth, along waigsér percolation and accumulation of
organic carbon. Moreover, the lower layers are aidatively devoid of anthropological
disturbances and biological processes (Shregshitted, 2004). Findings of Sanneh (2007)
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about the soil organic carbon storage potentiafaoibus land use systems: 105.46 Mg €ha
in agri-horticulture, agri-silviculture (40.40 Mgh@") and silvi-pastoral systems (33.54 Mg
Cha') up to 40 cm soil depth, as compared to 50.7®7and 55.15 Mg Charespectively,
for the same systems, in the present study. Rapuat. (2017) too reported highest soil
organic carbon pool in forestry based land useesy$08.08 Mg Chj the 0—-40 cm layer,
followed by agroforestry systeniz., agri-horticulture (41.05 Mg CHj horticulture (39.16
Mg ha), silvi-pasture (35.79 Mg h3, and agriculture systems (33.88 Mg Cha).

4.2.3.3 40-100 cm soil depth

The deepest soil layer (40-100 cm ) showed deergasoil carbon density, bearing
in mind its 60 cm extent as compared to 20 cm @evipus two layers. The maximum soil
carbon density (62.47 Mg Chawas observed in bamboo based agroforestry systainh
however, showed statistical similarity to silvipast system (58.86 Mg CHa The soil
carbon density under poplar based system, agiHsiiticulture system and melia based
systems remained statistically identical to eadmeot Similarly, fruit tree based system,
fodder tree based system and agri-silviculture esystlso showed statistical similarity.
Significantly minimum soil carbon density was rededl under sole cropping system (42.33
Mg Cha'). The growth and physiology of the plants are deeat on the plant nutrients
present in the soil whereas the soil carbon stsckiependent on the accruals from the
vegetation growing above, which can be in the fofrsurface litter addition or in the form
of fine roots present below-ground, as advocate®lopmfield et al (1996), as well as,
decomposition of roots after the tree dies. Theeefan inter-relationship among the two is
clearly visible. With depths up to one meter, thirient availability reduces drastically and
hence, the organic carbon also reduces along,oddecreased root biomass.

4.2.3.4 Total soil carbon density (SOC)

Table 12 also depicts the total soil carbon dgnsitich ranges from 84.74 Mg Cha
(sole cropping system) up to 114.69 Mg Cliaamboo based agroforestry system). Total soil
carbon density represents combined carbon storfaigeividual layers. The total SOC stock
was observed in the following trend: bamboo basgdfarestry system (114.69 Mg Cha
statistically at par with silvipasture system (I3Mg Chd), further followed by poplar
based system (107.81 Mg Chaagri-silvi-horticulture system (107.28 Mg hamelia based
system (104.01 Mg CH fruit tree based system (100.29 Mg CGhdodder tree based
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agroforestry system (95.24 Mg Chastatistically at par with agri-silviculture sgsh (94.76
Mg Cha') and lowest in sole cropping system (84.74 Mg fha

The resulting SOC stock is in line with the fingenof Bustamantet al. (2006) who
studied the soils in tropical and temperate savamoacluding the soils of Cerrado region
having SOC stock of 117 Mg Cha(ranging from 100-174 Mg CHadespite having lower
Above-ground biomass. The outcomes of the predady sre also synchronous with those
of Dhillon and Van Rees (2017), as they publish@LCSstock for the top 50 cm soil under
shelterbelts in Saskatchewan averaged to be 11§.CIMY{, higher by 18.6 Mg Chathan
those of adjacent fields. Gupeéd al (2009) discovered that iR. deltoides(poplar) based
agroforestry soils, average soil organic carboneiased as the age of the trees increased and
agroforestry soils had 2.9-4.8 Mg Chmore soil organic carbon than monocropping system
soils. Furthermore, as discussed earlier undetrtiee above-ground biomass, Kaonga and
Smith (2011) have also reported along with the abground C stock, the SOC stocks in
Leucaena stands ranged from 104.9 diversifolig to 186.0 Mg Cha (L. leucocephalp
when measured at 0-200 cm depth. Moreover, in prdgent study, the total carbon density
of fruit tree based agroforestry system is on tighdr side (115.86 Mg Chacompared to
that suggested by Rajput (2010) under agri-hotticalsystem in the Kullu valley (90.88 Mg
Cha'). Also, Nair et al (2010) have classified various land-use systamgheé following

order for the SOC content: forests > agroforedtee plantations > arable crops.

Soil organic carbon concentration kept decreasigigfecantly with increasing depth
but there was not much dissimilarity in the topelagicross all the systems, which is in line
with the findings of Cardinaett al (2016). The carbon proportion in the system so al
improved by tree roots acting as a control on soddibility. The top layer is protected
because it contains a higher proportion of organatter (Gupteet al, 2006). Fact being,
more than half of the sequestered carbon is treresfdelow-ground via root development
and turnover, root exudates (of organic compounasy litter deposition, soils hold the
majority of the carbon in any ecosystem (Montagami Nair, 2004). Though, carbon stock
measurement is not accurate, factor being the sagn@hd measurement problems (Koskela
et al, 2000). Gucet al, 2020, converted the fields from croplands tolgopnd poplar +
metsequoia systems over 10 years, and, the SO&sstb¢he poplar plantation and poplar
and metasequoia system reached 90.35 Mg'@hd 98.12 Mg Chg respectively. SOC
stocks always decline once croplands are conveaddrestlands, but they progressively
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grow after plantations are established (Lagangtral, 2010; Macet al, 2010; Naveet al,
2013). The SOC diminishes with depth regardlesgeggtation type and soil texture (Trujilo
et al, 1997).

4.2.4 Total carbon density (vegetation + litter soil)

Data pertaining to total carbon density is insedibn Tablel10. It is evident from the
data that maximum total carbon density was recotohelér poplar based agroforestry system
(173.91 Mg ha), which was found to be significantly higher thalh other agroforestry
systems. Melia based and silvipasture systems ayisgl statistically similar values.
Similarly, bamboo based agroforestry system, atyiHsorticulture system and fodder tree
based agroforestry system remained statisticaéiptidal to one another, whereas, fruit tree
based agroforestry system and natural agroforestsyem displayed statistically similar
values. Minimum total carbon density (88.76 Mg)haas recorded in sole cropping system,
which was found to be significantly lower than ather agroforestry systems. The carbon
densities under different agroforestry systemsfdd the trend: poplar based agroforestry
system (173.91 Mg ha > silvipasture system (157.86 Mg ha> melia based system
(157.66 Mg hd) > bamboo based system (133.08 M¢)ha agri-silvi-horticulture system
(129.59 Mg ha) > fodder tree based system (128.56 Mdg)ha fruit tree based system
(115.86 Mg hd) > agri-silviculture system (113.62 Mg Ha> sole cropping system (88.76
Mg ha?).

The system supporting highest vegetal biomass etselled in SOC stock. Poplar
and melia based agroforestry systems held highmdton stock because of their large
amount of biomass due to their comparatively largee, and higher plant densities.
Chauharet al (2015), compared carbon density in poplar blolegations with boundary
plantations in various conditions and, found th&ltearbon stock to be 20.27 Mg hmm
block plantation against 6.20 Mg han boundary plantations. Bamboo based and
silvipasture system also claimed comparable cadmmsity because of the fact that they
housed the highest SOC stock. Sole cropping sthedeast because of lowest vegetal as
well as SOC stock. Arorat al (2014) found an increase in the total carbon itens
(vegetation + soil) of a poplar stand from 64.4 N&j to 173.9 Mg ha, over a period of
eleven years. Further, the carbon storage insidef@gstry systems has been estimated by
Nair et al (2010) to be ranging from 0.29 to 15.21 M¢ maboveground and 30 to 300 Mg
ha', for the top 1 m soil depth.
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4.3 CARBON DENSITY AND CARBON SEQUESTRATION POTENTIAL

The carbon sequestration potential and, @@igation potential were only calculated
for the experimental agroforestry systems becatifigedfact that age of trees in the systems
is required for its calculation. The rate of carbgsguestration and GOnitigation was
calculated by comparing the carbon density under abroforestry systems with carbon
density outside the respective systems. The Tablgudtaposes the carbon stock present

under the agroforestry systems vis-a-vis outsidefagestry systems.

Table 12: Carbon density (Mg h&) inside and outside different AFS in sub-humid mid
hill conditions of Himachal Pradesh

Agroforestry systems Carbon density %Jnder AFS Carbon density .outside AFS

Soil Vegetation | Total Soil Vegetation| Total

T, (Fruit tree based AFS) 100.29 | 1524 | 11553 | 7757 3.04 80.67
Ts (Fodder tree based AFS) | 95.24 33.06' | 128.30 | 68.89 1.41 76.4%
T, (Bamboo based AFS) 114.69 17.9F" | 132.60 | 89.33 1.8¢ 91.24
T, (Melia based AFS) 104.0f¢ | 53.04# | 157.0% | 80.08"° 3.38 83.44"
Tg (Poplar based AFS) 107.8% | 65.44 | 173.2%3 | 83506° | 217 | 85.62°
T, (Silvipasture system) 113.72 43.86 | 157.57 | 86.76° 1.7 88.47"
Mean 105.96 38.09 | 144.05| 81.02 2.25 84.30

SEw) 1.64 1.93 2.36 3.05 0.05 3.03

CDyg 05 5.16 6.07 7.45 9.62 0.14 9.53

4.3.1 Carbon density inside and outside agroforest systems

The carbon density under experimental agroforesystems (where the age is
known) has been depicted in Table 12. The tablevshibat carbon density in the soil sphere
is significantly influenced due to the effect offdient agroforestry systems. It was found to
be maximum in bamboo based agroforestry system§21Mg ha') followed by silvipasture
system (113.71 Mg h?3, poplar based agroforestry system (107.81 Mg),hmelia based
agroforestry system (104.01 Mg hafruit tree based agroforestry system (100.29 19
and fodder tree based agroforestry system (95.24h&tyy The soil carbon density under

bamboo based and silvipasture system remainedstgtally identical to one another.
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Similarly, soil carbon density under poplar and immdbased agroforestry systems also

showed statistical similarity.

It is also evident from the Table 12 that vegetattarbon density varies significantly
among various agroforestry systems. It was founigetdiighest in poplar based agroforestry
system (65.44 Mg ha and followed the trend: melia based agroforesystem (53.04 Mg
ha') > silvipasture system (43.86 Mg Ha> fodder tree based agroforestry system (33.06
Mg ha') > bamboo based agroforestry system (17.91 My hdruit tree based agroforestry
system (15.24 Mg ha.

The total carbon density (soil + vegetation) aladed significantly among different
agroforestry systems. The maximum carbon densitys whaserved in poplar based
agroforestry systems (173.25 Mg'hawhich was found to be significantly higher thalh
other agroforestry systems and followed the ordivipasture system (157.57 Mg ha>
melia based agroforestry system (157.05 Md)ha bamboo based agroforestry system
(132.60 Mg ha) > fodder tree based agroforestry system (128.8Chkf) > fruit tree based
agroforestry system (115.53 MghaCarbon density immediately outside the agrofioyes
systems in soil and vegetation as well as totdbaardensity (soil + vegetation) show the

slide what significant variation.

4.3.2 Carbon Sequestration and C@mitigation potential

Carbon sequestration is the net removal of,G@m the atmosphere and its
accumulation in terrestrial ecosystem (Seejoal, 2003). It occurs in nature during the
photosynthesis process, when trees and plantszeutitarbon dioxide and store it
(CO,) throughout the process of development. Increasaggtation cover is imperative to
avert global warming because it absorbs carbonidiathat would otherwise be released and
trap heat in the atmosphere. The difference betweercarbon stocks of the adjacent sole
cropping ecosystems was then divided by the reispeaverage age of the planted trees

inside the agroforestry systems to calculate thiearasequestration rate on per year basis.

The rate of carbon sequestration with respect peemental agroforestry systems in
soil and vegetation and total (soil + vegetation¥ lbeen depicted in table 13. The table
shows that agroforestry systems significantly ieflced the rate of carbon sequestration
potential in soil mass. It was found to be maximumrbamboo based agroforestry system
(1.81 Mg hayr™) followed by melia based system (1.71 Mg'yra), fruit tree based system
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(1.62 Mg hayr™), fodder tree based system (1.55 Mgywd), poplar based system (1.43 Mg
ha'yr?) and silvipasture system (1.35 Mg'ya’), respectively.

Table 13: Rate of carbon sequestration (Mg har™) and CO, mitigation (Mg ha'yr™)
potential of different agroforestry syeems in sub-humid mid- hill conditions
of Himachal Pradesh

Rate of Carbon sequestration Rate of CO, mitigation
Agroforestry systems (Mg hatyr™ (Mg ha'tyr?)

Soil | Vegetatior | Total Soil Vegetaiion | Total

T, (Fruit tree based AFS) 1.6Z 0.87 249 | 5.95 3.20 9.15
T, (Fodder tree based AFS) | 1.55 1.86’ 3.41r° | 570 6.83 11.19°
T (Bamboo based AFS) 1.82 1.14 295 | 6.65 4.20 10.85
T, (Melia based AFS) 1.7P 3.55 526 | 6.27 13.03 19.3C¢
Tg (Poplar based AFS) 1.43 3.72 515 | 5.2¢ 13.67 18.9F
T, (Silvipasture system) 1.35 2.1 3.46 | 4.95 773 12.68
Mean 1.58 2.21 3.79 5.79 8.11 13.68

SE 0.022 0.11 0.16 0.81 0.40 0.55

CDo.os 0.070 0.35 050 | 2.56 1.27 1.72

These findings are synchronous with those of Dhynal. (2016) according to
whom; the carbon sequestration potential of sodgroforestry systems in India is estimated
to be between 0.003 to 3.98 Mg'lga'. Several studies around the globe comparing eifiier
land-use strategies and studies on carbon sequ@stia soils indicated a general trend of
comparative increase in the soil carbon sequestrg®CS) in agroforestry. Gupt al.
(2009), worked on soil organic carbon under popksed agroforestry systems in relation to
tree age , revealing that during the first yeaplahtation, the poplar trees were able to store
more soil organic carbon in the 0-30 cm profilOfEMg ha'yr?), than in following years
(1.95-2.63 Mg hdyr™). The carbon sequestered by sandy clay soil wgisehi(2.85 Mg ha
yr!) than in loamy sand soil (2.32 Mg ha™).

Similarly in vegetation, the vegetation carbon gign was also found to be
significantly influenced due to the effect of agnafstry systems. The maximum rate of
carbon sequestration in vegetation was found irlgodgased agroforestry system (3.72 Mg
ha'yr?), which however, remained statistically identitmimelia based agroforestry system
(3.55 Mg hdyr™"), only. Similarly, silvipasture system (2.11 Mg'a') and fodder tree
based agroforestry system (1.86 Mg'yrd) remained statistically at par. Minimum
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vegetation carbon density (0.87 Mg*ge") was recorded under fruit tree based agroforestry

system.

Total carbon sequestration (soil + vegetation) wkE® found to be significantly
influenced due to the impact of different agroftmgssystems. Maximum carbon
sequestration rate (5.26 Mg lya') was observed in melia based agroforestry sysidrith
however, remained statistically identical to poglased agroforestry system (5.15 M¢yra
1. The rate of total carbon sequestration followeslorder: melia based system (5.26 Mg ha
LyrY) > poplar based (5.15 Mg ha?) > silvipasture system (3.46 Mg ha®) > fodder tree
based system (3.41 Mg ha') > bamboo based system (2.95 Mgyrd) > fruit tree based
agroforestry system (2.49 Mg ha™).

The rate of carbon dioxide mitigation potential veasculated by multiplying the rate
of carbon sequestration with 3.67. The rate of @artioxide mitigation potential in soll
vegetation and total (soil + vegetation) was fowmde significantly dissimilar due to the
effect of agroforestry systems, and follows the esatrend as that of rate of carbon

sequestration potential.

Carbon sequestration was evaluated by subtractagoon density outside
agroforestry systems from that, inside. Feliciahal. (2018), while working on various land
use systems, found that improved fallows (11.29 Mgyr') have more soil and above-
ground carbon sequestration than silvo-pastorabfagrstry systems (4.38 Mg ha™).
Goswamiet al (2013) also reported the carbon sequestratianithHimalayas under agri-
silvi-horticulture and agri-horti-silviculture syshs to be 14.78 Mg Hand 14.45 Mg ha
respectively. Similarly, according to Pandey (200&rbon sequestration in Indian agro-
forests ranges from 19.56 Mg Cha™ in Uttar Pradesh, north India, to 23.46 to 47.36 Mg

Cha'yr* in Rajasthan's tree-bearing desert agro-ecosystems

Agroforestry systems in India are supposed to ltavbon sequestration capabilities
as high as 10 Mg C rgr* (Chavaret al, 2015), with a 25 Mg Chiasequestration potential,
as proposed by Singh and Pandey, 2011. The tos&lgGestered in each component varies
substantially, depending on the geography, spesietem, site quality, and historical land
use (Ramet al, 2016). These factors, as well as the agro-eadbgonditions (altitude,
climate, wind) and soil characteristics (structuexture, fertility, and physical, chemical,

and biological conditions) in which the various@fgrestry systems are used, have an impact
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on soil and above ground carbon sequestration @Bahkamfouret al., 2017; Maronet al.,
2017). van Noordwijlket al. (2002), also reported that the conversion of saffee systems
to shade coffee systems in Sumatra was expecteais® average landscape level carbon
stocks by 10 Mg haover a 20-year period, or 0.5 Mg C'iga’. The conclusive rates of
carbon sequestration in the present study areypamdlogous with those of Montagnini and
Nair (2004), who have published the potential Cusstration rates for smallholder
agroforestry systems in the tropics to be rangiognf1.5 Mg hayr' to 3.5 Mg hayr™
Similarly, under poplar block and poplar boundalanps, Gereet al (2006, 2011), reported
66 and 37 Mg hacarbon sequestration capacity (2.20 and 1.37 Mgriarespectively).

4.4  SOIL PHYSICO-CHEMICAL AND MICROBIAL PROPERTIES

Soil physico-chemical and biological propertigg,, pH, EC (dS m), organic carbon
(per cent), available N, P, K, Ca and S (kg)hanicronutrients Cu, Fe, Mn and Zn (mg'kg
bulk density (g cr), particle density (g cr), porosity (per cent), soil texture and microbial
count (cfu ¢) were observed in three soil layers ranging fro20020-40 and 40-100 cm
soil layer under different agroforestry tree spgcand have been delineated in tables

discussed below, individually.

4.4.1 Physical properties of soil

The physical properties of the soil were studiedfbur parametersiz., bulk density,

particle density, soil porosity and soil texture.

4.4.1.1 Bulk density (g cri)

The data displayed in Table 14 shows that the Oefisity of different soil layers.e.
0-20, 20-40, 40-100 cm layer is significantly irdhced due to agroforestry systems and soil
depths. The mean bulk density ranged from 1.09 § oml1.28 g crii amongst different
agroforestry systems investigated. The highest nhbegk density was recorded in the sole
cropping system (1.28 g ¢ which was however, statistically at par with thgri-
silviculture system (1.28 g c¢fjy which was followed by, agri-silvi-horticulturg/stem, fruit
tree based system, silvipasture system, fodderbised system, melia based system, poplar
based system and bamboo based agroforestry sydt€@® ¢ cn¥), respectively in the
descending order. Further, irrespective of the fagestry systems, soil depths also
significantly influenced the bulk density. It is sH#yved to be constantly increasing with

increasing soil depth. Also, it is evident from theeraction effect, that in all the agroforestry
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systems, soil bulk density enhanced frog(D15 g cn¥) to D, (1.20 g cn?) and D to D;
(1.28 g cn¥). But, the enhancement is less sharp in silvipasystems, than other
agroforestry systems. The interaction between depth and agroforestry systems, also
markedly affected the soil bulk density. The minimbulk density was recorded in bamboo
based agroforestry system at 0-20 cm soil dep@1 (d.cn) and maximum in sole cropping
system at 40-100 cm soil depth (1.37 g%m

Table 14: Effect of agroforestry systems, soil déjps and interaction between them on
bulk density (g cni®)

Agroforestry systems D, Soil DD(zp1hs D, Mean
T, (Sole Cropping system) 1.21 1.26 1.37 1.28
T, (Agri-silvi-horticulture system) 1.20 1.23 1.26 1.23
T3 (Agri-silviculture system) 1.23 1.26 1.36 1.28
T, (Fruit tree based AFS) 1.19 1.22 1.27 1.22°¢
Ts (Fodder tree based AFS) 1.18 1.20 1.26 1.2r
Ts (Bamboo based AFS) 1.01 1.07 1.18 1.09
T, (Melia based AFS) 1.11 1.18 1.28 1.1¢
Tg (Poplar based AFS) 1.04 1.14 1.23 1.14
T, (Silvipasture system) 1.15 1.22 1.29 1.22°¢
Mean 1.15 1.2¢° 1.28

Factors SEw CDy 05

Soil depth 0.002 0.007

AFS 0.004 0.011

Interaction 0.007 0.020

The bulk density results show some relativity vilile organic carbon content of the
soil which further, is associated with lesser numbketrees or leaf fall inside particular
agroforestry system soils. Mate$ al (2020) also found the bulk densities of soils emd
eight year old agroforestry systems to be lowen thdjacent pastures and similar to those of
forests. Higher soil bulk density leads to soiesgth increment due to which soil aeration
reduces, detrimentally affecting the root growtlerlizet al. (2013) found the bulk densities
outside the tree canopies to be higher than thie densities under the tree canopies, owing
to litter addition into the soil, higher concentoat of tree roots near the tree base, and
exposure of soil outside the tree canopy to disectlight. Moreover, the reduced bulk
densities can have a positive effect on root dgreknt, especially in tree plantations. The

bulk densities under experimental agroforestryesyst were lower as compared to control
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(sole cropping) and traditional agroforestry systam both, surface as well as sub surface
layers. These outcomes are totally in line withilsimwork carried out by Gardinet al
(2015) under Cacao based agroforestry systems in, ™o concluded that increased
vegetation cover increases fresh organic mattereduces the bulk density of soils because

of the decomposing organic matter components desgydense than mineral components.

The surface soil layer shows a lot of variancéutk density, but the variance tends
to decrease in all the agroforestry systems irddeper soil layers. Bulk density showed an
increasing trend with increasing depth in all thstems due to lower organic matter content
and continuous compaction of soil layers. Thesalt®sare synchronous with those of
Bargali and Bargali (2020), who reported the bugksities of surface and sub-surface layers

to be ranging from 0.62 to 1.16 g érand 0.79 to 1.22 g cirespectively.

4.4.1.2 Particle density (g ci)

A scrutiny of data in Table 15 shows that partaémsity is significantly influenced
due to the effect of agroforestry systems, soiltliepand interaction between them.
Irrespective of soil depths, maximum particle dgng2.29 g cn¥) was recorded in sole
cropping and agri-silviculture systems, which hoemgvemained statistically similar to fruit
tree based agroforestry system. The particle densiler agri-silviculture system, bamboo
based and melia based agroforestry systems remaiasstically identical to one another.
Similarly, particle density under fodder based, bambased, melia based, poplar based,
agri-silvi-horticulture and silvipasture systemsalremained statistically at par. In the
average effect of soil depths, the particle deresittyanced significantly from,§2.19 g cri)
to D, (2.24 g cm) and, further to B(2.32 g cn®). In the interaction effect between
agroforestry systems and soil depths, it was olesktivat in all the agroforestry systems, the
particle density declined all the way from ® Ds. But, significant decline from 2o D,
could be observed only in agri-silvi-horticulturieyit based, bamboo based, melia based,
poplar based and silvipasture systems. Whereas) g to D;, significant decline was
observed in sole cropping system, agri-silvicultdreit based, bamboo based, poplar based

and silvipasture systems.

Maximum particle density was observed DT system (2.38 g cii) and ED; (2.37
g cm®) at 40-100 cm depth, whereas, minimum particlesifgnvas recorded ingD; (2.12 ¢
cm?®), which was found to be significantly lower that ather treatment combinations.
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Minimum particle density at Dsoil depth was recorded ins0; (2.25 g cni), which

however, remained statistically at par witDJ (2.28 g cn¥) treatmencombination.

Table 15: Effect of agroforestry systems, soil deps and interaction between them on
particle density (g cm?)

Agroforestry systems D, Soil Bzepths D, Mean
T, (Sole Cropping system) 2.23 2.25 2.38 2.29
T, (Agri-silvi-horticulture system) 2.22 2.26 2.28 2.29
T3 (Agri-silviculture system) 2.24 2.27 2.37 2.29
T, (Fruit tree based AFS) 2.24 2.28 2.32 2.28
Ts (Fodder tree based AFS) 2.20 2.22 2.25 2.2Z
T (Bamboo based AFS) 2.16 2.23 2.33 2.24¢
T, (Melia based AFS) 2.15 2.22 2.35 2.24°
Tg (Poplar based AFS) 2.12 2.23 2.31 2.2Z
Ty (Silvipasture system) 2.17 2.24 2.28 2.23
Mean 2.19 2.24 2.32

Factors SEw CDg s

Soil depth 0.004 0.013

AFS 0.007 0.019

Interaction 0.012 0.033

Particle density of the different systems varigghi§icantly depth wise as compared
various agroforestry systems due to the fact tbtdepth had greater effect on soil particle
density because of compaction of soils and heneeseal packing of the soil particles. Also,
particle density results showed reciprocated vatagbat of organic carbon, similar to that
with bulk density as discussed above earlier. Tihertowest particle density is evident in
poplar based and silvipasture system may be dubetdact that they had comparatively
highest litter fall and closer spacing adoptedilvigasture systems, respectively. Singh and
Sharma (2007) reported addition of organic mattet i&s subsequent decomposition in the
presence of soil and microbial fauna to improve sbé physical qualities, such as bulk
density and particle density. Ravedtal (2018) compare@opulus deltoidgsAnthocephalus
cadambaand Madhuca indicabased agroforestry systems, and found lowest psoiicle
density (2.62 g ci) underPopulus deltoides based systatD-15 cm soil depth, increasing

with increasing depth.
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4.4.1.3 Porosity (per cent)

The data on porosity is demonstrated in Tableltl& evident from the table that
porosity is significantly influenced due to the eage effect of agroforestry systems, soil
depths and interaction between them. The soil pgrehowed a slide what significant
variation among the different agroforestry systemgestigated. Maximum porosity was
measured in bamboo based agroforestry systems3(%d).6followed closely by poplar based
(48.81 %) and melia based agroforestry systems38466), respectively. Minimum soil
porosity was recorded under agri-silviculture syst@4.11 %), which however, remained
statistically identical to sole cropping system.(#1%). Irrespective of agroforestry systems,
the soil porosity declined appreciably from #7.85 %) to D (46.63 %) and further to D
(44.90 %). In the interaction between agroforesirstems and soil depths, it was observed
that all the combinations of bamboo based agrofigresystems.e. TgD;, T¢D2, and TgDs,
displayed significantly higher soil porosity thalh ather treatment combinations, at their
respective soil depths. In general, bamboo basetiaased, poplar based and silvipasture
systems displayed significantly higher porosityntheole cropping, agri-silvi-horticulture,
agri-silviculture, fruit based and fodder basedo&mestry systems, at their respective soil
depths.

Table 16: Effect of agroforestry systems, soil depths and ietaction between them on
soil porosity (per cent)

Agroforestry systems D, Soil DDezpths D, Mean
T, (Sole Cropping system) 45.85 44.16 42.53 44.18
T, (Agri-silvi-horticulture system) 46.04 45.43 44.79 45.42
T, (Agri-silviculture system) 45.26 44.56 42.50 4411
T, (Fruit tree based AFS) 46.95 46.56 45.37 46.29%
Ts (Fodder tree based AFS) 46.51 45.67 44.23 4547
Ts (Bamboo based AFS) 53.54 52.23 49.14 51.63
T, (Melia based AFS) 48.41 46.73 45.51 46.88
T (Poplar based AFS) 50.84 48.98 46.61 48.87F
T, (Silvipasture system) 47.24 45.31 43.42 45,32
Mean 47.85 46.6% 44.90
Factors SEw CDy 05
Soil depth 0.115 0.371
AFS 0.199 0.567
Interaction 0.345 0.983

70



Higher soil porosity in systems comprising of hugeges and larger foliage such as
poplar, melia and bamboo is conspicuous, whereaddtider tree based and silvipasture
agroforestry systems showed lower soil porositgsoa being, regular lopping and collection
of fodder leading to less retention of leaf litherd organic matter within the system. Porosity
showed somewhat direct proportionality with bulkasig¢y, which is similar to the findings of
Gusliet al (2020), who put forth that increased bulk denséysing some of the macropores
to vanish (when >60 pm), reducing the soil's cdpaa transport water and affecting soil
water availability. Lowest soil porosity was receddin sole cropping and agri-silviculture
system due to meager organic matter addition tcsdlile which results in compaction with
time. Thus, it can be discerned that greater paispklitter fall and the accumulation of
plant litter created by diverse trees provides Hmher rainwater infiltration, limiting soil
moisture loss and boosting water holding capacitgad, demonstrating that the types of
crops and management strategies affect soil pgrosit inverse relationship between bulk
density and soil porosity is evident in the pressmdy results, which are consistent with
previous research work done by Amusamal (2006), who also reported inverse associations
between soil bulk density and porosity under vaidarming methods. Odewunait al
(2013) also found bulk density and pore spacesnigaan inverse relationship, with lower
bulk density and higher porosity in soil under teakopy than in soil outside teak canopy.
Furthermore, soil porosity decreased with increaslapth under all agroforestry systems.
This reduction in soil porosity might be attributiedroot activity and decrease in soil organic

matter with depth, slowing soil water infiltratigRranzluebbers, 2002; Pieredtal.,2016).

4.4.1.4 Soil texture

The data with respect to soil texture of differagtoforestry systems as recorded in
top soil layer is depicted in Table 17. USDA triafteg soil classification chart (Anderson
and Ingram, 1998) was used for working out the soiture according to size of the soll
particles. The table reveals that sole cropping fiod tree based agroforestry systems
showed loam type soil texture, whereas, fodderdyasgri-silvi-horticulture and silvipasture
systems showed sandy clay loam type of texturei-giyiculture, bamboo based, melia
based and poplar based agroforestry systems désplelay loam texture. Maximum sand
percentage varied appreciably among agroforesstesys, ranging between 40.16 per cent
and 51.34 per cent. Bamboo based, melia based apldrpbased agroforestry systems

displayed highest values of silt content, as coegbém other agroforestry systems. Whereas,
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clay content was found to be higher under agriailture system, closely followed by

bamboo based and melia based agroforestry systems.

Table 17: Effect of agroforestry systems, soil depths and ietaction between them on

soil texture

Agroforestry systems Sand (%) (SO/'J;[ Clay (%) Texture
T, (Sole Cropping system) 49.77 25.79 24.43 Loam
T, (Agri-silvi-horticulture system) 47.21 27.86 24.93 Sandy Clay Loam
T3 (Agri-silviculture system) 44.7 25.84 29.45 Clay Loam
T, (Fruit tree based AFS) 46.87 28.71 24.42 Loam
Ts (Fodder tree based AFS) 46.87 27.71 25.42 Sandy Clay Loam
T¢ (Bamboo based AFS) 40.16 31.42 28.42 Clay Loam
T, (Melia based AFS) 41.25 30.33 28.42 Clay Loam
Tg (Poplar based AFS) 40.4 31.92 27.68 Clay Loam
Ty (Silvipasture system) 51.34 27.24 21.42 Sandy Clay Loam

Although the amounts of sand, silt and clay varib@re were fewer variations in
percentage silt content between the different agestry systems, which is similar to the
results proposed by Evaes al (2014), while working on various soil physicabperties
under different land use systems in Ghana. Kuetal (2018) also found that forest land
uses had greater silt content than barren, agui@ljtand orchard land uses. The soils on all
locations were dominantly loam and, categoriselbas, clay loam and sandy clayey loam.
The fact that the soils have comparable texturahpmsitions implies that they were
produced from similar parent materials under simgavironmental circumstances and
management techniques (Evansal, 2014). Slight variation in the texture class barowed
to the type of plant material and root system @& phants, which plays a vital role in the
breakdown of the parent material.

4.4.2 Chemical properties of soil
4.4.2.1 pH

Table 18 demonstrates that the soil pH was saifly influenced due to the effect
of agroforestry systems, soil depths and interacamong them. Irrespective of the soill
depths, maximum soil pH was recorded under solpping system (7.11), which was found
to be appreciably higher than soil pH values uradlesther agroforestry systems. However, it

was closely followed by silvipasture system, fringe based and agri-silviculture systems.
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Other agroforestry systenviz., agri-silviculture and fodder tree based agraftsgesystems
displayed statistically identical values. Signifitlg lowest pH value (6.75) was recorded
under bamboo based agroforestry system. Howeveamn awverage effect of soil depths, the
soil pH enhanced noticeably from [6.82) to D (6.92) and Dto D;(7.03) But, the rate of
enhancement is quite marked under sole croppingivigasture systems. Maximum (7.01)
and minimum (6.64) pH values in;ayer were recorded in sole cropping system and
bamboo based agroforestry systems, respectivelyedter, bamboo based agroforestry
system exhibited significantly lower values of qui (6.75) than other agroforestry systems,

at their respective soil depths.

Table 18: Effect of agroforestry systems, soil deps and interaction between them on

soil pH
Agroforestry systems D, Soil DDezzpths D, Mean
T, (Sole Cropping system) 7.01 7.11 7.20 7.17°
T, (Agri-silvi-horticulture system) 6.79 6.87 6.92 6.86°
T, (Agri-silviculture system) 6.94 6.97 7.00 6.97
T4 (Fruit tree based AFS) 6.85 7.02 7.09 6.98
Ts (Fodder tree based AFS) 6.88 6.91 7.03 6.94
T (Bamboo based AFS) 6.64 6.75 6.86 6.79
T, (Melia based AFS) 6.74 6.85 6.94 6.84"
T (Poplar based AFS) 6.70 6.78 7.00 6.872
T, (Silvipasture system) 6.82 7.00 7.24 7.02
Mean 6.87 6.92 7.0%3

Factors SEw CDgos

Soil depth 0.006 0.018

AFS 0.010 0.028

Interaction 0.017 0.048

The lower pH under agroforestry is attributed ioreased accumulation of above-
ground biomass, associated cation uptake and piioduof organic acids by the tree
component of agroforestry systems all have a sggmt impact on soil pH (Gupta and
Sharma, 2009; Sarvadd al, 2014). Similar findings were reported by NayaR46) who
reported the pH to be reduced, and, nutrient valbagased under 9-year-old agroforestry
speciesiz. Eucalyptus tereticornjd_eucaena leucocephakndMelia azederaclplantations
as compared to unplanted areas. Momgial (1998) investigated the ameliorative impact of
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forest trees on acidic soils in Haryana and disceyehat after three years of cultivating
Acacia nilotica soil pH and EC, both decreased. In a fruit-basggtthorticultural paradigm
(mango + cowpea - toria), Rathageal (2013) documented a fall in soil pH (12.12-15.62
%) compared to the original value measured in 19&6re the orchard was set up. Dadtl
al. (2000) concluded agri-silvi-horticulture systero be exhibiting lower pH than
monocropping. Soil pH outside tree canopies is drighan soil pH under tree canopy, with
soil pH increasing with increasing distance frora tree stem. This was linked to a number
of processes that releas€ kbns, including soil base cation absorption, oigamatter
breakdown to organic acids and CO, root respirat@on nitrification (Berheet al, 2013).
An increasing trend of pH with increasing soil deptvas also observed in the present study.
This may be attributed to the fading away of eBeat plant composition on soil nutrients
and water in deeper layers and as soil pH is infltad by the content and movement of soil

water, it increased marginally as soil depth insegb(Wuet al,, 2020).

4.4.2.2 Electrical Conductivity (dS nT)

A perusal of data regarding soil EC of soils undiéierent agroforestry systems has
been displayed in Table 19 which shows that thieES@iwas significantly influenced due the
effect of agroforestry systems, soil depths andradtion between them. Irrespective of the
soil depths, maximum soil EC (0.49 dS)mwas recorded under bamboo based agroforestry
systems, which was significantly higher than sall & all other agroforestry systems, and
was closely followed by poplar based and melia daagroforestry systems. Other
agroforestry systemwiz., agri-silvi-horticulture, agri-silviculture, frtitree based and
silvipasture systems exhibited statistical similarSignificantly lowest soil EC (0.27 dSn
was recorded under sole cropping system. Irrespecti agroforestry systems, the soil EC
values diminished significantly from,§0.43 dS ) to D, (0.37 dS ) and further to B
(0.30 dS ). But, the rate of decline is quite marked under sotpping and fodder tree
based agroforestry systems. Moreover, bamboo baggdforestry system exhibited
significantly higher values of soil EC than otheraforestry systems, at their respective soil
depths.

EC is affected by various factors, and higher EBCsoils under all agroforestry
systems can be linked with higher nutrient pump{@pwda and Kumar, 2008) and
deposition on the soil surface by addition of marganic matter via litter production leading
to higher minerals present in the top layer to f@atts and act as electrolytes when exposed

to water.
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Table 19: Effect of agroforestry systems, soil deps and interaction between them on

soil E.C. (dS ™)
Agroforestry systems D, Soil DDipths D Mean
T, (Sole Cropping system) 0.37 0.26 0.19 0.27
T, (Agri-silvi-horticulture system) 0.41 0.36 0.29 0.35¢
T (Agri-silviculture system) 0.38 0.35 0.26 0.33
T, (Fruit tree based AFS) 0.42 0.39 0.31 0.37
Ts (Fodder tree based AFS) 0.39 0.29 0.22 0.3C¢°
Te¢ (Bamboo based AFS) 0.53 0.50 0.43 0.49
T, (Melia based AFS) 0.46 0.40 0.35 0.47
Tg (Poplar based AFS) 0.48 0.44 0.37 0.43
T, (Silvipasture system) 0.45 0.33 0.25 0.35¢
Mean 0.43 0.37 0.3¢°

Factors SEw CDy 05

Soil depth 0.004 0.012

AFS 0.007 0.019

Interaction 0.011 0.032

Less evaporative requirement of plants and lessmainterception of rainfall causes
higher leaching in open fields than those undex tever (Reynoldst al, 1988; Naiduet
al., 1996; Abbasiet al, 2010). Therefore, lower soil EC reported in solepping in the
current systems suggests active ion leaching otargparse plant cover. These results are in
consonance with those of Bhat (2015), who found smél EC in agroforestry systems is
higher than in, open conditions. Bamboo, poplar amelia based agroforestry systems
demonstrate highest soil EC, reason being largeopsas, larger crown spread and hence,
higher addition of minerals to the top layer of #@l by means of litter, increasing salt
content within the system. Sharma and Gupta (198®%gkraborthy and Chakraborthy
(1989), and Abbaset al. (2010), all found that tree-based systems hagkehielectrical
conductivity than arable land. These results cpoed with the proposals of Berled al
(2013), who observed EC to be higher under tred¢ls avilarger crown spread than it was
under trees with a lower crown spread which magueeto increased above-ground biomass
accumulation. According to Gowda and Kumar (20089 ahe rooting depth of trees impact
their ability to collect nutrients from the subsaid make them available in the topsoil, due
to which minerals start diminishing with increasidgpths. This leads to diminished salt

concentrations and therefore, reduced EC in thelddayers of the soil.
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4.4.2.3 Organic Carbon (g kg)

Data regarding soil organic carbon content in &&lf) evinces that organic carbon is
significantly influenced due to agroforestry syssersoil depths and interaction between
them. Irrespective of soil depths, soil organicbocar varied markedly among different
agroforestry systems. Maximum OC (11.3 ¢)kgas recorded in bamboo based agroforestry
systems which was significantly higher than soil 6fCall other agroforestry systems. The
OC under different agroforestry systems followeé trend: bamboo based agroforestry
system (11.3 g kb > poplar based system (10.4 g'kg silvipasture system (10.3 per cent)
> melia based system (9.8 g'g> agri-silvi-horticulture system (9.7 g Kg> fruit tree
based system (9.2 g Kg> agri-silviculture system (8.4 g R fodder tree based system (8.3
g kg") > sole cropping system (7.8 g'BgHowever, in the average effect of soil depth, OC
content declined from D(11.9 g kg) to D, (9.7 g kg") and further to B(6.8 g kg') in a
significant manner. In the interaction effect, bamkboased agroforestry system displayed
higher OC values than all other agroforestry systea their respective depths. Maximum

OC was observed in treatment combinatig®,T(13.2 g kg) and minimum in TD; (5.2 g
kg™h).

Table 20: Effect of agroforestry systems, soil deps and interaction between them on
Organic Carbon (g kd)

Agroforestry systems D; Soil I[D)jpths Ds Mean
T1 (Sole Cropping system) 10.7 7.6 5.2 7.8
T, (Agri-silvi-horticulture system) 12.0 9.9 7.1 9.7
T3 (Agri-silviculture system) 10.8 8.6 5.7 8.4
T4 (Fruit tree based AFS) 11.8 9.3 6.5 9.2
Ts (Fodder tree based AFS) 11.1 8.4 5.4 8.3
Ts (Bamboo based AFS) 13.2 11.9 8.8 11.3
T7 (Melia based AFS) 12.2 10.1 7.0 9.8
Ts (Poplar based AFS) 12.8 10.7 7.7 10.4
To (Silvipasture system) 12.3 11.0 7.6 10.3
Mean 11.9 9.7 6.8
Factors SEw) CDo.os
Soil depth 0.005 0.017
AFS 0.009 0.026
Interaction 0.016 0.045
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Organic carbon is observed to be directly reldatetree species’ plantation density
and larger tree canopy leading to higher litted. falower soil organic carbon under
agriculture land use can be attributed to reduceduats of organic material returned to the
soil and a high rate of oxidation of soil organiatter as a result of continuous cultivation
without fallowing. Further, loss of organic mattkre to water erosion, and removal of green
materials may all contribute to lower soil organarbon under agriculture land use (Yimer
et. al, 2007; Girmayet al, 2008). These results are in consonance withetbb¥Kaushakt
al. (2016) who found that in comparison to a falloletpgrewia-based agroforestry system
has 13-46 per cent higher organic carbon. Simildflymaret al (2017), when compared
agroforestry with a field without tree plantingpogted a rise in organic carbon from 0.12 per
cent to 0.27 per cent under tree component. Pgsahal (2009), also discovered that when
shisham and subabul were planted with agricultuaps; organic carbon content rose
substantially, compared to pure crop and lone tr8ewilarly, Mominet al (2016) found
that the gamhar + mango + pigeon pea agri-silvittulture system had the largest increase
(33 per cent increase in O.C.) in organic carbamertt compared to the sole mango based
agroforestry model (7.1 per cent increase) and gafohar based agroforestry model (3.5 per
cent increase). Organic carbon was higher undgetadrees than beneath smaller ones which
might be related to an increase in organic mattddbp (Sharmaet al, 2017). Moges and
Holden (2008) also discovered agricultural landihgwonsiderably less soil organic carbon
than grazing and tree-based systems. Accordingeto & al (2020), the diminishing trend
of organic carbon with increasing depth could bensas a result of more accumulation and
mineralization besides reduction in the root biosnasthe deeper soil layers and pumping of
carbon by trees from deeper layers on to the seufHge present finding are analogous to the
findings of Deviet al. (2020), who have reported surface soil depths @+, had the highest
average organic carbon concentration (0.53 perceni)e deepest, 60-90 cm depth had the

lowest (0.13 percent).

4.4.2.4 Available Nitrogen (kg ha)

The data depicted in Table 21 reveals that aVailalirogen contents in the soil is
significantly influenced by the agroforestry sysgensoil depths and interaction between
them. In the average effect of agroforestry systenaximum available nitrogen (301.47 kg
ha') nitrogen was recorded under bamboo based agsbfgreystem, which was closely
followed by poplar based (293.64 kg'hand melia based (292.11 kg'haagroforestry

systems. Both poplar and melia based agroforegstgms remained statistically identical to
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one another. Similarly agri-silvi-horticulture asilvipasture systems remained statistically at
par with each other. Minimum available nitrogen wasorded under fruit tree based
agroforestry systenpb5.24kg ha'), which however, remained statistically identiaalsble
cropping system (258.80 kg Balrrespective of agroforestry systems, the abéglaitrogen
content declined significantly from297.87 kg hd) to D, (277.91 kg hd) and D to Ds
(250.64 kg hd). Moreover, in the interaction effect, maximumuelwas recorded ingD,
(317.52kg ha'), while minimum in TD; (226.34kg ha'). The available nitrogen declined
significantly from QO to D,, but, the decline is more marked in agri-silviaudt, fruit tree
based and fodder tree based, poplar based anpasiture systems, as compared to bamboo

and melia based agroforestry systems.

Table 21: Effect of agroforestry systems, soil deps and interaction between them on
available Nitrogen (kg hd)

Soil Depths Mean
Agroforestry systems D, D, & Ds
T1 (Sole Cropping system) 278.92 266.82 230.65 258.86"
T2 (Agri-silvi-horticulture system) 297.93 283.46 251.10 277.56
T3 (Agri-silviculture system) 294.26 274.78 236.31 268.45
T4 (Fruit tree based AFS) 287.26 252.12 226.34 255.24
Ts (Fodder tree based AFS) 279.15 264.23 227.58 256.99"
Ts (Bamboo based AFS) 313.89 298.07 292.46 301.47
T7 (Melia based AFS) 303.42 292.91 280.01 202.17F
Ts (Poplar based AFS) 317.52 292.46 270.95 293.64
To (Silvipasture system) 308.49 276.33 240.33 275.05
Mean 297.87 277.9¢ 250.64

Factors SEw) CDo.os

Soil depth 0.853 2.753

AFS 1.477 4.205

Interaction 2.558 7.283

Singh and Sharma (2007), proposed that due terdiftes in litter fall addition,
nutrient return to soil varies substantially depagdn tree species, spacing, plantation age,
intercrops, and management approaches. A correspoadbetween organic matter and
nitrogen was conspicuous which is similar to resploposed by Meysnet al (2006), who
claimed that the amount of nitrogen in the seil90 percent) to be closely linked to the
amount of organic matter. Lodhiyat al. (2017) also reported that the N to be continuousl
increasing over one year after leaf litter, whiolsreased by 1.96 to 2.06 times, the initial

concentration. The steady decrease in the N val#s increasing soil depths is in
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accordance with the findings of Jobaggy and Jack&d@l) who also worked on distribution
of soil nutrients with depth. They suggested that ihost limiting of the plant soil nutrients
shall have the shallowest distributions and thecsrathe nutrients, the shallower their
distribution. This might also be attributed to sfgrant leaf litter accumulation in the top soil
layer (Mathewet al, 1997). Pardoet al, 2017, also propose carbon and nutrient intate in
the top soil layer via tree litter, particularlyeér leaves, and to a lesser amount by nutrient-
rich throughfall water to be a major cause of mhigfher N in top layer of soil as compared
to the deeper layers.

4.4.2.5 Available Phosphorus (kg h9

Data regarding Phosphorus content of soils undéerdnt agroforestry systems is
presented in Table 22. Phosphorus in the soiledasignificantly due to the average effect
of different agroforestry systems, soil depths amdraction between them. In the average
effect of agroforestry systems, maximum availalliegphorus (40.64 kg Rpwas recorded
in fruit tree based agroforestry system, which haveremained statistically identical to
bamboo based agroforestry system. P content iardift agroforestry systems followed the
trend: fruit tree based agroforestry system (4@&g4ha’) > bamboo based system (40.27 kg
ha') > agri-silviculture system (35.67 kg 'Ha> melia based system (34.20 kg*ha poplar
based system (32.99 kgha> agri-silvi-horticulture system (32.57 kg ha> silvipasture
system (31.92 kg ha > fodder tree based syste@8(22kg ha') > sole cropping system
(24.92 kg ha). Irrespective of agroforestry systems, the abégld® declined slightly with
increase in soil depth from,[42.45kg ha') to D, (33.54kg ha') and D to D; (24.48kg ha
Y. In the interaction effect of both, maximum avhit&aP was recorded in,D; i.e. fruit tree
based agroforestry system atdzpth, 49.57kg ha'), which, however remained statistically
identical to ED; (47.19kg ha") treatment combination, only. Phosphorus contenlircst
slightly from D, to D, and D to D; under all the agroforestry systems in the prestrmtys
Minimum Phosphorus was recorded in treatment coatisin of T,D; (16.94kg ha'), which

however, remained statistically identical D7 (18.01kg ha') treatment combination.

The available phosphorus present in differentlsgirs (0-20, 20-40 and 40-100 cm)
under wide range of agroforestry systems was faarz significantly varying despite being
optimum in all the systems. Phosphorus was sigmtig higher in all the tree based systems
as compared to the sole cropping systems, whiemasogous to the findings of Singh al
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(2018), who examined available P in agroforestrgteays such agri-silvi-horticulture,

agrihorticulture, agri-silviculture, silvipastorais-a-vis pure agriculture.

Table 22: Effect of agroforestry systems, soil deps and interaction between them on
Phosphorus (kg hd)

Agroforestry systems D, Soil ijths D, Mean
T, (Sole Cropping system) 29.78 24.04 20.96 24.9Z7
T, (Agri-silvi-horticulture system) 41.78 31.01 2491 32.57
T, (Agri-silviculture system) 43.50 35.87 27.65 35.67
T, (Fruit tree based AFS) 49.57 39.64 32.71 40.64
Ts (Fodder tree based AFS) 38.31 24.70 21.64 28.22
T (Bamboo based AFS) 47.19 41.73 31.88 40.27
T, (Melia based AFS) 44.67 40.97 16.94 34.20¢
Tg (Poplar based AFS) 46.14 34.82 18.01 32.99
T4 (Silvipasture system) 41.08 29.08 25.60 31.92
Mean 42.48 33.54 24.48

Factors SEw CDg o

Soil depth 0.331 1.069

AFS 0.574 1.634

Interaction 0.994 2.829

They found significantly greater levels of P inr@grestry systems than in mono
agriculture land use systems. Phosphorus was redda be medium (22-44 kg hain
almost all the systems which can be affiliated witl parent material of the local mountain
range being limestone and dolomite. Lodhigahl (2017) also concluded that the P level of
persistent litter to be increasing during the bdeatkn cycle of one year and, the phosphorus
content was 1.6-2.1 times higher than it was atbnginning. Sahat al (1999). attributed
higher P to finer root density, increased microbadtivity in favorable conditions,
mycorrhizal relationships and the impact of plamits on Phosphorus solubility. Highest P
in fruit tree based system can also be linked édiaquent external application of phosphatic
fertilizers, which are commonly applied to fruitbps during the winter season for growth,
development and reproduction (Kun@ral, 2017). Matost al (2020), also advocated that
the agroforestry systems had higher amounts ofsadile P than pastures, adding to the
agroforestry plots' overall higher soil fertilityree roots' organic anion exudation and acid
phosphatase activity have been demonstrated teaserP mobilization in the rhizosphere,
which might explain the considerable influencerekttbased systems and soil depth on soill
accessible phosphorus (Cardwell, 2005). Furthev,gbosphorus availability was observed

in the lower layers of the soil as compared tottpelayer among all agroforestry systems.
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Surface soil has a higher P concentration thanedespl layers (Kaushikt al, 2017). This
can also be ascribed to better nutrient cycling aodface enrichment in tree-based
agroforestry systems as a result of high littemfation and faster decomposition rates (Starr
et al, 2005).

4.4.2.6 Available Potassium (kg hg

The data depicted in Table 23 reveals that patasstontents in the soil is
significantly affected by the average effect of cdgrestry systems, soil depths and
interaction between them. In the average effe@gvbforestry systems, maximum available
potassium (245.69 kg Nawas documented in the soils under bamboo basedoagstry
system, closely followed by poplar based agrofoyesystems (226.30 kg Ra All the
agroforestry systems displayed significantly highedues than sole cropping system.
Though, potassium varied widely among differentoémestry systems, in some systems
viz., agri-silvi-horticulture and fruit tree based afgrestry systems remained statistically
identical. Similarly, fodder tree based and adritsulture systems also showed statistical
similarity. Minimum available potassium was docuteehin sole cropping systema43.47

kg ha'), which was significantly lower than all other afgn@stry systems.

Table 23: Effect of agroforestry systems, soil deps and interaction between them on
Potassium (kg hd)

Agroforestry systems Soil Depths Mean
D, D, D3
T, (Sole Cropping systerr 145.6¢ 178.4« 196.3( 173.47°
T, (Agri-silvi-horticulture system) 174.5¢ 190.3: 217.9¢ 194.2¢
T4 (Agri-silviculture system 163.7. 184.2: 210.2¢ 186.0¢
T, (Fruit tree based AFS) 171.4: 195.0° 224.0° 196.8%
Ts (Fodder tree basecAFS) 165.2: 177.2¢ 207.7¢ 183.41
T (Bamboo basecAFS) 220.3: 242.0¢ 274.7( 245.6¢
T, (Melia basedAFS) 192.0¢ 200.4¢ 224.6: 205.7(¢
Ts (Poplar basedAFS) 213.18 222.18 243.6: 226.3C
T, (Silvipasture system 203.7¢ 215.8: 233.2¢ 217.6
Mean 183.3¢ 200.64 225.84

Factors SEw CDg e

Soil deptr 1.23: 3.97¢

AFS 2.13¢ 6.07:

Interaction 3.69¢ 10.52(

Irrespective of agroforestry systems, the potassoontent increased significantly
from D; (183.32 kg hd) to D, (200.64 kg hd) and then from Pto Ds; (225.84 kg ha).
Further, as an interaction effect, maximum valus vezorded in JD;(274.70kg ha'), while
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minimum was recorded in D, (145.66 kg ha'). The potassium content enhanced
significantly from O to D,, but the increase is much sharp in sole croppagyi-silvi-
horticulture and fruit tree based agroforestry ey, as compared to fodder tree based,

bamboo based, melia based, poplar based and stiuipasystems.

Optimum accessible potassium in all agroforesystesns could be due to nutrient-
rich tree litter, which could have contributed tonm potassium being returned to the soil in
the form of litter (Racet al, 2000 and Mogest al, 2013). Available K within the canopy
was more than available K just outside of the traeopy, and that K declined as distance
from the tree stem increased (Targjaal, 2014). In comparison to fields without planting,
Kumaret al (2017) found an increase in available K (33698 Bg h&") under tree species.
Matoset al (2020) studied soil properties and litter quaiityagroforestry systems of Brazil
and revealed that the soil chemical characterigificthe forest, pasture, and agroforestry
systems to be markedly different. The agroforesyistem had inferior fertility (in terms of
SOC and accessible K) than the forest but, bétger pasture plots. Sileshi (2016) also found
that under the tree canopy, K levels were highan thutside the tree canopy. With the
increasing depth, the K content is seen to be @asing which can be attributed to leaching of
potassium in form of soluble salts with water anduamulation in deeper layers. Havéhal
(2005) proposed sluggish transfer of K from primariperals to the soil-water solution, and

K released from mineralization of SOM, a reasonitékdrop in soil K concentration.

4.4.2.7 Exchangeable Calcium (mg K{

Data in table 24 shows that calcium content insthieis significantly influenced only
due to agroforestry systems and soil depths. lewspge of the soil depths, maximum
calcium content was noticed in bamboo based agesfior system (1496.53 mg Rg which
was found to be closely followed by poplar basetbfagestry system (1327.59 mg Rg
only. All the agroforestry systems displayed apjaiely higher values of calcium content as
compared to the sole cropping system, and follotiredtrend: bamboo based agroforestry
system (1496.53 mg Ky > poplar based agroforestry system (1327.59 mg) kg
silvipasture system (1052.89 mg %g> fruit based system (940.26 mg*kg> agri-silvi-
horticulture system (908.50 mg Rg> melia based system (890.77 mg'kg fodder tree
based system (826.86 mgg> agri-silviculture system (767.32 mgRg> sole cropping
system (701.40 mg K. In the average effect of soil depth, the soiticem content declined
markedly from Q (1108.09 mg kg) to D, (1007.55 mg kg) and B to D3(855.07 mg kg).
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Table 24: Effect of agroforestry systems, soil deps and interaction between them on

exchangeable Calcium (mg kg

Agroforestry systems D, Soil Bzepths D, Mean
T, (Sole Cropping system) 835.83 754.86 513.53 701.41
T, (Agri-silvi-horticulture system) 1023.83 953.96 747.72 908.50
T5 (Agri-silviculture system) 919.17 761.51 621.27 767.32
T, (Fruit tree based AFS) 1031.31 977.12 812.34 940.26
Ts (Fodder tree based AFS) 933.33 850.00 697.25 826.86
T (Bamboo based AFS) 1650.10 1490.67 1348.83 1496.53
T, (Melia based AFS) 1013.31 900.33 758.67 890.77¢
Tg (Poplar based AFS) 1425.27 1345.83 1211.67 1327.59
T, (Silvipasture system) 1140.67 1033.67 984.33 1052.89
Mean 1108.09 1007.58 855.07
Factors SEw CDg.os
Soil depth 14.446 46.630
AFS 25.022 71.229
Interaction 43.339 NS

A sort of relationship could be perceived betwétar fall in various agroforestry
systems and calcium content in soils. These caamnbeutcome of high litter fall and better
nutrient cycling of the exchangeable base contenter the tree based agroforestry systems
(Yitbarek et al,, 2013). High Ca concentrations found in poplaf léter in general, is also
reported by Pardoet al, 2017. Singlet al (2007) analyzed litter fall and nutrient dynamics
in poplar plantations in Ludhiana and concludedt tamongst the macronutrients, the
maximum increase in the concentration of calciuns ¥eaind, post litter fall. Additionally,
nutrient pumping from the subsoil by the deep rddrees and returning them on to the
topsoil was discernible, similar to the findingsYomer et al. (2008) and Gowda and Kumar
(2008). The trend of diminishing nutrient concetma with increasing soil depth was also
observed by Kaet al, 2019. They too, ascribed it to nutrient pumpygtrees from deeper

layers and deposition on the surface layers.

4.4.2.8 Sulphur (kg ha)

A perusal of the data in Table 25 reveals thaplaul content in soil varied
significantly due to the average effect of agrostmg systems, soil depths and interaction
effect of agroforestry systems and soil depth.speetive of soil depth, sulphur content

showed significantly different values among all thgroforestry systems. The maximum
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sulphur content (34.07 kg Hawas noticed in bamboo based agroforestry systhiohwvas
closely followed by agri-silvi-horticulture (32.2& ha') and agri-silviculture systems (31.36
kg ha'). Minimum sulphur content (15.77 kg Havas recorded in silvipasture system. In the
average effect of soil depths, sulphur contentidedl! significantly with increase in soll
depth in all the agroforestry systems. But, the rat decline is more marked under all
agroforestry systems as compared to the sole argpphe maximum and minimum values
of sulphur were recorded in treatment combinatigi, {48.62 kg hd) and ;D5 (10.47 kg
ha'), respectively.

Table 25: Effect of agroforestry systems, soil deéps and interaction between them on
Sulphur (kg ha™)

Agroforestry systems D, Soil DDezpths D, Mean
T, (Sole Cropping system) 29.39 27.21 15.89 24.16
T, (Agri-silvi-horticulture system) 41.80 31.83 23.11 32.2%
T5 (Agri-silviculture system) 39.03 31.05 24.00 31.36
T, (Fruit tree based AFS) 36.54 27.28 17.80 27.21
Ts (Fodder tree based AFS) 33.51 23.02 19.11 25.21
T (Bamboo based AFS) 48.62 35.82 17.79 34.07
T, (Melia basedAFS) 28.86 16.83 10.47 18.72
Tg (Poplar based AFS) 32.58 29.71 17.48 26.59
T, (Silvipasture system) 21.11 14.32 11.89 15.77
Mean 34.6F 26.34 17.50

Factors SEw CDg o5

Soil depth 0.489 1.57

AFS 0.848 2.40

Interaction 1.468 4.17

Mineralization of organic sulphur owing to decomjiion of organic matter and
increased availability of sulphate sulphur in seds proposed by Waienwrigat al. (1986),
under agroforestry systems. Further, soil sulphas Wund optimum in surface layers of all

the systems and decreased with increasing soihgept

4.4.2.9 Micronutrients

Soil micronutrients are important elements fomplgrowth despite being required in
small quantities for day to day physiological preses. Micronutrients have been

increasingly used in recent years in order to aghlggher yields and meet our agricultural
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demands as excess fertilizer application can hamnsail and make it impossible to function
as a long-term supply source (Young, 198%jdividual tables ahead, display the
concentrations of the four major micronutrients emdifferent agroforestry systems.

4.4.2.9.1 Copper (mg kg)

It is evident from the data presented in tabletlz& copper (Cu) content varied
significantly due to the average effect of agrostmg systems, soil depths and interaction
among them. Irrespective of the soil depth, maximGmn content (3.05 mg K§ was
recorded under fruit tree based agroforestry systdnch was found to be significantly
higher than all other agroforestry systems. Agredtry systemsiz., agri-silvi-horticulture,
agri-silviculture, poplar based and silvipastursteyns displayed significantly lower values
than sole cropping system. Minimum Cu content (OrLkg") was recorded in silvipasture
systems. The concentration of copper decreasdutlgligith increase in soil depth, fromD
(2.33 mg kd) to D, (1.94 mg kg) and B to D3 (1.66 mg k). In the interaction effect, fruit
tree based agroforestry system displayed significdmgher values of copper content at all
the soil depths, than all other agroforestry systesih their respective soil depths. Maximum
copper content was recorded in treatment combinati®, (3.64 mg k¢g), and minimum in
ToD3(0.56 mg kdf).

Table 26: Effect of agroforestry systems, soil deéjps and interaction between them on
Copper (mg kg?)

Agroforestry systems Soil Depth Mean
D, D, Dj
T, (Sole Cropping systenr 2.1 1.92 1.8¢ 1.97
T, (Agri-silvi-horticulture system) 2.92 2.4¢ 2.01 2.47
T4 (Agri-silviculture system’ 1.9¢ 1.5% 1.27 1.5¢
T, (Fruit tree based AFS) 3.6/ 3.1(C 2.4% 3.0F°
Ts (Fodder tree basecAFS) 2.1 1.8¢ 1.5¢ 1.8¢
T (Bamboo basecAFS) 3.2¢ 2.31 2.0% 2.5
T, (Melia basedAFS) 2.6( 1.97 1.8¢ 2.15
Tg (Poplar basedAFS) 1.6¢ 1.63 1.3 1.559
T, (Silvipasture system 0.6% 0.61 0.5¢ 0.61"
Mean 2.37 1.94° 1.6€

Factors SEwm CDg.e

Soil deptr 0.003 0.022

AFS 0.012 0.03:

Interaction 0.0z 0.05i

Overall the copper content of the soils remairsgchfgher across all the agroforestry

systems, as normal range of copper occurs fromo0®4 mg k¢. Campanhat al (2007)
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also reported Cu levels to be higher in coffee daggoforestry systems than in monoculture
systems. The lowest concentration of copper visiblepoplar based systems may be
elucidated to difference in addition of variousmerits to the soil by litter fall, as a function
of concentration of those very nutrients in littaccording to Singlet al. (2007). Similar to
present study, Singbt al (2007) reported increase in Cu concentrationhef goil to be
lowest among all the micronutrients, in poplar lbbpantations. A decrease in the copper
concentrations with increasing depth was obserVag may be due to slow mineralization
under low temperature conditions (Daral, 2012), which is common in deeper soil layers.
Breakdown of leaf litter and dead roots increase@semlization, which adds nutrients, thus
soil's micronutrient content rises (Hg al, 2016). Further, similar to present study, in
Haryana, kinnow + eucalyptus + wheat system hadribst accessible Cu in the surface, 0-
15 cm (0.64 mg k§ of the total (1.9 mg KB in 0-90 cm soil profile, which was

considerably greater than the pure agriculture {(Beul, 2020).
4.4.2.9.2 Iron (mg kg

Table 27 shows that iron (Fe) content varied $icgmtly due to the average effect of
agroforestry systems, soil depths and interactiooryst them. Irrespective of the soil
depths, highest Fe content (31.10 mikgas documented in the soils under fruit tree thase
agroforestry system which was found to be signifigahigher than all other agroforestry
systems.

Table 27: Effect of agroforestry systems, soil deps and interaction between them on
Iron (mg kg™)

Agroforestry systems D, Soil %ipths D, Mean
T, (Sole Cropping system) 15.10 11.16 10.42 12.23
T, (Agri-silvi-horticulture system) 34.34 24.80 14.31 24.49
T, (Agri-silviculture system) 30.40 20.58 13.30 21.43
T, (Fruit tree based AFS) 45.41 28.31 19.59 31.1C
Ts (Fodder tree based AFS) 26.49 24.23 17.26 22.66°
Ts (Bamboo based AFS) 18.31 13.54 8.76 13.54
T, (Melia based AFS) 26.20 21.78 20.78 22.92¢
Tg (Poplar based AFS) 23.09 20.34 15.95 19.80
T4 (Silvipasture system) 6.40 3.75 3.17 4.44
Mean 25.08 18.72 13.73
Factors SEw CDg e
Soil depth 0.511 1.648
AFS 0.884 2.517
Interaction 1.532 4.360
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Some agroforestry systemg., agri-silvi-horticulture, fodder tree based anelim
based systems displayed statistical similarity.ilanhy, agri-silviculture, fodder tree based,
melia based and poplar based agroforestry systlsmseamained statistically identical to one
another. Minimum Fe content (4.44 mg)gvas recorded in the silvipasture system. The
concentration of iron decreased notably with insesim soil depth, from D(25.08 mg k)
to D, (18.72 mg k@) and B to D; (13.73 mg kg). Furthermore, in the interaction effect,
fruit tree based agroforestry system displayedifsogmtly higher values of iron, than all
other agroforestry systems, at their respectivé dgpths. Maximum copper content was
recorded in treatment combinatiogDl (45.41 mg kg), and minimum in 3D3(3.17 kg").

Costaet al (2018) also found more Fe concentration in cdizsed agroforestry field
when compared to a control field. The decreasingcentration of available Fe with
increasing depth in present study can be attributedower mineralization under low
temperature conditions common in deeper soil lay@ewi et al (2020) also declared the Fe
content of the surface soil layer (0-15 cm) to dxeging from 27.7 per cent to 29.7 per cent of
the total Fe content of the soil profile examin@eB0 cm), in eucalyptus and kinnow based
agroforestry systems in Haryana. Also, Khanmirzteal (2011) concluded a significant
increase in soil micronutrients, especially Fe hie top layer of the soil (0-20 cm), with

values rising from 1.85 to 3.6 mgkg

4.4.2.9.3 Manganese (mg kg

Data pertaining to the manganese (Mn) content o smder various agroforestry
systems is displayed in Table 28. It is evidentmfrthe data that the Mn content varied
significantly due to the average effect of agrostme systems, soil depths and interaction
between them. Irrespective of the soil depth, maximVin content (17.31 mg Ky was
recorded under fruit tree based agroforestry sysidmch is significantly higher than all
other agroforestry systems. It was followed duyi-silvi-horticulture (13.69 mg kg) and
melia based(12.90 mg kg) agroforestry systems, which were found to be siediby
identical. Agroforestry systemsiz., agri-silviculture, sole cropping system and feddree
based agroforestry systems, were also statisticllypar with each other. Some other
agroforestry systemeiz., fodder tree based, bamboo based, poplar basedilmpasture
systems displayed significantly lower values thate scropping system. Minimum Mn

content (3.86 mg kY was recorded in silvipasture systems. But, inaberage effect of soil
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depths, the concentration of manganese decreasddrately with increasing soil depth,
from D; (13.95 mg k@) to D, (10.67 mg kg) and B to D5 (8.13 mg k¢f). Further, due to
the interaction effect, fruit tree based agrofasesystem displayed markedly higher values
of Mn content at all the soil depths, than all otagroforestry systems, at their respective
soil depths. Maximum and minimum Mn values wereorded in treatment combination
T4D: (22.84 mg k@) and D3 (2.95 mg k¢f), respectively.

Table 28: Effect of agroforestry systems, soil deps and interaction between them on
Manganese (mg kg)

Soil Depths
Agroforestry systems D, D, D, Mean
T, (Sole Cropping systerr 14.7( 12.5¢ 7.2C 11.4¢
T, (Agri -silvi-horticulture system) 18.3¢ 13.31 9.3¢ 13.6¢
T3 (Agri-silviculture system’ 14.4% 11.61] 6.3¢€ 10.81¢
T, (Fruit tree based AFS) 22.8¢ 15.5] 13.5¢ 17.3F
Ts (Fodder tree besedAFS) 12.87 9.7¢ 9.1t 10.5¢
T (Bamboo basecAFS) 11.8¢ 7.91 7.4( 9.0¢®
T, (Melia basedAFS) 15.2¢ 13.7¢ 9.71 12.9C°
Tg (Poplar basedAFS) 10.4¢ 7.6¢ 7.4¢ 8.5¢°
T, (Silvipasture system 4.6¢ 3.9¢ 2.9t 3.8¢
Mean 13.9% 10.67 8.1%
Factors SEw CDg o
Soil deptr 0.18( 0.581
AFS 0.31:Z 0.88¢
Interaction 0.54( 1.53i

Similarly, Mongiaet al (1998) also investigated the ameliorative impafctorest
trees on acidic soils in Haryana and discoveret dftar three years of cultivatingcacia
nilotica, the organic matter and Mn content in the soityeéased. Oballat al (2010), also
documented an increase in Mn concentrations o$tileinder short rotation Eucalyptus spp.
plantations in Kenya. The decrease in Mn conceaatratwith increasing soil depths was
conspicuous in the present study. Likewise, Jiahgl (2009) discovered that when soil
depth was increased, the DTPA extractable Mn drdmmasiderably. Decreasing trend of
Manganese with increasing soil depth is also amalsgo the findings of Daat al. (2012).

Moreover, Khanmirzaeet al (2011) also found a substantial increase in soil
accessible micronutrients, particularly Mn in t@yédr of soil (0-20 cm), as Mn rose from
2.10 to 11.3 mg Ky The breakdown of leaf litter and dead roots enbarmineralization,
which provides nutrients to the soil, and the micrtoient content of the soil increases (gte
al., 2016). According to De\at al (2020), with in kinnow and eucalyptus based agestry
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systems, the accessible Mn content, in the sudaitdayer ranged from 8.8 mg kin the

wheat monocropping to 12.1 mgkig the kinnow + eucalyptus + wheat system.

4.4.2.9.4 Zinc (mg k)

Table 29 regarding the zinc (Zn) content evinced #inc content in the soil varied
significantly due to the average effect of agrostmg systems, soil depths and interaction
between them. Irrespective of the soil depth, maximzZn content (2.38 mg Ky was
observed under bamboo based agroforestry systerohwiias found to be significantly
higher than all other agroforestry systems in thes@nt investigation. Sole cropping and
agri-silvi-horticulture systems remained statidticat par with each other. Minimum Zn
content (0.99 mg K was recorded in poplar based agroforestry syst&hes concentration
of zinc decreased faintly with increase in the seipth, from B (2.66 mg kg) to D, (1.38
mg kg?) and B to D; (0.96 mg kd). In the interaction effect, bamboo based agretoye
system displayed significantly higher values of Zontent than all other agroforestry
systems, at their respective soil depths. Maximopper content was recorded in treatment
combination D, (3.76 mg kd), and minimum in gD3(0.43 mg kg).

Table 29: Effect of agroforestry systems, soil defps and interaction between them on
Zinc (mg kg™

Soil Depths
Agroforestry systems D, D, D. Mean
T, (Sole Cropping systenr 2.4¢ 1.28 0.77 1.5(°
T, (Agri-silvi-horticulture system) 2.3¢ 1.37 1.01 1.57
T3 (Agri-silviculture system’ 2.0% 1.(1 0.5t 1.2¢
T, (Fruit tree based AFS) 2.82 1.62 1.1C 1.8¢¢
T (Fodder tree basecAFS) 2.1¢ 1.01 0.51 1.27
T (Bamboo basecAFS) 3.7¢ 1.7i 1.62 2.3¢
T, (Melia basecAFS) 3.02 1.91 1.2¢ 2.07
Tg (Poplar basedAFS) 1.8¢ 0.67 0.4z 0.99
T, (Silvipasture system 3.44 1.7¢ 1.3¢ 2.1
Mean 2.6€° 1.3¢° 0.9¢

Factors SEwm CDg e

Soil deptr 0.01¢ 0.06(

AFS 0.03: 0.09:2

Interaction 0.05¢ 0.15¢

Devi et al (2020) worked in Haryana on kinnow and eucalyftased agroforestry
systems, also reported that among various systawaslable Zn in the surface layer was
highest in kinnow + eucalyptus + wheat (2.06 mg)kand, almost half in control (1.12 mg

kg?'). Some plant micronutrients have a higher likesithoof leaching down and being
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recycled by trees with deep root systems (JobbagyJackson, 2001). Also, that along a
leaching gradient, the limiting nutrients are conapigely less depleted due to greater uptake
and retention by plants. Deet al (2020) also reported that the upper two solil kietad
77.5 per cent and 76.9 percent of the Zn contekinimow + eucalyptus + wheat and kinnow
+ wheat system, respectively. Further, bearing imdmthe natural deficiency of
micronutrients in Indian soil, the findings areal® line with the results of Kauet al
(2020) who worked on the cationic micronutrientslempoplar based agroforestry systems
in India and opined that with increasing time péyithe cationic soil micronutrientgz.
copper, iron, manganese and zinc also increasedt Ble(2016) have also reported that the

soil micronutrients to be higher under plants dukatger litter fall and decomposition.

The results pertaining to the soil micronutriemsdicate that all the agroforestry
systems are rich in soil micronutrients, and, awedtry development increased the
availability of concerned four micronutrients inl gbil depths. All treatments increased
micronutrient levels on the surface soil. Under &fSs, the concentration of Fe, Mn, Zn,
and Cu was greater by 15, 31, 101, and 86 per aespectively, than that in the
fields without trees (Kumaet al, 2017). These outcomes are analogous with thiénfys of
Sarkaret al (2020), who worked on the soil micronutrientstisgaof soils under various
agroforestry systems in north Bihar region of Indrmal concluded that the soils under all the
agroforestry systems to be richer in micronutriemtsen compared with control and also, the
decrease in the micronutrients availability wittcreasing soil depth. In comparison to
conventional agriculture, agroforestry recyclemplaicronutrients more effectively perhaps
due to deep root system and substantial litter Talé return of several micronutrients, such
as Fe and Cu is much higher in winter months (Setgal, 2007).Hence, crop production
could be replaced by agroforestry system developme@ stable and revitalizing choice for

soil sustainability.

4.4.3 Microbial count (x 10 cfu gh

Data pertaining to the microbial count of agrostng systems, along soil depths has
been displayed in Table 30. The highest microbmaint among all the agroforestry systems
is observed in poplar based agroforestry systen823% 10 cfu g*) and the minimum in
sole cropping system (16.41 x°1&fu g*). The microbial count among different agroforestry
systems followed the trend: poplar based agroforesstem (35.32 x £cfu g) > bamboo
based system (30.43 x °16fu g') > melia based system (26.73 X 1u ¢%) > agri-silvi-
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horticulture system (25.01 x 1@fu g*) > fruit tree based system (23.68 x° 1iu g) >
silvipasture system (21.64 x °6fu g*) > agri-silviculture system (20.47 x %1@fu g*) >
fodder tree based system (19.21 % df g*) and sole cropping system (16.41 X &fu g?).
However, melia based agroforestry system remainatistically identical to agri-silvi-
horticulture system. Soil depths also significardaffected the microbial population of the
soil. Maximum microbial population was noticed in (38.67 x 16 cfu g*), followed by B
(21.50 x 18 cfu g*) and Q (11.85 x 16 cfu g*), respectively. The interaction of agroforestry
system and soil depths also appreciably affectntiherobial populations with maximum
microbial colonies being recorded in treatment ciomfion T;D; (53.25x 10° cfu ¢?)
whereas, minimum was in,0; (7.62x 10° cfu g%). Microbial count declined considerably

under all the agroforestry systems with increassoihdepth.

Table 30 Effect of agroforestry systems, soil depths and ietaction between them on
total microbial count (x 10° cfu gh)

Agroforestry systems Soil Depth Mean
D, D, D;
T, (Sole Cropping systenr 25.1¢ 16.4¢ 7.62 16.47°
T, (Agri-silvi-horticulture system) 42.0] 21.5: 11.4¢ 25.01°
T4 (Agri-silviculture system’ 32.9¢ 17.8( 10.6¢ 20.47
T, (Fruit tree based AFS) 38.4¢ 20.4( 12.1°F 23.6¢
Ts (Fodder tree basecAFS) 29.5i 18.5( 9.57 19.21
T (Bamboo basecAFS) 48.8¢ 27.9¢ 14.4: 30.4%
T, (Melia basedAFS) 43.8% 23.2: 13.1] 26.7%°
Tg (Poplar basedAFS) 53.2¢ 28.5¢ 15.7i 32.52°
T4 (Silvipasture system 33.97 19.0¢ 11.9¢ 21.64
Mean 38.67 21.5C 11.8€
Factors SEwm CDg e
Soil deptr 0.381] 1.2¢
AFS 0.6€ 1.8¢
Interaction 1.14¢ 3.2t

The microbial community's richness, abundance,atigtity are influenced by plant
type, i.e.,, substrate quantity and quality, as well as emmental factors such as
temperature, moisture, pH, soil type, and soil déphaet al, 1992 and Zhangt al, 2013).
Further, microbial development and structure aréerdened by the available organic
material and its quality, (Myerst al, 2001; Bezemeet al, 2006; Ravindran and Yang,
2015). Fresh organic matter is a suitable substoatenicrobial activity, which functions as
an agent for increasing aggregate stability. Thesgmt results are synchronous with the
findings of Radhakrishnaet al. (2016), according to whom, microbial populationswa

favorably associated to the physico-chemical patars®f solil.
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Table 31: Weighted means of chemical soil qualitygrameters used for computing soil quality index (SQ

Soil characteristics
A T e N P K Ca s | cu Fe | Mn | zn | OC Diﬁlskity ';irrtg'ti PS?{;" Mgﬂﬂf" sQI
T, | 7.1 |0.27 | 258.80 | 24.92 [173.47 | 701.41 |24.16 |[1.97 | 12.23 |11.49 |150 | 7.8 | 1.28 229 |44.18 | 1641 | 0.72
T, | 6.86 |0.35 | 277.50 | 32.57 [194.28 | 908.50 |32.25 |2.47 | 24.49 |13.69 |1.57 | 9.7 | 1.23 225 | 4542 | 2501 | 0.83
Ty | 6.97 |0.33 | 268.45 | 35.67 |186.08 | 767.32 |31.36 |1.58 | 21.43 |10.81 |1.20 | 8.4 | 1.28 229 |44.11 | 2047 | 075
T, | 6.98 |0.37 | 255.24 | 40.64 [196.85 | 940.26 |27.21 [3.05 | 31.10 |17.31 |1.85 | 9.2 | 1.22 228 | 4629 | 2368 | 0.87
Ts | 6.94 |0.30 | 256.99 | 28.22 [183.41 | 826.86 |25.21 [1.88 | 22.66 |10.59 |1.22 | 8.3 | 1.21 222 | 4547 | 1921 | 0.76
Te | 6.75 | 0.49 | 301.47 | 40.27 |245.69 |1496.53 |34.07 |2.53 | 13.54 | 9.06 |2.38 | 11.3 | 1.09 2.24 |51.63 | 3043 | 0.89
T, | 6.84 |0.41 | 292.11|34.20 [205.70 | 890.77 |18.72 |2.15 | 22.92 |12.90 |2.07 | 9.8 | 1.19 224 | 46588 | 2673 | 0.81
Te | 6.82 |0.43 | 293.64 | 32.99 [226.30 |1327.59 [26.59 |1.55 | 19.80 | 8.54 |0.99 | 10.4 | 1.14 222 | 4881 | 3252 | 0.79
Te | 7.02 |0.35 | 275.05|31.92 [217.62 |1052.89 |15.77 |0.61 | 4.44 | 3.86 |2.19 | 10.3 | 1.22 223 | 4532 | 2164 | 0.70
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In Eastern Uttar Pradesh, India, Maugtaal. (2012) found that agroforestry had greater
Azospirillum and Azotobactorpopulations than vegetables and grassland-basgdrotations.
Likewise, Hombegowdat al. (2015) stated that microbial populations are meitged by soil
pH and organic carbon. Neutral soil pH and high e@anic carbon boost microbial population
in agroforestry systems, which is influenced by@ased soil toxicity and high pH fluctuations.
Bhutia (2017) discovered that soil microbial popiolas are significantly connected to physio-
chemical characteristics, organic carbon and m@stontent being positively correlated, and
soil pH, EC and bulk density was being negativadyrelated. Several other researchers have
also set forth the strong correlation between @génic C in tree based systems and agriculture
land with the soil microbial populations (Arunadcialet al., 1999; Yuet al, 2012 and Yadav,
2017).

In the present study, microbial population waseobsd to be diminishing significantly
with soil depth, which can be owed to lack of stdist (available N and P) in the deeper layers.
This decreasing trend of microbial populations viftreasing soil depth was in consonance
with work of Tangjanget al.(2009), who reported microbial colony forming ur{itéu) to be
higher in top soil as compared to the sub soil pkéa in rainy season. The colony forming
units according to them were related to the orgaarbon and nitrogen content in the top soil

which is similar to current findings of diminishimgicrobial count with increasing soil depth.

4.4.4 Soil Quality Index

Soil quality refers to a certain type of soil'slipto function within natural or controlled
ecosystem boundaries in order to sustain plantaamehal productivity, maintain or improve
water and air quality, and support human health lzadatation (Karleret al, 1997). A set of
guantitative properties known as ‘indicators’ cam used to monitor soil quality which are
further classified as physical, chemical and bimag(Dalal and Moloney, 2000) and variations
in these markers can be used to measure overalhsality. Soil organic matter is a vital

component of soil fertility because it is a repogitof necessary plant nutrients.

The soil quality index developed by taking intonsmleration, all the soil physico-
chemical characteristics investigated is preseimedable 31. The data shows that the soil

quality index is influenced by the type of agrofirg systems put in place. The soil quality
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index followed the order: bamboo based agroforestygtem (0.89) > fruit tree based

agroforestry system (0.87) > agri-silvi-horticukusystem (0.83) > melia based agroforestry
system (0.81) > poplar based agroforestry systei®)® fodder tree based agroforestry system
(0.76) > agri-silviculture system (0.75) > sole mpong system (0.72) > silvipasture system
(0.70).

It was found that soil quality index under all thgroforestry systems, was better than the
sole cropping system, except in the silvipastustesy, which means that the continuous export
of nutrients through fodder leaf removal has imedcthe soil quality index adversely.
Therefore, from the present investigation, it cannbade out that the tree-based agriculture is
critical not only for raising system productivityut also for preventing further deterioration of

the soil and improving soil physico-chemical quaétross all the soil layers.
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Chapter-5

SUMMARY AND CONCLUSION

The present investigations entitlédelvaluation of established Agroforestry systems
for their Carbon sequestration and Soil enrichmentpotential in mid-hills of Himachal
Pradesh” was carried out at experimental farm of Department Silviculture and
Agroforestry, Dr. Y S Parmar university of Hortitwle and Forestry, Nauni, Solan (H.P.)
and adjoining areas during the year 2020-21. Theemxental area is located in the sub
humid, mid hill zone of Himachal Pradesh. The laté and longitude coordinates of the site
are 30°50'30” to 30°52'00” N and 77°08'30"to 7I1'30” E, respectively, having an
average elevation of about 1,250 m above mearese& The study was aimed at evaluating
various natural and experimental agroforestry systen and around the University campus
for their carbon sequestration and soil enrichmptential in the sub humid and mid-hill

zone of Himachal Pradesh.

51 TREE CHARACTERISTICS OF TREES UNDER DIFFERENT
AGROFORESTRY SYSTEMS
Basic tree characteristics were recorded insidepapiots using standard methods
and equipments. Parameters recorded were, trektheigwn height, crown length, diameter

and crown spread.

. Tree height was observed to be maximum (24.37 npoiplar based agroforestry
system and minimum (3.62 m) in fruit tree basedofgestry system, while, the
crown height was observed to be maximum (4.39 minalia based agroforestry
system and minimum (0.40 m) in fodder tree basedfaggestry system. Further, the
maximum crown length (20.40 m) was exhibited bylappased agroforestry system
and minimum (2.47 m) by agrisilvihorticulture syste

. The tree diameter was recorded to be maximum (@.2in poplar based agroforestry
system, while, minimum diameter (0.11 m) was reedr¢both, in fruit tree based
agroforestry system and fodder tree based agrafgreystem, each displaying
identical values. However, the largest crown spr@85 m) was recorded in melia
based agroforestry system, whereas, minimum (4.ltvas recorded in silvipasture

system.



5.2 BIOMASS QUANTIFICATION IN DIFFERENT AGROFOREST RY
SYSTEMS
Biomass and carbon density was evaluated for eamgploforestry system by
enumerating and calculating biomass for each trdevidually. Further, biomass from each
part of the trees was computed differently to fyaum it up as total above ground tree

biomass.

. Above-ground tree biomass production was founddaaraximum in poplar based
agroforestry system (99.55 Mg Hdollowed by melia based agroforestry system and
silvipasture system. Similar trend was followed thg below-ground tree biomass
production. Hence, maximum total tree biomass @2Mg ha') was evident in
poplar based agroforestry system followed by medaed agroforestry system and
silvipasture system, whereas, minimum (22.72 Md) ha fruit tree based system.
The total tree biomass in poplar based agroforestsfem was more than five times
that of fruit tree based system.

. Crop biomass among different agroforestry systdsws\aried considerably with sole
cropping displaying higher values of crop biomasali other agroforestry systems.
The maximum above-ground crop biomass (6.07 Mg) veas observed in sole
cropping system followed by fruit tree based and-sivi-horticulture system. The
below-ground crop biomass followed the same trétehce, the total crop biomass
varied from a maximum of 7.89 Mg hander sole cropping system to a minimum of
4.10 Mg h& under silvipasture system.

. Maximum total (tree + crop) biomass was observedollowed the trend: poplar
based agroforestry system (130.87 Mg)hamelia based system (106.09 Mgha
silvipasture system (87.72 Mg Ha> fodder based agroforestry system (66.11 Mg ha
) > agri-silvi-horticulture system (43.65 Mg Ha> agri-silviculture system (37.24
Mg ha') > bamboo based agroforestry system (35.83 MY hafruit tree based
agroforestry system (30.48 Mg hHaThe lowest vegetation biomass was observed in
the sole cropping system (7.89 Mg'haTotal biomass production in poplar based

agroforestry system was sixteen times that of cbn#. sole cropping.
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5.3 CARBON STOCK IN DIFFERENT CARBON POOLS

Terrestrial carbon sinks can be sub-classifieccabon storage in vegetation and
soils. The carbon stock in present study was catagbinto three carbon pools: vegetation,

litter and soll, respectively.

. Highest vegetation carbon density (65.44 M¢)haas displayed by poplar based
agroforestry system, followed by melia based andpsisture system. Minimum
vegetation carbon was exhibited by sole croppirgjesy (3.95 Mg hg. Leaf litter
carbon density followed the same trend.

. Maximum soil carbon density (114.69 Mg hawas recorded in bamboo based
agroforestry system, which however, remained s$iegison par with the silvipasture
system (113.71 Mg h3, while, minimum soil carbon density (84.74 Mg*havas
recorded under sole cropping system.

. Overall, the total carbon density (soil + vegetati® litter fall) under different
agroforestry systems followed the trend: poplarebaagroforestry system (173.91
Mg ha') > silvipasture system (157.86 Mgha melia based system (157.66 Mg ha
) > bamboo based system (133.08 Md)ha agri-silvi-horticulture system (129.59
Mg ha') > fodder tree based system (128.56 Md)ha fruit tree based system
(115.86 Mg had) > agri-silviculture system (113.62 Mg ha> sole cropping system
(88.76 Mg ha).

5.4 CARBON SEQUESTRATION

The carbon sequestration and Qfitigation potential was evaluated only for the si

experimental agroforestry systems, where the affeecdystems was known.

. Rate of carbon sequestration in the soil spherefawasd to be maximum in bamboo
based agroforestry system (1.81 Mg'yrd) followed by melia based, fruit tree based
system, fodder tree based, poplar based and stuEasystem.

. Whereas, the maximum rate of carbon sequestratioegetation was documented in
poplar based agroforestry system (3.72 Mg'ynd, which however, remained
statistically identical to melia based agroforestgstem (3.55 Mg hgr?). These
were followed by silvipasture, fodder tree baseminboo based and fruit tree based

agroforestry systems.
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The rate of total carbon sequestration followed dh#er: melia based system (5.26
Mg ha'yr') > poplar based (5.15 Mg fha™) > silvipasture system (3.46 Mg ha™)

> fodder tree based system (3.41 Mgyrd) > bamboo based system (2.95 M¢yra

1) > fruit tree based agroforestry system (2.49 Mgyh").

Furthermore, as we know, GOnitigation potential is just a function of carbon

sequestration potential, order followed by botthiss same. Hence, maximum €itigation

potential (19.30 Mg hgr') was again, documented in melia based agroforestsiem,

whereas, minimum (9.15 Mg ta™?), infruit tree based agroforestry system. And, thedren

followed was same as rate of carbon sequestration.

5.5

SOIL PROPERTIES

5.5.1 Soil physical properties

Agroforestry systems affect the bulk density of Huéls up to some extent over an
extended period of time. In the present study, marn bulk density (1.28 g cip
was exhibited sole cropping system and agrisilicel system, each displaying
identical values, whereas, minimum (1.09 g*mvas exhibited by g(bamboo based
agroforestry system). But, with respect to soiltdepoil bulk density enhanced from
Dito D»(1.15-1.20 g cm) and B to D3 (1.20-1.28 g crm).

Maximum particle density (2.29 g ¢y was observed in sole cropping system and
agrisilviculture system, each displaying identigalues, whereas, minimum (2.22 g
cm?®) was observed in poplar based agroforestry systemher, in the average effect
of soil depths, soil particle density enhanced fidno D, (2.19 -2.24 g crf) and D

to D3(2.24-2.32 g crfi).

Soil porosity is a function of pore spaces presetite soil which can be estimated by
the bulk density and particle density of soil saespHence, maximum porosity was
measured in bamboo based agroforestry systems3(34)6 followed closely by
poplar based (48.81 %), melia based (46.88 %)entely. Minimum soil porosity
was recorded under agri-silviculture system (44%) which, however remained
statistically identical to sole cropping system.{#4%). Irrespective of agroforestry
systems, the soil porosity declined appreciablynfid; (47.85 %) to R (46.63 %)
and further to B(44.90 %).
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. Soil texture was recorded to be of loam classlithal agroforestry systems. The soils
under sole cropping and fruit tree based agroforesistems showed loam type soll
texture. Agri-silviculture, bamboo based, meliadthend poplar based agroforestry
systems displayed clay loam texture, whereas, fotddsed, agri-silvi-horticulture
and silvipasture systems showed sandy clay loam ¢tfdexture. The major part of

all the soils was made by sand, ranging betweett4er cent and 51.34 per cent.

5.5.2 Soil chemical properties

All the available macro and micronutrients wererfd to be in their normal range and
even surplus, indicating the lucrative prospectsagfoforestry systems in terms of soll
enrichment potential. All the agroforestry systesapecially, experimental systems displayed
ascendancy over sole cropping and natural agrdfgregstems, prevalent in the mid-hills of
the Himalayas.

. Soil pH varied substantially among different agrefiry systems, with highest soil
pH (7.11) observed under sole cropping sydigiowed by silvipasture system and
fruit tree based agroforestry system. pH was minin(6.75) undebamboo based
agroforestry system. As an average effect of sejptlas, the soil pH enhanced
noticeably from @ to D, (6.82-6.92) and pto D;(6.92-7.03)

. Soil EC remained well below the critical levelsthvhighest mean soil EC (0.49 dS
m™) being exhibited by §(bamboo based agroforestry system), followed bylgrop
based and melia based agroforestry systems. When@dsium soil EC (0.27 dS ™)
was exhibited by sole cropping system. Soil EC elmeed considerably with
increasing soil depths, from;[{0.43 dS ) to D, (0.37 dS ) and further to B
(0.30 dS ).

. The soil OC under different agroforestry systemoveed the trend: bamboo based
agroforestry system (11.3 mg Bg> poplar based system (10.4 mg™'kg>
silvipasture system (10.3 per cent) > melia basstem (9.8 mg kg > agri-silvi-
horticulture system (9.mg Ky > fruit tree based system (9.2 mg“kg> agri-
silviculture system (8.4 mg Ky fodder tree based system (8.3 mgYkg sole
cropping system (7.8 mg Rp But, in the average effect of soil depths, th€ O
declined from B (11.3 mg k¢) to D, (9.7 mg kd") and O to D; (6.8 mg kg).

. The highest available nitrogen (301.47 kghhwas recorded under bamboo based

agroforestry system, closely followed by poplar dzh$293.64 kg h8 and melia
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based (292.11 kg Hp agroforestry systems, respectively. Minimum afali
nitrogen was recorded under fruit tree based aggefy system255.24kg ha),
which however, remained statistical identical ttesropping system (258.80 kg ha
1. But with increasing soil depth, the availableagen content declined significantly
from Dy to D, (297.87 kg hd) (277.91 kg hd) and D to D3(250.64 kg hd).

The maximum available phosphorus (40.64 kg)veas recorded in fruit tree based
agroforestry system, which, however remained sieaity identical to bamboo based
agroforestry system (40.27 kg haand minimum (24.92 kg Hain sole cropping
system. Irrespective of agroforestry systems, treglable P declined slightly with
increase in soil depth from;@o D, (42.4533.54kg ha') and further to B(24.48kg
ha).

The highest available potassium (245.69 kg) vaas documented in the soils under
bamboo based agroforestry system, closely followgdooplar based agroforestry
systems (226.30 kg Hpand minimum (173.47 kg Hain sole cropping system. But,
with respect to soil depth, potassium content iaseel from D to D, (183.32-200.64
kg ha') and then from Bto Ds; (200.64-225.84 kg ha.

Amongst all the agroforestry systems, highest atl calcium (1496.53 mg Rp
was recorded underg{bamboo based agroforestry system) followed by grophsed
agroforestry system and silvipasture system. Thees$t calcium content (701.40 mg
kg') was recorded under sole cropping system. Wheiaspective of agroforestry
systems, the soil calcium content declined markedtly increasing soil depth.

The highest sulphur content (34.07 kg'havas noticed in bamboo based agroforestry
system, which was closely followed by agri-silvirticulture and agri-silviculture
systems, whereas, minimum sulphur content (15.77hkd was recorded in
silvipasture system. But, with respect to soiltdepthe soil calcium content declined
markedly.

The result regarding soil micronutrients shows thktagroforestry systems have
optimum to high concentration of soil micronutrien$oils of all agroforestry systems
were found to be richer in micronutrients than coinplots, with a sharp decline in
micronutrient availability as soil depth rose. #dur micronutrients were found to be
comparatively higher at all soil depths as a restilagroforestry practices. On the

surface soll, all systems improved the micronutrienels
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. Highest copper concentration (3.05 mg‘kevas recorded in soils of fruit tree based
system, and minimum (0.61 mgKgin the soils under silvipasture system. Whereas,
in the average effect of soil depth, concentratbrcopper decreased slightly with
increase in soil depth, from;Bo D, (2.33-1.94 mg k¢) and DB to D3 (1.94-1.66 mg
kgh).

. The highest iron concentration (31.10 mg'kagvas exhibited by soils in fruit tree
based system, and, minimum (3.86 m¢)kgnder silvipasture system, irrespective of
the soil depth. But, the concentration of iron @esed notably with increase in soil
depth, from Dto D, (25.08-18.72 mg kY and B to D5 (18.72-13.73 mg K9.

. Among the various agroforestry systems, highestgaaese concentration (17.31 mg
kg') was evident in soils under fruit tree based sysa@d, minimum (4.44 mg Ky
in soils under silvipasture system. But, with redp® soil depth, the manganese
concentration decreased moderately with increaseilrdepth, from Dto D, (13.95-
10.67 mg kg) and to B to D3(10.67-8.13 mg k9.

. The highest zinc concentration (2.38 mg kgas documented in the soils of bamboo
based agroforestry system, and minimum (0.99 m{ kysoils under poplar based
agroforestry system. But, in the average effecoilfdepths, the concentration of zinc
decreased with increasing soil depth, from(2266 mg kd) to D, (1.38 mg kg) and
further to 3 (0.96 mg kg).

All the agroforestry systems, had notably higher g8, OC, N, P, K, Ca, Mg, and S
values as compared to pure agrarian land use syst@ng to continuous addition of organic

matter, rich in all types of soil nutrients requitey plants.

5.5.6 Solil biological properties

The highest microbial population (35.32 x*1dfu g*) was observed in soils under
poplar based agroforestry system followed closglybbmboo based agroforestry system
(35.32 x 16 cfu g*) and, minimum (16.41 x 2@&fu g in soils under sole cropping system.
But, with respect to increasing soil depth, therobal populations decreased fromtb D,
(38.67-21.50 x 10cfu g*) and By to Ds (21.50-11.85 x 10cfu g?).

5.6 SOIL QUALITY INDEX

Soil quality index under all the agroforestry gyss was better than the sole cropping
system, except in the silvipasture system, whichamaethat the continuous export of
nutrients through fodder leaf removal has impathedsoil quality index adversely. The soil
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quality index followed the order: bamboo based fgestry system (0.89) > fruit tree based

(0.87) > agri-silvi-horticulture (0.83) > melia teak(0.81) > poplar based (0.79) > fodder tree
based (0.76) > agri-silviculture system (0.75) }esaopping system (0.72) > silvipasture

system (0.70).

CONCLUSIONS

> Vegetation biomass production (Mg favaried significantly amongst different AFS
and followed the following order: poplar based egst> melia based system >
silvipasture system > fodder tree based system wnsiladorticulture system >
agrisilviculture system > bamboo based system it tiree based agroforestry system
> sole cropping system.

> The total biomass was higher among all the agreforesystems as compared to
control systems and maximum biomass was evidergoplar based agroforestry
system, which was more than sixteen times thaticé pgriculture.

> Furthermore, all the agroforestry systems — natamalwell as experimental AFs
displayed significantly higher soil carbon storagell soil depths.

> Highest carbon sequestration potential was docusdeimt melia based agroforestry
system followed closely by poplar based agrofoyestystem. Also, carbon
sequestration was much higher in vegetation as acedo soil pool.

> Soil properties were found to be favourably affddbg all the agroforestry systems,
for physical, chemical as well as biological prdgs. All the physico-chemical
properties, total microbial count and soil qualilgdex improved under the
Agroforestry systems vis-a-vis sole cropping systeffhe bamboo based and fruit
tree based agroforestry system demonstrated bmsdtgas far as all the aspects of

soil enrichment potential were concerned.

From the present study, it can be concluded tRpermental as well as natural
agroforestry systems are better than sole croppystems for carbon sequestration and soll
enrichment point of view. Among all the agroforgssiystems, bamboo, melia and poplar
based agroforestry systems performed better thaar agroforestry systems.
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Biomass in different components of the agroforestrgystems tree stem biomass

APPENDIX -1

ANOVA of Table 8

Source of Sum of df Mean Square Fcalculated Sig
variation Squares
Replications 12.01 2.00 6.00 0.39 0.68
Systems 11399.92 7.00 1628.56 106.77 0.00
Error 213.55 14.00 15.25
Total 46472.50 24.00

Biomass in different components of the agroforestrgystems tree branch biomass

Source of Sum of df Mean Square|  Fcalculated Sig
variation Squares
Replications 20.72 2.00 10.36 1.34 0.29
Systems 714.10 7.00 102.01 13.21 0.00
Error 108.11 14.00 7.72
Total 2150.96 24.00
Biomass in different components of the agroforestrgystems {ree leaf biomass
Source of Sum of df Mean Square Fcalculated Sig
variation Squares
Replications 2.33 2.00 1.17 1.60 0.24
Systems 93.12 7.00 13.30 18.21 0.00
Error 10.23 14.00 0.73
Total 270.37 24.00

Biomass in different components of the agroforestrysystems -Total tree above-ground

biomass
Source of Sum of df Mean Square|  Fcarculated Sig
variation Squares
Replications 25.014 2.000 12.507 1.715 0.216
Systems 18953.347 7.000 2707.621 371.274 0.000
Error 102.099 14.000 7.293
Total 75254.478 24.000




ANOVA of Table 9

Tree above-ground biomass under different AFS

Source of Sum of df Mean Square|  Fcarculated Sig
variation Squares
Replications 25.01 2.00 12.51 1.71 0.22
Systems 18953.35 7.00 2707.62 371.27 0.00
Error 102.10 14.00 7.29
Total 75254.48 24.00
Tree below-ground biomass under different AFS
Source of Sum of df Mean Square|  Fcalculated Sig
variation Squares
Replications 4.27 2.00 2.14 0.69 0.61
Systems 1215.35 7.00 173.62 56.12 0.00
Error 43.31 14.00 3.09
Total 5465.84 24.00
Total tree biomass under different AFS
Source of Sum of df Mean Square|  Fcarculated Sig
variation Squares
Replications 36.30 2.00 18.15 1.09 0.36
Systems 29618.96 7.00 4231.28 253.09 0.00
Error 234.06 14.00 16.72
Total 120996.96 24.00
Crop above-ground biomass under different AFS
Source of Sum of df Mean Square|  Fcarculated Sig
variation Squares
Replications 2.51 2.00 1.25 4.51 0.03
Systems 28.29 8.00 3.54 12.72 0.00
Error 4.45 16.00 0.28
Total 648.53 27.00
Crop below-ground biomass under different AFS
Source of Sum of df Mean Square|  Fcaculated Sig
variation Squares
Replications 0.20 2.00 0.10 4.23 0.03
Systems 2.92 8.00 0.36 15.38 0.00
Error 0.38 16.00 0.02
Total 53.68 27.00




Total crop biomass under different AFS

Source of Sum of df Mean Square|  Fcarculated Sig
variation Squares
Replications 4.13 2.00 2.06 4.46 0.03
Systems 47.62 8.00 5.95 12.86 0.00
Error 7.41 16.00 0.46
Total 1073.48 27.00
Total vegetation biomass under different AFS
Source of Sum of df Mean Square|  Fcarculated Sig
variation Squares
Replications 17.31 2.00 8.65 0.52 0.60
Systems 38401.08 8.00 4800.14 290.00 0.00
Error 264.84 16.00 16.55
Total 138806.48 27.00
ANOVA of Table 10
Total vegetation carbon density under different AFS
Source of Sum of df Mean Square|  Fcalculated Sig
variation Squares
Replications 4.35 2.00 2.18 0.53 0.60
Systems 9599.80 8.00 1199.98 289.98 0.00
Error 66.21 16.00 4.14
Total 34703.01 27.00
Total litter carbon density under different AFS
Source of Sum of df Mean Square|  Fcaculated Sig
variation Squares
Replications 0.00083 2 0.000415 1.041 0.38
Systems 0.839452 8 0.104931 263.55 0.00
Error 0.00637 16 0.000398
Total 4.8295 27
Total soil carbon density under different AFS
Source of Sum of df Mean Square|  Fcarculated Sig
variation Squares
Replications 1.973607 2 0.986804 0.14 0.87
Systems 2281.915 8 285.2394 39.37 0.00
Error 115.9123 16 7.244516
Total 286085 27




Total carbon (vegetation + litter + soil) density mder different AFS

Source of Sum of df Mean Square|  Fcarculated Sig
variation Squares
Replications 23.55 2.00 11.77 0.61 0.56
Systems 16669.75 8.00 2083.72 107.11 0.00
Error 311.28 16.00 19.45
Total 496140.95 27.00
ANOVA of Table 11
Soil carbon density in 0-20 cm soil layer under AFS
Source of Sum of df Mean Square Fealcuiated Sig
variation Squares
Replications 0.48600 2 0.24300: 1.11 0.3¢
System: 36.2023. 8 4.52529. 20.5¢ 0.0C
Error 3.51772 16 0.21985!
Total 19716.1! 27
Soil carbon density in 20-40 cm soil layer under A%
Source of Sum of df Mean Square Fcaculated Sig
variation Squares
Replications 0.51695! 2 0.25847! 0.5(C 0.61
Systems 195.361. 8 24.4201. 47.5¢ 0.0C
Error 8.21637: 16 0.51352.
Total 14495.3i 27
Soil carbon density in 41-100 cm soil layer under BS
Source of Sum of df Mean Square Fcaiculated Sig
variation Squares
Replications 0.42100 2 0.21050: 0.0 0.97
Systems 964.435. 8 120.554. 15.97 0.0C
Error 120.748. 16 7.54676.
Total 755009.t 27
Total Soil carbon density at different soil layersunder AFS
Source of Sum of df Mean Square Feaculated Sig
variation Squares
Replications 1.97360 2 0.98680- 0.1¢ 0.87
Systems 2281.91! 8 285.239. 39.3i 0.0C
Error 115.912: 16 7.244511
Total 28608! 27




ANOVA of Table 12

Carbon density in soils under agroforestry systems

Source of Sum of df Mean Square Fcalcuiated Sig
variation Squares
Replications 3.1¢F 2.0C 1.57 0.2C 0.8:
Systen 871.7¢ 5.0C 174.3¢ 21.71 0.0C
Error 80.3] 10.0( 8.0
Total 203046.3 17.0(
Carbon density in soils under agroforestry systems
Source of Sum of df Mean Square Fcaculated Sig
variation Squares
Replications 14.4; 2.0C 7.21] 0.6% 0.5¢
System 5878.7. 5.0C 1175.7 105.4¢ 0.0C
Error 111.4¢ 10.0( 11.1¢
Total 32120.6- 17.0C
Total carbon density in (soil + vegetation) under groforestry systems
Source of Sum of df Mean Square Fcaiculated Sig
variation Squares
Replications 30.4¢ 2.0C 15.2¢ 0.91 0.4
System 7190.4¢ 5.0C 1438.1( 85.8¢ 0.0C
Error 167.4¢ 10.0C 16.7¢
Total 380895.6 17.0(
Carbon density in soils outside the agroforestry stems
Source of Sum of df Mean Square Feaculated Sig
variation Squares
Replications 150.3" 2.0C 75.1¢ 2.6¢ 0.12
System 804.7: 5.0C 160.9¢ 5.7¢ 0.01
Error 279.5: 10.0C 27.9¢
Total 119399.0 17.0(
Carbon density in vegetation outside the agroforesf systems
Source of Sum of df Mean Square Fcalcuiated Sig
variation Squares
Replications 0.01 2.0C 0.01 0.9¢ 0.41
Systen 8.9¢ 5.0C 1.8(C 290.4¢ 0.0C
Error 0.0¢€ 10.0C 0.01
Total 100.4: 17.0C




Total carbon density in (soil + vegetation) outsidéhe agroforestry systems

Source of Sum of df Mean Square Feaculated Sig
variation Squares
Replications 66.5¢ 2.0C 33.2¢ 1.21 0.3¢
System 429.8¢ 5.0C 85.91 3.1: 0.0¢
Error 274.6: 10.0( 27.4¢
Total 128697.9 17.0(

ANOVA of Table 13

Carbon sequestration rate of the soils under agrofestry systems

Source of Sum of df Mean Square Feaculated Sig
variation Squares
Replications 0.52 2.0C 0.2¢ 1.7¢ 0.22
System 0.44 5.0C 0.0¢ 0.6( 0.7(¢
Error 1.4¢ 10.0( 0.1f
Total 47.2¢ 17.0C

Carbon sequestration rate of the vegetation undergroforestry systems

Source of Sum of df Mean Square Fcaculated Sig
variation Squares
Replications 0.0f 2.0C 0.02 0.71 0.52
Systen 21.4:% 5.0C 4.2¢ 116.2¢ 0.0C
Error 0.37 10.0¢ 0.0
Total 109.7: 17.0(

Total carbon sequestration rates (soils + vegetatis) of agroforestry systems

Source of Sum of df Mean Square Fcalcuiated Sig
variation Squares
Replications 0.4 2.0C 0.22 3.0C 0.1
Systems 19.9: 5.0 3.9¢ 53.6¢ 0.0C
Error 0.7¢ 10.0¢ 0.07
Total 279.3] 17.0(

Carbon dioxide mitigation rate of the soils under groforestry systems

Source of Sum of df Mean Square Fcaculated Sig
variation Squares
Replications 7.11 2.0C 3.5¢€ 1.7¢ 0.22
Systems 6.04 5.0C 1.21] 0.61 0.7¢
Error 19.87 10.0( 1.9¢
Total 637.0¢ 17.0(
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Carbon dioxide mitigation rate of the vegetation unler agroforestry systems

Source of Sum of df Mean Square Feaculated Sig
variation Squares
Replications 0.72 2.0C 0.3€ 0.7¢ 0.5C
System 288.8¢ 5.0C 57.71 118.0: 0.0cC
Error 4.9( 10.0( 0.4¢
Total 1478.3t 17.0(

Total carbon dioxide mitigation rate (soils + vegedtion) under agroforestry systems

Source of Sum of df Mean Square Feaculated Sig
variation Squares
Replications 8.01 2.0C 4.01 4.4¢ 0.04
Systems 284.0: 5.0C 56.8( 63.2¢ 0.0cC
Error 8.9¢ 10.0( 0.9(
Total 3670.1. 17.0(

ANOVA of Table 14

Effect of agroforestry systems, soil depths and ietaction between them on bulk density

Source of variation Sum of df Mean Square Fcaculated Sig
Squares

Replications 0.0C 2.0C 0.0C 0.4z 0.6€
Depth 0.2¢ 2.0C 0.1Z2 815.4¢ 0.0cC
System: 0.2¢ 8.0C 0.0< 244.9° 0.0cC
Depth * System: 0.0: 16.0( 0.0C 13.8¢ 0.0cC

Error 0.01 52.0( 0.0cC

Total 118.6( 81.0(

Effect of agroforestry systems, soil depths and ietaction between them on particle density

ANOVA of Table 15

Source of variation Sum of df Mean Square Fcaculated Sig
Squares

Replications 0.0C 2.0C 0.0 0.8¢ 0.4z
Depth 0.21 2.0C 0.1¢ 253.8: 0.0C
Systems 0.0¢ 8.0(C 0.01 16.7¢ 0.0cC
Depth * Systems 0.0t 16.0( 0.0C 7.0 0.0cC

Error 0.0z 52.0( 0.0cC

Total 410.8¢ 81.0(
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ANOVA of Table 16

Effect of agroforestry systems, soil depths and ietaction between them on soil porosity

Source of variation Sum of df Mean Square Fcaculated Sig
Squares
Replications 0.21 2.0C 0.1 0.2¢ 0.7%
Depth 118.5! 2.0C 59.2¢ 165.7: 0.0C
Systems 419.5¢ 8.0C 52.4¢ 146.6¢ 0.0C
Depth * Systems 16.9¢ 16.0( 1.0¢ 2.97 0.0C
Error 18.5¢ 52.0( 0.3¢
Total 175393.5 81.0(
ANOVA of Table 18
Effect of agroforestry systems, soil depths and ietaction between them on pH
Source of variation Sum of df Mean Square Fcaculated Sig
Squares
Replications 0.01 2.0C 0.0 3.3 0.04
Depth 0.61 2.0C 0.31 361.3¢ 0.0C
Systems 0.8¢ 8.0C 0.11 132.1° 0.0C
Depth * Systems 0.1f 16.0( 0.01 11.1¢ 0.0C
Error 0.04 52.0( 0.0C
Total 3882.8¢ 81.0(

Effect of agroforestry systems, soil depths and ietaction between them on soil EC

ANOVA of Table 19

Source of variatior Sum of df Mean Square Fcalculated Sig
Squares

Replications 0.0C 2.0C 0.0C 1.1¢ 0.31
Depth 0.2¢ 2.0C 0.12 309.2¢ 0.0C
Systems 0.31 8.0( 0.0¢ 101.7( 0.0C
Depth * Systems 0.0z 16.0( 0.0C 3.32 0.0C

Error 0.0z 52.0( 0.0C

Total 11.4¢ 81.0(

Effect of agroforestry systems, soil depths and ietaction between them on soil organic

ANOVA of Table 20

carbon
Source of variation Sum of df Mean Square Fcaculated Sig
Squares
Replications 0.0C 2.0C 0.0 0.52 0.6(
Depth 3.3C 2.0C 1.6t 2305.0: 0.0cC
Systems 0.9¢ 8.0C 0.12 1721« 0.0C
Depth * Systems 0.0¢ 16.0( 0.0C 5.3¢ 0.0cC
Error 0.0 52.0( 0.0C
Total 76.9¢ 81.0(
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ANOVA of Table 21
Effect of agroforestry systems, soil depths and istaction between them on soil nitrogen

Source of variation Sum of df Mean Square Fcalculated Sig
Squares

Replications 275.8¢ 2.0C 137.9¢ 7.0% 0.0C
Depth 30358.1! 2.0C 15179.0! 773.0¢ 0.0C
Systems 21292.9 8.0( 2661.6: 135.5¢ 0.0cC
Depth * Systems 3729.4: 16.0( 233.0¢ 11.8 0.0C

Error 1020.9¢ 52.0( 19.6:

Total 6203380.1 81.0(C

ANOVA of Table 22
Effect of agroforestry systems, soil depths and ietaction between them on soil phosphorus

Sig

Source of variatior Sum of df Mean Square Fealculated
Squares
Replications 11.7¢ 2.0C 5.8¢ 1.9¢ 0.1t
Depth 4359.0( 2.0C 2179.5( 735.4( 0.0C
Systems 1862.9: 8.0C 232.8. 78.51 0.0C
Depth * Systems 798.6¢ 16.0( 49.97 16.8¢ 0.0C
Error 154.1: 52.0( 2.9¢
Total 98026.3 81.0(

ANOVA of Table 23
Effect of agroforestry systems, soil depths and ietaction between them on soil potassium

Source of variation Sum of df Mean Square Fcaculated Sig
Squares

Replications 75.0¢ 2.0C 37.5¢ 0.92 0.41
Depth 24692.0 2.0C 12346.0: 301.3¢ 0.0C
System: 38176.11 8.0C 4772.0: 116.4¢ 0.0C
Depth * System: 1485.3¢ 16.0( 92.8¢ 2.27 0.01

Error 2130.3: 52.0( 40.97

Total 3413295.9 81.0(

ANOVA of Table 24
Effect of agroforestry systems, soil depths and ietaction between them on soil calcium

Source of variation Sum of df Mean Square Fcaculated Sig
Squares

Replications 42837.2! 2.0C 21418.6! 3.8( 0.02
Depth 876413.9. 2.0C 438206.9 77.71 0.0cC
Systems 4976537.4 8.0C 622067.1 110.4( 0.0cC
Depth * Systems 55453.71 16.0( 3465.8! 0.62 0.8¢

Error 293012.2: 52.0( 5634.8!

Total 85670236.5 81.0(




ANOVA of Table 25
Effect of agroforestry systems, soil depths and ietaction between them on soil sulphur

Source of variatior Sum of df Mean Square Fcalculated Sig
Squares

Replications 0.0C 2.0C 0.0 0.0¢€ 0.1¢
Depth 3.52 2.0C 1.7¢ 2308.3: 0.0C
Systems 0.9 8.0( 0.1Z 153.3:¢ 0.0C
Depth * Systems 0.0 16.0( 0.0C 3.94 0.0C

Error 0.04 52.0( 0.0C

Total 77.1C 81.0(

Effect of agroforestry systems, soil depths and ietaction between them on copper content

ANOVA of Table 26

in soil

Source of variation Sum of df Mean Square Fcaculated Sig
Squares

Replications 0.0C 2.0C 0.0 2.01 0.1
Depth 5.97 2.0C 2.9¢ 2485.8t 0.0cC
System: 35.7¢ 8.0C 4.47 3721.4: 0.0c
Depth * Systems 2.2 16.0( 0.1¢ 117.9¢ 0.0C

Error 0.0¢ 52.0( 0.0cC

Total 360.6¢ 81.0(

Effect of agroforestry systems, soil depths and ietaction between them on iron content in

ANOVA of Table 27

soll
Source of variatior Sum of df Mean Square Fcaculated Sig
Squares
Replications 0.1¢ 2.0C 0.0¢ 0.01 0.9¢
Depth 1748.9¢ 2.0C 874.4¢ 124.2¢ 0.0C
Systems 4493.8: 8.0(C 561.7: 79.81 0.0C
Depth * Systems 788.7" 16.0( 49.3( 7.0C 0.0C
Error 365.9¢ 52.0( 7.04
Total 37185.0: 81.0(

Effect of agroforestry systems, soil depths and ietaction between them on manganese

content in soil

ANOVA of Table 28

Source of variation Sum of df Mean Square Fcalculated Sig
Squares

Replications 2.0€ 2.0C 1.0¢ 1.1¢ 0.32
Depth 459.7( 2.0C 229.8t 262.7¢ 0.0cC
System: 1006.7° 8.0C 125.8¢ 143.8¢ 0.0cC
Depth * System: 127.3¢ 16.0( 7.9¢ 9.1C 0.0C

Error 45.4¢ 52.0( 0.8i

Total 11292.9: 81.0(C




ANOVA of Table 29

Effect of agroforestry systems, soil depths and ietaction between them on zinc content in

soll
Source of variatior Sum of df Mean Square Fcaculated Sig
Squares
Replications 0.0% 2.0C 0.0z 1.82 0.17
Depth 42.67 2.0C 21.3¢ 2291.8! 0.0C
Systems 17.0] 8.0C 2.1: 228.4¢ 0.0C
Depth * Systems 1.62 16.0( 0.1 10.8¢ 0.0C
Error 0.4¢ 52.0( 0.01
Total 286.4: 81.0(

ANOVA of Table 30

Effect of agroforestry systems, soil depths and ietaction between them on microbial

population of soil

Source of variation Sum of df Mean Square Faculated Sig
Squares

Replications 12.1] 2.0C 6.0¢€ 1.5 0.22
Depth 9958.3( 2.0C 4979.1! 1270.7- 0.0C
Systems 1988.8: 8.0C 248.6( 63.4¢ 0.0C
Depth * Systems 634.3" 16.0( 39.6¢ 10.12 0.0C

Error 203.7¢ 52.0C 3.97

Total 59498.9 81.0(

Xi




Dr. Y. S. Parmar University of Horticulture and Forestry
Nauni-173 230, Solan (H.P.)
Department of Silviculture and Agroforestry

Title of Thesis : “Evaluation of established Agrdorestry systems for their
Carbon sequestration and Soil enrichment potentian mid-hills of Himachal Pradesh”
Name of the Student : Tarun Verma
Admission Number : F-2019-21-M
Major Advisor : Dr. D.R. Bhardwaj
Major Field : Forestry
Minor Field(s) : Agroforestry
Degree Awarded : M.Sc. (Agroforestry)
Year of Award of Degree : 2021
No. of Pages in Thesis : 125+xii
No. of words in Abstract : 580
ABSTRACT

The present investigation entiti¢&valuation of established Agroforestry systems fortheir Carbon
sequestration and Soil enrichment potential in midhills of Himachal Pradesh” was carried out during 2020-21 to
analyze biomass production, carbon stock, and pbyaiemical characteristics of soils under variagsoforestry
systems, as well as to find optimal land use systgittssignificant carbon storage and soil enrichm@stential. Six
experimental agroforestry systems viz., fruit tbesed, fodder tree based, bamboo based, melia, jEgeldr based,
and silvipasture systems were compared with the cdiorel systems prevalent in the mid-hills, suclagsculture,
agrisilvihorticulture, and agrisilviculture systenigee biomass of all the systems was calculatetyuesil,000 sqg. m.
plot, whereas crop, grass, and litter biomass,gugirsq. m. plot. By a ratio of 0.5 (IPCC defaultug, the tree
biomass was transformed into carbon stock. Soiliphlyproperties (bulk density, particle densityrgmity, and soil
texture), chemical properties (pH, EC, organic cartavailable NPK, exchangeable calcium, and availablphur),
and microbiological properties (soil microbial counvere also investigated. Maximum above ground ligsn
(104.62 Mg ha), below ground biomass (26.25 Mghand total biomass (130.87 Mg Hawas recorded in poplar
based agroforestry system. Total biomass produdidaifferent land use systems followed the ordeplpr based
AFS > melia based AFS > silvipasture system > foddee based AFS > agri-silvi-horticulture systenagti-
silviculture system > bamboo based AFS > fruit trased AFS > sole cropping system. The trend fdroradensity
(Mg ha') remained the same. Rate of carbon sequestratisrevaluated only for the experimental systemsheis
age was known. The rate of carbon sequestrationwietlothe order: melia based AFS (5.26 Mg k&') > poplar
based AFS (5.15 Mg Hzr™) > silvipasture system (3.46 Mg ha™) > fodder tree based AFS (3.41 Mg'ga') >
bamboo based AFS (2.95 Mgty ') > fruit tree based AFS (2.49 Mg ha™). Soil physico-chemical and microbial
analysis revealed that maximum bulk density (1.28nd) and particle densities (2.29 g &rwere maximum in the
sole cropping system, whereas, the bamboo basedeffiBited maximum amount of pore space (51.63 %il. S
texture was dominantly clay loam and it can be neféthat tree based systems increased silt comtegrta period of
time. Soil pH decreased under all the agroforesystesns, whereas, electrical conductivity and orgaarbon
increased. Soil pH was minimum (6.75) and EC (0.53mi$, as well as organic carbon (11.3 mg'kgvere
maximum under bamboo based AFS. Highest availatitegein (301.47 kg h, potassium (245.69 kg fp
exchangeable calcium (1496.53 mg'kand sulphur (34.07 kg Hawere observed under bamboo based systems.
However, fruit tree based AFS markedly dominated ro#§f€S in terms of all major micronutrients (Cu, Rkén and
Zn). Silvipasture system showed the poorest soitknmrent potential, lagging behind sole croppingeys In soil
microbial analysis, maximum microbial populatior6@ x 16 cfu ¢g%) in poplar based AFS. However, in the
average effect of depths, all soil physico-chempraberties were found to decrease appreciably Wwahrtcrease in
soil depths, except for bulk density, particle dgnsoil pH, available potassium. According to tledfngs of the
present study, melia based AFS and poplar based pl&$,an important role in biomass accumulation eadon
sequestration. In terms of soil enrichment poténteamboo based AFS and fruit tree based AFS extelle
significantly among all other agroforestry systamsub-humid mid hill zone of Himachal Pradesh.
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