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I mpacts and feedbacks of land use and land cover patternsin landscape on ecosystem processes and microclimate: Case
of a cacao-based agroforestry system

Abstract

Climate change is a major threat to human welfai@iversity and ecosystem services. Climate chaadje for changes in management of
land and water resources. The coupling of and f@gdfrom land use and land cover patterns indeapes with ecosystem processes (nutrient
cycling, water use, evaporation, heat and heatdslpand microclimate is known. Although informatiis inadequate from tropical land use
practices such as intercropping, land rotatiorofaithg and agroforestry systems. However, undergtgndf the interactions of land cover
patterns with ecosystem processes from cacao-bagedorestry landscapes may be useful in the dewedop of strategies tadvance
adaptation and resilience to extreme weather shotdar round measurements were made of soil catbatents and respiration, microbial
biomass C, soil moisture and temperature regimak,osganic matter pool, species specific carbarclksd, stand biomass, microclimatic-
gradients in an agriculturally cultivated field aracao-based agroforestry system of different &gesfindings showed that land cover patterns
and other elements in cultivated agricultural fialtt cacao-based agroforestry landseapdulated land surface-atmosphere fluxes and stocks
of carbon, other biogeochemical cycles and micnaoatic conditions.The results indicated that the high potentials ef gains in carbon
(sources and sinks)from cacao-based agroforestsyersy isa promising COmitigation strategy.Cacao-based agroforestry ecosystem
contributes to terrestrial carbon budget (carbacks and fluxesqymeliorated weather conditions in addition to otbeological benefits and
ecosystem health while the resultant enhanced oaskquestration will reduce global warming.Thisomifationcan be incorporated into
existing strategies for addressing ecosystem (a#igatand soil) degradation and for agriculturakl &orest land use plans in support of climate
change adaptation and for rainforest ecosystemecoaison.

KeywordsAgroforestry, cacao, ecosystem, feedback, landiaiséscapemicroclimate

Introduction

The global environmental change (GEC) include ckang land use and land cover and in soils and saheyic composition, biodiversity,
climate and weather events, sea level and oceanmistng. In the circumstances of the GEC enhandiedatic extremes, it is important to
mainstream climate change adaptation into landrcamd land use practices in order to build redileamd climate-smart landscapes (Agele et
al., 2016). Unsustainable practices in landscapekmown to increase levels of greenhouse gas (G#t@3sions, intensities of heat islands
(extreme thermal environments and heating belowfedrevels) and evaporation (water use). Theswofa predispose plants to hydrothermal
stress-induced mortality and dieback in tree sggesil loss of functional integrity of ecosystenacpsses (Haeberle et al., 2015).

Between 2000 and 2010, the atmospheric concentraficarbon dioxide (C& has increased from 369 to 388 ppm, a 5.1% inereasr the
last 10 years, let alone 280 ppm in 1850 (IPCC7200and use changes and fossil fuel combustiotvawamportant anthropogenic factors that
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have contributed to this increase. The influencéanfl management on the carbon (C) content in soidsplant biomass is well documented
worldwide (FAO, 1997, Nair et al., 2010pe establishment of Clean Development Mechani€2i®\) is one of the instruments in the Kyoto
Protocol, and it aims at the control of emissiohgreenhouse gases (UNFCCC 1998). This Instrumasnidd to increased interest in reducing
CO; in the atmosphere through the establishment oégtddased C sequestration (CS) ProjPadtential mechanisms to reduce C losses and
increase C sinks include forest management by gtinteand conserving the C pools within the fotested ecosystems (Brown 1996). Forests
sequester more than 92% of the world’'s C and betv8eand 100 times more C per hectare than agrraliitands (UNFCC, 1998 IPCC,
2007). The Climate Change 2007 Synthesis Repoptgses key mitigation practices in the agricultgesdtor (IPCC 2007).

The coupling of land use and land cover pattesiih ecosystem processes (nutrient cycling, waser, evaporation, heat fluxes) have societal
correlates in addition to both human and envirortalehealth implications. Models coupling surfaced agcosystem level meteorology
(temperatures and evapotranspiration) with landecgatterns have potentials for application in ¢iuantification of land surface pattern-
processes notably ecosystem energy (temperatudelater (evapotranspiration) balance, carbon buagétsequestration and their correlates
with microclimate.The interactions of land use, etdgion land cover with ecosystem processes andatiimate have potentials to resolve
adaptation challenges to climate change and véitjabif weather events. It is required to improvederstanding of the” pattern-process”
paradigmas applied to land use-vegetation and tawer-ecosystem- climate interactions and the faekib on climate system. Such an
enhanced understanding would promote sustainahilityecosystems and enhanced adaptation to climaémge. Across regions and
environmental gradients, stand and ecosystem {bgelimpacts of vegetation land cover on ecosysteotegses and microclimate
(heat/temperature), water use (evapotranspiratmal) C sequestration with implications for globatbcen budget and warming is widely
studied(Nair et al., 2009, 2010).However, the sgesaof neighbourhood and ecosystem responsesndf lgse and land cover elements
(vegetation pattern)to climate changeacross enwviemtal gradients in tropical agroecosystemsis igaakely researched(Nair et al., 2009,
2010; Agele et al., 2016). In particular, it is essary to quantify land surface pattern-procesetsbly from tropical land use types such as
intercropping, land rotation fallow and agroforgdandscapes and their correlates with socio-etonand ecosystem processes. Tropical land
use and land management practices are designettrease soil C storage, restoration of degradeds]aand reduction of CHand NO
emissions. The storage of SOC in soils can be @see via afforestation, reforestation, restoratibalegraded lands, improved silvicultural
techniques, and the implementation of agroforegirgictices in agricultural lands (Lal 2004; Montagnand Nair 2004; Nair et
al.,2010).Agroforestry systems (AFS) rank high amahe strategies, a properly designed and mana§&lcan be effective COsinks,
especially with the use of perennial crops and ¢@stwing co-occurring tree species in the AFS estesys (Nair et al. 2010).Agroforestry
systems have to cope with changing climate andgisuwhich are predicted to become more frequethtnaore severe.Agroforestry systems
(AFS) in which high amounts of organic materialsaalded to the soil, such as the shaded perenojalsgstems, have special relevance for
carbon sequestration.
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Vegetation gross primary production (GPP) resultsnf the conversion of canopy absorbed photosymtbti active solar radiation to
vegetation biomass. Vegetation gross primary pridolu GPP) is the principal mechanism for terrestecosystem uptake and storage of
atmospheric Ceand GPP is a major factor determining biospheressgjrinere carbon interactions and climate feedba@isng trees sequester
and store C@rapidly for several decades, followed by annuatease of C® and then decline, while, for example, the fore$t&ld" growth

or virgin forests can release a quantity of,@€sulting from the decomposition of dead biomasgsial to the quantity fixed by tree biomass.For
a typical tree in the forest, the amount of {3@questered is, on average, stored for 51% itrdh&, branches 30%, and 3% in leaves. The thick
roots (diameter> 2mm) accumulate about 15-20% taf twarbon (brown and Rasal, 2010).The release@f determine life processes while
tree maintenance is compensated by the quantityesegred in the woody biomass and the amount afstoms avoided through the presence of
trees that affect, for example the heating andiogaf buildings for the reduction of the Ecosysteleat Island effect (EHI). The net reduction
in CO;, is simply the difference between the reduction€@ emissions and the same, in metric tons (t). Th&@g balance in an agricultural
and forest ecosystem = GECO,Sequestred CLemissions avoided) - GQeleased.

In the humid tropics, small family-farms are at tieart of cacao industry, with five to six milli@mallholder farmers provide more than 85%
of the world’s cacao. Typically, each cacao farrmens less than 2 ha of land and may grow approxiyndt 000 cacao trees (Brown, 1997;
Shapiro and Rosenquist, 2004, Nair et al., 2002 Yeund measurements were made of soil carboresndnd respiration, microbial biomass
C, soil moisture and temperature regimes, soilmogaatter pool, species specific carbon stocksjdsbiomass, microclimatic-gradients in an
agriculturally cultivated field and cacao-basedodgrestry system of different ages.What are thetrdmutions of cacao-based agroforestry
ecosystem to terrestrial carbon budget (greenhgaseand carbon sequestration), amelioration of veeatonditions, ecological benefits and
ecosystem health, carbon stocks and sequestratdmesultant effect global warming.It is imperatitee improve the understanding of the
pattern-process and the relationships between awgetgross primary productionand its net effect pmiential carbon sink strength in
agricultural and cacao-based agroforestry landscapehe humid tropics.The interactionsifiacts,coupling andfeedbackspf cacao-based
agroforestry landscape as land use and land cotéerp withecosystem processes and microclimaés examined. The aim was to
investigate impacts of cacao-based agroforestryesysn ameliorating weather conditions, improvemehtcarbon sequestration, other
ecological benefits and ecosystem health.The fgglimay bencorporated into existing strategies for addreg®nosystem (vegetation and
soil) degradation and for agricultural, and forémtd use plans in support of climate change adaptand for rainforest ecosystem
conservation.

Materialsand Methods
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Three sites comprising an agricultural field cudted to arable/staple food crops, and cathegbroma cacad.) fields 2 to 4 years and 25 to
40 years old shaded by either predominantly ndtivie and timber tree species) were studied in eatshimportant features of the study fields
are: cacao plantation age, farm size and agri@alltaanagement including yearof conversion of fotestacao. This allows us to select cacao
field plots that were under the same system ranigorg 3 to 45 years old.

Deter mination of tree biomass and carbon dioxide sequestered by trees

We adopted the method recommended by FAO. 199Taadan and Rasal (2010) with slight modificatioto ifive stages asfollows:
The total (green) weight of tree based on treeisepdor tropical forest species, the weight ofeetis:

W = Above-ground weight of the tree in kilogram kB = Diameter of the trunk in inches; H = Heiglfitree in Meters.

For trees with B< 10: W = 0.25D2H or trees with B11: W = 0.15D2H............ 1

The weight of the root system is estimated as 28%nach as the above-ground weight of the tree. tbted green weight of the tree is
determined as the product of the above-ground weifjthe tree by 120 %.The dry weight of tree based estimated based on the methods
reported in the Extension Publication from the énsity of Nebraska (Chavan and Rasal, 2010).Thes miathe content of carbonis estimated
as50% of the tree’s total volume (DeWald et alQ3)0 Therefore, the weight of carbon in the tree lsa calculated as the product of tree dry
weight by 50 %.The weight of carbon dioxide seqgerest (CQ) is composed of one molecule of Carbon and 2 mtdscof Oxygen and The
atomic weight of Carbon is 12.001115; The atomigiveof Oxygen is 15.9994). Hence,

The weight of CGis C + (2 *0) = 43.999915 2
the ratio of CO2 to C = 430915/12.001115 = 3.6663.................. 3

Therefore, the weight of carbon dioxide sequestémethe tree was obtained as the product of theghtedf carbon in the tree by 3.6663
(DeWald et al., 2005).The weight of @8equestered in the tree per year was obtaindeaatio of the weight of carbon dioxide sequestane
the tree and the age of the tree.Aerial canopynbgs was assessed via the allometric relationshiplaped by Chave et al. (2005) after
measuring the height and girth at breast heightldhe trees in the sampling circle with a 10miwactircle (100 m?) and using species specific
wood density data from ICRAF (2009). Tree biomaas @ry weight) was estimated using the allometqaaion (FAO, 1997, Chave et al.,
2005) on the basis of stem diameter (D) at 1.3 avalthe ground.

The equation, specific to “Wet forest stand” ofgiical areas is:

Aerial biomass (in kg) =0.0776 pD?H)**..................... 4

where p the wood specific density (in g/cm3), D the tremk diameter at breast height (in cm) and H tha&l toee height (in m). The
coefficient c is based on the allometric relatiopdtetween tree height (H) and diameter (defadliezéor ¢ = 0.62).
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These data were also used to calculate plot tresitgeand basal area. The aerial biomass of cambhpalm, plantain and banana and other
economic timber and fruit tree species were esethéiiom allometric relationships based on Chaval.ef2005) for 10 plants per sample.The
data on wood density was extracted from a wooditjetiatabase created by ICRAF (World Agroforestgn@e 2010b).

For cacao Theobroma cacgaand bananausasp.) the following equations (van Noordwijk et2002) were used.

Cacao : 0.281* D2.06 .............. 5

Banana : 0.03*D2.13 ............ 6.

whereD= diameter at breast height (cm)

Tree volume = pie *H*Db+ 4(Dnf) +DT%24 ............. 7

where pie is 3.142, Ht is tree height, Db is treeagbter @ base, Dm is tree diameter @ middle and ¢e diameter at the top.

Tree biomass = Tree density * Tree volume . 8
In this study, aerial biomasses of shade trees:anab plants were converted into amount of carlycesbuming a ratio of 0.5 (IPCC, 2003).
Trees and understory vegetation were assumed tainatb% C of their biomass (FAO, 1997).

Soil samples were also collected in the central plaeach plot at two depths (10 and 30 cm) wittylandrical auger to measure soil moisture
content and soil fraction larger than 2 mm. Onlg tbuperficial soil horizons were collected as alipieary study on various soils
representative of the watershed (data not presesiteav that 70% of the soil carbon is concentratetie top 30 cm.

Litter was also collected avoiding contaminationsioyl particles via washing in the laboratory. Afeeren drying, soil and litter carbon content
were measured on aliquots by a non dispersiveredraensor associated with a furnace (Total Orgaarbon V CSH — CSN and Solid Sample
Module SSM 5000A, Shimadzu Scientific Instruments).
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The C concentration of all the sub-samples (trubkanches, twigs, roots, leaves) was determinegrimgling the samples using Sample Mill
and analysis for total C using an Elemental Anady@Eisconinstrument, CA, USA), following the dynanflashcombustion technique. The
weights of aboveground non-woody vegetation andl dieges on the ground for each quadrat were sunamedlivided by the sampling area.

The soil moisture (0—20 cm depth), soil surfacegerature (0-5 cm depth), and airtemperature abbwvedil (+5 cm) were measured every 2 h
over a 24 month period. Percent soil organic C ezawverted to Mg habased on bulk density and mass of the soil withéntop 15 cm depth
(Nair et al., 2010).The aboveground: belowgroundd@ls ratio show the preponderance of C pools kgrlound and the key role played by
volcanic soils in the capture of large amounts dfh@ huge litter fall and C input through its degmsitionincreases annual C input to soil C
Litter fall and C Input Through Decomposition anhGainput to soil C pool through decomposition m@sses. Soil respiration values refer to

total respiration, including tree root, mycorrhiza®d microbial respiration, and annual decompmsitbsses of needles, fine roots, necromass,
and coarse woody debris. Annual soil respiratiantlie three ecosystems was calculated from the hyorgspiration rates presented in this
study. Soil respiration values refer to total resgjpon, including tree root, mycorrhizae and migablrespiration, and annual decomposition
losses of needles, fine roots, necromass, and eeasdy debris. Annual soil respiration for theetlhrecosystems was calculated from the
monthly respiration rates presented in this study.

Results and Discussion

The growing season was grouped into Major (Apriiridl August) and Minor (mid August to Decemberngaseason and the Dry (December
to March) season. The minor season is charactebygadore overcast sky and lower air temperatureshagher relative humidity compared
with the major rainy season (Table 1). The raiegs®n had higher mean relative humidity averag&éd4y and lower air temperatures (32.8
°C) compared with the dry season. Also, higher exingerature and VPD and lower relative humidity wierend for the unshaded open sun
cacao compared with the shaded plants. Our resattBrmed a general moderating effect of canopy elevi-canopy microclimate with a
decrease of air temperature of up to 4° C anthenease of relative humidity of up to 11 % (Tak)e The forest tree species in the sampled
ecosystems moderated microclimate about twice wshms agricultural field. The moderating capawgs strongest particularly, during the
dry season, and depended on the general weathatian. In the dry season, the deviations fromgéeeral seasonal weather conditionsoften
occurred when soil moisture pools were depletedgpide the moderating capacity, below-canopy micneae did not lag behind agricultural
field microclimate. Based on our results we coneltitht natural recruitment of cacao and othergpaseies for afforestation/reforestation may
ecosystem sensitively to climate change. The Kfgrtiocol establishes that land use, land use chemdjéorestry (LULUCF) activities such as
afforestation, reforestation, and deforestationtiCle 3.3),and forest land management, cropland agament, grazing land management.
Revegetation are proven practices/strategies tease Carbon released and retained within ecosysgeaforestry systems fulfill role in
reducing carbon (C) emissions and promoting C sscpteon which would help to fulfill the Kyoto Ptol requirements.Forest canopy
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moderates below-canopy air temperature and reldtivaidity (Table 1) and thus creates a specific acionate for tree growth. Climate
change will alter the moderating capacity of foreahopy. This may render the below-canopy condstionsuitable for recruitment of the
hitherto dominant tree species. Cacao trees aredjoe carbon pool and sink as they represent o0& 6f the total carbon sequestered in the
landscape by cacao and other timber and othertfagtspecies(Fig. 1). However, the mature plamaf25 — 40 years old) sequestered over 3
times more carbon compared with the young (3 -4syeld field (Table 2). Table 3 presents the sunynoé the temporal trends in soil GO
evolution, microbial biomass carbon andsoil carlbérthe land use/land cover classes. Seasonalrefiifes in CQ evolution, microbial
biomass carbon andsoil carbon were found amontatiteuse/land cover classes. Highest and lowesesalf these parameters were obtained
in minor (August to December) and dry (DecembeMirch) seasons. The total values of the measuf@de@olution (18, 20 and 105),
microbial biomass (26, 29 and 142) and soil carfién 22 and 66) for the respective young (2 -4 yedda) and mature (25- 40 years old cacao
plantations and cultivated agricultural field resgively.The soil carbon and litter were lowest ¢oittivated field and values were 66 and 1.1
(for cultivated field) and 105 and 2.3 and 143 8rIfor the respective 3 — 4 and 25 — 40 yearsatdo plantations. However, the total carbon
pools/stocks were close between 3 — 4 years oftgilan and cultivated field (Table 4). The contitibns of cacao trees, timber and other fruit
tree species, the soil and litter to total carbequestered in the landscapes were significanisrsthdy. In fig. 2 and 3 are presented the carbon
and carbon dioxide contents of component tree spdai the cacao agroforestry system of the resme@i4 and 25 — 40 years old fields.
Profoundly highest values (over 7 fold increaseeWfeund for cacao trees compared with other ecantnee species and very low values for
oil palm and plantain/banana trees. Carbon se@imstrvaries with age of cacao field as functiortree biomass and litter layer.Theresults
confirmed thepotential of cacao-based agroforesystem, particularly shaded with native fruit amdbter tree species, as carbon sinks.The
results show that the biomass of cacao and shads tepresents a significant source of input diarato soil. The C captured in the biomass
and deposited on the solil surface is indirectlyusstered as SOC following its decomposition. Furntioge, the soil has sink pools for C with
microbial biomass and soil aggregates within themnt; this pool is considered in estimates of C sefagon in soil and plant biomass in
AFS.Continuous deposition of plant litter, fine t®cand root hairs are the principal inputs foro@tent in cacao AFS soils.

Ecologically beneficial shade trees may reducefpkevcompetition for soil moisture. Studies havegasged that competition between shade
trees and cacao for water during long periods wiaenfall was low (Kohler et al., 2010). In cacaasbd agroforestry system, low stand
transpiration rates further contributed to thetreddy high tolerance of the agroforestand its iptio reduce rainfall throughfall (Kohler et al.,
2010)., This phenomenon reduces competition forlaa water resources.lt is recognized that s®rafj SOC in soils can be increased
directly byincreasing C returns to the soil in foem of plant residues, or organicamendments, adddctly by management practices that
decrease soil organicmatter (SOM) decomposition amdion of topsoil. Carbon released from the dgmmsition of litterfall that is
continuously deposited on the soil surface in cdmsed AFS(and other shaded perennial crop systesm&tained (sequestered) in the
soil(Sixet al. 2004; Gama-Rodrigues et al. 2010jr Mg al. 2010).In addition to the environmentalnéits of GHG mitigation and
biodiversityconservation, the C sequestered in @akl systems could also provide an addedincomerstrior cacao farmers around the
world.Cacao AFS are comparable to natural foredts r@spect to the accumulation of highamounts ©@CSLal, 2005; Kohler et al., 2010).
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AFS could convert large landscapes into effectiveirtks rather than C sources. Cacao-based agrofomstem is a low input sustainable
practices, which minimize vegetation and soil distnces,promote the presence of perennial vegetatszover or recycle of nutrients,
andcontribute to the preservation of C and N pfad$, 2005, Thangataa and Hildebrand, 2012).Cacasdd agroforestry system appears to be
a sustainable land use management practice thedrges and increases soil C pools, contributesdioce atmospheric CO2 with high potential
to offset GHG emissions (Thangataa and Hildebra@d?)

Landscape approaches to carbon (C) accounting ricuétgre, forestryand other land uses are beingmmted as a win-win option for
integrating climate change mitigationwith land usetem and livelihoods. Deforestation and degradatif forests raise concerns about
accelerated GHG emissions in the tropics and callnfieasures to meet the needs of local commuriitieEn environment friendly and
sustainable manner (Funder 2009, Nair et al., 2D&0Vald et al., 2013).Deforestation and other lase changes in developing countries are
responsible for about 74% of greenhouse gas (Gi@gstons (Nair et al., 2010, Brown et al., 2012\\ldd et al., 2013). Tree C stocks can be
used to approximate aboveground C gains. Carba@hkstaf natural and agricultural ecosystems are rgdgdower than potential stocks, due to
a range of human activities, such as C-depletingifeg practices (e.g. ridging of soils, burningoobp residues, and inadequate fertilizer use),
charcoal production, bush fires and wood harvegi@tgdumayo 1987, 1997, Brown and Lugo, 1982, Aldoad Homewood 1999, Brown et
al., 2012)..

In particular in comparison with cacao-based agesiry system, C stocks in agricultural systemdawe Agroforestry practices with perennial
vegetation could be designed to protect and enh@nhsequestration on sensitive landscape locatiank as highly vulnerable areas for
nonpoint source losses and steep slopes. Imprayedoaestry practices that are strategically placedgricultural landscapes will eventually
allow development of suitable mitigation strategi@enhance C sequestration Nair et al. (2009jnastid potential sequestration rates of 5.9
Mg C ha' year' for cacao agroforests of Cameroon.Kuersten anddBets1993) provide estimates of the amounts ofeGuestered by
fuelwood production in AFS of 0.5-2.0 Mg C hgear for shade trees in Coffe€¢ffeespp.) and cacadheobroma cacda). The conversion

of fallow land to agricultural fields reduced Cits in the top 150 cm of soil from 82.5 Mg C h® 49.0 Mg C ha in fallow land and to 52.2
Mg C ha' in agricultural soil (Funder 2009, Nair et al.,120 Ishaq et al., 2014).Following clearing, Solonairal. (2000) reported a 56%
reduction of soil C content in the cultivated figlith a semiarid area in Tanzania.The total pote@tisequestration by cacao-based agroforestry
of about 7 Mg C ha year® could offset significant fraction of the curréd®2 emissions (1,600 Tg C yeafrom burning fossil fuel such as
coal, oil, and gas) by 34%.Agroforestry is a pranggractice to sequester C while providing numsrenvironmental, economical, and social
benefits (Brown, 1997;Braka and Aunea, 2011).

Both deforestation and degradation of forests ras®erns about accelerated GHG emissions in dpéctr and call for measures to meet the
needs of local communities in an environment frigracthd sustainable manner (Funder 2009, Nair e2@lL0, Chavan and Rasal, 2012, Ishaget
al., 2014).The total carbon sequestered (in thgaaf 140-220 t/ha, In the cacao age group studiesl above the median C sequestration
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potential of AFS estimated at 95 t/ha for tropiB&S by (Mufioz and Beer (2001) and Dossa et al.§2@@re in the same order of magnitude
with that of a Robusta AFS shaded by Albizia sppWest Africawhich were however comparatively highigan Arabica AFS in Latin
America (Mufioz and Beer, 2001, Harmand et al., 2G@lés et al., 2010).

Conclusion

This study confirms the potential of cacao-base® AkRaded by native species of timber and fruisteseboth C source and sink. Consequently,
incentives and policies should be put in placeeward farmers maintaining high density and diversit native tree species and hence to
preserve the largest range possible of ecosystevice® including carbon sequestration, providediilse ecosystems. In addition to the
environmental benefits of GHG mitigation and biasity conservation, the C sequestered in cacagystems could also provide an added
income stream for cacao farmers.The tree biomassifdll and soil C sequestration in agroforessiystems is currently not adequately
unexplored and unappreciated despite the hugecemental benefits. The findings indicate possildegains in C sequestration that could be
used to promote agroforestry as a promising @figation strategy, which would have implicatiofts other cacaogrowing regions and
shaded-perennial agroforestry systems. Land ustigea and land cover patterns are also driversegudators of ecosystem energy and water
balance (heat and evapotranspiration rates).Baseduo results we conclude that natural recruitm@&ntacao and other tree species for
afforestation/reforestation may enhance ecosysésitience to climate change. In order to sustajnatanage the potential risks and challenges
of global environmental change in particular, matimmatic extremes, new and innovative solutionsnm@rove environment performance of
landscapes are required.The biophysical findirmgsnfthe land use, vegetation land cover, and mlicnate interactions may advance
capacities to cope with climate variability andrerte weather shocks. The information generatednmglgcations for adaptation planning and
policy issues and for mainstreaming climate chaadaptation and disaster risk reduction in land aisé landscape management. This
information will be useful input in the construatiand evaluation of global model predictions regaydhe nature and stability of the terrestrial
carbon sink, and potential biosphere response ssatimted climate feedbacks to global warming.

References
Abbot JIO, Homewood K (1999) A history of changauses of Miombo woodland decline in aprotected ard&éalawi. J ApplEcol 36:422—
433

Agele SO, Iremiren GO, AiyelariOP,Famuwagun IB. @dlainstreaming adaptation, resilience and disaskrreduction into extension of
frontiers of cacao to marginal soils and climatehaf humid tropics in the wake of climate and weatrariabilities.11™ Annual I nternational
Symposium on Environment, Athens, Greece. Athens Institute for Education &esearciwww.atiner.gr



265 Brakas SG, Aune JB. 2011. Biomass and Carbon Aclaiion in Land Use Systems of Claveria, the Phitigg. In: Kumar BM, Nair PKR
266  (eds) Carbon sequestration potential of agroforeststems: Opportunities and challenges. Advaircégroforestry. Volume 8 .Springer,
267 Dordrecht Heidelberg, London, New York, pp 163

268 Brown S, Lugo AE. 1982. The storage and produabioorganicmatter in tropical forest and their roiéhe global carboncycle. Biotropica
269  14(3):161

270

271 Brown S. 1997. Estimating biomass and biomassgehahtropical forests: a primer. FAO Forestry pali#, Rome, 55 p

272

273  Brown S, Grais A, Ambagis S, Pearson T. 2012.BasdgiHG emissions from the agricultural sector ait@yation potential in countries of
274  East and West Africa. CCAFS Working paper no. 1GIAR research program on climate change, agricelltund food security (CCAFS).
275  Copenhagen, Denmark. www.ccafs.cgiar.org

276 .

277  ChavanBL, Rasal GB. 2010. Sequestered Standingp@&tock in Selective Tree Species Grown in UnigZmmpus at Aurangabad,
278  Maharashtra, Indidnternational Journal of Engineering Science ana@frelogy, 23003-3007.

279

280 ChavanB.Rasal G. 2012. Total Sequestered Carbahk 8tdlangiferaindicaJournal of Environment and EarthScience 2(1): 37-48

281

282 ChaveJ,Andalo C, Brown S, Cairns M, Chambers J,usd Folster H, Fromard F, Higuchi N, Kira T, Lese JP, Nelson B, Ogawa H, Puig
283 H, Riéra B, Yamakura T2005. Tree allometry and improved estimation of carbtmtks and balance in tropical fore€d®cologia 145:87-99.

284  Chidumayo EN (1997) Miombo ecology and managenanintroduction. Intermediate TechnologyPublicasiaonassociation with the

285  Stockholm Environment Institute, London,166p

286

287 DeWald, S., Josiah, S., &Erdkamp, B. (2013). HepWith Wood: Producing, Harvesting and Processingwood.Universityof Nebraska—

288  Lincoln Extension, Institute of Agriculture and Nedl Resources.http://www.ianrpubs.unl.edu/epublaigl1554/build/g1554.pdf

289

290 Dossa E, Fernandes E, Reid W, and EzW2008. Above- and belowground biomass, nutrient andaragiocks contrasting an open-grown and
291 ashaded coffee plantatidgroforestry System32:103-115.

292  FAO. 1997. Estimating biomass and biomass changeptal forests: a primer, Rome, Italy: FAOForg$faper No.134.

10



293
294
295
296
297

298
299

300
301

302

303
304
305
306
307
308
309
310
311
312
313
314
315
316

317

318
319

Gama-Rodrigues EF, Nair PKR, Nair VD, Gama-Rodriggd€, Baligar V, Machado RCR (2010).Carbon stolag®il size fractions under
two cacao agroforestry systems in Bahia, Brazilifm Manag 45:274-283

Haeberle, K. H., Agele, S.O. Matyssek, R. andHehnM. 2016. Aspects of Water Relations and Bashange of Katsura and Tilia
Seedlings Subjected to Wet-Dry Cycles : Indicabbtrategies for Whole Plant Drought Tolerarogernational Journal of Plant & Soll
Sciencel0(2), 1 -13

Harmand JM, Hergoualc'h K, De Miguel S, Dzib BeSiP, and Vaast P. 2007.Carbon sequestrationfiemecafroforestry plantations of Central
America. InProceedings of the 21st ASIC Colloqujuvtontpellier; ASIC; Paris, pp. 1071-1074.

ICRAF.2009. Wood density databassww.worldagroforestry.org/Sea/?q=node/109
Ingram JSI, Fernandes ECM (2001) Managing carbquesdration in soils: concepts and terminology.&igcosyst Environ 87:111-117
IPCC.2003. Good practice guidance for land use, land-usegdand forestrywww.ipcc-nggip.iges.or.jp

IPCC (2007) Climate change 2007: impacts, adaptatial vulnerability. In: Parry ML, Canziani OF, &@of JP, van der Linden PJ, Hanson
CE (eds) Contribution of working group Il to theufth assessment report of the intergovernmentalganclimate change. Cambridge
University Press, Cambridge, UK, p 976

Ishag S. Enejil*, Ofoegbu Obinnal, Emmanuel T. A20d4. Sequestration and Carbon Storage Potefflabpical Forest Reserve and Tree
Species Located within Benue State of Nigdoarnal of Geoscience and Environment Protecttyd57-166.
http://dx.doi.org/10.4236/gep.2014.22022

Jarecki MK, Lal R (2003) Crop management for saibon sequestration. Critical Review Plant Scig2#:d71-502

Lemmon PE1956.A spherical densiometer for estimating forest sty densityForest Science315-321.

Kohler,M., Schwendenmann, L. andHolscher, D. 20t®oughfall reduction in a cacao agroforeste tnaater use and soil water
budgeting. Agricultural and Forest Meteorology  15079-1089

11



320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340

341

342
343
344
345
346
347
348
349

Lal R (2004) Soil sequestration in dryland ecosysteEnviron Manag 33:528-544

Lal R (2010) Managing soils and ecosystems forgaiihg anthropogenic carbon emissions and
advancing global food security. Bioscience 60:7@3-7

Montagnini F, Nair PKR (2004) Carbon sequestrataanunder-exploited environmental benefit
of agroforestry systems. AgroforestSyst 61:281-295

Mufoz F, Beer J (2001) Fine root dynamics of shad®ao plantations in Costa Rica. AgroforestSystetns19-130

Negash M, Starr M, Kanninen M, Berhe L (2013b) Alktric equations for estimating aboveground bionsd€3offea Arabica L grown in the
Rift Valley escarpment of Ethiopia. AgroforestS83t953 — 966.Doi 10.1007/s10457-011-9408-1

Nair PKR, Kumar BM, Nair VD (2009) Agroforestry asstrategy for carbon sequestration. J PlantNartritind Soil Science 172:10-23

Nair PKR, Nair VD, Kumar BM, Showalter JM (2010) iGan sequestration in agroforestry systems.AdvAd@8t237—-307

Schroeder P (1994) Carbon storage benefits of aggstiy systems.AgroforestSyst 27:89 - 97

Siles P, Harmand JM, Vaast B010. Effects ofinga densifloraon the microclimate of coffeeCpffeaarabical.) and overall biomass under

optimal growing conditions in Costa Riégroforestry Systeni& (3): 269-286.

Six J, Bossuyt H, Degryze S, Denef K (2004) A higtaf research on the link between (micro)
aggregates, soil biota, and soil organic matteadyns. Soil Tillage Res 79:7-31

Solomon D, Lehmann J, Zech W (2000) Land use effectsoil organic matter properties of

Chromicluvisols in semi-arid northern Tanzaniaboar, nitrogen, lignin and carbohydrates.
AgricEcosyst Environ 78:203-213

12



350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381

Thangataa PH, Hildebrand PE (2012) Carbon stocksaqdestration potential of agroforestry systensmnall holderagroecosystems of sub-
Saharan Africa: Mechanisms for reducing emissions fdeforestation and forest degradation (REDBgyicEcosyst Environ 158:172 -183.
doi: 10.1016/j.agee.2012.06.007

UNFCCC (2006) Revised simplified baseline and naimiy methodologies for selected
small-scale afforestation and reforestation pragetivities under the clean development
mechanism. Bonn. Available hattp://cdm.unfccc.int/UserManagement/File StorageMAVIDF
AM_ASBIIBAX6KGW5GBB7M6AI98UD3W59X4. Accessed 7 Feb 2011

UNFCCC (2007) Report of the conference of partieg®thirteenth session, Bali, Indonesia.
United nations framework convention on climate derGeneva

vanNoordwijk M, Rahayu S, Hairiah K, Wulan YC, FaiA,Verbist B (2002) Carbon stock assessment forest-to-coffee conversion
landscape in Sumber-Jaya (Lampung,Indonesia): Rtlmmetric equations to land use change analysien8e in China 45:75— 86.
http://www.globalcarbonproject.org

Verchot LV, Noordwijk MV, Kandji S, Tomich T, Ong,@&lbrecht A, Mackensen J, Bantilan C, Anupama Rdlm C (2007) Climate change:

linking adaptation and mitigation throughagroforgsMitigation and Adaptation Strategies to GloBdlange 12:901-918. doi:10.1007/s11027-
007-9105-6

13



382 Table 1.Seasonal trends in relative humidity, terajpee, vapour pressure deficit, leaf area inded @hotosynthetically active radiation among
383 the land use land cover classes.

384
LCLUC PAR (umol/nf/s) | LAI RH (%) VPD (kPa) | Temp. {C) Sunshine hour
a b ¢ a b c
a b cla b ¢ a b c a b c
2—4yearsold | 755 | 957 | 1013 1.8] 24 15 7p d4 33 19 16 PB1 [35 3287 | 52[ 45| 66
25-40 yearsold 471 | 669 | 921 | 18] 26 18 77 8 39 15 11 P4 [3152831.6| 52| 45 66
Agric. field 828 | 1123| 1464 1.3 14 0D 65 70 31 18 1.5 P2 (33273 342] 52| 45 6.6

385 Major (a) and Minor (b) rainy season and dry ) seasonrelative humidity (RH), temperature (T) and vapptessure deficit (VPDphotosynthetically active radiation (PAR: umdls), leaf area index (LAI),
386

387

388 Table 2.Basal area and sequestered carbon by aadamther tree species biomass

389

390 Cacao trees in plantatibimber plus

391 20-40years 2-—4years Total Fruittree spp.

392

393 Basal area (ftha) 27.6 8.8 35 30.2
394  Sequestered carbon 183 58.4 213 184

395

396
397
398
399
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400
401 Table 3. Temporal trends in soil @Evolution, microbial biomass carbonandsoil carbbthe land use/land cover classes.
402

Soil CO Microbial biomass C| Soil carbon
LCLUC Types a b C a b C a b C
2-4yearsoldfield |60 |74 | 52| 68| 6.3| 59| 36 47 22

25-40yearsoldfield| 89 | 95 | 7.2 | 9.7 | 11.2 8.1 49| 62 31
Cultivated field 53 |62 | 44 | 54| 6.0| 43| 22| 30/ 14

403 The growing season was grouped into a: Major (Aferimid August) and b: Minor (mid August to Decerpb&iny season and the c: Dry (December to Mars&dson.

404 Table 4. Carbon pools /stock in cacao agrofordatrgiscapes of different ages

Carbon contents

Cacao treesOther tree spp.  Soil LitterTotdamdscape
LCLUC Types

Cacao AFS (3 -4 yrs old) 1956471 496927 105 2.3 453805.3
Cacao AFS (25 -40yrsold) 3266346 745181 143 3.2 4011673.2
Agricultural field --- 246346 66 1.1 246413.1

405
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Fig. 1. Tree and soil contents of carbon, CO2 and microbial biomass carbon
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Fig. 2. Carbon contents of component tree species in the cacao agroforestry system
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