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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 welfarediversity and ecosystem services.
Climate change calls for changes in managemerdraf and water resources. The coupling
of and feedback from land use and land cover ettein landscapes with ecosystem
processes (nutrient cycling, water use, evaporaktieat and heat islands) and microclimate is
known. Although information is inadequate from fcgb land use practices such as
intercropping, land rotation fallowing and agrofsiry systems, however, understanding of
the interactions of land cover patterns with ectsys processes from cacao-based
agroforestry landscapes may be useful in the dewedop of strategies tadvance adaptation
and resilience to extreme weather shocks. Yeardraurasurements were made of soil
carbon contents and respiration, microbial bion@ssoil moisture and temperature regimes,
soil organic matter pool, species specific carbtocks, stand biomass, microclimatic-
gradients in an agriculturally cultivated field acacao-based agroforestry system of different
ages. Our findings showed that land cover patteand other elements in cultivated
agricultural field and cacao-based agroforestryd$aape modulated land surface-
atmosphere fluxes and stocks of carbon, other bidgaEmical cycles and microclimatic
conditions.The results indicated that the high potentials &if gmins in carbon sources and
sinks from cacao-based agroforestry system canesasva promising COmitigation
strategy.Cacao-based agroforestry ecosystem contributesrstrial carbon budget (carbon
stocks and fluxes)ameliorated weather conditions in addition to otbeological benefits
and ecosystem health while the resultant enhanderasequestration will reduce global
warming. This informationcan be incorporated into existing strategies fodressing
ecosystem (vegetation and soil) degradation andddcultural, and forest land use plans in
support of climate change adaptation and for ragsioecosystem conservation.
Keywords:Agroforestry, cacao, ecosystem, feedback, landlasdscapemicroclimate

Introduction

The global environmental change (GEC) include ckarig land use and land cover and in
soils and atmospheric composition, biodiversitynate and weather events, sea level and
ocean chemistry. In the circumstances of the GBBaeced climatic extremes, it is
important to mainstream climate change adaptahtmland cover and land use practices in
order to build resilient and climate-smart landesafAgele et al., 2016). Unsustainable
practices in landscapes are known to increasedenfeGHG emissions, intensities of heat
islands (extreme thermal environments and heateigwb comfort levels) and evaporation
(water use). These factors predispose plants toothyemal stress-induced mortality and
dieback and loss of functional integrity of ecosyss processes (Haeberle et al., 2015).

Between 2000 and 2010, the atmospheric concentratio carbon dioxide (C& has

increased from 369 to 388 ppm, a 5.1% increase threelast 10 years, let alone 280 ppm in
1850 (IPCC, 2007). Land use changes and fossil éeshbustion are two important
anthropogenic factors that have contributed to timsrease. The influence of land
management on the carbon (C) content in soils dadt biomass is well documented
worldwide (FAO, 1997, Nair et al., 2010).The estlithent of Clean Development
Mechanisms (CDM) is one of the instruments in th@ti§ Protocol to control emissions of
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greenhouse gases (UNFCCC 1998) has led to incrdasa@st in reducing CQin the
atmosphere through forest based C sequestratioh §€ffects. Potential mechanisms to
reduce C losses and increase C sinks include farestagement by protecting and
conserving the C pools within the forest-based ystesns (Brown 1996). Forests sequester
more than 92% of the world’s C and between 20 a@ times more C per hectare than
agricultural lands (UNFCC, 1998 IPCC, 2007). Tham@te Change 2007 Synthesis Report
proposes key mitigation practices in the agricaltsector (IPCC 2007).

The coupling of land use and land cover pattengh ecosystem processes (nutrient
cycling, water use, evaporation, heat fluxes) heweietal correlates with both human and
environmental health implications. The feedback agnéand use-vegetation land cover-
climate on the ecosystem processes is also repdiied et al.,2009, Agele et al.,
2016).Models coupling surface and ecosystem levetearology (temperatures and
evapotranspiration) with land cover patterns hawemtials for application for the
guantification of land surface pattern-processdsbip ecosystem energy (temperature) and
water (evapotranspiration) balance, carbon budggtsaquestration and their correlates with
microclimate. The interactions of land use, vegetatand cover with ecosystem processes
and microclimate have potentials to resolve admptathallenges to climate change and
variability of weather events. It is required toprave understanding of the” pattern-process”
paradigm as applied to land use-vegetation and tawer-ecosystem- climate interactions
and the feedbacks from land use-land cover orcliheate system in order to promote the
sustainability of ecosystems and enhanced adapttdiclimate change. Across regions and
environmental gradients, stand and environmentabsigstem) level, the impacts of
vegetation land cover on ecosystem processes anrdaiinate (heat/temperature), water use
(evapotranspiration) and C sequestration with iogblons for global carbon budget and
warming is widely studied (Nair et al., 2009, 201Mlowever, the scenarios of
neighbourhood and ecosystem responses of land neséand cover elements (vegetation
pattern)to climate change across regional environahgradients in tropical agroecologies is
inadequately researched (Nair et al., 2009, 201@elé et al., 2016). In addition, it is
necessary to quantify land surface pattern-prosassebly from tropical land use types such
as intercropping, land rotation fallow and agrostng landscapes and the correlates with
socio-economic and ecosystem processes

Among the practices are proven land use and lanthgeament practices designed to increase
soil C storage, restoration of degraded lands, awvgxt livestock and manure management to
reduce CH and NO emissions The storage of SOC in soils can beeasad via
afforestation, reforestation, restoration of degrhthnds, improved silvicultural techniques,
and the implementation of agroforestry practiceagrcultural lands (Lal 2004; Montagnini
and Nair 2004; Nair et al.,2010).Agroforestry sysse(AFS) rank high among the strategies,
a properly designed and managed AFS can be eféeC¥ sinks, especially with the use of
perennial crops and fast growing co-occurring seecies in the AFS ecosystems (Nair et al.
2010).Agroforestry systems have to cope with chamgilimate and droughts which are
predicted to become more frequent and more sexgmaforestry systems (AFS) in which
high amounts of organic materials are added tosthle such as the shaded perennial-crop
systems, have special relevance for carbon seaqtiestr

Vegetation gross primary production (GPP) resultsnfthe conversion of canopy absorbed
photosynthetically active solar radiation to vetjeta biomass. Vegetation gross primary
production (GPP) is the principal mechanism forestrial ecosystem uptake and storage of
atmospheric Ceand GPP is a major factor determining biospheresgpinere carbon



99
100
101
102
103
104
105
106
107
108
109
110
111

112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

134

135
136
137
138
139
140
141
142

interactions and climate feedbacks. Young treesiestgr and store GQapidly for several
decades, followed by annual increase of,C@nd then decline, while, for example, the
forests of "old" growth or virgin forests can redeaa quantity of COresulting from the
decomposition of dead biomass, equal to the qyainéd by tree biomass. For a typical tree
in the forest the amount of GBequestered is, on average, stored for 51% irtrtim,
branches 30%, and 3% in leaves. The thick rootsn{dier> 2mm) accumulate about 15-20%
of total carbon (brown and Rasal, 2010).The reledsg€O, determine life processes while
tree maintenance is compensated by the quantityeségred in the woody biomass and the
amount of emissions avoided through the presenctreet that affect, for example the
heating and cooling of buildings for the reductafrthe Ecosystem Heat Island effect (EHI).
The net reduction in COs simply the difference between the reduction€® emissions
and the same, in metric tons (t). The net6&ance in an agricultural and forest ecosystem
= CQO, (CO,Sequestred CLemissions avoided) - G@eleased.

Small family-farms are at the heart of cacao inguswith five to six million smallholder
farmers provide more than 85% of the world’s cadamically, each cacao farmer owns less
than 2 ha of land and may grow approximately 1,€8€no trees (Brown, 1997; Shapiro and
Rosenquist, 2004, Nair et al., 2009).Year round sueanents were made of soil carbon
contents and respiration, microbial biomass C, smisture and temperature regimes, soil
organic matter pool, species specific carbon stastiesid biomass, microclimatic-gradients in
an agriculturally cultivated field and cacao-baagdoforestry system of different ages.

What are the contributions of cacao-based agrafgresosystem to terrestrial carbon budget
(greenhouse gas and carbon sequestration), antiglioref weather conditions, ecological
benefits and ecosystem health, carbon stocks amaeseation and resultant effect global
warming. It is imperative to improve the undersiagdof the pattern-process and the
relationships between vegetation gross primary ygtdn and its net effect on potential
carbon sink strength in agricultural and cacao-thasgoforestry landscapes of the humid
tropics. The interactions r{ipacts,coupling andfeedbacks)f cacao-based agroforestry
landscape as land use and land cover patternegitisystem processes and microclimate
was examined. The aim was to investigate impactsacho-based agroforestry system in
ameliorating weather conditions, improvement ofboar sequestration, other ecological
benefits and ecosystem health. The findings maynb&porated into existing strategies for
addressing ecosystem (vegetation and soil) degoadahd for agricultural, and forest land
use plans in support of climate change adaptatidrf@ rainforest ecosystem conservation.

Materials and M ethods

Three sites comprising an agricultural field cludtied to arable/staple food crops, and cacao
(Theobroma cacad..) fields 2 to 4 years and 25 to 40 years olddskaby either
predominantly native fruit and timber tree specie®re studied in each site.Important
features of the study fields are: cacao plantadige, farm size and agricultural management
including year of conversion of forest to cacaoisTdllows us to select cacao field plots that
were under the same system ranging from 3 to 4&yed.

Deter mination of tree biomass and carbon dioxide sequestered by trees
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We adopted the method recommended by FAO. 1997Ciravan and Rasal (2010) with

slight modification into five stages asfollows:

The total (green) weight of tree based on treeispdor tropical forest species, the weight of
atreeis:

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

H = Height of tree in Meters.

For trees with D< 10: W = 0.25D2H or trees with ®11: W = 0.15D2H............ 1

The weight of the root system is estimated as 28%ach as the above-ground weight of the
tree. The total green weight of the tree is deteemhias the product of the above-ground
weight of the tree by 120 %. The dry weight of tle@sed was estimated based on the
methods reported in the Extension Publication fthenUniversity of Nebraska (Chavan and
Rasal, 2010).The mass of the content of carbonisaed as50% of the tree’s total volume
(DeWald et al., 2005). Therefore, the weight ofbcar in the tree can be calculated as the
product of tree dry weight by 50 %.The weight ofbma dioxide sequestered (gQs
composed of one molecule of Carbon and 2 moleafl€&xygen and The atomic weight of
Carbon is 12.001115; The atomic weight of Oxyget5$£994). Hence,

The weight of CQis C + (2* O) = 43.999915  ooooeieiiieeeeeeen, 2
the ratio of CO2 to C = 430915/12.001115 = 3.6663.................. 3

Therefore, the weight of carbon dioxide sequestardde tree was obtained as the product of
the weight of carbon in the tree by 3.6663 (DeWatdal.,, 2005).The weight of GO
sequestered in the tree per year was obtainedeasatio of the weight of carbon dioxide
sequestered in the tree and the age of the tregalAanopy biomass was assessed via the
allometric relationship developed by Chave et 2006) after measuring the height and girth
at breast height of all the trees in the samplingecwith a 10m radius circle (100 m?) and
using species specific wood density data from ICR2B09). Tree biomass (W, dry weight)
was estimated using the allometric equation (FA@)71 Chave et al., 2005) on the basis of
stem diameter (D) at 1.3 m above the ground.

The equation, specific to “Wet forest stand” ofplical 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 the total tree height (in m). The coédfit c is based on the allometric
relationship between tree height (H) and diametefault value for ¢ = 0.62).

These data were also used to calculate plot tresitgeand basal area. The aerial biomass of
cacao, oil palm, plantain and banana and otheragomntimber and fruit tree species were

estimated from allometric relationships based oavelet al. (2005) for 10 plants per sample.
The data on wood density was extracted from a waebkity database created by ICRAF

(World Agroforestry Centre 2010b).

For cacaoTheobroma cacgaand bananajusasp.) the following equations (van Noordwijk
et al. 2002) were used.

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

Banana: 0.03*D2.13 ............ 6.
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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 treemter @ base, Dm is tree diameter @
middle and Dt is tree diameter at the top.

Tree biomass = Tree density * Tree volume . B

In this study, aerial biomasses of shade trees:auab plants were converted into amount of
carbon by assuming a ratio of 0.5 (IPCC, 2003)e3@nd understory vegetation were
assumed to contain 45% C of their biomass (FAO7)199

Soil samples were also collected in the central giagach plot at two depths (10 and 30 cm)
with a cylindrical auger to measure soil moistuoatent and soil fraction larger than 2 mm.
Only the superficial soil horizons were collectesl a preliminary study on various soils
representative of the watershed (data not presestemiv that 70% of the soil carbon is
concentrated in the top 30 cm.

Litter was also collected avoiding contamination $&gil particles via washing in the
laboratory. After oven drying, soil and litter carbcontent were measured on aliquots by a
non dispersive infrared sensor associated withraafie (Total Organic Carbon V CSH —
CSN and Solid Sample Module SSM 5000A, Shimadzargific Instruments).

The C concentration of all the sub-samples (trurtksnches, twigs, roots, leaves) was
determined by grinding the samples using Samplé &fitl analysis for total C using an
Elemental Analyzer (Fiscon Instrument, CA, USA)]dwing the dynamic flash combustion
technique. The weights of aboveground non-wood\etagpn and dead trees on the ground
for each quadrat were summed and divided by thelsagrarea.

The soil moisture (0—20 cm depth), soil surface perature (0-5 cm depth), and air
temperature above the soil (+5 cm) were measurey&h over a 24 month period. Percent
soil organic C was converted to Mg fizased on bulk density and mass of the soil withén t

top 15 cm depth (Nair et al., 2010).The abovegrodmetowground C pools ratio show the
preponderance of C pools belowground and the k&y ptayed by volcanic soils in the

capture of large amounts of C. The huge litter &l C input through its decomposition
increases annual C input to soil C

Litter fall and C Input Through Decomposition anh@a input to soil C pool through

decomposition processes. Soil respiration valuies te total respiration, including tree root,
mycorrhizae and microbial respiration, and annwdcomposition losses of needles, fine
roots, necromass, and coarse woody debris. Anmilalespiration for the three ecosystems
was calculated from the monthly respiration ratess@nted in this study. Soil respiration
values refer to total respiration, including tre®tt mycorrhizae and microbial respiration,
and annual decomposition losses of needles, fioes,raecromass, and coarse woody debris.
Annual soil respiration for the three ecosystems walculated from the monthly respiration
rates presented in this study.
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Results and Discussion

The growing season was grouped into Major (Aprihta August) and Minor (mid August
to December) rainy season and the Dry (Decembétaich) season. The minor season is
characterized by more overcast sky and lower amp&ratures and higher relative humidity
compared with the major rainy season (Table 1)e iy season had higher mean relative
humidity averaged (71 %) and lower air temperaty@x8 °C) compared with the dry
season. Also, higher air temperature and VPD aweéraoelative humidity were found for the
unshaded open sun cacao compared with the shaalets.pDur results confirmed a general
moderating effect of canopy on below-canopy midmate with a decrease of air
temperature of up to 4° C and an increase ofivel&umidity of up to 11 % (Table 1). The
forest tree species in the sampled ecosystems atedemicroclimate about twice as much
as agricultural field. The moderating capacity v&iongest particularly, during the dry
season, and depended on the general weathera@itultithe dry season, the deviations from
the general seasonal weather condition patternd fikety occurred when soil moisture
pools were depleted. Despite the moderating capdo@low-canopy microclimate did not
lag behind agricultural field microclimate. Based our results we conclude that natural
recruitment of cacao and other tree species faredgtation/reforestation may ecosystem
sensitively to climate change. The Kyoto Protoaibblishes that land use, land use change
and forestry (LULUCF) activities such as afforestat reforestation, and deforestation
(Article 3.3),and forest land management, croplarahagement, grazing land management.
Revegetation are proven practices/strategies tease Carbon released and retained within
ecosystem. Agroforestry systems fulfill role in wethg carbon (C) emissions and promoting
C sequestration which would help to fulfill the KgoProtocol requirements. Forest canopy
moderates below-canopy air temperature and rel&tiveidity (Table 1) and thus creates a
specific microclimate for tree growth. Climate chanill alter the moderating capacity of
forest canopy. This may render the below-canopyditimms making it unsuitable for
recruitment of the hitherto dominant tree spedi&scao trees are the major carbon pools as
they represent over 50% of the total carbon sequeztin the landscape by cacao and other
timber and other fruit tree species(Fig. 1). Howetlee mature plantation (25 — 40 years old)
sequestered over 3 times more carbon comparedhgtiioung (3 -4 years old field (Table
2). Table 3 presents the summary of the tempoealds in soil C® evolution, microbial
biomass carbon and soil carbon of the land use/taver classes. Seasonal differences in
CO, evolution, microbial biomass carbon and soil carlweere found among the land
use/land cover classes. Highest and lowest valudese parameters were obtained in minor
(August to December) and dry (December to Marclgsees. The total values of the
measured C@evolution (18, 20 and 105), microbial biomass (26, and 142) and soll
carbon (16, 22 and 66) for the respective young4 (Zears old) and mature (25- 40 years old
cacao plantations and cultivated agricultural fietdspectively. The soil carbon and litter
were lowest for cultivated field and values werea®@ 1.1 (for cultivated field) and 105 and
2.3 and 143 and 3.2 for the respective 3 — 4 and- 2B years old cacao plantations.
However, the total carbon pools/stocks were closevden 3 — 4 years old plantation and
cultivated field (Table 4). The contributions otcea trees, timber and other fruit tree species,
the soil and litter to total carbon sequesterethenlandscapes were significant in this study.
In fig. 2 and 3 are presented the carbon and ocadiaxide contents of component tree
species in the cacao agroforestry system of theeotise 3-4 and 25 — 40 years old fields.
Profoundly highest values (over 7 fold increaseewfeund for cacao trees compared with
other economic tree species and very low valuesofiopalm and plantain/banana trees.
Carbon sequestration varies with age of cacao fsldunction of tree biomass and litter
layer. The results confirm the potential of cacasdul agroforestry system, particularly
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shaded with native fruit and timber tree speciesadt as carbon sink.The results show that
the biomass of cacao and shade trees represegtsifacant source of input to soil C. The C
captured in the biomass and deposited on the sdice is indirectly sequestered as SOC
following its decomposition. Furthermore, the shiés sink pools of C with microbial
biomass and soil aggregates within them; but tlusl ps considered in estimates of C
sequestration in soil and plant biomass in AFS.ti@aous deposition of plant litter, fine
roots, and root hairs are the principal inputsGarontent in cacao AFS soils.

Ecologically beneficial shade trees may reducefpkevcompetition for soil moisture.
Studies have suggested that competition betweateghees and cacao for water during long
periods with only little precipitation was low orowld favor cacao (Kohler et al., 2010). In
the report, the low stand transpiration rates grtontributed to the relatively high tolerance
of agroforest to reduce rainfall throughfall as petition for available water resources is
reduced. It is recognized that storage of SOC ils san be increased directly by increasing
C returns to the soil in the form of crop residumsnure, or other organic amendments, and
indirectly by management practices that decreadeogganic matter (SOM) decomposition
and erosion. Carbon released from the decomposiiolitterfall that is continuously
deposited on the soil surface in cacao-based AR ¢ther shaded perennial crop systems)
is retained (sequestered) in the solil (Six et @042 Gama-Rodrigues et al. 2010; Nair et al.
2010).In addition to the environmental benefits ®@HG mitigation and biodiversity
conservation, the C sequestered in cacao AF systenid also provide an added income
stream for cacao farmers around the world.Cacao #&ESomparable to natural forests with
respect to the accumulation of high amounts of 04T, 2005; Kohler et al., 2010). AFS
could convert large landscapes into effective kssirather than C sources. Cacao-based
agroforestry system is a low input sustainable fr@s, which minimize vegetation and soil
disturbances, promote the presence of perenniatatgn, recover or recycle of nutrients,
and contribute to the preservation of C and N pdbdd, 2005, Thangataa and Hildebrand,
2012).Cacao-baased agroforestry system appears todustainable land use management
practice that preserves and increases soil C pootgributes to reduce atmospheric CO2
with high potential to offset GHG emissions (Thalagaand Hildebrand, 2012)

Landscape approaches to carbon (C) accountingricudtgre, forest, and other land uses are
being promoted as a win-win option for integratoignate change mitigation. with land use
system and livelihoods. Deforestation and degradatf forests raise concerns about
accelerated GHG emissions in the tropics and calhfeasures to meet the needs of local
communities in an environment friendly and sustai@ananner (Funder 2009, Nair et al.,
2010, DeWald et al., 2013).Deforestation and oltwed use changes in developing countries
are responsible for about 74% of greenhouse gas$s{j@&rhissions (Nair et al., 2010, Brown
et al.,, 2012, DeWald et al., 2013). Tree C stocks lee used to approximate aboveground C
gains. Carbon stocks of natural and agriculturakgstems are generally lower than potential
stocks, due to a range of human activities, sudb-depleting farming practices (e.g. ridging
of soils, burning of crop residues, and inadeqdatélizer use), charcoal production, bush
fires and wood harvesting (Chidumayo 1987, 199%wBr and Lugo, 1982, Abbot and
Homewood 1999, Brown et al., 2012)..

In particular in comparison with cacao-based agesfivy system, C stocks in agricultural
systems are low. Agroforestry practices with pei@nmegetation could be designed to
protect and enhance C sequestration on sensitiwdsdape locations such as highly
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vulnerable areas for nonpoint source losses amg siepes. Improved agroforestry practices
that are strategically placed on agricultural laages will eventually allow development of
suitable mitigation strategies to enhance C serptéest Nair et al. (2009) estimated potential
sequestration rates of 5.9 Mg C hgear’ for cacao agroforests of Cameroon. Kuersten and
Burschel (1993) provide estimates of the amountS sequestered by fuelwood production
in AFS of 0.5-2.0 Mg C ha year® for shade trees in Coffec¢ffeespp.) and cacao
(Theobroma cacab.). The conversion of fallow land to agricultufadlds reduced C stocks
in the top 150 cm of soil from 82.5 Mg CHh#& 49.0 Mg C hd 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, Solomon et al. (2000) reported a 56% c¢tdn of soil C content in the cultivated
fields in a semiarid area in Tanzania.The totaleptal C sequestration by cacao-based
agroforestry of about 7 Mg C Hayear® could offset significant fraction of the current
CO2 emissions (1,600 Tg C yeafrom burning fossil fuel such as coal, oil, ands)ghy
34%. Agroforestry is a promising practice to setgresC while providing numerous
environmental, economical, and social benefits \Br01997; Braka and Aunea, 2011).

Both deforestation and degradation of forests raisacerns about accelerated GHG
emissions in the tropics and call for measures ¢etithe needs of local communities in an
environment friendly and sustainable manner (Fura@€9, Nair et al., 2010, Chavan and
Rasal, 2012, Ishaget al., 2014).The total carbgnesstered (in the range of 140-220 t/ha, In
the cacao age group studied are above the medsaqu@stration potential of AFS estimated
at 95 t/ha for tropical AFS by (Mufioz and Beer (20@nd Dossa et al. (2008) were in the
same order of magnitude with that of a Robusta AR&led by Albizia spp. in West Africa
which were however comparatively higher than Arabdd=S in Latin America (Mufioz and
Beer, 2001, Harmand et al., 2007, Siles et al.pp01

Conclusion

This study confirms the potential of cacao-base® Akaded by native species of timber and
fruit trees to act as C sink. Consequently, ine@stiand policies should be put in place to
reward farmers maintaining a high density and diwgrof native tree species and hence to
preserve the largest range possible of ecosystewiceg including carbon sequestration,
provided by these ecosystems. The tree biomagerfdit and soil C sequestration in
agroforestry systems is currently is unexplored @mappreciated has environmental benefits.
The findings indicate possible net gains in C settagon that could be used to promote
agroforestry as a promising G@itigation strategy has implications for other aagrowing
regions and shaded-perennial agroforestry systérasd use practices and land cover
patterns are also drivers and regulators of ecesysinergy and water balance (heat and
evapotranspiration rates). Based on our resultsomelude that natural recruitment of cacao
and other tree species for afforestation/reforgstatnay enhance ecosystem resilience to
climate change. In order to sustainably manageptiential risks and challenges of global
environmental change —enhanced microclimatic ex¢sgemew and innovative solutions are
required to improve environment performance of tmaghes are required to mainstream
resilience into land use and landscape managemeatiqges of the humid tropics in
particular. The biophysical findings from the lange, vegetation land cover, and
microclimate interactions may advance capacitiescape with climate variability and
extreme weather shocks. The information generaasdrhplications for adaptation planning
and policy issues and for mainstreaming climatenghadaptation and disaster risk reduction
in land use and landscape management. This infmmavill be useful input in the
construction and evaluation of global model predig regarding the nature and stability of
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the terrestrial carbon sink, and potential biosphesponse and associated climate feedbacks
to global warming. In addition to the environmentanefits of GHG mitigation and
biodiversity conservation, the C sequestered ira@a&F systems could also provide an
added income stream for cacao farmers around thie.wo
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542 Table 1.Seasonal trends in relative humidity, tenrajpee, vapour pressure deficit, leaf area
543 index and photosynthetically active radiation aghtive land use land cover classes.

544

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—4 years old 755 957 1013 18] 24 15 70 64 33 19 1.6 B.1 (35 3237 52| 45| 6.6
25-40 years old| 471 | 669 | 921 18| 26 18 7f 0 39 15 11 24 |31528316| 52| 45 6.6
Agric. field 828 1123| 1464 11 14 0P 65 10 1 18 15 PB.2 |33.73342| 52| 45 6.6

545 Major (a) and Minor (b) rainy season and dry ) seasonrelative humidity (RH), temperature (T) and vappressure deficit

546 (VPD) photosynthetically active radiation (PAR: umdiis), leaf area index (LAI),

547

548

549

550

551
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552  Table 2. Basal area and sequestered carbon by aadamther tree species biomass

553

554 Cacao treeplantation Timber plus
555 20—-40years2 —4 years Total Fruit tepg.
556

557 Basal area (ftha) 27.6 8.8 35 30.2

558  Sequestered carbon 183 8.45 213 184

559

560

561 Table 3. Temporal trends in soil @&volution, microbial biomass carbon andsoil carbbn
562 the land use/land cover classes.
563

Soil CO Microbial biomass C| Soil carbon
LCLUC Types a b C a b C a b C
2-4yearsoldfield 160 |74 | 52 | 68| 63| 59| 36 47 22

25-40yearsoldfield 89 |95 | 72 | 9.7 | 112 8.1 49 62 31
Cultivated field 53 | 6.2 | 44 | 54| 6.0| 43 22 30 14

564  The growing season was grouped into a: Major (Amrimid August) and b: Minor (mid August to Decembe
565 rainy season and the c: Dry (December to Marchksea

566

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

Carbon contents
Cacao trees Other tree spp.  Soil Litter Total in landscape
LCLUC Types
Cacao AFS (3 -4 yrs old) 1956471 496927 105 2.3 453305.3
Cacao AFS (25-40yrsold) 3266346 745181 143 3.2 4011673.2
Agricultural field --- 246346 66 1.1 246413.1
568
569

13



570
571

572

573
574

575

576

450 1

400

350 1

300 +

250 m3to4yrsold
200 A M 25 to 45 yrs old
150 = Agric. field
100 o

50 o

0 T T T T T T

carbon *1076 CO2*10”6 Soil microbial C Soil carbon Soil CO2
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Fig. 2. Carbon contents of component tree species in the cacao agroforestry system
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