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ABSTRACT

The study reviews one publication on the traditidaad use system in Angolan highlands, three pakhns on
modelling the growth and yield of nine tropical @iand six eucalypt species, and one publicatioopdimising

the land use in Angolan highlands. The sourcesatd bor the land use system analysis were two yigslos
research and a review of previous studies going tzacolonial times. The growth models were based 388
radial increments from 1,059 measured pine tredsl&m99 radial increment observations measuredooes
taken from 803 eucalypts trees. Linear programnfiti®) was used to optimize the combination of akirre
production systems. LP problems were formulated solded for a baseline land use, improved diet, and
maximal timber production land uses. The first gthds implications for land use management (egpandng
length of fallow) and conflict management in Angalad elsewhere. The developed growth and yield hreete
included dominant height, diameter increment, treight and self-thinning models for all the studpése and
eucalypt species. The model set makes it possibkntulate stand development on an individual tvasis.
They showed good accuracy when the simulated stemelopment was compared to the observed develdpmen
Therefore, they can be used as a management piptuohin tropical pine and eucalypt plantationshimgola.
The developed models were used in the last studgltulate the timber production in short- and lootation
forestry. The last study showed that among therateve production systems, cash crops under fdedisiv
showed the highest land expectation value (LEV)ar@ing diet by diversifying carbohydrate and protei
sources increased LEV and reduced the seasonalfaeegbmen labour. In the maximal timber production
alternative under food sufficiency constraint theimal share of tree plantations was around 57%heftotal
land area.

Keywords: Land use managemeinus spp.,Eucalyptus spp., linear programming, growth models, Umbundu
Land Use System (ULUS).

ABSTRAKTI

Vaitoskirjan tutkimuskokonaisuus kattaa yhden jidka perinteisestd maankayttésysteemistd Angolan
ylankdmailla, kolme julkaisua yhdeksén trooppiseiniglajin ja kuuden eukalyptuslajin kasvusta jadksesta,
sekd yhden julkaisun maankayton optimoimisesta Aargg/lankdmailla. Maankayttosysteemien analyysin
aineisto on perdisin kahden vuoden kenttatyoskérjalisuuskatsauksesta, joka ulottuu aina siiré@aikoihin.
Kasvumallit  perustuivat 19,388  lapimitankasvuhat@n  1,059:sta  mannystd ja 10,499
l&pimitankasvuhavaintoon 803 eukalyptuksesta. \daihitoisten maankéayttémuotojen optimaalinen kombioaa
haettiin lineaarisella ohjelmoinnilla (LO). LO-ogignat muodostettiin tAméanhetkista ruokavaliota itéelevalle
maankaytolle, parannetulle ruokavaliolle seké& wmghtlolle, jossa maksimoidaan puuntuotosta niié, retian
tuotanto paikalliselle vaestdlle on samalla riitav

Ensimmaiselld tutkimuksella on vaikutuksia maan&iysuunnitteluun (esim. kesannointiajan pituus) ja
konfliktien hallintaan Angolassa ja muualla. Kettigekasvumallisarja siséltéd mallit metsikon vaitapden ja
puun lapimitan kasvulle, puun pituudelle sekd puoidaiolleisuudelle. Mallisarja mahdollistaa metsikdn
kehittymisen simuloinnin puukohtaisesti. Malliervhitiin antavan tarkkoja ennusteita, kun simulaipuuston
kehitysta verrattiin havaittuun kehitykseen. Naitero malleja voidaan kayttad metséasuunnittelun aydgika
trooppisten manty- ja eukalyptuslajien viljelmillAngolassa. Kehitettyja malleja kaytettiin viimeisés
tutkimuksessa puutavaran tuotannon laskemiseenetyljg pitkdn kiertoajan metséataloudessa. Viimeinen
tutkimus osoitti, ettd parhaan taloudellisen tutykguotti maankéayttd, jossa vuorottelivat puidersviedus
lyhyella kiertoajalla ja myytavien viljelykasviencgsh crops) kasvatus. Ruokavalion muuttaminen
monipuolistamalla hiilihydraatti- ja proteiinilahté paransi tuotannon kannattavuutta ja vahenssikaista
naistydvoiman tarvetta. Puutavaran maksimaalistdatioa tavoiteltaessa optimaalinen osuus puuwvilgg
osuus maa-alasta oli 57 %, kun samalla tuoteitttévéd méaéara ravintoa paikalliselle vaestolle.

Avainsanat: Maankayton suunnitteRinus spp.,Eucaliptus spp., Lineaarinen ohjelmointi, kasvumallit,
Umbundu-maankayttosysteemi (ULUS)
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1 INTRODUCTION

1.1. Land usechangesin Angolan Highlands

Angola is in the process of recovering from 30 gearexhausting civil war, and natural resources @source
management play a pivotal role in this rehabilitatand reconstruction process. The Angolan higldaral/e
been one of the most densely populated areas iootetry since early colonial days (Péssinger 19D8)ing

the colonial rule, about 1.96 million people livad the area, including 150,000 European settlerkildV
Europeans, mostly colonial authority officials, imess leaders and farm owners lived in the urbarreg,
Africans mostly remained as subsistence farmeteénrural areas. Just before the independence, ofidke
country’s arable land was under European colomiahfregimes, while around 1.7 million ha of smaitnfis
remained under traditional land uses (MIAA 1971)héff independence came in 1975, most of the European
settlers fled the region. The former colonial famamain mostly unproductive, and some have beenbgaby
political and high administrative officials (Pacbe2005).

At present, cultivated land is limited to traditédly-farmed Umbundu land. The former colonial farms
remain uncultivated. There is a handful of treenfalions covering around 100,000 ha and nativestqratches
in the remote mountain ranges (Delgado-Matas anllkda 2011). The military conflict during 1961 26002
drove mass migrations from rural areas to the régiarban centres and coastal cities, including dagital
Luanda. This exodus created strong commercial betgveen the highland region and the coastal ecanomi
centres (Delgado-Matas and Pukkala 2012). Theldngls are currently home to around 2.86 millionpeo
mostly from the Umbundu ethnic group, of which 48.live in rural areas (INE 2012).

Diamonds and especially oil are the most profitaielsources of the country. With a daily productafn
close to 2 million barrels, oil production is thaim economic sector of Angola, which ranks the sdduighest
producer in the South-Saharan region after NigéridM 2005). However, instead of increasing popuati
wide social welfare, the profits from these researbave only widened the social and geographiadigss in
the country (FAO 1996). The agriculture sector dopiky the role of capital redistribution, espdgiah rural
areas, while also increasing exports. Timber, atjtice products such as corn, sugar cane and sgmsband
fresh products for local markets are among the rmpportunities for the agricultural sector.

The Central Highlands were traditionally the bremsket of Angola, producing corn, beans, wood, and
vegetables (Diniz 1973). Then, the demand for timéed other forestry products increased, pulledaby
booming building sector in the urban centres. Attime of independence, November 11 1975, Angols avee
of the main African exporters of agricultural contities, especially coffee (Bbiggest producer worldwide),
sisal, sugar and corn. Before independence, agrialll production was structured into commercial and
traditional farming (CARE 2004). Commercial farmjmgled by Portuguese and German descendants,qggddu
the main export goods. Traditional farming runsldigal communities with strong support from ruratension
services produced food for the internal marketdaihed importance also in the export economy. Shsem
was supported by an agricultural research netwsilkg 1971). Over the last 30 years, hindered laryef war
and mismanagement, Angolan agriculture, especialthe Highlands, slumped to a point where it nogler
covers the primary needs of the populace. Withcihesolidation of the peace process, solid steps haen
taken with the promulgation of a new Land Law a@alctivation of the agriculture schools (FAO 2009).

Angola was home to Africa’s largest exotic plamatforest area— about 150,000 ha composed mainly of
Eucalyptus saligna, E. grandis, E. rostrata, Cupressus lusitanica and Pinus patula (FAO 1996). During late
years of colonial time, forestry held promise dast-growing industry, with the Angolan highlandmsidered
an emerging area for plantations. Angolan foreaiag based on importing technical knowledge frongmedur
countries, and vyields tables f&. saligna were developed by colonial researchers. The inffsacing of
plantations was 1100 to 2000 trees per ha withobsequent clearing or thinnings. Management caatsist
two to three coppice regimens fr saligna, with 7 to 10-year rotation$. patula was managed with longer
rotation lengths, 25 to 35-years, with limited ¢ieg and no thinning (Silva 1971). Yields and grbsviwere
estimated, not measured, at 10—-20 m3 and 20-4@®nfigper year for pines and eucalypts, respegtiFhO
1996). The lack of systematic analysis and modeanagement and planning tools was stated by theniedlo
authorities and it is a legacy of the post-indegere instability period when Angola succumbed tttany
conflict.

The economic importance of fast-growing tree speeie a source of pulp, timber and firewood in the
intertropical belt has been widely studied. Most&ts have focused on predicting the yield of exptednd pine
plantations. Like in Angola, many of the methodsikable for tropical plantations are based on yitldles.
Yield tables have been developed for pure and egedt plantations and coppice rotations but thelytdai
portray the actual growth of a particular stand,amdre critically, they are unable to predict tHéees of
alternative silviculture and harvesting optionseMitables used in Angola generally come from nmdgiing
countries such as South Africa (Bredenkamp andetlay 1984; Kotze and Vonck 1997; Dye 2001; Louw
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and Scholes 2002; 2006; Kotze and Malan 200&hy# (Alder 1977; Tennent 1990; Ngugi 1996), Tar@an
(Klitgaard and Mikkelsen 1975; Alder 1979; Pikkianren 1986; Isango 1994; Malimbwi and Philip 1988d
Zimbabwe (Crockford 1995)P. patula has been the most intensively investigated spedibere are also
reviews covering Southern Africa in general (Pukkand Eerikdinen 1999; 2000; Pukkala 2000), fagusn

P. oocarpa (Changala and Gibson 1984; DFSC 20@B)kesiya in Zambia and Zimbabwe (Saraméki 1992;
Crockford 1995; Heinonen et al. 1996; Miina etl#199; Eerikainen et al. 2002; Eerikdinen 20@3)pocarpa in
Kenya and Zambia (Changala and Gibson 1984; Heim@t al. 1996), and. michoacana (Heinonen et al.
1996), P. dliottii (Poyton 1979; Pienaar and Harrison 1989; Zwklims al. 1998) andP. greggii in South
Africa (Dvorak et al. 1996). Eucalypts have alserevell studied in the wider region. Tennent (19%hiver
and Brister (1992) and Fonweban and Houllie®{)9eveloped a growth model f&r saligna growing in
Kenya and the Cameroon highlands, while Saramaki ®esa (1989), von Gadow and Bredenkamp (1992),
Madvurira and Miina (2002) and du Plessis anotz€ (2011) modelled the growth &f grandis in Zambia,
South Africa, Zimbabwe and Swaziland. However, ¢hbias been no in-depth research on the Angolan
plantations, and consequently no modern tools wadladle to improve analytical decision supportfimest
management.

In a post-conflict context, new rural developmeshabilitation plans are under discussion. As méshe
technical references are still based on colonidgh,dAngola faces a big risk if it attempts to desigiral
development programmes based on land-use planrong the colonial era. Thirty years of war have aeh
the conditions that made this schema effectivegtorg the need to design new land use planningesfiess and
policies.

On the other hand, information and experience aedubefore the conflict is still important for tearrent
development phase. Integrating that informatiorhwitodern planning methods makes it possible taydaseéw
land use strategies according to present-day donditOne such method is linear programming (LM®.i4 a
widely used methodology for analyzing land use maatliral resource management alternatives (Buongianal
Gilles 2003). LP has been widely used for optingzZiorest management (Dykstra 1984; Pohjonen amickdta
1994, Buongiorno and Gilles 2003). However, LP niedeave also been developed for land-optimized
allocation in agriculture and forestry in FinlantdaSouthern Africa (Pukkala and Pohjonen 1990; tuet al
2002).

LP is an easy and flexible method for assessinfgréifit ways of using limited resources under vagiab
objectives and constraints. It presupposes that pasduction alternative, called an activity, issdeébed by
parameters used as objectives or constrainingblagaThese variables include the inputs and ositptithe
production process. It is assumed that the utiitythe decision-maker depends on the objectives thed
constraining variables (Dykstra 1984; Vanclay 1994)

Land use in the Angolan Central Highlands needsdas the fact that optimal allocation of land doable
crops, grazing and forests is related to the ptigw of different site fertility classes. AnotHactor to consider
is how food, grass and tree crop growth varies wfithnges in soil fertility. Land allocation alsgpeeds on the
species composition of crops, trees and livestooligg or grazing in the area. On other hand, th&gh of the
land use planning system will hinge on integratlngal traditional communitarian agricultural knodte
(Chambers 1992; 1995). The population living in #nea has requirements that translate into thectigeof
obtaining maximal income and constraints for emgyrithat the land produces enough food, fuel wood a
construction timber while also sustaining a fixedoaint of livestock for draught and transport poweeat and
hides (Pukkala and Pohjonen 1990).

1.2.  TheUmbundu system

The Umbundu people are originally an amalgamatibanzient pre-Bantu peoples and Bantu migrants. The
ethnic group, primarily hunter-gatherers, flourislezonomically as slave and rubber traders dutiegl8 to

19" centuries (Edwards 1962; Childs 1969). When tHebeu trade collapsed in 1912, the people quickly
became cash crop farmers, producing maize and, kzans, vegetables like garlic, potato, cabbageoaion,
and coffee. Production grew fast during the fewrgdaefore independence (Pdssinger 1973; 1986; Klorai
1976). The Umbundu continued with cash-crop prddagctand from the 1920s, many rural people became
workers on European farms (Neto 1999; Pacheco 2@aB)ng the last decades of the colonial rule,arigj of
exportable goods and all fresh products were prediiic the small peasant Umbundu plots (MPA 1961AMI
1971; Feio 1998; Pacheco 2005).

Cultivation typology in the Umbundu catena

In the Umbundu catena, cultivation varies accordmgposition in the slope (Fig. 1), nature of thad, and
human interaction. The whole system can be dividgtree main units: the Onaka in lowlands and egsgions,
the Ongongo or highlands, and the Ombanda situatatie intermediary (Morais 1976). These zones are
composed of one or more fertility classes and tyfdields (Fig 1).
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Figure 1: Umbundu catena showing the main site classes.

In the Ongongo, Epia (plural: Ova-pia) is the maistindant site class. It is found over ferralitidssand some
low-fertility paraferralitic soils. Fertility is movered by fallowing for 15 to 25 years after 5#&oyears of
cultivation (Silva and Morais 1973). The soils avell drained with no irrigation possibilities, amdable only
during the rainy season. When the so-called smgllsdason in early February lasts longer than tweks,
production in these areas is seriously affectedqFR006). Poor Epia accounts for the largest cubtidaarea.
Family decides about the use of Epia sites. Thenmsés are subsistence and cash crop cultivatizhinaboth
cases maize is the main crop. After the harvestfi#id is pastured by communal cattle as a comiyursge,
which is extended to all the other pastoral plots.

Otchiumbo (plural: Ovi-umbo) fields are small cudtied areas located close to the households. Tiedde
are well drained without irrigation possibilitieBhey are characterized by their artificially-incsed fertility. All
human waste is used as manure to increase thealyatpoor fertility of the previous Epia soils. Tune or
decision making power on land use in this plot tpengs principally to the family. However, inewf cases it
was found that land tenure belongs to the tradifi@uthority, the elders’ council. The main cropgpat is for
subsistence, except for tobacco which is traditipnased as currency. Women do almost all the wiork
Otchiumbo fields (Morais 1976).

Elunda (plural: A-lunda) is a former village abandd for various reasons, usually epidemic, warsail
depletion. Former Otchiumbo land still conservesmas®f the human-induced fertility. Tenure is theneaas in
Otchiumbo. The main crops for cash purposes aiegjend beans. When Elunda soils become exhaubktad,
enter the same fallow system as the Epia fields.

Otchipembe (plural: Ovi-pembe) is a term used fpicallture areas of exhausted soil. Otchipembelsiare
actually cultivated plots of Epia that have entesethllow period. The Otchipembe area is coveredyitass,
Hyparrenia spp, and some small bushes that survive the atittiv activities. These fields are mainly owned by
individuals, belonging to the previous Epia’s ownlgut in many cases, when free land is still abéda
Otchipembe go to communitarian ownership. The noagm is for grazing community cattle and as a soafce
medicinal products.

Esisi (plural: A-sisi) corresponds to forest, uspalative miombo forest in an earlier or latestaegration
stage. In general, Esisi sites can be broken dovmnthe Usengue (plural: Ovi-sengue), which cormesis to
bush land, and the proper Esisi, which correspdadsigh forest. Tenure belongs to the community] dre
traditional authority ‘Soba’, or elders” councikaldes on its conversion to other uses. The mamtg&sisi is
for providing charcoal, fuel wood, medicines, fsuind mushrooms for family subsistence and comaiegain.

Ongongo and Ombanda feature another sites typéedc#&tchitaka (plural: Ovi-taka). Otchitaka is
characterized by medium-to-high fertility paraféditiesoils. This fertility is supported not onlymatural initial
conditions but also by manure and artificial féezéts when available. The soils have sufficientirdige and
need a water source for irrigation, usually a gprmn river derivation channels. Tenure and decisi@king
processes are individual and can become a sounagafconflicts if water is scarce (Gritten et 2012). The
main use is cash-crop production, especially védesasuch as carrot, garlic, cabbage, onions, @aat
paprika, with zoned specialization. Mainly men warlOtchitaka cash-crop fields, but women alsoatmirate.

Ombanda (plural: Olo-mbanda) is situated in slopkse to a river or depression. The soils, usually
paraferralitic or in transition to dark hydromorplsioils, are fertile and moderately drained. Usestanure are
similar to Epia, except that productivity is highdwe to the soil's higher fertility and better watetention
capacity.

Onaka (plural: Olo-naka) occupies lowlands clos¢h water lines (Olui). These areas are floodatihdu
the rainy season accumulating rich soil river dépo®uring the dry season, the river level desseadd the
land becomes available for agricultural use foe¢hor four months. The mainly hydromorphic soilshwiigh
nutrient content presents serious drainage probldrascombat this problem the Umbundu people repair
drainage channels at the beginning of each longsdason to extend the use of the site as long ssily®
Nutrient re-deposition occurs naturally each yeéhwhe annual floods. Tenure of the Onaka is réumadaly
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individual, and each family of the village usualigs at least one Onaka plot. Mainly used for stdgig, this
land is worked by women, except the opening ofdf@nage channels which is done by men. Onakaurfa
area is small, with each individual parcel beirgslthan 300 m2, but at the same time all the udabteis under
cultivation. Onaka fields are critically importasince they are the only provider of subsistencelpets. They
are also used to produce small amounts of casls.crop

1.3. Fallowingin the Umbundu system

Fallowing is used in the Umbundu system to incrdagdity and combat weed (Sanchez et al. 1997r Kral.
1999). Sites used as fallow have low fertility,,iEpia and Elunda and sometimes also Ombandaipg@tobe
and Esisi are site types that are under fallow. émgeral configuration of Epia is a traditional dowoodland
fallow that has some modifications depending ordlawailability. The fallow cycle can be subcateged
according to the duration of the fallow period dndest, as well as shrub or grassland use duriagfatiow
phase (Silva and Morais 1973).

Originally, the agriculture period begins after thréginal miombo forest was slashed and burned.fakhew
period starts after 4 to 15 years of cultivatiomeTfallow period is first considered as Otchipemistjch
translates to poor land. Otchipembe land may bersavby grass and small shrubs for 2 to 15 yehratural
regeneration is not interrupted, the site is carsid Usengue when shrubs and small miombo treeppdhe
area. If natural regeneration is left to contintes natural miombo woodland is harvested and thigvation
period can start again. This case represents the traglitional pattern where the whole process si@eare than
25 years to complete. This system needs large ar@hss not compatible with high population densiiynder
increasing population the cycle is shorter, witk ttultivation period beginning in Usengue or Otelnifoe,
which means lower soil fertility recuperation (M&d976).

1.4. Planning and decision-making processin the Umbundu system

The Umbundu land use decision-making process iglgtlinked to the land tenure regime. The intdioal

literature considers that land management is mblEtehe system that defines rights and obligatisitls respect
to the acquisition and use of land in agricultiettlement. There are four major issues concerrang tenure: i)
whether to allow individual holdings of arable laod use collective methods of farming; ii) whethergrant
permanent ownership rights or only use rightswiiether to allow market sale and rental of lantbaronstrain
land transactions; and iv) if land sales to outsidere unrestricted, whether or not to issue lamtitlement
(Kinsey 1983; Binswanger and Deininger 1993; 1®iAswanger et al.1995).

The “formal” Land Law based on European regulatiand European framing tradition had been considered
to be the paradigm for natural resource managemetfte Angolan Highlands under the Portuguese d¢alon
rule (Pacheco 2004; 2005; Almeida 2005). The calomigime used the system to provide European paiso
with farmed raw material as the main concern, asoibsidered traditional African agriculture and its
management rules as unproductive, obsolete arabsiionly for subsistence purposes (Fourie 199teMane
1997; Galan 2006). This approach ignores the saamite of different conceptions of land ownershig ase in
the laws and customs of African and settler comtiesi(Klug 1995; 1996). Van Zyl et al. (1996) fooush
Africa and Pacheco (2004) for the Angolan Umbungstesn showed that African family farming based on
customary management systems was viable and stdbesssponded to the increased demand for agriogil
products during the early days of colonizationhe 119th and 20th centuries. This rise of Africamoercial
farming took place under conditions of relative daabundance and weak and ineffective government
interventions. After independence, Angola remaingdier Marxist regime where natural resources were
nationalized, and customary rules were undervalDeding the 1990s, the Marxist regime was dismangded
substituted by a global capitalist economy, butceon for African customary rules has not evolvedgd#
Adholla et al. 1991). Land legislation has onlyenety included issues pertaining to respectingausty rules,
but Land Law is still essentially based on “formafiproach, supporting and promoting the dualisiricalture
structure (Hulme 1988; Birgegard 1993).

The 'diffusionist' theory maintains that traditibmestitutions play a negative role in the develamnof rural
areas. As affirmed by Muela (2000), traditions andtoms, if they relate to land or any other nat@source of
social or economic importance, are thought of akward and a barrier to entrepreneurial behavisua aector
of improvement aimed at developing agriculture andl areas.

Along these lines, the liberal theory considerst tie tenure reform has to be oriented in a way tha
privileges the individualization of land rights cgcognizes so-called ‘fully-developed’ propertyhtigy Fully
developed property rights entail land being prizedi to turn it into a commodity. Havnevik (1997dahdams
(1995) believe that such a tenure system will fiaté agricultural development especially where gmrtial
agriculture has significantly developed. Also, sfems in land rights will then be easier for momamic
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farmers, thus leading to enhanced security of ®rand stable investment growth while at the same ti
providing stronger arguments for credit and nevestinent.

Taking a different stance, the 'Afro-eternalis€ahy suggests that long before the colonists atrineAfrica,
the land tenure systems in place were well-adjuatetthus resilient to colonial abuses. In custgnsgstems,
land is considered a communal resource upon whiehyecommunity member has certain rights. According
Muela (2000), land tenure regimes contribute tohttimony of African societies and promote the hoemagty
of their social structures. Following this approatie organizational principles underpinning landtters
legislation in an African context have to integratsstomary systems.

Finally, the 'evolutionist' theory puts forward seas demonstrating that these systems have alpzadigled
evidence of important changes. Indigenous systemlve towards individualization, with access toddeing
deeply rooted in social relations and bearing syliolbneanings when it is transferred under conttaanore
productive farmers in a more commercially-drivemi@gture framework. Furthermore, higher income ugre
find that land purchases offer attractive investtrapportunities without necessarily implying efiget use of
the land (Kuper and Kuper 1965; Adams 1995; Haun&907).

The Umbundu system has shown a dynamic evolutighhhinfluenced by Portuguese-imported land law
and other formal rules, with many customary prifespfalling into disuse. Although there are sighatt
decisions on most plots have started to be takémdatidual and family level, woman still have ldtdecision
power. Costs and incomes are still considered itraasition phase from subsistence to market-oriente
agriculture. Some sunk costs and opportunity caistoverestimated, while the value of woman or ffigdp@sed
labour is underestimated and not considered as cost

15.  Objectives

Simulation and optimization, including forest stasheielopment under different management posséslitare
useful tools for modern land-use management plannifield and growth models can be used to support
decisions on land use, test different alternatiwes] find land use options that best meet the Gl of
decision makers. The Umbundu land-use system inAthgolan Highlands has been managed based on
traditional knowledge but without a clear visionrr the decision makers on its importance. The ke of a
set of models to allow simulations to be run amdi fihe optimal management configuration for agticel and
forestry uses. In addition, there is a lack of $aol evaluate the sustainability of the presentesysor evaluate
unsustainable land use as a potential source ofliaten Therefore, it is important to develop a teet
understanding of the agro-forestry land-use prastio Angola. The scope of this study is the Cétrgolan
Highlands but the findings can be applied to higtkareas in the inter-tropic regions on South Acaeifrica
and Asia. The hypotheses of this study assumethigahature and dynamics of these conflicts deteznine
development of the Umbundu Land Use System. Uraledgtg these dynamics and modelling the alternative
production systems contribute to optimize the tradal laud use system. The models allow genedaaios,
compare them, defining their trade-offs, poterdighamics and future conflicts. The objective obtkiudy was
to characterize the Umbundu system, develop granthyield models for the main species used in conityiu
forestry (i.e. pines and eucalypts) and optimizedlase in the Angolan Highlands where forest falisvan
integral part of the land use system.

The specific objectives of this dissertation wesdalows (I-V refer to the sub-studies of the tibgs

1) Analyse the characteristics of the Umbundu laad system, stressing its adaptation to the ackasging
socio-economic context. This analysis examinesitheelopment of land use systems in the region dewtifies
potential sources of environmental conflicts inimétte the system.

I, 11, 1IV) Develop individual-tree growth model®r the most important pine and eucalypt speciedeun
Angolan Central Highland conditions. The pine spsaivereP.patula, P.chiapensis, P. devoniana, P. dliottii, P.
greggii , P. kesiya, P. montezumae , P. oocarpa, P. pseudostrobus, and the eucalypts werg. saligna, E.
camaldulensis, E. macarthurii, E. resinifera, E. siderophloia, E. grandis.

V) Optimize land-use in the Angolan Highlands, ddasng changes in diet and forestry production
alternatives to compare with the existing situatiStudy V also analyses in the importance of getaleour
roles and seasonal jobs for traditional land-ustepss.

Figure 2 shows the research scheme. Study | clesized the Umbundu land use system and inventairield
analysed its major dynamics and key conflicts. Bidl, Ill and IV used past growth measurementsudd
growth and yield models for even-aged plantatidithe® pine and eucalypt species most widely usesbirthern
Africa. The final stage (Study V) was to develofaad use optimization system for agroforestry usader the
Umbundu land use system. Different scenarios wptienized to illustrate alternative development pies.
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Figure 2: Study scheme showing the successive research steps
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2. MATERIAL

21, Studyarea

The study area is located in the Central Highlasfdangola (Fig. 3), situated in the southern Africamiombo
forest region (MIAA 1971; Diniz 1973; 1998). Thisea covers 7,904,000 ha of flat plateau crosseld veilleys

and low hills with an altitude of up to 1500 m. Arah precipitation varies between 1100 and 1400 Bwils are
mainly acidic (pH 5.5-6.5) and have a low nutrieahtent (Diniz 1973; Delgado-Matas and Pukkala2)0
During the colonial period, the area was denselputsied, and inhabited by a third of Angola’s rural
population. Before the independence of Angola, bgion was considered the breadbasket of the cguntr
producing exportable amounts of corn, beans, coffemioc and vegetables (MIAA 1971; Delgado-Mataxl
Pukkala 2011). Eucalypt and pine plantations weteldished in the region for the local celluloseustry (see
Sampaio 1966; Silva 1971). However, following indegence, the population was decimated during the 27
years of civil conflict (Pacheco 2004).

2.2. Dataoriginsfor Studies| and V

Data were collected to analyse land use pattedetify conflict typologies and land use constrairdand
guantify the revenues, costs, yields, inputs angus of alternative production systems. Data ctibe was
organized into three steps. The first step includesi/stematic review of the technical and scientfilonial
documents as well as publications of non-governaiesrganizations (NGOs) and development agenciks. T
second step included interviews with rural develeptofficers from state and non-state organizatawell as
with different actors, including farmers, communé#iders and local administration officials. Therdhstep
involved field research in different communitiestite area. A participatory appraisal was conduetmtbrding
to FAO (2000) methodology on land uses and theirpart decision-making processes in 33 rural Umbundu
communities located in the province of Huambo. Wiegkice checks were carried out over 6 monthshim t
local markets for all the agriculture crops andestry products. Additional 83 interviews were davith key
informants during the period January 2005 to Deear@b07.

2.3. Datafor Studiesll, Il and 1V

The data for tree growth modelling were collectednf several forest plantations, including a species
introduction experiment established by the Portagueolonial technicians at the Tchianga ResearatioSt
The species introduction experiment included 31-medserved rectangular 306—1031 m?2 plots withrée@nd

6 eucalypt species. Three additional 756 m2 rectiangplots in three locations were measured for rtigest
commonly planted pine specid, patula, and 12 rectangular plots of 540—1,296imsix additional locations
for the most commonly-planted eucalypt spediesaligna. Diameter at breast height (dbh) was measured on a
trees in the plots, and height and bark thicknes®wneasured on 12 trees per plot covering theentavige of
tree sizes present in the plot. Three sample tvs selected from among the dominant trees, thoee the
smallest trees, and the remaining six from mediir@estrees. Five-mm thick radial cores were takéth an
increment borer from all eucalypts in the Tchiamgg@eriment and from the fastest growing pine spgee
patula, P. chiapensis, P. devoniana, P. elliottii, P. greggii, P. kesiya, P. montezumae, P. oocarpa, P.
pseudostrobus), and every second tree of the remaining pineispatas bored to measure radial growth (Table
1, Table 2).
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Figure 3. a) Extension of miombo (dark) in southern Africa according to Abdallah and Monela (2007) Imagery ©
2013 TerraMetrics, Map data © 2013 AfriGIS(Pty) Ltd. Google. b) Location of the Angolan Highlands in the
Republic of Angola. c) Location of the plantations in Huambo province in Angolan Highlands.
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The first step of data preparation was to fit atplse model for tree height. This model was used t
calculate the height of those trees for which hieigds not measured. The model was as follows:

h = 1.3 +d?/(a+b>d)? 1)
whereh is tree height (m)l is dbh (cm) and a and b are estimated parameters.

A species-specific model was fitted between barkkttess lpark, mm) and diameterd( cm). The bark
model was as follows:

Bark= ay+a,d (2

This model was used to calculate the bark thickra#sall the trees. The calculations assumed tHat (
2xBark)/d ratio (underbark/overbark diameter, referred tehfter as u/o ratio) had been constant for thelavho
life of the tree.

The increment cores of pines species were takehetdab to be photographed. The widths of the annua
rings were measured from digital photographs uEi8gl ARC GIS ® software.

As increment rings were not visible on eucalyptcsg® data preparation consisted of x-ray analydie
eucalypt cores were air-dried and scanned withgh-tesolution x-ray device, the Itrax ® x-ray deosieter
(Cox Analytical Systems, Gothenburg, Sweden). Tkedity software program (Bergsten et al. 2001) uszsl
to measure annual rings and create a radial ineredwa file. For all species, the aim was to measil the
annual rings from each tree. However, this waspussible in practice, since some cores did nothiitpith.
Some other cores were broken during transport ¢olahoratory. Therefore, there were some missinigara
growths at both ends of some increment coreshath near the pith and near the bark. Since thpgserwas to
reconstruct the whole growth history of the stamhlich required knowledge of the annual growth affetree, a
linear model was fitted between overbark dbh amdutderbark radial growth the previous year, seéplyréor
each year and plot. These models were used tolggdhe radial growth of the previous year whewats not
available as a measurement. The model was as fallow

ir1= & + byxd; (3)

whered, is overbark dbh at the end of yegcm) andi,., is the underbark radial growth of the previous year
(cm).

Using the measurements and the above models, dndiviree and stand dimensions for the previous yea
were calculated as follows:

e Multiply over-bark diameter by the u/o ratio to aiot under-bark diameter;

e Subtract the doubled radial growth (measured odipted) from under-bark diameter to obtain under-
bark diameter one year ago;

< Divide the under-bark diameter by the u/o ratioldain over-bark diameter one year ago;

e Calculate 1-year over-bark diameter increment aglifference between current dbh and dbh one year
earlier;

e Subtract one year from current tree age to obtamage one year ago; and

e Calculate stand characteristics (basal area, miameter, etc.) using tree dimensions from one year
ago.

The same process was repeated until a young sagttamgl state was reached. This back-tracking psoces
resulted in a dataset for modelling future diaméaterements (Tables 1 and 2). Only those obsemsiio which
the diameter increment was based on measured rgdialth were used observations in modelling. The
predicted radial growths were only used to backkrthe temporal development of stand charactesistind
other potential predictors of the diameter incretmadel, such as the basal area of larger trees.

The total pine dataset consisted of 19,388 anringl measurements. Total number of annual ring$én t
inventoried trees was 38,259 (779 trees x 41 yediss trees x 34 years + 105 trees x 10 years 2598, which
means that about 51% of the annual rings were megstlihe total eucalypt dataset consisted of 10af#fual
ring measurements. Total number of annual ringaaéasured trees was 26,311 (185 trees x 43 yedl$ trdes
X 42 years + 335 trees x 36 years + 37 trees xebdisy+ 21 trees x 12 years + 109 trees x 6 ye26,311),
which means that about 40% of all the annual rimgge measured.
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Table 1. Number of observations and plots, and statistics for some variables in the data for modelling the diameter increment of pines.

P. patula P. pseudo- P. kesiya P. P. chiapensis P. elliottii P. greggii P. P. oocarpa
P strobus ' 4 devoniana ' P ' - gregg montezumae ' P

No. of obs. 7,656 4,049 2,744 511 506 937 1,582 478 905

Yield* 8 3 3 1 1 2 3 1 2
No. of plots

Height? 8 3 3 1 1 2 3 1 2

min. 10 41 41 41 41 41 41 41 41

mean 18.3 41 41 41 41 41 41 41 41
Age, year

max. 41 41 41 41 41 41 41 41 41

SD 10 0 0 0 0 0 0 0 0

min. 15.2 33.7 34.6 33.7 33.1 29.4 24.4 32.5 28.6

mean 30.0 37.3 37.9 33.7 33.1 29.9 27.3 32.5 29.4
Dominant height, m

max. 35.7 43.4 38.1 33.7 33.1 30.4 29.9 32.5 30.1

SD 7.1 6.3 1.9 0.0 0.0 0.7 2.8 0.0 1.1

min. 0.0 68.2 56.5 58.0 65.8 39.8 37.0 46.8 82.4
Stand basal area, mean 29.4 80.5 75.5 58.0 65.8 44.9 40.8 46.8 83.2

2, -1

m°ha max. 63.6 94.4 82.1 58.0 65.8 50.0 45.6 46.8 83.9

SD 14.6 13.1 12.8 0.0 0.0 7.2 4.3 0.0 1.1
Mortality % 2.5 1.9 2.3 2.2 1.6 2.3 2.6 2.5 1.4
Growth m® ha' y* mean 20.0 35.0 30.0 20.0 23.0 15.0 12.0 15.0 25.0
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Table 2. Mean, range and standard deviation of variables among observations used to model the diameter
increment of eucalypts.

E. E. E. E. E. E.
saligha resinifera  camaldulensis macarthurii siderophloia grandis
No. of obs. 6,103 1,107 1,435 738 451 615
No. of Yield" 11 2 2 1 1 2
plots Height? 14 2 2 1 1 2
min. 6 43 43 43 43 42
mean 12 43 43 43 43 42
Age, year
max. 42 43 43 43 43 42
SD 12 0 0 0 0 0
min. 18.8 42.9 42.5 34.6 31.2 58.3
Dominant Mean 42.9 43.5 42.5 34.6 31.2 62.2
height, m max. 58.8 44.0 42,6 34.6 31.2 66.2
SD 111 0.8 0.1 0.0 0.0 5.6
min. 0.1 0.2 2.5 2.4 4.8 0.0
Stand mean 35.9 21.0 16.2 15.7 30.7 18.3
basal area,
m2hat max. 101.0 36.5 28.5 24.9 53.9 36.9
SD 22.8 8.7 6.3 6.8 13.1 10.0
Mortality % 21 2.8 3.9 3.9 1.5 2.9
Growth
2 41 mean 37.0 26.0 15.0 12.0 20.0 25
m-hay

* Number of plots used in growth and yield analyses
2 Number of plots used for dominant height modelling

METHODS

24. System characteristics and conflicts assessment

The initial description and identified main chamddtics of the Umbundu system based on the primary
information were used for further in-depth inveatign. The analysis considered ethnological andosoc
economic elements to better understand the sysymamntics. The key factor in the data collection andlyses

is the long period spent in the field that madedssible to develop trust between the research teaimthe
research targets and facilitate the research. Bugiltbng-term relations between communities andrdsearch
team makes it possible to get verifiable informatmd avoid conditioned answers.

Rapid rural appraisal quality analysis tools based participatory approach was the most common
methodology to assess information from communitiden-structured interviews, participatory mappikgnn
diagram, natural resources matrix and focal infort®avere the used during the field work. Additidynal
colonial archives were analysed.

Due to the variety of the data it was possible tosscheck information related to the same issum fro
different sources to eliminate subjectivities anmtlate most of the colonial datasets. All the infation was
validated at least from two different sources. Thiss especially relevant in the analyses relatelérid and
environmental conflicts. Geographical informatigstem was used for spatial analysis conflicts magpi

2.5. Dominant height modelling

The measured or predicted tree heights were usedltolate the dominant height of every plot. Doanin
height is defined as the mean height of the 10fektrtrees (in terms of dbh) per hectare. FEquatula, the ages
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and dominant heights of @M. patula plots were used in modelling. For the remainimgempecies, the dominant
heights of all pine plots and the dominant heighits8 additionalP. patula plots, including young stands,
measured in the same region were used to deveatopdel for average dominant height development (knas/
the ‘guide curve’). FoE. saligna, the ages and dominant height of Bllsaligna plots, including three young
stands in Sacaala, Quisala and Kalenga. For thainémg Eucalypts species, the heights observatiars used
and all E. saligna observations added. The Richards-Chapman modelth@dnost logical shape and was
therefore selected:

Hguice = a(1 - exp(-1))° (4)

whereHgq is dominant height (m) anlis stand age (years).

2.6. Diameter increment modelling

Linear regression analysis was used in Studid$l ind IV to model the diameter growth of pine agutalypt
species. The predicted variable was the future at-gkameter incrementd. The aim was to develop the
following type of model:

id = f(tree size, site, competition) (5)

Tree size was described by dbh, site productiwtysite index, and competition by the basal arekriger
trees (BAL) and total stand basal area. Due tchtbearchical structure of the data (trees of theesplot were
correlated observations), also a mixed model waeldped for the eucalypt species:

idiji = f(Xij) + U + Ujj +€ (6)

whereid; is the diameter increment of trgef ploti in yeark, f(x;) is the fixed part of the model;xis a
vector of predictors calculated for tref ploti in yeark, u; is a random plot factor (describing the deviatidn
plot i from overall growth level)u; is a random tree factor (describing the deviatbrreej of ploti from
overall growth level), anéy is the residual (that part of the growth of tjée ploti and yeark that cannot be
explained by the model).

Since logarithmic transformation of the predicteariable was used in modelling, a Snowdon (1991)
correction factor, i.e. an empirical ratio estinmdtr bias correction, was calculated for the modslfollows:

2
Y Yewt,)

)

where idj. is the measured diameter increment apdis the prediction of the logarithmic model. A
prediction of the 1-year future growtid) is calculated as follows:

id;jk = ¢ xexpfix) (8)

For eucalypt species, also Baskerville (1972) amplpli et al. (2006) correction factors were testamtrected
predictions were calculated as follows:

Baskerville: idij= expfi+ 57/2) 9)



19

Lappietal.: idju=(explix +s) + expli - s))/2 (10)

whereyij is the logarithmic prediction arslis the standard deviation of the residual.

In Study 1V, also a non-linear model for eucalyptas fitted for the non-transformed diameter incretne
using non-linear regression analysis. Since thdipied variable was non-transformed increment, aroection
was required.

2.7. Height modelling

Height measurement data were used to develop dufilitree height models for pines and eucalyptsdiss II,
Ill, and IV). Due to the lack of young stand mea&suents for most of the species, height models Vitesl
using combined data for all species of the samegen

For pines, two types of height models were fittede using dominant height as a predictor, and thero
without using dominant height. The first type canused in growth forecasts when the developmestanfd
dominant height is predicted with a dominant heigbtel.

The following model was fitted for the pine species

h = Hdom x (d/Ddom) ®0+ELs)in(@bdom) (11)

whereh is tree height (m)Hdom is dominant height (mY is dbh (cm) andddom is dominant diameter in
cm (mean diameter of the 100 largest trees per\W#h this model, the height of a tree will be elta
dominant height for a tree with dbh equal to domtrdiameter. Trees with dbh less than the domidareter
will have height predictions that are less than thamt height. The model guarantees that the deweop of
individual tree heights follows the pattern of doanit height development.

For the eucalypt species, the tree height modelshigistly different:

h = 1.3 + Hdom -1.3) (@/Ddom) (CO*+ELin(dDdom) (12)

whereh is tree height (m)d is dbh (cm),Hdom is dominant height (mPdom is dominant diameter (cm),
ands s a species-specific coefficient.

2.8.  Survival modelling

Studies I, lll and IV include equations to accofmt mortality in pine and eucalypt stands. The sueaments
do not include temporal mortality data, but knowthg planting density of each pl®,, the average mortality
rate of each plot could be calculated. This catedlanortality rate then made it possible to graguaiturn the
dead trees to the plot in the backward simulatibstand development. Assuming that annual survistd is
constant, and knowing the remaining number of sorg from the field inventoryNr, the number of survivors
in year,T (Ny), is:

N = Noe ™ (13)

Parametek (average annual mortality rate) can be calculfitwd Ny, Nt andT as follows:

k= (In(No) — In(Ny))/T (14)

When back-tracking the development of stand charistics, it was assume that the most suppressed tr
die. Their diameter was assumed to be a weightethge of the minimum and mean diameter of the nmedsu
trees in the respective back-tracked year:

Dmortality = 0.7Dmin + 0.29mean. (15)
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2.9. Land-useoptimization

Study V developed a land-use optimization systentHe traditional Umbundu agro-forestry systemupsort
decision making and simulate policy implementatsmenarios under Angolan Highland conditions. Linear
programing (LP) was used as the optimization method

LP has been used for general land allocation pnobli@ commercial and traditional agriculture ance$ry
since the 1950's (Heady 1958). Most of its appbcest are related to optimizing land use combinaticarrying
diverse constraints, including agroforestry systptimization with a single objective (Raintree ahdrray
1980; Pukkala and Pohjonen 1990; Pukkala 20009. firet step is to identify the objective functiand the
constraining equations for the system.

The variables used as objective or constrainingalbes were land expectation value (LEV), net pnese
value (NPV), costs, self-subsistence crop requirgsng@n tn), draught animal needs (in TLU: Tropitalestock
Unit), carrying capacity (in TLU), forest produceeds (in m3), available area of each site classidgnand
labour availability by gender (in working days)¢linding seasonal labour peaks. The decision vasalvkre the
areas of different production systems. Three difieralternatives were optimized under 5% and 1086adint
rates: baseline and two alternative strategies. adlbernatives were compared with the current ditnat
(baseline), and included changes in basic diehinself-subsistence agriculture system and trangiij into
forestry-based economy.

3. RESULTS

3.1. Land usecharacteristics and conflicts

The Umbundu land use system can be divided ingethrain units: the Ongongo or highlands, the Onakiae
lowland and depressions, and the Ombanda situatdtkiintermediary. In each particular case, thienzacan
feature a varying number of field types dependingtlee ecological and socio-economic conditions .(Rig
Onaka and Otchiumbo, which are used for subsistpraztuction, are the smallest, averaging less 1@8nm?2 in
size, while Epia and Otchipembe are the largest,2Lha maximum.

Since its origins, the system has evolved undetimoous conflicts of varying intensities. In therlgadays
there were tribal wars between Mumuila and Tcho@aetu people searching for new and more fertilelan
Under Portuguese occupation, conflicts between [gao settlers and Umbundu farmers were common.
Nationalism and revolutionary guerrilla warfare d@erized the Cold War period, followed by civiamin the
wake of independence and, more recently, land gnglityy political and economic lobbyists. Throughth#se
phases, the system continued evolving by diversifyfield typologies, adopting new crops and tecbgas,
including new cash crops introduced by Europeattesgt and shifting gender roles and land tenure.

During each phase the major factors dictating laed allocation were conflict intensity and incregsi
population. The forest uses, Esisi and Usengudjngecrapidly even before the first colonial satiknts,
transferring ground to extensive cultivation likpi& and fallow systems such as Otchipembe. Newntgquks
and crops allowed the expansion of cash crop ptauim most fertile Ombanda and Onaka. Europetitese
and colonial enterprises established forest plemtst and after seeing these plantations, Umbuaduners
started to include planted forest as fallow in $lgstem. During post-independence period of milizowflicts,
many areas occupied by Epia went to fallow andstoveas allowed to recuperate in the most inacclesaitd
insecure zones.

Fallowing is an inherent component of the Umbungistem enabling natural fertilization of exhausted
cultivated soils. Cattle are necessary as draughtep and thus play a vital role in keeping theteys
functional. Fallows can be used for grazing in relty regenerated shrub and wood lands, or planmidtrestry,
mainly pines and eucalypts. These cycle types devém terms of time under fallow, which ranges friass
than 10 years when the fallow period includes @insirt grass and shrub to more than 25 years whehraitges
into natural forests (Esisi plots) or is used fongd-rotation plantation forestry. The cultivatioarjpd can run
from 3 to 7 years depending on time under fallow aatural site fertility. Crop species also chadgeng the
cycle based on their nutrient demands, pH needsvanétet value. Crops residues are used for catteirg
after the harvest.

3.2.  Growth modelsfor tree plantations
Dominant height models for pines

The model for the average dominant height develaprfgriide curve) oP. patula was as follows:
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Hdom = T?(0.867+0.148T)? (16)

whereHdom is dominant height (m) ariflis stand age (years). Thé & theP. patula model is 0.950 and the
standard error (standard deviation of residual$)84 m.

For the other pine species, a common average dobtiegght was developed. The model (guide curvagis
follows (Fig. 4):

Hdom = T?/(0.791+0.154T)? (17)

The R2 of the latter model is 0.495 and the stah@aror is 4.33 m. The site index was calculatesimering
using 35 years as the index age, which is a readtomatation length for pine species in Angola (1&0B74).
The site index of the studied species varied frén3 2n forP. greggii to 37.7 m forP. kesiya.

Dominant height models for eucalypts

The Chapman-Richards model was found to be the log&tal model for describing average dominant heig
development of eucalypt species growing in the Aagdlighlands (Fig. 5). It is as follows:

Hdom = 47.278 (1 — exp (-0.11))*** (18)

If the age index was taken as 10 years, which isagonable rotation length for short-rotation eyl
species management in Angola (Silva 1971). Theisidex of the sample plots of the studied specesed
from 17.89 m foiE. macarthurii to 37.96 m folE. grandis.
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Diameter increment models for pines

The models for the future annual diameter increnfem) for pine species (Fig. 6) were as follows:

P. patula
idj = 1.113xexp(-1.674+18.880(+5)+7.087/¢;+5) -0.028®AL;))) + u;

P. pseudostrobus
idijk = 1096xexp(0829+563@(,((+5)—0021BAL,,k-0726|n(|'|k)+00215||)

(19)

(20)
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P. kesiya

ichj = 1.118xexp(0.480+6.90Hf+5)-0.018BAL;;-0.771In{T;)+0.02%8!,) (21)
P. devoniana

idijk = 1075xexp(2068-00%\L”k-0779In(|'|k)) (22)
P. chiapensis

idijk = 1094><exp(2187-OOBAL|,k-0859In(I'|k)) (23)
P. elliottii

ichj = 1.095xexp(-1.530+11.048§-+5)-0.03BAL;;-0.513In{T;)+0.0715)) (24)
P. greggii

idijk = 1147><exp(0892+7609%+5)—00263AL|,k-0611In(|',k)) (25)

P. montezumae

idijk = 1174><exp(1356-005!ALUK-0523|n(|'|k)) (26)
P. oocarpa
idijk = 1203xexp(2075-00m\L,,k-0910In(|',k)) (27)

whereidy is the diameter increment of treef ploti in yeark, id;j is the annual overbark diameter increment of
treej in ploti and yeak (cm), T is the stand ag&AL is the basal area of trees larger than the subjet(m?2
ha), andu; is a random factor for platin P. patula model.

According to the models, increasing tree diamegarehses the annual diameter increment while istrga
competition decreases growth counteracting withefffect of dbh (Fig. 6). Site index was a signifitaredictor
only for three species. As expected, improving 8itdex increased diameter increment. Site indercadfl
growth much more . liottii than inP. pseudostrobus andP. kesiya. Since the BALs of the trees increase as
the stand develops, and the differences in the BéfiLthe trees also increase, the models predid¢tdhae
competition among trees starts, the growth of tbenidated trees decreases most, and the size diffese
between trees start to increase. All the models jtedict that when a stand is thinned, smallegstienprove
their growth more than larger trees. In fact, #mgést tree in the stand does not react to thinairadl. In a very
sparse stand, the smallest trees grow the fa3teste is a certain relatively low stand densityvhatch all trees
have nearly the same growth rate. In a dense diamthrgest trees grow fastest.

Based on the location of the plots in the slopertatit was possible to classify tRepatula plots into the
three categories of the land use system tradifipnasled in forestry farming. Ombanda is consideede the
best site for agriculture, and poor Epia the wof$te mean plot factoruf) of the fitted diameter increment
model was -0.059 for Ombanda, 0.1768 for Good Eid,-0.1178 for Poor Epia. The plot factors sugties,
for P. patula growth, Good Epia is the best site whereas Ombanddoor Epia are almost equal. The mean site
indices for the three different sites were 33.6om@mbanda, 35.0 m for Good Epia, and 32.8 m far Fpia.
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Figure 6. Combined effect of diameter and BAL on 1-year diameter increment in 9 different pines species
according to equations 19 — 27 when Sl is 28 m and stand age is 20 years, BAL decreases from 25 to 0 m? ha™
when diameter increases from 5 to 30 cm.

Diameter increment models for eucalypts

The linear mixed-effects model of diameter incretfeneucalypt species was as follows (Fig. 7):

In(idijk) = 1.468 +0.0033; —000783|HBAL|]k +1) —0.505I; +O.103|I’dijk '0-205‘/dijk+0-37$j+ U
(28)

whereid;y is the annual overbark diameter increment of jrefeploti in yeark (cm), d is dbh (cm),T is the age
(years) of the standBAL is the basal area of trees larger than the subiei(m? ha), S; is an indicator variable
for E. saligna (S= 1 if the tree species & saligna, and 0 otherwise), ang is random tree effect. The random
plot effect,u;, was not significant and was therefore not inctuohethe model.

The Snowdon correction factor of the diameter ineet model (Equation 28) was 1.026 whgnwas not
used in prediction (i.e. only the fixed part of thedel was used, as is usually the case when tdelmoused in
routine forestry practice). The standard deviatibthe residual of the logarithmic prediction waS4¥, leading
to a Baskerville (1972) correction factor of 0.1495
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The RMSE of the non-transformed diameter incremeas 0.702 with Snowdon (1991) correction, 0.698th wi
Baskerville (1972) correction, and 0.6978 with Lappal. (2006) correction for the fixed part oetmixed
model (when only the fixed part was used). Withany correction, the RMSE was 0.816.

The non-linear version of the diameter increment@havas:

idijk = eXp(1753 +0.0093®, —00105|nBAL”k +1) -0872|ﬁ-|k —00455/d”k +050$J)
(29)

The effect of site index is much stronger in thendioear fixed-effects model, most probably becatlse
random tree factors of the mixed-effects model @xph major part of the site effect. Therefore,ftked part of
the mixed model predicts less site variation thenrton-linear fixed-effects model. The RMSE of tioa-linear
model was 0.6552, which is less than the RMSE pethifor the fixed part of the mixed-effects modehe
RMSE of a non-linear mixed model was 0.8775 withd@n plot factor and 1.0299 with random tree factor
Therefore, the fixed-effects non-linear model wastdy in terms of RMSE than the fixed part of norehr
mixed-effects model. On the basis of RMSE, the iramlof alternative models was as follows: (i) namehr
fixed-effects model, (ii) fixed part of the lineatixed-effects model with Lappi et al. (2006) cotiew, (iii)
Baskerville (1972) correction, (iv) Snowdon (19@byrection, (v) without correction, and (vi) fixgart of non-
linear mixed-effect model.

Height models for pines

The tree height models of pines using dominanthtedg a predictor are (Fig. 8):

P. patula

h= Hdomx(d/Ddom)O.960-0.384/Dd0m—0.0134|' (30)

P. pseudostrobus
h= Hdomx(d/Ddom)0.292—0.294|nﬂ/Dd0m) (31)

P. kesiya
h - Hdomx(d/Ddom)0.367-0.122|ﬂ)1/Dd0m) (32)
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P. devoniana

h= Hdomx(d/Ddom)0.219-0.354InnlDdom) (33)
P. chiapensis

h - Hdomx (d/Ddom)(-0.041-0.609|mj/Dd0m)) (34)
P. elliottii

h - Hdomx(d/Ddom)0.359-0.148|r‘l)1/Dd0m) (35)
P. gregaii

h= Hdomx(d/Ddom)0.402-0.085InnlDdom) (36)

P. montezumae

h - Hdomx(d/Ddom)0.083-0.172|r‘l)1/Dd0m) (37)
P. oocarpa
h= Hdomx(d/Ddom)O.Ol7-O.759InnlDdom) (38)

whereh is tree height (m)dom is stand dominant height (nmj,is dbh (cm)Ddom is dominant diameter (cm),
andT is stand age (a). The degree of explained vari@Rewas 0.846, and the standard error of estimate was
5.248 m.

The degree of explained variance€)Ranges from 0.30 fdP. montezumae to 0.83 forP. pseudostrobus, and
the standard error of estimate ranges from 1.8drR.fmontezumae to 4.39 m forP. devoniana. For P. patula,
the degree of explained variance (R2) of the m@l@l897, while standard error is 3.028 m.

A height model folP. patula without using dominant height as a predictor isotlews:

h= 105158 + 583.8T +83628(d / Ddom)
13920-136096/d + 2255159/ d? (39)

The R2 of the height model (equation 39) is 0.88d the standard error is 3.269 m.
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Heights models for eucalypts

The height model for the eucalypt species is devidl:
h=1.3 + Hdom-1.3) @/Ddom) (0.241+(—0.165 ) In(d/Ddom)) (40)

whereh is tree height (m)dom is stand dominant height (nmj,is dbh (cm)Ddom is dominant diameter (cm),
andT is stand age (a) (Fig. 9). The degree of explaisethnce () is 0.846, and the standard error of estimate
is 5.248 m.

The eucalypts height model includes a species-Bpeoiefficient,s, which is 0.158 foE. saligna, 0.304 for
E. resinifera, 0.408 for inE. camaldulensis, and zero for the other three species. The degfexplained
variance (R) is 0.846, and the standard error of estimate24&m.

Survival of pines

According to the model, the number of survivord@tyears is 35 to 50% of the number of trees pthrifde
model for the surviving number of trees in non-tiad standsNy) is as follows (Fig. 10):

Nr=Nye™ (41)

whereN; is initial number of trees per hajs mean mortality rate per year, ahis stand age (a).

The mean annual mortality rates of the 8 speciegaw from 0.014 (1.4% mortality per year) to 0.¢Réble
4). The mortality rate is lowest . oocarpa and highest ifP. greggii. ForP. patula, the mean annual mortality
rate of all plots is 0.025 (i.e. 2.5%).
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Figure 9. Relationship between height and diameter for tropical eucalypts in Angolan Highlands when Hdom is 35
m and Ddom is 50 cm.
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Survival of eucalypts

The mean annual mortality rate of the 6 studiedaypt species ranged from 0.015 (1.5% mortality yesar) to
0.039. The number of survivors at 50 years rangeuwh f18% to 50% of the number of trees planted. i8atv
rate was highest fdt. siderophloia and lowest folE. camaldulensis andE. macarthurii, with the other species
being in the intermediate-to-low range. The mea$ptantations grew most of the time under high cetitipn,

and mortality most probably mainly affected the passed trees. However, sporadic clearings may have
slightly increased the observed “mortality rateg. ithe true mortality rate of the species withany human
intervention would be somewhat lower (Fig. 11).
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Optimal land use

The results from Studies | to IV were used as ac@af information in land-use optimization (Study Based
on growth simulations, as well as cost and timbecepinformation, it was possible to calculate theod
production, net income, and net present valueeas plantations managed with different rotation thagThis
information was combined with the cost and incoraéador agricultural products, so as to calculat land
expectation value (LEV) of different production &ymss.

The profitability of the different land-uses of Umidu system is summarized in Table 3. Productidhas
most profitable in the Ombanda site class whiledggpia and Otchiumbo alternate as the second iiitgvdity
depending on the cash crops. Traditional cereadtyding maize and millet, have negative LEV values

Under grass fallow (10 years) the most profitalaledl uses are potato and garlic cash-crop systerits. W
forest fallow the most profitable uses are potatd garlic cash-crops with eucalypt fallow. Longatiin
forestry fallows (30 years of pines, 10 years facadypts in Ombanda, and 12 years for eucalypGdad and
Poor Epia) have lower LEVs than grass and shoatimi forest fallows (10 years of pines, 7 yearsefacalypts
in Ombanda, and 8 years for eucalypts in GoodRowt Epia). In permanent forestry the LEV values the
highest for long rotation eucalypt (table 4).

The following sections present production frontiestadow prices and relationship between different
variables as indicators to describe system. Figi#a shows the production possibility boundary of th
Umbundu land use system in the Angolan Highlandie fumber of cows affects the productivity of thstem
but also the land allocation for other activitidhe highest LEV corresponds to the lowest possibi@ber of
cattle units. The number of cattle is a key fadffiecting the production of different crops and thed
expectation value. This trend is found with differeiscount rates, although the curve shape sebarper at
lower discounts.



Table 3. Land expectation value (LEV) at 5% discount rate for different land use (AOA/ha). The crop species that gives the highest LEV is underlined.
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Land use and site Maize  Millet Soya Bean Pea Cassava Potato Onion Sweet Garlic Peanut  Cauliflower  Cabbage Tomato Carrot
potato

Permanent agriculture

Onaka -78,371  -315,000 -315,000 496,580 -315,000 -315,000 2,578,130 1 655 369 -315,000 7,335,444 469,435 560,202 3,404,925 146,540 1,228,933

Otchiumbo -240,701  -315,000 -315,000 151,520 -315,000 199,100 5,759,660 333513 2,588,450 7,665,350 1542,270 621,655 1,153,225 -315,000 3,061,265

Elunda -530,914 -658,449 -402,271 -142,381 -402,271 -150,611 4,439,599 -315 000 1,391,059 -315,000 -199,151 -315,000 -315,000 -315,000 -315,000

Agriculture with 10 years grass fallow

Good Epia -427,661 -453,913 109,411 -241,475  -288,808 -278,668 749,824  -315000 123,764  -315,000 -79,026 -315,000  -315,000  -315,000  -315,000

Poor Epia -403,998  -409,746 -204,790 -336,360  -281,441 -265,948 212,873  -315000 -31,799  -315,000 -186,125 -315,000  -315,000  -315,000  -315,000

Ombanda -200,490 -426,497 304,965 178,350 -59,988 -129,898 2,731,296 954 823 427,937 2,892,232 457,177 110,492 2,363,647 630,291 405,598

Agriculture with short 10 year) rotation pine fallow

Good Epia -59,293 -88,918 546,803 150,821 97,405 108,849 1,269,521 67 847 563,000 67,847 334,148 67,847 67,847 67,847 67,847

Poor Epia 38,559 31,889 269,713 117,044 180,770 198,747 754,353 141 829 470,445 141,829 291,371 141,829 141,829 141,829 141,829

Ombanda 134,307 -116,033 694,180 553,934 289,935 212,498 3,381,733 1414003 830,391 3,559,997 862,779 478,769 2,974,503 1,054,530 805,647

Agriculture with short 7 or 8 years rotation eucalypt fallow

Good Epia 189,081 159,456 795,177 399,196 345,779 357,224 1,517,895 316 222 811,375 316,222 582,522 316,222 316,222 316,222 316,222

Poor Epia 135,123 126,751 425,228 233,624 313,601 336,163 1,033,466 264 730 677,152 264,730 452,409 264,730 264,730 264,730 264,730

Ombanda 396,317 131,512 988,541 840,190 560,937 479,026 3,831,386 1749956 1132,622 4,019,951 1,166,881 760,683 3,400,625 1,369,713 1,106,448

Agriculture with long 30 years rotation pine fallow

Good Epia 21,361 7,848 297,809 117,197 92,833 98,053 627,451 79 351 305,197 79,351 200,815 79,351 79,351 79,351 79,351

Poor Epia 23,837 21,156 116,749 55,384 80,998 88,224 311,548 65 346 197,432 65,346 125,454 65,346 65,346 65,346 65,346

Ombanda 124,968 -270 405,056 334,895 202,824 164,085 1,749,559 765 162 473,198 1,838,739 489,401 297,292 1,545,834 585,329 460,820

Agriculture with long 10 or 12 years rotation eucalypt fallow

Good epia 208,434 198,261 416,551 280,581 262,240 266,169 664,713 252 090 422,112 252,090 343,531 252,090 252,090 252,090 252,090

Poor epia 178,331 176,253 250,343 202,782 222,634 228,235 401,324 210503 312,877 210,503 257,090 210,503 210,503 210,503 210,503

Ombanda 371,168 274,962 586,329 532,432 430,977 401,218 1,619,165 862 960 638,676 1,687,673 651,123 503,546 1,462,665 724,813 629,167
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Table 4. Land expectation value (LEV) at 5% discount rate for pure forestry or grazing land use.

Site type LEV, AOA/ha Site type LEV, AOA/ha
Grazing Long rotation pine (30 years)

Good Epia -315,000 Good Epia 135,610
Poor Epia -315,000 Poor Epia 110 288
Ombanda -315,000 Ombanda 119,848

Short rotation pine (10 years) Long rotation eucalypt (10 or 12 years)

Good Epia 467,225 Good Epia 1,334,431
Poor Epia 435,809 Poor Epia 1,000,787
Ombanda 471,153 Ombanda 1,943,299

Short rotation eucalypt (7, or 8 years)

Good Epia 938,128
Poor Epia 665,851
Ombanda 1,173,486
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Figure 12b shows the production frontier betweerv ldhd wood production. With a wood production lower
than 26 million m3, increments in wood productidigigly decrease LEV, and further increments aaedéethe
drop. LEV variation was also analysed consideraimplr needs. Figure 12¢ summarizes the relatiomghigV

and women and men labour under two discount réles labour is lower that women labour but increase
rapidly when LEV increases. Women labour needs shawenstant increase up to higher LEVs, but reach a
plateau at maximal LEV levels.

Shadow prices reflect the cost or output valueroddditional unit in the system. The number of coas a
high negative shadow price (Fig. 13) meaning tmadditional cow under current management costsraév
million AOA. Therefore cattle are a highly limitinctor on the system. Clearly, improving animaiction
productivity or even introducing mechanization wbhlave a significant impact in the system. Ombaadhe
most valuable plot type at low discount rates (584)10% discount rate, Onaka and Otchiumbo becomeem
valuable (Fig. 13).

Regarding self-subsistence production, beans airkrhave the most negative shadow prices, lower itha
alternative protein and carbohydrate sources. Ttwrea more diverse diet seems to improve the ldtthe
system. The results suggest that replacing maidebaans by other sources of carbohydrates andipsateay
improve profitability.

Cows Good Epia Poor Epia Ombanda Onaka Otchiumbo Elunda
(AOA/TLU) (AOA/ha) (AOA/ha) (AOA/ha) (AOA/ha) (AOA/ha) (AOA/ha)
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Figurel3. Shadow prices for different production constraints of the Umbundu system.
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Table 5. Constraints (production =) under the subsistence system in Angolan Highlands

Baseline Diet Timber
Cattle (TLU) 110,000 110,000 110,000
Carbohydrates (Tn) 213,005 213,005 213,005
Maize (Tn) 149,104 106,503 149,104
Protein food (Tn) 142,173 142,173 142,173
Beans (Tn) 99,521 71,087 99,521
Vegetables (Tn) 203,833 203,833 203,833

Three alternatives were tested to get the optiaraduse plans using LEV with discounting rates%f&nd
10%. The alternatives summarized different possasl with the current situation (the ‘Baselineteahative),
with specific changes in traditional diet (the ‘Dialternative), and with a clear regional speeiation in forest
production (the ‘Timber’ alternative). The dietalative presents the highest land expectationevalhile
timber production shows the lowest. The productionstraints of the three optimization cases arensanzed
in Table 5.

Once the constraints for subsistence are accomaplistihe system also produces cash crops and forests
products as revenue commodities (Fig. 14). A pathese products is linked to fallow management eatle
pasture needs, while cash crops are in competitithn subsistence production. The Diet alternativenpotes
the highest production of cash crops, while timpesduction remains the same as in the current Besel
alternative. In the Timber alternative there islight decrease in firewood production, an increasgole
production, and some decrease in cash crop praaucti

Figure 15 summarizes land allocation by main lasdsuwnder the different alternatives and discoaiatsr
during the agriculture phases. The Baseline altemashows that protein-source crops need morehef t
cultivated area, with all the Good Epia sites ammsihof the Poor Epia and Elunda sites used spaltififor
protein-rich crops (Fig. 15a). Carbohydrate-ricbps and cash crops used large areas of both Paarad
Otchiumbo sites. Under a 10% discount rate, soreasaof Poor Epia are used for pure forestry wittaout
agriculture period. The Diet alternative uses muiréhe available fertile area for cash crops. Sétoer Epia
and Elunda is used, in addition to the Otchiumldessifor more profitable cash crops such as gantid
potatoes. Under a 10% discount rate, a signifiemea of Poor Epia also gets allocated to pure tiyréBig.
15b). The Timber alternative (Fig. 15c) allocatddPaor Epia plots to pure forestry, while cashpgeemained
limited to a handful of Otchiumbo areas. Good Epiallocated to proteins and vegetable crops tarasthe
minimal subsistence requirements. Carbohydratessam# minimal cash crops are produced in Otchiuarizb
Onaka areas. Under a 10% discount rate, there @rew allocated to cash crops but some Ombandaisarea
allocated to pure pastures to meet the needs afiitle herds.
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Figure 14: Production of cash crops (top) and forest production (bottom) in different alternatives.
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Figure 15. Optimal land use under different alternatives and 5% and 10% discount rates, including a) maximizing

LEV under baseline conditions, b) with a more diversified sources of carbohydrates and protein-rich diet; c)
maximizing timber production under the current food diet patterns

Regarding fallows (Fig. 16) under the Baselinerative, Good Epia, Ombanda and most of the Poda Ep
fallows are under short rotation eucalypts, whibewa 500,000 ha of Poor Epia is under long-rotaganalypt
fallow. When discount rate is increased up to 1€%é,Poor Epia under long rotation eucalypt falloscreases

to less than 200,000 ha. The same pattern is fowma@r the Diet alternative (Fig. 16). Figure 168bdhe
situation under the Timber alternative. Both 5% dfi% discount rates show all Poor Epia planted with
eucalypts under a long-rotation fallow. Ombanda @odd Epia remain under permanent pastures, wsthaee

of Ombanda under permanent grassland.
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Figure 16. Optimal areas under fallow in different alternatives (Baseline, Diet, Timber) under 5% and 10%
discount rates. Other production systems are not selected.

4. DISCUSSION

4.1. Analysisof methodology

The characterization and description of the Umbufahd use system included subjective elements én th
methodological approach. While clergies and ethaplgers have searched a more cultural heritage, islarx
technicians looked for the collectivist side of thgstem. There is also some subjectivity in thissid, but
systematic analysis, the applied qualitative andntjtative methods, the peer reviews, and selieisin
approaches should have diminished most of thestations.

These studies of the thesis are relevant not anlyhe development of growth and optimization medmit
also for preserving the growth information accurtedaon trees in the few remaining plots in the Aago
highlands. At the time of writing, most of the meiesd plots have already disappeared due to illegajing or
land-use changes. It will take another 40 yearshbitain similar data for the Angolan Highlands. Tineed
datasets represent a vast area of the Miombo $othat cover 2.5 to 4 million km? of the southerfridan
highlands (Abdallah and Monela 2007). The developediels provide useful tools for forest managenient
this ecosystem. Publishing this growth informatmays tribute to the technicians that planned thiesearch
experiments in early 1960s and to southern Afrigiriculture in general. The modelling data usedindies |l
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to IV had some restrictions. The dataset for spgeotber tharP. patula andE. saligna were collected in only
one location, Tchianga Research Station, where wofoite species have two to three plots. Furtheemtire
dominant height data came from a limited numbestand ages, i.e. just one age class for most spexe=pP.
patula andE. saligna. This weakness was reduced by using the additidata ofP. patula andE. saligna to
develop the dominant height models. In additiondguurves were compared to earlier dominant heigidels
for the same or similar species around the worltesE comparisons show that the models develop8tidies
Il to IV give a similar growth curve shape as mofthe previous models developed for pines and lgptsain
southern Africa and other intertropical countrigs.the case of eucalypts, most of the existingrivggonal
scientific literature refers to younger plantatiofifierefore, these previous curves are not alwagial for
older ages, and few other studies have includegidab eucalypt plantations older than 20 yearssThkian
added asset of the models of this thesis.

The studied plots were never subjected to systensdtiicultural treatments. Before independencejrdu
the early years of the Tchianga plantation, treesewquickly replanted to replace dead trees, wkeadtzr
independence, the stands were neither thinned nored, but were sometimes treated with non-sysiemat
thinnings. Therefore, the results for mortality slabbe interpreted with caution.

Pine and eucalypt species had false rings in sometly years. Also, at older stages, suppressed trad
very thin annual rings, making it hard to diffeliaté the annual increment. These thin rings aretdwery slow
growth, sometimes just a few cells, under high cetitipn. These limitations reduce the precisiothef models.
The use of a high-precision visible-spectrum camar&tudies Il and Il and x-ray imaging in Study |
improved the quality of the dataset. Furthermdne, rneasurement of all annual growth rings in a Inigimber
of trees generated a large dataset of 29,817 ddismms, which partly compensates for the above-ioead
limitations.

The used data collection methodology shows promaiseeveloping growth and yield models in areag tha
lack repeated measurements in permanent plotsertreait cores were collected from old plantations] an
experimental analyses using x-ray and high-resmutmaging were introduced to generate the dataset.
constraint in the modelling studies (Studies I\ was the lack of independent dataset to validagemodels.
The priority was to use all height and radial iment data for modelling instead of saving parthefm for the
model validation process.

Due to a restricted dataset, the mortality modstictly speaking, only apply to non-thinned staptmting
at a density of 1100 — 1600 trees per ha. Howekir s a typical planted density for pines andadyuts in the
Angolan Highlands. The mortality models do not shioew mortality is distributed among diameter classe
Field observations suggest that suppressed tredgstiand, therefore, the limitation can be sditsg removing
small trees in simulations until the number of $uo¥s is the same as that predicted by the model.

The growth models reported in Studies Il to |V #re first for tropical pine and eucalypt specieg\ingola,
and among the very few individual-tree growth medel these species in Southern Africa. Some obthdied
species showed high growth rates, and some spleaiesnot been previously considered able to readtigh
growth rates under Angolan conditions. A key outeaoii the research is the proof that the Angolarhldigds
hold high potential for a forestry-driven economy.

The thesis developed models for predicting forestipct yields but no modelling was done for agtionall
crop yields, carrying capacity of pastures, laboeeds, and costs. These parameters were calcbiased on
fieldwork, colonial agriculture statistics and aages borrowed from the international literaturethdiigh the
LP models that accommodate these production dateride the production potential of the analysed lase
system, they fail to reflect the actual decisiorking situation, which needs to consider also umdety and
risks. Study V minimized these weaknesses by inetudeveral system constraints, including diet sead
minimal bean and maize production, among otherslerubsistence farming local farmers use crogs mvire
predictable harvests and plant areas larger thaassary in order to ensure a sufficient amountoofifand
reduce uncertainty (Hildebrand et al. 2003). Ansitfative example is the maize and millet farmiggtesm
which shows a negative NPV. Farmers do not considere inputs such as women or child labour as t&a aod
growing cereals provide a high degree of certaiftyarvests in the subsistence system.

Study V used LP to optimize the traditional lan@ system. LP is well adapted for optimizing traotial
land use systems where subsistence farming playandamental role. Therefore, most of the system
characteristics can be simulated as a closed syatahithose with interconnections can be limiteddrystraints
(Just 2002; Hildebrand et al. 2003). LP is limitedsituations where the objective function and t@msts are
linear (Dykstra 1984), but this is not always tlse under traditional land use allocation scheinesmes are
not always linearly related to cultivation area digge the unit price may depend on the amounts peadand
the prevailing demand. Prices change differentiyetieling on whether the production is for subsistesrccash
crops. Surplus of subsistence products may nobberbed by the local market, resulting in a deeéasheir
market prices. Cash crop prices may also change mon-linear way with increasing production. Study



40

diminished the limitations caused by linearity amption through sensitivity analyses and constrdintd for
various products (Bertomeu and Gimenez 2006). Téthodology used to build the LP equations has tmué
of making it possible to understand system tradg{&anté and Crescente 2007) and possibleictnfl

4.2.  Analysisof main findingson thisresearch

Study | confirms the hypothesis how the Umbunduesyshas had a structural function in the highlacmhemy
(Morais 1976). The system provided self-sufficiesyrural communities while also produced fresh ataple
food for the urban centres in the highlands andBiaeguela coastal region. The Umbundu system halyesV/
through conflicts, increasing its diversity, accuatimg technical know-how by incorporating new csognd
varieties, and improving forested fallows. The egsthas also adapted to labour availability, foarisey under
military conflict, and changing land tenure and evahip (Pdssinger 1973).

Colonial pioneer foresters felt that the Angolangilands had promising conditions for fast-growing
plantations. Studies Il to IV confirm these exp#otas and bring insight into the technical knowledguiding
forest plantation management. Despite the limitegtim the data, a full set of models was develdpe® pine
species and 6 eucalypt species under Angolan c¢onslit These models allow foresters to improve fores
management and planning, and make it possible édigirthe future development of pure pine and eutal
stands growing in conditions that match the higtitanf Angola, i.e., the whole Miombo forest ecooegdf
southern Africa. The models indicate high growttesgfor several species, some of which were analfegethe
first time in Angolan conditions. While the traditally-usedE. saligna and E. grandis show the best
performances, with rates similar to other highlpdurctive areas in the intertropic zone (Poyton 19#h
Gadow and Bredenkamp 1998, patula, which is the mostly widely used species in Angalas not the
fastest-growing pine species. High altitude and poebability at frost occurrences benefit more gasmsof the
studied pine species likP. pseudostrobus and P. kesiya over P. patula or P. elliottii. P. kesiya and P.
pseudostrobus showed higher growth rates than the same speatiether intertropical plantations. Therefore,
these species should be considered for future gilantprograms in the Angolan Highlands. The stsidikso
provided potential rotation lengths for pines andadypts that partially confirm those traditionadlynployed by
the colonial technicians (Silva 1971). Eucalypftian lengths for maximal wood production variednfr 8 to
12 years, while pine rotations should be longennf20 up to 35 years. New eucalypt hybrids andedashould
also be tested, in line with recent developmentstter intertropical regions, e.g., Bahia, BrabBie[gado-Matas
and Pukkala 2012).

Good governance in rural development policies shindlude both soft and hard measures, includingss
to new irrigation technologies and mechanical toactaccess routes and markets, but also chandesditional
diet, supporting mixed cereal and pulse farmingl eapacitating labour, especially women. Timbeageviiood
and pole production should be encouraged in thegsvaites and in fallows. Study V indicates tlaesétry-
based land uses can offer a sustainable solutiahdégpoorest sites.

The optimization study (V), in line with this studypotheses, reveals latent conflicts based orsyatem
trade-offs. The optimal alternatives show that traitional system can meet the subsistence nedulgs w
producing economic benefits for the developing Aageconomy. The amount of cattle in the systenitditihe
possibilities to produce cash crops or timber,noréase LEV while meeting the subsistence neetsrins of
daily food. One of the strategies found for the Wmiu system is to diminish the number of cows amtlide
specialized agriculture, leaving cattle breedingeahbouring peoples such as the Nhaneka Humbe room
the farmers could acquire calves and oxen for animaetion. Further development by increasing ploug
productivity or introducing new techniques can haigificant impacts on the production.

Another limiting factor and therefore a potentiabqursor of conflict is labour availability. The stgm
evolved under a high surplus of women labour dusilage and gum trade caravans and military cosfliend it
still depends on woman labour as a production facldve on-going rural exodus will decrease labour
availability and could spread conflicts acrossdhstem unless certain changes in productivity abdur factors
are implemented (Pinstrup-Andersen 1994).

Cash crops were an important economic driver inrégion under the colonial rule (Diniz 1973). The
analysis shows that this started to happen aganalthe increasing economic dynamism in the udmarires.
Increasing prices of cash crops in the urban cemtit increase the demand on sites with the highEY under
cash crop cultivation regimes, i.e., Ombanda andkarsites. These site classes are not abundam iregion,
which could create conflicts related to the owngrsti these sites, conflicts between community endlividual
rights (Deininger and Castagnini 2006; Delgado-idatand Pukkala 2012), and occupation of undezedli
former European farms.
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This study findings eventually can be consideredaftarger geographical scope of southern Africnlainds
and other inter-tropic regions. This study foun@msg opportunities for forestry-based land useahéregion, as
growth and yield rates are high for fast-growingaps. Under high timber prices, permanent forksitptions
can compete with subsistence crops, grazing anedash crops. Under these circumstances, conflietg
emerge between foresters and farmers. This thkeisesl that pure forestry should expand essentiallyoor
Epia sites, while more fertile sites classes shbeltkeft for pure agriculture and various fallovems.

Seasonal labour needs affect the system and itdsheuaken into consideration when designing geadd
social policies in the region. Gender-based pdisieould understand and comprehensively consiéecritical
issue of women labour needs during the harvest.gdakresearch clearly states the important rolarhen on
addressing food security in the system. Additionadiducation policies should regard the childrecrugment
for farm tasks during the peaks, and its effectsdenreasing school attendance. In addition, woméin w
continue to hold only a back-seat role if they ao empowered in the decision-making process. Adtives
that reduce the seasonality of labour needs repregepromising way forward for a more sustainable
development (Siskos et al. 1994; Santé and Cre@&@t€). Further development in the Umbundu systieouls
focus on labour needs from gender perspective. 8enot consider women or child labour as an additio
‘cost’, and therefore intensive unpaid labour i$ minimized in the system. This same trend has beparted
in other traditional African systems (Pukkala amthjpnen 1990; Thangata et al. 2007).

Future policy should promote changes in traditiatiat to enhance more diverse sources of carbotesira
and proteins, increase labour productivity and ahitnaction, and empower the roles of women in the
production system, i.e. land tenure, technical céyppaand access to loans. New technologies ang caoieties
that increase yields in Ombanda and Onaka can giegrdood security for most of the local rural fhes.
Forest plantations should be promoted in the pgoa Bites and as a way to reduce competition amengal
conflicts with cash crop site needs.

4.3. Futureresearch needs

Planning and optimization tools in traditional lamskes in the Angolan Highlands are constrainechbytdck of
forest growth and yields models. This thesis dgwedbmodels for most commonly planted species imatka.
However, the region is still lacking models forimatforest and models for non-timber forest produttiombo
forests provide the traditional economy with firewdp mushrooms, wild fruits, and medicines, amontgeot
products, all of which should be added to futurérogzation analyses. Future research should coraenon the
development of models, production functions and suess for relevant non-wood products and services
provided by Miombo forests. Models should also kbeaioped for uneven-aged pine and eucalypt foreasy
well as eucalypt coppice forestry, including diffat silviculture treatments such as thinnings.

The decrease in natural forests is going to inerethe pressure on planted stands to respond to the
multiplicity of uses and attributes that charaaernative forests in the Angola Highlands as wslsauthern
and eastern Africa in general. The conservatioreofaining Miombo forests under a sustainable mamageis
therefore a key factor, and new plantations wilkeh¢o be established to reduce the pressure otintiied
native forests. Any new plantations established aksed to address multi-objective functions, whidh thus
require multi-objective forest planning on thesanpdtions. Multi-objective forest planning neegtedict stand
development under alternative management optiorscalculate the amounts of all products and sesvibat
are important for farmers and decision makers. fiealipt the development of environmental services @on-
timber attributes such as erosion control or meeigbroduction in the plantations, new models shdédd
developed relating these attributes to stand strest

Future research should include mapping of sitessea for further spatial analysis of the systene T$e of
correlations between the international classifamasoil system and the Umbundu nomenclature shaaltitate
the mapping process. New crops varieties and theduaction of new cultivation techniques should be
monitored and included in the analyses. Furthermramtding the elasticity of traditional crop pricad its effect
on farmer-led planning would reinforce the realishoptimization.

The developed LP model presents an opportunitgsband follow the implementation of governance and
development policies. Optimization helps to underdt the trade-offs and conflicts in the system unde
alternative land use scenarios. Therefore, futesearch should aim at modelling the effects of guvece
decisions on traditional system management.

The research outcomes should also be validatedotsl farmers. The results go a long way towards
confirming traditional farmer knowledge and currenactices (Hildebrand et al. 2003). In order tpiave the
methodology and find effective planning tools theget farmers’ and users’ problems and needs, thmatives
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should be discussed with the farmers (Ellis e2@04). The tools should enhance endogenous cuherihge
and promote long-term ecological and economic guebdity.
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