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Enrichment planting (EP) is a silvicultural tool capable of adding long-term value 

to forests. Here EP case studies and experimental trials are assessed at two scales: large 

industrial and family farm planting. Tree growth responses to treatments are reported. 

Financial cost-benefit analysis (CBA) and Ethnographic Linear Programming (ELP) are 

used to determine sensitivity to short- and long-term costs and benefits. The goal is to 

define factors that promote or hinder EP in order to help inform landholders and policy 

makers of effective use of EP. 

A case study in the Brazilian Amazon revealed that EP produces multiple timber 

harvests but may be expensive without short-term financial benefits. Sensitivity analysis 

of costs and benefits showed that revenue from activities additional to EP, such as carbon 

sequestration payments, can make EP profitable. A social appraisal of EP may reveal 

social benefits that would justify governmental, financial, and policy support. 

Fertilization and site preparation experiments showed that they produce little benefit in 

growth and survival and therefore may incur unnecessary expenses in these settings. 

Considering the finding of the CBA results and the treatment experiments, it is suggested 
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that early costs be kept low and therefore planting treatments kept to a minimum. The 

particular minimum treatment depends on species and site conditions. 

Relative abundance of EP by smallholders is intriguing given difficulties some 

large companies experience when implementing EP. ELP was used to assess planting 

conducted by Amazon smallholders. Diverse short-term benefits, multitasking, low 

opportunity costs, low start-up costs, reliable tree survivorship and ability to care for 

planted trees promoted EP among smallholders. As for industrial foresters, monetary 

payments for EP are also an effective incentive. 

Both industrial planters and smallholders need short-term benefits and minimal 

costs but there are differences between the scales. Industrial planters perceive financial 

benefits; biodiversity conservation or local economy stability are external. To make them 

internal, and thereby make EP more feasible, external benefits need to be translated into 

shorter-term financial gains for the companies. Smallholders respond well to payments 

and other non-financial benefits. Differences between scales should be considered when 

developing policies or programs to encourage EP. 



 

CHAPTER 1 
INTRODUCTION 

Our study examined enrichment planting practiced at industrial and small farm scales, 

including its costs and benefits, and settings which seem to encourage or discourage planting.  

Enrichment planting (EP) here refers to a set of techniques used to increase densities of native 

tree species when natural regeneration does not meet land management goals.  Specifically, my 

focus is on timber species for future harvest in the eastern Amazon.  Enrichment planting 

includes stocking of stands that have uneven distribution of natural regeneration (partial 

planting) as well as restocking a site that has poor natural regeneration overall.  Types of EP 

include line, strip, gap, group, and diffuse plantings as well as underplanting (Costa, 1995; 

Mayhew and Newton, 1998; Montagnini, 1997; Schulze, 2003; Silva, 1989; Vielhauer et al., 

1998).  The goal of this dissertation is to provide information that may help conservationists, 

forest managers, and policy makers decide if and how to encourage EP.  Lessons from this 

research may apply broadly to tropical forested regions, but should be generalized only with 

caution since the research consists of case studies from the eastern Amazon.  Our study 

contributes to existing knowledge regarding tree planting by providing a synthesis of published 

information about enrichment planting in the Brazillian Amazon (Chapter 1), descriptions of 

case studies (Chapters 2 and 5), detailed cost and benefit information and results of financial cost 

benefit analyses (Chapter 3), long-term results of experimental tree planting treatments (Chapter 

4), and an economic analysis of small farm tree planting using a modeling technique geared 

specially for smallholder economic analysis (Chapter 5).  The dissertation concludes with a 

summary of the lessons learned from industrial and smallholder planting, and suggestions for 

encouraging EP.  The information in this dissertation may guide decisions regarding the scale at 
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which to conduct enrichment planting, cost-effective treatments for seedlings, and benefits that 

encourage planting by landholders. 

Enrichment enhances the value of the future forest and therefore may make conservation 

of forest cover more appealing to private landholders when conducted under the right conditions.  

Maintaining the Amazon climate system depends principally on the maintenance of forest cover 

and, while the Brazilian Forest Code requires that 80% of any private property within the 

Amazon forest region remain forested, many landholders routinely violate this policy because it 

is financially unattractive (Fearnside, 2005; Nepstad et al., 2001; Veríssimo et al., 2002).  

Enrichment planting may increase monetary returns from multiple harvests, thereby providing 

incentive for owners to maintain their forests as an asset and contribute to the abatement of forest 

loss and climate change (Browder et al., 1996; Schulze et al., 1994).   

Financial benefits of EP include increased density of valuable trees per hectare within 

areas that already have good access to reusable roads, such as land-holdings that conduct 

reduced-impact logging (RIL).  In such operations EP also provides work opportunities during 

the wet season when many laborers in the forestry sector are under- or unemployed.  This could 

reduce turnover of trained employees, which would maintain consistency and prevent loss of 

training investments.  Enrichment planting has the potential to sustain highly exploited species 

such as Swietenia macrophylla (mahogany) and Tabebuia serratifolia (ipê), which have 

economic as well as aesthetic value (Browder et al., 1996; Salleh, 1997; Zweede, 2004 Personal 

Communication). 

Enrichment planting also has costs. These include the direct costs of labor, equipment, 

training, site preparation, and transport of materials to and from markets, and the opportunity 

costs associated with not pursuing a more profitable activity such as ranching.  EP also has risks, 
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including mortality of the planted trees (Kammesheidt, 2002; Schulze et al., 1994).  Costs and 

risks vary with  location of planting: planting old fields may require more labor and have higher 

risk of burning in escaped fires, whereas trees planted in more protected forest gaps require less 

labor but have higher transport costs and more variable light conditions (Kainer et al., 1998).  

Also, some costs may be lower for small-scale farmers than for larger firms, as explored in 

chapters 3 and 4 of this dissertation, but others may be higher, especially if they have a higher 

burden of regulatory compliance (Merry et al., 2002).  In general the costs of EP at any site are 

high relative to the present value of benefits due to long harvest periods and high discount rates 

(Ricker et al., 1999; Schulze et al., 1994). 

Essentially, EP requires two conditions: a suitable growing environment for the planted 

trees and willingness of the landholder to wait for long-term returns from their efforts.  

Ecological factors such as site conditions and treatments, and socioeconomics factors such as 

tenure security, labor and opportunity costs, and discount rates influence the suitability of these 

conditions in any given scenario.  The scale of planting may alter the effects of these factors.  My 

goal is to clarify some situations that are appropriate or inappropriate for EP in the eastern 

Amazon of Brazil, considering long-term effects of site treatments and socioeconomic factors on 

small- and large-scale planting. 

Research Objectives and Methods 

The objective of this dissertation is to explore enrichment planting with a focus on case 

studies in the eastern Amazon of Brazil in order to provide land holders and policy makers with 

information regarding cost-effective planting and benefits that encourage planting by landholders 

at industrial or smallholder scales.  A variety of methods are used to reach this goal.  In 

Chapter 2, the description of industrial scale planting includes silvicultural analysis of tree 

growth rates and years needed for planted trees to reach harvestable size.  The 17 planting areas 
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described in Chapter 2 were created for demonstration purposes rather than experimental and 

statistical rigor, but enough replication of four species among the areas allowed for reliable 

analysis of growth rates and planting results.  In Chapter 3 financial cost-benefit analysis is used 

to evaluate EP described in the previous chapter and to explore hypothetical scenarios such as 

giving land holders payments for atmospheric carbon sequestered in the planted trees and 

sensitivity analyses.  Chapter 4 consists of two planting experiments, implemented in 1988 and 

revisited in 2003 to assess long term effects of treatments given at the time of planting.  In 

Chapter 5, Ethnographic Linear Programming (ELP) is used to evaluate enrichment planting 

conducted by eight smallholder families.  The ELP method is novel compared to traditional 

financial cost-benefit analysis in that it produces a model of family economics that includes 

financial and non-financial costs and benefits; social influences such as ‘norms’ of division of 

labor among men, women, and children; and it includes timing of activities within the family so 

that an activity such as tree planting cannot be conducted at the same time as crop-planting if 

food security is at risk.  The results of these chapters offer lessons regarding enrichment planting 

by industrial foresters and smallholders, summarized in Chapter 6. 

Costs of Long-Term Tree Care 

Large scale enrichment planting (EP) of timber species in the neotropics has repeatedly 

failed.  These failures often have resulted from lack of tending, due in part to a lack of 

knowledge about the most efficient and effective planting/tending methods.  The prospect of 

tending over the life of the trees increases the magnitude of time and labor investments in EP 

since timber trees in this region can take 15 to 100+ years to reach harvestable size.  The lack of 

knowledge of effective planting/tending methods includes a near absence of information about 

the economic consequences of the scale of planting, which has long-term effects on EP’s 

economic feasibility for each landholder, especially in terms of costs of planting and tending.  
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Planting sometimes requires landholders to wait a lifetime or longer for the financial returns 

from their investments.  There is also a need for information about the effectiveness of 

treatments such as fertilization and site preparation. The scarcity of information has exacerbated 

uninformed decision-making in EP ventures, which has, unfortunately, contributed to expensive 

failures (Putz et al., 2000; Schulze, 2003; Silva et al., 2002b). 

Planting is facilitated by technical skills, dependable growth and survival of the species, 

access to markets if costs are to be recuperated by sale of timber or tree products, favorable 

discount rates and low opportunity costs, and a supportive policy environment.  These 

constraints are evidenced by people’s willingness/unwillingness to participate in tree planting 

programs offered by governmental and nongovernmental organizations.  Internationally, 

participation of smallholders in such projects has depended on their perception of secure tenure; 

technical capacity and/or access to extension services; choice of appropriate species for planting; 

availability of farm land for planting vs. other options for that land; value of incentives; 

perceptions of risks of the planting vs. risks of other farm activities; and supportive policy 

contexts especially in regard to tenure (Church et al., 2000; Lynch, 1992; Murray, 1987; Peart, 

1996; Santos et al., 1998; Thacher et al., 1997). 

Under what conditions will a private landholder gain or lose by conducting EP?  The 

answer may depend in part on scale.  In the eastern Amazon and other neotropical regions 

smallholders often conduct mixed perennial plantings on their property including some timber 

species.  This practice seems to have persisted since prehistoric times (Gomez-Pompa et al., 

1987; Gordon, 1983; Lundell, 1938; Putz et al., 2000; Wiseman, 1978).  Smallholders may be 

better able than firms to diversify their plantings, reduce labor and opportunity costs, and accept 

higher internal rates of return.  For example, small-farm family members or hired labor may be 
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available to plant and tend trees during “down time” between periods of high labor demand, or 

they may multi-task these activities with other farm work.  Multi-tasking was observed in 

shifting cultivation plots on small farms in the western Amazon, where only minimal extra labor 

was needed to tend trees in concurrence with the maintenance of farm crops (Kainer, 1998).  In 

this setting, non-monetary benefits may also be important, such as the satisfaction of planting 

trees that may benefit the next generation.  In contrast, industrial forestry operations have only 

hired labor, typically contracted only during the season of high demand for logging, and these 

workers have little opportunity to conduct planting or maintenance.  Enrichment planting and 

maintenance would have to be a separate activity for them, requiring wages, oversight, training, 

and transportation, which amount to more costs for their employer, the large-scale landholder. 

The labor costs are high, and this may be exacerbated by low value of nonmonetary benefits of 

planting.  Given these factors, small family farms seem more amenable to enrichment planting 

than large industrial forestry settings. 

These observations are supported by evaluation of enrichment planting using financial 

cost-benefit analysis and ethnographic linear programming (Chapter 3 and 5).  These analyses 

revealed that smallholders in the eastern Amazon with a secure perception of land tenure are 

likely to plant if they have family members or other low-cost labor available, if they have enough 

land that tree planting does not compete with subsistence farming, if their time is not better spent 

on more profitable activities such as off-farm work, and if they believe that planting could serve 

as insurance or benefit future generations.  These factors effectively lower costs and increase 

benefits.  It should be noted that other activities can provide these benefits to landholders.  For 

example, other land uses such as cattle ranching may also provide such insurance, and be more 
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immediately available (Gittinger, 1982; Hecht et al., 1988; Mattos and Uhl, 1994; Walker et al., 

2000). 

At the large scale, EP may require forestry operations that hire year-round labor and that 

have long-term forest management goals.  A financial cost-benefit analysis of EP from the point 

of view of Cikel, a large-scale, private logging company near Paragominas, Para, Brazil, was 

conducted in response to the perceived potential of EP to augment their long-term forest 

harvesting and management plans.  The analysis showed that their EP, as conducted since 1997, 

is cost-prohibitive.  In the analysis the highest costs were associated with early expenses 

combined with long waiting periods until benefits could be realized (Chapter 3).  This analysis 

also provided insight into costs that could be could be cut and benefits that could be expanded.  

Large-scale EP may require mostly fast-growing species to reduce the waiting time for financial 

benefits, and there may be opportunities to multi-task some EP activities with other work to 

reduce costs.  External benefits of EP may warrant external financial support that would reduce 

costs or shorten the waiting time for financial benefits of planting. 

Long-Term Effects of Treatments 

Seedling growth environment requirements in the eastern Amazon and similar tropical 

regions include light, water availability, soil nutrients; and protection from fire, vine 

overtopping, and herbivores (Dunisch et al., 2002a; Gerwing, 2001; Kammesheidt, 2002; 

Schulze, 2003; Souza and Válio, 2001).  Planting experiments in the 1920s in Belize showed that 

mahogany seedlings needed liberation from competition, especially for light (Mayhew and 

Newton, 1998). More recently, Kainer et al. (1998) found that competition for light, nutrients 

and water limited the growth of Brazil nut trees (Bertholletia excelsa) planted in forest gaps.  

Vines can limit growth or even kill planted seedlings (Gerwing, 2001).  Interactions among 

factors may be as important as any of them individually and optimal conditions for species can 
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change throughout germination, seedling, sapling, and mature stages of life (Davidson et al., 

2002; Dunisch et al., 2002b).   

These interactions can be complex in situ, and little is known about the long-term effects 

of attempts to modify them.  Short-term analyses in this region and beyond have shown that 

treatments such as fertilization or removal of competing vegetation often have a positive effect 

on seedling growth, and presumably survival, within a few years of treatment (Ares et al., 2003; 

Browder and Pedlowski, 2000; Davidson et al., 2002; Gehring et al., 1999; Glaser et al., 2002; 

Lehmann et al., 2003; Nepstad, 1998; Pereira and Uhl, 1998; Schulze, 2003; Silva et al., 2002a; 

Uhl, 1987) although seedling diameter at the time of planting may override these effects on 

survival and growth for some species (Mead, 2005; South et al., 1993, South et al., 2005).  

However, these results are short-term and tend to focus on marketable-fruit trees or short-rotation 

timber trees.  Few researchers have measured long-term tree growth in the region (Silva et al., 

1995; Silva et al., 1996; Silva et al., 2002b; Souza et al., 2004; Yamada and Gholz, 2002;) or 

investigated the effects of treatments on native timber species (Dunisch et al., 2002a; Dunisch et 

al., 2002b; Mayhew and Newton, 1998; Schulze, 2003; Silva et al., 1995; Souza et al., 2004).  

Many questions remain regarding the long-term value of implementing site treatments on planted 

species (Vidal, 2004). 

Two experiments initiated by Nepstad, Pereira, and Uhl in 1988 in the eastern Amazon 

offer some answers to the questions about long-term effects of planting treatments.  The first 

experiment tested for effects of planting site preparation by comparing results of deep planting 

holes, loosened fill-soil, and removal of competing vegetation around the hole for 16 planted 

species.  The second experiment consisted of fertilization of 26 planted species at the time of 

planting, accompanied by no other maintenance beyond the first year after planting.  Analysis of 
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the growth and survival of the trees showed that planting seeds by burying them at 1cm depth in 

unloosened soil and weeding around the seedlings produced larger individuals in the short- and 

long-term for most species, while fertilization had long-term effects on only a few species.  Such 

mixed results imply that landholders could easily lose investments in treatments if 

appropriateness for the site and species is not considered (or known).  However, the results also 

imply that informed application of treatments could boost the benefits of planting for the 

landholder and help to create a successful EP scenario (Chapter 3). 

Conclusion and Implications 

The difference in feasibility of EP between the scales lies in costs and values.  This is 

observed at the small scale where trees planted near the home can be monitored and maintained 

relatively easily with low costs in terms of labor or land.  The ability of these landholders to wait 

for the financial benefits can be higher than industrial foresters since they also perceive benefits 

such as knowing they have ‘insurance’ and that they may leave something of value for their 

children.   

Since large-scale forestry companies must consider finances more strongly than other 

values, short-term benefits are greatly reduced or not present unless they consider benefits such 

as retaining trained employees beyond the harvesting season.  In addition, their planting labor 

costs are higher than family farmers conducting EP due to lack of multi-tasking of planting and 

maintenance activities.  The implications of this are that there are fewer scenarios in which EP 

makes sense at the large scale.  The scope of these scenarios may be widened with government 

or private support that would lessen the time that these companies must wait until they receive 

benefits of value to them.   

In this dissertation the effects of scale will be explored with a financial cost benefit 

analysis of EP by an industrial-scale logging company and an ethnographic-economic analysis of 
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smallholder tree planting on family farms.  In these evaluations, scale appears to affect land 

holders’ perceptions of the costs and benefits of planting and therefore influences the decision to 

conduct EP.  The literature also provides examples of scale altering outcomes of land and forest 

management (Hildebrand, 1986a; McCracken et al., 1999; Perz, 2001; Rockwell et al., 2007) 

Given evidence of the influence of scale presented in this dissertation and in the literature, scale 

should be addressed in forest conservation and management policy in Brazil to reach forest 

management objectives more effectively (Zarin et al., 2007). 



 

CHAPTER 2 
ENRICHMENT PLANTING AS A SILVICULTURAL OPTION IN THE EASTERN 

AMAZON: CASE STUDY OF FAZENDA CAUAXI 

Introduction 

Conservationists and policy-makers are increasingly recognizing that a transformation of 

the timber sector is fundamental to both socio-economic development and conservation goals in 

the Brazilian Amazon (Ministerio do Meio Ambiente [MMA], 2001; Silva, 2005).  Destructive 

logging practices have degraded the forest resource base and promoted deforestation in much of 

the eastern and southern Amazon (Nepstad et al., 1999).  Efforts to bring order to the Amazon 

forest frontier involve resolving land tenure chaos, regulating logging on private and public 

lands, and pushing the industry towards adopting alternative forest management systems that 

generate revenues without degrading the forest resource (Veríssimo, 2005). 

Promoters of sustainable forest management have focused for the past 15 years on 

developing and promoting reduced impact logging (RIL).  Amazonian RIL systems have been 

described in detail many times (Barreto et al., 1998; Holmes et al., 2002; Johns et al., 1996).  The 

essence of RIL is careful planning and execution of all phases of the logging operation with the 

goals of limiting damage to the residual stand, improving efficiency of operations, and reducing 

waste.  Reduced impact logging involves substantial investment in training of personnel and in 

preharvest operations (e.g., complete stand inventories) that are essential to sound forest 

management.  These investments can pay for themselves by reducing costs of the most expensive 

harvest operations (e.g., log skidding), and increasing timber yields from volume felled relative 

to conventional logging, in which operations are inefficient and wood is wasted through poor 

felling, tree-finding and log-skidding (Barreto et al., 1998; Holmes et al., 2002).  Reduced impact 

logging is an integrated preharvest and harvest system that increases the potential for sustainable 

forest management by protecting the residual stand. 
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In the design and regulation of Amazonian forest management, silviculture has received 

less attention than have preharvest and harvest operations.  Even in current examples of “best-

practices” forestry, RIL itself is typically the only silvicultural prescription (Fredericksen et al., 

2003; Schulze et al., 2008).  Reduced impact logging improves prospects for sustained timber 

production by limiting damage to future harvest trees and regeneration of commercial species 

(Uhl et al., 1997; Vidal, 2004).  It does not by itself guarantee sustainability or maximize 

financial returns of future harvests (Fredericksen et al., 2003; Phillips et al., 2004; Valle et al., 

2007).  Given projections that RIL harvests under current forest regulations will lead to declines 

in harvestable volume and populations of high-value timber species over multiple cutting cycles 

(Grogan et al., 2008; Keller et al., 2004; Phillips et al., 2004; Schulze et al., 2005; Valle et al., 

2006, 2007; van Gardingen et al., 2006;), development of silvicultural treatments are essential to 

maintain long-term forest value. 

The Instituto Floresta Tropical (IFT), a Brazilian NGO dedicated to training and research 

in forest management, has been working since 1996 to refine RIL operations and test 

silvicultural treatments to improve ecological and economic sustainability of forest management.  

Two key silvicultural questions for Amazonian forests concern whether growth rates of residual 

commercial stems in logged forest are adequate to support harvests at projected intensities and 

cutting cycles (20-35 m3 ha-1 and 25-35 yrs, respectively), and whether commercial species 

regeneration is sufficient to maintain long-term productivity (Grogan et al., 2005).  Silvicultural 

research at IFT has focused on improving growth rates of future harvest trees through liberation 

thinning (Wadsworth and Zweede, 2006) and enhancing regeneration of commercial species 

using gap enrichment planting (Schulze 2003, 2008; Zweede, unpublished).  Here we report on a 
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pilot effort to enhance regeneration in an otherwise unproductive forest area: liana-dominated 

forest patches. 

Amazonian forests are mosaics of patches with different structural characteristics. 

Patches of tall, closed forest with relatively open understory alternate with nearly impenetrable 

liana-dominated thickets in which large trees are rare and crowns of smaller trees are engulfed by 

the liana canopy on a scale as small as hundreds or even tens of square meters (Gerwing, 2004; 

Gerwing and Farias, 2000).  The structural variation in Amazonian forests can be traced to a rich 

history of natural and anthropogenic disturbance of varying spatial and temporal scales (Balée 

and Campbell, 1990; Nelson et al., 1994).  At one end of the spectrum, individual treefalls occur 

throughout the year and open canopy gaps of 25 to 400 m2; over time this process leads to 

patches of differing successional stages and structure interspersed over small spatial scales 

(Grogan, 2001; Schulze, 2003; Uhl et al., 1988).  Large-scale disturbance events, such as 

blowdowns, can level swaths of forests up to 3,000 ha (most commonly 5-100 ha; Nelson, 1994; 

Nelson et al., 1994) but occur infrequently. It has been hypothesized that past human, climatic, 

and biotic mega-disturbances—blowdowns, fire and floods—account for many of the large 

patches of liana forest and bamboo forest occurring in Amazonia (Balée and Campbell, 1990; 

Gerwing, 2001; Heckenberger et al., 2003; Nelson et al., 1994; Pires and Prance, 1985).  In the 

eastern Amazon, liana forest patches are common (Gerwing and Farias, 2000). 

For the forest manager, liana forests constrain both current and future timber production.  

For timber, these liana forests are essentially nonproductive areas (Gerwing, 2001).  Very few 

adult trees of commercial species occur within the liana forests, and poor stocking of 

submerchantable stems combined with poor stem form, low growth rates, and high mortality 

rates of liana-infested trees, mean that prospects for future timber harvests from current liana 
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forest patches are extremely limited (Gerwing, 2001).  Anecdotal evidence suggests that, once 

established, liana forest areas can persist for decades or more (Putz, 1995). Many of the 

investments made in a commercial logging operation—e.g., road infrastructure and forest 

inventory—are related to total forest area rather than productive forest area.  Thus, 

nonproductive areas within the management block reduce profit margins from forest 

management. If liana forests could be brought into production through silvicultural intervention, 

the financial prospects in future cutting cycles would improve. 

IFT began experimental enrichment plantings in liana forest in 1997 to evaluate the 

feasibility of converting unproductive forest patches into future sources of timber.  Through 

2006, 17 liana forest areas, totaling 4.4 ha have been prepared and planted.  In this paper we 

present initial results from enrichment plantings and evaluate the potential of this silvilcutural 

intervention to increase long-term productivity.  We also outline some operational and ecological 

questions that must be addressed before liana forest enrichment can be added to the menu of 

silvicultural options for Amazonian forests. 

Methods 

Planting Site Description 

Planting was conducted near Paragominas, Pará (3°83’50 – 3°84’50S;  48°81’50 – 

48°82’50W) on the Rio Capim and Cauaxi properties of the Cikel Brasil Verde Madeireiras 

company.  The terrain, formed from the residual tertiary plateau, is undulating terra firme 

(upland) with creeks that drain to the Capim River, and oxisol soils with an argillic horizon 

(RadamBrasil, 1974).  Tropical moist forest, with mean upper canopy height of 30-40 m and 

scattered emergent trees up to 50 m tall, covers the majority of each property.  The yearly 

average rainfall is 2200 mm, with a pronounced dry season from June to November (Asner et al., 

2004; Costa and Foley, 1998).  Within the 178,000 ha combined area of the properties, IFT 
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operates the largest forest management demonstration and training area in the Brazilian Amazon, 

with more than 3,000 ha of forest under management. 

In the Cikel forest, as throughout much of the eastern Amazon, liana density is relatively 

high—59% of the canopy trees have moderate to heavy loads of lianas, and patches of low, 

broken-canopied liana forest occur within the taller forest (Schulze, 2003).  These liana forest 

areas, which generally have little commercial-sized timber, cover ca. 15% of the total forest area, 

in patches that range in size from <0.25 ha to well over 10 ha.  When liana forest areas are 

included with other areas excluded from production, such as riparian buffer zones and permanent 

forest reserves, roughly 25% of the forest area on the FSC-certified Cikel Rio Capim property is 

effectively out of production (area of reserve and buffer zones = 13,700 ha; SCS 2006).  The 

enrichment planting conducted by IFT is intended to display EP possibilities to forest managers 

who visit the site for harvest training; the planted areas were not designed for experimental or 

statistical rigor.  This chapter contains analyses of four species that were repeated in the 17 EP 

display planting areas.  Repetition of the four species allowed for reliable analysis of growth 

rates and years needed until trees would reach harvestable size.  

Site Preparation and Enrichment Methodology 

Any attempt to bring liana-dominated areas into timber production must involve some 

treatment to reduce or remove liana competition.  Repeatedly, high loads of lianas in tree crowns 

have been shown to curtail growth and fruit production, and increase mortality rates (Gerwing, 

2001; Grogan, 2001; Kainer et al., 2006; Schulze, 2003; Vidal, 2004). In a nearby forest, 

Gerwing (2001) found that blanket liana cutting in liana-dominated forest reduced canopy loads 

of lianas and improved growth rates of standing trees.  Controlled burning of liana tangles at the 

nearby site was not successful in improving tree growth rates or in shifting the competitive 

balance in favor of trees (Gerwing, 2001).  Moreover, both liana-cutting and burning depend 
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either on the recovery of established tree stems that have been suppressed and damaged under 

severe liana loads for many years or decades, or on natural seeding and recruitment of 

commercial tree species before liana populations recover.  Gerwing’s research suggests that a 

more aggressive approach may be required if liana areas are to become productive within a 30- 

or 60-year interval compatible with projected harvest cycles in the eastern Amazon.   

In this study we reset the competition between lianas and trees through mechanized site 

preparation and planting of nursery seedlings.  At the beginning of the wet season, a tractor 

worked from the periphery to the center of each liana patch, leveling vegetation towards the 

center of the area and avoiding damage to surrounding forest.  The few large trees present in the 

liana patches were cut down with chain saws and cut into pieces small enough to not disrupt 

planting.  Multiple passes over the felled vegetation broke up liana stems into small pieces 

without scraping the organic horizon of the soil or removing leaf and stem debris from the site.  

Once the site was prepared, the planting team marked planting locations at 4 meter spacing 

throughout the clearing, avoiding the edges where seedlings are likely to become overtopped 

quickly by the spreading crowns of nearby forest trees.  No herbicide or other chemical 

treatments were used to prepare the sites.  

Seedlings of commercial species were raised on site in 1 kg plastic nursery bags from 

seed or seedlings transplanted from the forest understory.  IFT personnel made best efforts to 

plant seedlings of similar size and vigor, usually the largest and most vigorous of those growing 

in the nursery, to initiate the best growth in the planting areas.  Plantings were made in soil with 

relatively high organic matter collected from nearby forest and fertilizer was not given.  

Production of seedlings began in the middle to late dry season, when the majority of the study 

timber species produce seed, and seedlings were ready to plant in the early rainy season, after 1-3 
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months of development in the nursery.  While in the nursery, seedlings received water when 

needed but after planting they were not watered.  Planting was conducted early in the wet season 

and seedlings received enough rain in subsequent months to avert any need for irrigation.   

Trials included a suite of timber species, with an emphasis on two species types: high 

value commercial species with light demanding seedlings; and low to medium value species with 

pioneer-like traits and capacity for rapid growth.  The first enrichment trials employed 6 species, 

while trials after 1999 focused on two planting schemes: single species plantings with the long-

lived pioneer Ceiba pentandra; and mixed species plantings with one pioneer species, 

Schizolobium amazonicum and two high-value timber species with relatively fast (Swietenia 

macrophylla) and slow (Tabebuia serratifolia) growth rates.  Enrichment plantings from 1997-

2005 are detailed in Table 2-1, including species composition, stem numbers and size of planting 

area. 

All enrichment plantings were maintained annually through manual clearing of 

competing vegetation by workers with machetes who cut all competing vegetation in the planting 

area to ground level.  Naturally recruiting seedlings of commercial species were also maintained 

and favored during site maintenance.  IFT technicians measured diameter at breast height of all 

planted saplings yearly, beginning 1 to 2 years after planting. 

Analysis of Enrichment Planting 

We mapped areas of liana forest in six forest stands as part of forest inventory protocol.  

Liana forests were identified in the field based on structure—low, broken canopies with high 

liana density in the understory, few adult trees and heavy liana-loading in tree crowns—and 

mapped in relation to a trail grid with 50 m intervals.  Field maps were digitized in a GIS 

database (ArcView version 3.2, Environmental Systems Research Institute 1999), and the total 
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area of liana forest per planting area and sizes of individual liana patches were calculated (Table 

2-2).   

We analyzed species performance (size and diameter growth rate) in enrichment 

plantings each year after planting with the objective of providing reliable estimates of growth 

rates and years needed until planted trees would reach harvestable size.  The planting areas were 

considered replicates, and means, 75th percentiles and maximum values calculated for each area.  

To compare data from areas planted in different years we used the number of years after planting 

rather than calendar year.  For several species, growth data were limited, either because planting 

trials began relatively recently (Tabebuia serratifolia and Ceiba pentandra) or only one or two 

planting area replicates were available (Cordia goeldiana; Cedrela odorata).  We present initial 

growth measurements for these species, but limit projections of growth and recruitment to three 

species with large, replicated samples and 7-8 year time series (Parkia gigantocarpa; 

Schizolobium amazonicum; Swietenia macrophylla) (Tables 2-3 and 2-4). 

In order to make predictions about the potential to raise seedlings to harvestable trees in 

liana forest enrichment sites, we projected growth rates observed in years 5-8 forward from year 

five to estimate the time required for each species to attain commercial size assuming mean and 

rapid (75th percentile) growth.  For the mean and rapid growth scenarios the average of planting 

area mean and 75th percentile diameters at year five were used, respectively, as the starting 

diameter for projections.  We used constant growth rates over time in each projection scenario 

for several reasons: By year 8, planted trees either were in the developing canopy or had a clear 

path to it, meaning light and other conditions (competition) affecting growth are likely to remain 

favorable throughout recruitment to commercial size.  Studies of timber species growth 

incorporating large samples spanning all diameter size classes have found that diameter growth 
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potential, as estimated from the growth rates of the fastest-growing stems in each size class, does 

not vary with size; growth rates of individuals are strongly correlated with growth conditions 

(Grogan, 2001; Schulze, 2003; Vidal, 2004, J. Lockman, pers. comm.).  Analyses of growth 

rings of trees in both tropical and temperate forests have shown strongly autocorrelated growth in 

successfully recruiting adults, with those individuals displaying relatively fast diameter growth 

throughout recruitment to the canopy (Brienen and Zuidema, 2006; Landis and Peart, 2005).    

Projected tree diameters at the time of harvest were converted to volume estimates using 

a single-entry and two double-entry equations:  [eq.1]  ln Vol = - (7.62812 + 2.18090 (ln) 

(DBH)) (Silva et al., 1984),  [eq.2] vol = Basal area * COMMERCIAL HEIGHT *0.7 (Heinsdijk 

and Bastos, 1963; Brown et al., 1989), [eq.3] vol = 0.077476+0.517897*(DBH2* 

COMMERCIAL HEIGHT) (Rolim et al., 2006).  For P. gigantocarpa and S. amazonicum, the 

mean of estimates from equations 1-3 was used in each simulation.  In the case of S. 

macrophylla, unusually short harvestable boles meant that only equations 2 and 3 were 

appropriate.  We expect that the growth rates of the most vigorous 25% of planted individuals 

will be maintained by a selective thinning conducted mid-harvest cycle.  For the purposes of this 

chapter, we include thinning as a means of maintaining growth rates; in the enrichment planting 

cost-benefit analysis in chapter 3 we include sale of thinned trees as a financial return of EP.  We 

estimated the potential stocking of adult trees in enrichment plots by calculating the stocking of 

trees >= 45 cm in unlogged forest at Cauaxi and calculating a mean distance between stems 

assuming a regular distribution of stems through the stand.  Using this estimate of mean distance 

we then calculated the number of adults per hectare that could be expected in enrichment 

plantings assuming optimal spacing.  From these estimates we could then project the volume of 
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timber that could be raised in liana forest enrichment plantings if 5% of a 100-ha management 

block were treated.   

Results 

Distribution of Liana Forest at Cauaxi 

Liana forest patches accounted for almost 22% of the total area of the six management 

blocks we inventoried (Table 2-1).  However, local variability was quite high, with less than 10% 

of one block and more than 40% of another composed of liana forest.  Individual liana forest 

patches ranged in size from < 0.2 to > 8.0 ha.  The median size of mapped liana patches was 0.43 

ha with the vast majority (>70%) of patches < 1 ha (Figure 2-1).  Liana patches tend to be 

dispersed throughout forest stands at Cauaxi rather than in discrete clusters.  Because forest 

infrastructure (roads, log decks and skid trails) is built systematically in RIL, most liana patches 

within a management block can be accessed easily without increasing the residual forest area 

impacted by heavy machinery (Figure 2-2).  This means that additional impacts of liana forest 

enrichment planting on forest structure should be limited to clearing the liana patches, and to 

additional tractor passes over sections of road and skid trails. 

Little harvestable timber is located in liana areas, and they contain few submerchantable 

timber trees to supply future harvests (Figure 2-3).  Commercial volume in liana forest is < 20% 

of that found in the adjacent tall forest, and those trees that do exist are primarily large old trees 

that likely survived the disturbance that produced the liana forests (Schulze, 2003).  

Submerchantable stems occur at low densities in liana forests compared with tall forest (<30% of 

both number and volume).  Moreover, the majority of trees (ca. 70%; Gerwing, 2001; Schulze, 

2003) in liana forests have moderate to high liana infestation rates, a trait that has been 

repeatedly observed to correlate with low growth and high mortality rates (Clark and Clark, 
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1990; Gerwing, 2001; Grauel and Putz, 2004; Grogan, 2001; Lowe and Walker, 1977; Putz, 

1984; Kainer et al., 2006).   

Species Performance in Liana Forest Enrichment Planting Areas 

Annual growth rates of seedlings planted in liana forest enrichment areas were generally 

at the upper range of values observed for each species in Amazonian forests (Garrido, 1975; 

Grogan 2001; Gullison et al., 1996; Justiniano et al., 2000; Lamb 1966; Schulze, 2003; Snook, 

1993; Vidal, 2004; Vidal et al., 2002).  This trend reflects the large size of openings created in 

liana forest areas relative to natural treefall or felling gaps and the near absence of competition 

with lianas, pioneers, and other weedy species (maintained via annual thinnings).  The mean area 

of enrichment canopy openings (2500m2 or 0.25 ha) was 15 times the mean size recorded for 

natural treefall gaps (mean 174 m2) and 9 times mean logging gap area (277 m2 or 0.0277 ha) at 

Cauaxi (Schulze and Zweede, 2006). Based on measurements of logging gap area and light 

intensity in RIL stands at Cauaxi, in which the largest gaps measured 450 m2 (or 0.045 ha) and 

55% percent of the total incident light was transmitted by the canopy (Schulze, 2003), we can 

assume that most enrichment plots received well over 55% of incident light since they are much 

larger than canopy gaps and have open canopies. 

Timber species diameter growth rates were highest in the first two years, declining and 

then leveling off for years 3 to 8 (Figure 2-4). The most vigorous individuals of pioneer timber 

species Parkia gigantocarpa and Schizolobium amazonicum in each enrichment site grew at rates 

well above 1 cm diameter per year (rates were initially > 2 cm yr -1), and attained dominant 

canopy positions and diameters equal to those of small canopy trees in the surrounding forest (in 

general, trees ≥ 20 cm DBH are in the mid to upper canopy in the Cauaxi forest) within eight 

years of planting (Figure 2-5).  Limited data on Ceiba pentandra plantings at the site indicate a 

similar trajectory for this species (Table 2-3); indeed in an older experimental planting at the 

32 



 

Cauaxi field camp Ceiba plants attained diameters of 40 cm and heights of 25 m within eight 

years (Zweede, unpublished data).  The most vigorous mahogany plants also generally grew at 

least 1 cm per year in enrichment areas, but will take longer to attain dominant positions 

(Figure 2-5).  Initial results with Tabebuia serratifolia indicate that this species will take much 

longer to reach the canopy than any of the other timber species tested (Table 2-3). 

Projections of Harvest Times and Future Yields 

Simulations of long-term growth in liana forest enrichment areas suggest that both Parkia 

and Schizolobium will attain commercial size within 30 years of planting, or by the second 

timber harvest, if planted immediately following the first (Table 2-3).  This prediction holds true 

whether conservative or more optimistic growth rates are projected.  Under the higher growth 

scenario (i.e., rates we observed from the most vigorous 25% of stems and can reasonably expect 

of individuals that ultimately reach commercial size under selective thinning), trees would be 15 

to 20 cm larger than the minimum harvestable diameter of 50 cm in year 30.  Hence, each tree 

would yield ca. 2.1 to 3.5 m3 under the conservative projection and up to 4.3 to 4.8 m3 if rapid 

growth can be maintained over time. 

For mahogany, even sustained growth at the upper range of what we observed would not 

produce harvestable trees within 30 years.  However, even the conservative growth rates predict 

trees with DBHs more than half of commercial size.  These simulations suggest that mahogany 

planted in liana forest enrichment sites immediately following the first harvest would attain 

commercial size by the third harvest at year 60, and very likely would do so within 45 to 50 

years.  Mahogany enrichment plantings could therefore either contribute to the value of third 

harvests, or if legally authorized, provide a source of revenue during the interval between 2nd and 

3rd harvests.  By year 60, mahogany boles of 1.1 to 1.9 m3 can be expected (assuming a 

commercial height of 6 m; see discussion of mahogany shootborer, below). 
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In unlogged forest at Cauaxi, there were 59.3 canopy trees ≥ 35 cm DBH per hectare, or a 

mean distance of 13 m between canopy trees (Zweede, unpublished forest inventory data).  

Similarly, crown diameters of 45-60 cm diameter trees of eight timber species averaged 11.5 m 

(Schulze, 2003).  From these numbers, we estimate that 20 to 60 commercial-sized trees could be 

raised per hectare in liana forest enrichment plantings. 

Discussion 

Growth 

Consistently rapid growth and low mortality of planted seedlings of all the timber species 

tested in this study suggest that liana forest enrichment planting has substantial potential to 

contribute to timber stocks in second and third harvests of managed forests in the study area.  We 

attribute the excellent performance to three primary factors: very high light relative to typical 

forest and forest gap conditions; largely intact soil with abundant organic material and minimal 

compaction; and low competition rates maintained by annual weeding. Because enrichment sites 

were all much larger than most natural or logging canopy gaps, the environment was likely ideal 

for the light-demanding species tested in this study.  Even the slow-growing Tabebuia is light-

demanding as a seedling, and does not show negative response to high light intensity.  Young 

seedlings of more shade tolerant timber species might not perform well in these large canopy 

openings.  Similar high growth rates have been recorded for Parkia, Schizolobium, Swietenia, 

Tabebuia and other light-demanding timber species planted in canopy gaps at felling sites in 

Cauaxi and nearby forests (Schulze, 2003; Vidal, 2004; Zweede, unpublished), indicating that 

somewhat smaller liana tangle enrichment sites than the ones used here could also be successful.     

Mahogany plantations in the neotropics have been plagued by the mahogany shootborer 

(Hypsipyla grandella), the larval form of a nocturnal moth, which kills the apical leader on 

seedlings and saplings and through repeated attacks can reduce growth rates, destroy growth 

34 



 

form, and eventually result in death of weakened seedlings (Grogan, 2001; Grogan et al., 2002).  

Mahogany in liana forest enrichment plantings in this study also suffered nearly 100% attack 

rates by the shoot borer.  Early branching and poor stem formation can be seen in many 

individuals, but careful pruning of secondary shoots and culling of poorly formed stems has 

resulted in the establishment of a cohort of well-formed young trees, that will yield at least a 

single 6 m log when fully mature.  More recent experiments with fertilization of young 

mahogany plants indicate that this treatment holds promise for maintaining vigorous growth 

despite shootborer attack (Zweede, unpublished). 

Tending Regime 

The annual tending regime employed in this study is probably more frequent, and 

therefore more costly than necessary.  Annual liberation of seedlings is essential for at least the 

first three years after planting, otherwise lianas and weedy species are sure to overwhelm all but 

the most robust and fastest-growing individuals.  However, after year three or four less intensive 

tending—removing any lianas entwined on commercial stems and killing any pioneer plant that 

overtops a planted tree—may be adequate to maintain high growth and survival rates.  After 

eight years, fast-growing species like Schizolobium appear to no longer require any tending, as 

they have consolidated canopy positions.  Slower growing species might require occasional low-

intensity tending through the first decade or more. 

Production Potential 

Projections of stand recovery from eastern Amazonian RIL harvests without post-harvest 

silvicultural interventions suggest a steady decline in timber production—a drop of 1.2 to 15.5 

m3 ha-1 from the 1st to 2nd and 3.5 to 24.1 m3 ha-1 from the 1st to 3rd harvest—with successive 

harvests (Phillips et al., 2004; Valle et al., 2007; van Gardingen et al., 2006).  This is particularly 

true for high value timber species; over two or three harvests much of the projected harvestable 
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volume is contributed by low-value lightwood species (Phillips et al., 2004; Schulze et al., 2005).  

Timber produced in enrichment plantings could provide 2.8 to 13.6 m3 per hectare if liana forest 

in 5% of stands were treated (assuming 20 to 60 trees per ha and 2.8 to 4.5 m3 per tree).  Thus, 

much of the projected decline in harvest volume in second and third RIL harvests could be offset 

by enrichment planting, improving prospects for sustained-yield forestry. 

Staggered Harvests from Liana Forest Enrichment Sites: The Paricá, Mogno, Ipê Model 

The above projections of timber species recruitment rates to commercial size suggest that 

staggered harvests of mixed species enrichment plantings may be possible, with low-value, fast-

growing species providing a relatively rapid return on the investment and more valuable species 

providing export-quality timber from the same areas over longer intervals.  IFT has tested a 

three-species model with S. amazonicum, S. macrophylla and T. serratifolia.  These species 

could provide three different harvests from a single enrichment planting, with S. amazonicum 

harvested for plywood after 25 to 30 years, high-value S. macrophylla logs harvested after 45 

to 60 years, and T. serratifolia furnishing a final harvest.  While the short time that Tabebuia 

plantings have been monitored precludes projections of harvest potential, all the available 

evidence suggests that an expectation of harvestable timber by year 60 would be overly 

optimistic (Schulze, 2003; Schulze et al., 2005; Schulze, 2008). Tabebuia harvests would likely 

not occur until the fourth harvest, or the interval between 3rd and 4th harvests (Figure 2-6). When 

planted optimally and felled carefully, trees of each species could be raised to commercial size in 

turn, as each harvest releases subadults of the slower growing species without damaging them. In 

this way, more total timber volume could be extracted from each enrichment site over the long 

run, and enrichment sites would remain productive for at least 60 years.  In a staggered harvest 

system with S. amazonicum and S. macrophylla, as much as 7.6 m3 ha-1 could be produced in the 

2nd harvest and 3.4 m3 ha-1 in the third (assuming that the staggered development of these of 
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these two species—with relatively small S. macrophylla developing below the tall but thin 

crowns of S. amazonicum until the second harvest opens canopy space) would allow high 

stocking initially and eventual production of 35 trees of each species per hectare.  Natural 

regeneration below the established adults should allow these enrichment sites to return to more 

typical forest structure and composition after the 1st or 2nd harvest. 

Conclusion 

Enrichment planting has emerged and reemerged in the literature as a suggested means to 

increase forest value for landholders and thereby save forests from conversion to other land uses 

(Dawkins, 1961; Putz et al., 2000; Silva, 1989).  Enrichment planting appears capable of 

guaranteeing a future forest value that is at least equal to the current value.  Liana forest 

enrichment planting is one of several silvicultural tools that are capable of adding long-term 

value to production forests.  However, EP protocols that have been promoted in the past have not 

always been effective or appropriate (Salleh, 1997).  Enrichment planting is not appropriate in 

every context, just as liberation thinning and other silvicultural techniques are not.  At Fazenda 

Cauaxi, liana forest EP shows promise because the property contains large patches of 

unproductive forest, trees can be planted and maintained there rather easily with existing logging 

infrastructure, and trees in the planted areas survive and grow at mostly satisfactory rates, much 

more than would have resulted from the liana patches without treatment.  In addition, Fazenda 

Cauaxi is a private production forest in which sustaining timber yields is critical to maintaining 

standing forest and the ecosystem services that even a modified forest provides.  In the following 

chapters we evaluate the financial costs and benefits of EP in order to help land managers 

increase their forest value with EP and, in particular, whether the plantings at Cauaxi justify the 

costs of producing timber in liana patches (Chapter 3).  We evaluate the short- and long-term 

results of some planting treatments to help managers choose the most efficient protocols for 
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planting (Chapter 4).  Finally, we assess EP at the small, family-farm scale in order to learn 

whether EP may be more appropriate for large- or small-scale (Chapter 5). 

In the Fazenda Cauaxi setting, ecological costs and risks may be incurred that could 

reduce the ecological benefits of RIL, such as smaller canopy openings and reduced forest 

fragmentation (Asner et al., 2004; Johns et al., 1996; Pereira et al., 2002).  Clearing liana patches 

may cause increased canopy openings that would make surrounding forest more vulnerable to 

tree falls (Gourlet-Fluery et al., 2004; Schulze and Zweede, 2006) and ground fires, a serious risk 

for forests in the eastern and southern Amazon (Cochrane et al., 1999; Holdsworth and Uhl, 

1997).  In addition, eliminating liana forest patches reduces habitat for species that are adapted to 

the patches and may thereby influence the species composition of the landholding (Merry, 2001; 

Perez-Salicrup et al., 2004).  The benefits of EP should be weighed against these ecological risks 

and EP sites should be carefully selected to prioritize areas adjacent to roads, patios and primary 

skid trails, which will remain open for several years after planting and are considered permanent 

infrastructure in most management operations.  

Where management is held to a sustainability standard, such as private lands that have 

been certified as sustainable or public forests with concessions awarded to logging companies, 

sustained harvests of high-value timber are essential to maintain the long-term use of the forest 

while protecting the forest ecosystems.  Also, sustained harvests are necessary for socio-

economic development goals that hinge on harvesting of forest products (i.e., state and federal 

production forests).  In these cases current log-and-leave management practices are not adequate.  

Liberation of future crop trees may help sustain multiple harvests by increasing growth rates and 

volume accumulation (Dauber et al., 2005; Wadsworth and Zweede, 2006), but is dependent on 

adequate stocking of sub-merchantable trees.  As shown in this case study EP increases stocks of 

38 



 

39 

valuable timber species in unproductive areas such as liana patches; it may also increase stocks if 

conducted in felling gaps or other sites directly impacted by logging.  EP and liberation may be 

necessary to ensure that production forests accumulate timber volume at rates permitting 

relatively short cutting cycles (25-35 years), and that recovery of commercial species populations 

is sufficient to forestall economic, as well as biological, impoverishment of managed forests.  

Policymakers and forest managers in the Brazilian Amazon should consider the potential for EP 

and other silvicultural interventions to maintain long-term forest value within timber concessions 

on public lands. 

 



 

Table 2-1.  Vine tangle enrichment planting sites at Fazenda Cauaxi 
    Number of seedlings planted 

Planting Area 
Year 

installed 

Planting 
area 
(m²) 

Spacing 
(m) 

Schizolobium
amazonicum 

Tabebuia 
serratifolia

Swietenia 
macrophylla

Ceiba 
pentandra

Parkia 
gigantocarpa

Cordia 
goeldiana

Cedrela 
odorata 

AMF1 UT2-1 1997 2,259 3 36 -- 86 -- 66 -- -- 
AMF1 UT2-2 1997 3,825 3 169 -- 70 -- 104 -- -- 
AMF1 UT2-3 1997 1,854 3 78 -- 38 -- 60 -- -- 
AMF1 UT3-1 1997 4,185 3 -- -- 154 -- 170 -- -- 
AMF1 UT2-4 1999 1,683 3 59 -- 52 -- -- 29 29 
AMF2 UTB1-1 2001 5,745 3.5 76 87 162 -- 125 -- -- 
AMF1 UT3-1 2002 1,923 3.5 58 20 49 10 -- 8 -- 
AMF2 UTB2-1 2003 2,009 3.5 102 -- 47 -- -- -- -- 
AMF2 UTC1-1 2003 2,275 5 -- -- -- 81 -- -- -- 
AMF2 UTC2-1 2003 1,727 3.5 64 30 35 -- -- -- -- 
AM 2 UTC2-2 2004 1,923 3.5 71 36 36 -- -- -- -- 
AMF2 UTA1-1 2004 3,781 3.5 144 74 68 -- -- -- -- 
AMF2 UTC2-3 2004 4,900 5 -- -- -- 181 -- -- -- 
AMF1 UT5-1 2005 1,544 3.5 58 30 28 -- -- -- -- 
AMF2 UTC2-4 2005 1,286 3.5 47 25 22 -- -- -- -- 
AMF3 UTB4-1 2005 1,666 3.5 57 31 34 -- -- -- -- 
AMF3 UTD4-1 2005 1,325 5 -- -- -- 44 -- -- -- 
           

 
TOTAL 
 

43,911  
(4.3911 ha) 

1,019 
 

333 
 

881 
 

316 
 

525 
 

37 
 

29 
 

40 

 
 

 



 

Table 2-2. Extent of liana forest in 560 ha of unlogged forest, Fazenda Cauaxi
 Management block Total area (ha) Vine forest area (ha) Percent vine forest 
A1 100 34.0 34.0 
B2 100 11.0 11.0 
C3 110 17.8 16.2 
C5 100 9.4 9.4 
C2 100 42.9 42.9 
T5 50 7.8 15.6 
    
Total 560 122.8 21.9 
 
 
 
Table 2-3.  Mean annual diameter growth rates of tree seedlings in vine forest enrichment 

plantings, Fazenda Cauaxi

 

Mean 
growth 
(cm yr -1) a 

Maximum 
growth  
(cm yr -1) 

Range of published mean 
(maximum in parentheses) growth 
rates from Amazonian forest sites b 

Cedrela odorata 0.50 1.30 0.3 – 0.6 (1.48) c 
Ceiba pentandra 2.25 5.62 0.43 – 0.75 (7.37) d 
Cordia goeldiana 2.03 2.43 0.24 - 0.33 (1.5) e

Parkia gigantocarpa 2.44 4.88 0.74 (1.7) f 
Schizolobium 
amazonicum 2.14 5.30 

0.6 - 1.5 (2.8) g 

Swietenia macrophylla 1.17 3.19 0.26 - 1.09 (>2.0) h
Tabebuia serratifolia 0.75 1.90 0.17 - 0.84 (>1.0) i 
a Only data from areas planted 1997- 2003 presented (see Table 2-1 for sample sizes); values are 
means of planting area mean and maximum annual growth rates 
b From published studies of tree growth in forest (either unlogged or logged; no plantations or 
nonforest sites included) in the Amazon 
c  d’Oliveira, 2000; Dauber et al., 2005; Vidal, 2004 ; Vidal et al., 2002 

d  Condit et al. 1993; Putz 1984 
e  Schulze 2003; Vidal 2004 ; Vidal et al., 2002 
f  Vidal et al., 2002; Vidal 2004 

g Dauber et al. 2005; Justiniano et al. 2000; Vidal et al 2002; Vidal 2004 

h Dauber et al. 2005; Grogan 2001; Gullison et al.1996 ; Lamb 1966; Snook 1993 
i  Dauber et al. 2005; Garrido 1975; Justiniano et al. 2000; Schulze, 2003; Vidal 2004
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Table 2-4.  Projected size (DBH in cm) at year 30 after planting for individuals of three timber 
tree species in vine-forest enrichment plantings based on observed sizes and growth 
rates of individuals in experimental planting areas from 1997-2005, Fazenda Cauaxi

 Mean DBH 1 75th percentile DBH 2 

Parkia gigantocarpa 57.4 74.7 
Schizolobium amazonicum 50.5 76.1 
Swietenia macrophylla 30.2 42.4 
1 In the mean growth scenario, mean observed diameter at breast height (average of 3-6 planting 

area means) at year 5 was used as the starting size, with mean observed growth rate (average of 
3-6 planting area means) during years 5-7 used to project growth during years 6 – 30. 

2 In the rapid growth scenario, observed 75th percentile DBH (average of 3-6 planting area 75th 
percentile sizes) at year 5 was used as the starting size, with observed 75th percentile growth 
(average of 3-6 planting area 75th percentile growth rates) during years 5-7 used to project 
growth during years 6-30. 
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Figure 2-1.  Size distribution of liana forest patches in harvest blocks at Cikel 
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Figure 2-2.  Stand maps of two management blocks at Fazenda Cauaxi with moderate (A—16%) 

and high (B—43%) densities of vine forest.  Dark gray areas are vine patches with 
low, broken canopies, few adult trees and little commercial potential. Light gray 
areas represent the remaining forest area, from which the vast majority of timber 
was harvested.  In (B), black lines, in descending order by thickness, show main 
access roads, secondary roads and skid trails created during the initial harvest. 
White shapes are log decks. This logging infrastructure provides direct access to 
virtually all vine patches in these stands, allowing for efficient transportation of 
equipment to vine forest enrichment planting sites. 
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Figure 2-3.  Commercial timber volume (nondefective stems of commercial species) per hectare  

(A) above and (B) below the minimum felling diameter of 50 cm found within vine 
tangles and in the surrounding forest in three 100 ha management blocks, Fazenda 
Cauaxi.  Values are means (n=3 blocks) with standard deviations.  Paired t-tests 
were significant at p = 0.02 and p = 0.06, respectively. 
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Figure 2-4.  Species mean (± std. error; thin dashed lines) and 75th growth rates (heavy lines) in 

years 1-8 after planting in liana forest enrichment planting areas, Fazenda Cauaxi  
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Figure 2-5. Species mean (± std. error; thin dashed lines), 75th percentile (heavy dashed lines) 
and maximum diameters (solid lines) in years 1-8 after planting seedlings in vine-
forest enrichment planting areas, Fazenda Cauaxi.  
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Figure  2-6.  Staggered tree development and harvest in a three-species enrichment planting, with 

the fast-growing Schizolobium amazonicum providing a plywood logs by year thirty 
after planting, Swietenia macrophylla high-value sawlogs by year 60, and Tabebuia 
serratifolia dense, specialty timber within 90 years.  Note: Although not shown here, 
spaces left by harvested trees may fill with natural regeneration that can be cleared 
during maintenance or may be allowed to grow if seedlings are of merchantable 
species.  Additional planting may be conducted in the spaces as well.  Such scenarios 
of additional trees are not included in the EP description of Chapter 2 or the financial 
cost-benefit analysis of Chapter 3.  
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CHAPTER 3 
IS ENRICHMENT PLANTING WORTH ITS COSTS?  A FINANCIAL COST-BENEFIT 

ANALYSIS FOR AN AMAZON FOREST 

Introduction 

Tropical forest lands have a history of landscape conversion that has boosted the mining, 

logging, and agriculture industries while also causing degradation of ecosystems and loss of 

forest habitat.  Much attention has been focused on the negative effects of deforestation on 

biodiversity (Brechin et al., 2003; Pimentel et al., 1992; Putz et al., 2000) and on the direct 

contribution of deforestation to increased atmospheric CO2 concentrations (Fearnside, 2000; 

Schroth et al., 2002; Tinker et al., 1996).  Replacement of large areas of forest with agricultural 

fields and pasture also has the potential to alter regional climate by increasing albedo and 

decreasing evapotranspiration, thereby enhancing a positive feedback between a drier climate 

and increased frequency and severity of wildfires (Nepstad et al., 1991; Nepstad et al., 2001; 

Tinker et al., 1996), further contributing to climate change and decreasing the ecological 

integrity of forests.  Despite growing awareness of potential negative outcomes, conversion of 

tropical forest to agriculture, cattle ranching and other land uses continues to erode forest cover 

(INPE, 2007; Lentini et al., 2003). 

 While conservationists value tropical forests for their diversity, nutrient cycling, 

watershed protection, and role in regulating climate, these values rarely translate into financial 

benefits for landowners in forested regions. Rather, the financial return from converting tropical 

forest land to agriculture or ranching often dwarfs that of maintaining forest cover (Cardille and 

Foley, 2003; Geist and Lambin, 2002; Kaimowitz and Angelsen, 1998; Lambin and Geist, 2003; 

Perz and Skole, 2003).  One strategy for enhancing the value of forests is to increase the 

concentration of economically important, indigenous tree species by planting seeds or seedlings 

for future harvest (Brown et al. 2003; Dawkins, 1961; Dawkins and Philips, 1998; Montagnini 
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and Jordan, 2005; Salleh, 1997).  This can be accomplished with enrichment planting (EP), and it 

may help make forest management financially attractive to landholders and thereby reduce forest 

conversion to other uses.  Enrichment planting has been employed internationally with varying 

degrees of success (Putz, 2000; Sears and Pinedo-Vasquez, 2004; World Resources Institute 

[WRI], 1985) but there has been little systematic research on the factors that constrain its 

successful implementation.  In particular, there have been few studies of EP in the eastern 

Amazon and, although their quality may be good, most are short-term (Camargo et al., 2002; 

d’Oliviera, 2000; Pena-Claros, 2002; Schulze, 2008), and have not included economic and/or 

financial analyses. 

There are many factors that can deter landholders from planting trees in this region, 

including labor and maintenance costs (Long and Nair, 1999; Ramirez et al., 1992; Virginia 

Tech, 1996), uncertainty regarding land tenure (Browder and Pedlowski, 2000; Murray, 1987), 

risk of escaped fire damage to the trees (McCracken et al., 1999), lack of technical outreach and 

training (Simmons et al., 2002; Virginia Tech, 1996) and lack of reliable information about the 

long-term benefits of planting and maintenance treatments (Pukkala, 1998; Virginia Tech, 1996).  

To explore these factors and to provide insights about long-term results of enrichment planting, a 

financial appraisal of the enrichment planting in liana forest patches described in Chapter 2 was 

conducted from the point of view of Cikel, a large-scale, private logging company near 

Paragominas, Pará, Brazil.  Cikel has Forest Stewardship Council certification of its harvesting 

operations, which include Reduced Impact Logging (RIL) procedures.  The RIL setting was 

chosen for this study because RIL harvesting techniques are designed for repeated harvests over 

periods of 60 years or more, making the system a potentially supportive context in which to 
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conduct EP.  For this financial appraisal the costs and benefits of enrichment planting were 

calculated as an activity that could be conducted in addition to RIL. 

Given the mixed results of EP internationally, combined with its apparent potential to 

contribute to conservation efforts by increasing forest financial value, one of the objectives of 

this study was to determine if EP is financially beneficial for a private landholder in the eastern 

Amazon region of Brazil for a 60-year period.   We include 7 alternate EP scenarios: high and 

low financial costs, low timber yield, additional revenue from carbon sequestration payments or 

higher timber prices, and examples of possible government support in the form of free seedlings 

or subsidized interest rates (Table 3-1).  A sensitivity analysis of carbon payment amounts, 

timber prices, and discount rates is presented to show the effects of a range of timber price 

increases, and the price or rate needed to make EP profitable in terms of net present value 

(Table 3-2).  The simulations and long-term financial information in this chapter are intended to 

help policy makers and forest landholders by providing economic indicators of the investment 

value of EP. 

Methods 

The cost-benefit analysis (CBA) presented here consists of a commercial appraisal using 

market prices to assess the profitability of enrichment planting from the private forest 

management company perspective.  Costs and benefits are estimated for 60 years into the future, 

a time period in which some high-value species may reach harvestable size (Silva 2001, 

Chapter 2).  This is not a social appraisal, which would be done from society’s point of view to 

assess whether society’s welfare would be improved, although an assessment from this point of 

view would be a valuable compliment to this analysis and would provide needed information to 

policy makers.  Financial cost-benefit analyses that include ‘pure market’ values can neglect 

values that have worth to society, such as capacity-building and maintenance of ‘common’ 
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(shared) goods.  These wider ranging costs and benefits do not always fit into a CBA from a 

private landholder’s perspective, but can be included more reasonably in a CBA from society’s 

perspective.  Such a CBA evaluates consequences of project activities and choices over time and 

between various subsets within a society (Campell and Brown 2003). 

Cost information was collected by interviewing employees of Cikel and of the Instituto 

Floresta Tropical (IFT), a nonprofit RIL training organization that works with Cikel.  Estimates 

of expenses such as wages to be paid for hourly work or use of equipment were based on data 

recorded for enrichment planting activities by IFT personnel, interviews with Cikel executives, 

expense information reported in Holmes et al. (2002), agro-business supply websites, and similar 

data recorded by D. Nepstad and C. Uhl for planting done at a nearby location (Nepstad and Uhl, 

unpublished data).  Since this appraisal is based on the operations of one company, the results 

should only be generalized with caution. 

The activities included in the cost-benefit analysis begin with site selection and seed 

purchase in year 1, maintenance of planting areas and seedlings at years 2, 3, 4, 6, and 10, a 

commercial thinning at year 15, continued maintenance in years 20, 25, 30, 35, 45, and 55, and a 

harvest at year 60.  Costs of EP included marking harvest maps with potential planting sites, 

building a plant nursery, acquiring seeds and seedlings, and nursery seedling tending, transport 

of seedlings to planting sites, site preparation, planting, subsequent maintenance, thinning, and 

harvests.  The first two scenarios, costs and benefits of two maintenance schedules, were 

assessed based on suggestions of Schulze (2003) and IFT personnel: effects of reducing expenses 

of EP were explored by removing items from the list of nursery care and long-term maintenance 

tasks (Appendix A).  Items were removed based on observations at the site and recommendations 

of planters regarding which activities would not be necessary to maintain growth rates if the EP 
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sites were not kept accessible and attractive to visitors participating in training courses, as they 

currently are at Fazenda Cauaxi.  The maintenance of sites at Fazenda Cauaxi is more thorough 

and expensive than needed for EP conducted at sites not used for display.  Removed items 

include site clearing with machetes of competing vegetation during years 6, 10, and 20 – 45; this 

scenario represents the lower limit of maintenance that would probably be needed to maintain 

growth of planted seedlings while keeping costs low. 

 To project costs and benefits we considered the area that would be planted, the species 

that would be planted, and two estimated yields for comparison: a ‘reasonable yield’ projection 

of 18 cubic meter (m3) per planting area and a ‘low yield’ projection of 6 m3 per planting area 

(Scenario 3).  The reasonable projection was based on observations of growth rates of these 

species on this site and others (Schulze, 2003, 2008).  The low yield projection is based on 

growth data collected from trees growing in an unmanaged forest that we presume included 

competition for light, water, and nutrients, which could reduce the growth rates of the trees 

measured there (Silva, 2001; Silva et al., 1996) The reasonable yield of 3x the low projection 

may be attainable given site preparation and care of seedlings planted in EP areas.  The resulting 

timber volume per planting area was used to divide benefits and costs, which resulted in benefit 

and cost information per cubic meter of timber.  We use the reasonable yield for all scenarios 

presented here except Scenario 3 which gives financial results of the low yield for comparison.  

The low yield results are important for landholders and policy makers because they may 

approximate the results of enrichment planting not followed by site maintenance.   

Two sources of additional revenue were included in our analyses. Scenario 4 includes 

payments for atmospheric carbon sequestered in wood grown in EP areas and Scenario 5 

includes higher timber sale prices for EP wood.  These factors are considered uncertain, meaning 
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they are difficult to estimate as a probabilistic function; they are ambiguous.  While some factors 

are considered quantifiable ‘risks’ and can be included in an analysis as a probability, ‘uncertain’ 

factors may or may not happen and are more effectively evaluated using sensitivity analysis.  For 

Scenarios 4 and 5 we conducted sensitivity analyses of carbon payment amounts and timber 

prices.  In the carbon sequestration scenario we used allometric equations developed in the 

region (Silva and Carvalho 1984) to convert yearly diameter increase of planted trees to yearly 

increases of metric tons of carbon stored in the trees.  The sensitivity analysis consists of three 

rates of payment issued: US$3 per metric ton of atmospheric carbon as suggested recently by the 

Brazilian government, US$10 per metric ton suggested in refereed literature (Fearnside 2000, 

Fearnside 2001a), and US$30 per metric ton, which is the rate on the current European market 

(http://www.pointcarbon.com/news/cme accessed June 2008). We issued the payments in 5-year 

increments during the time from planting to harvest of each species and used a 9.75% discount 

rate to determine the present values of the payments (Table 3-2) based on the rates specified by 

the Development Bank of Brazil (BNDES 2008). The timber price sensitivity analysis presents 

economic indicator results for a range of timber price increases, starting with the 150% increase 

described by Globalwood (2004), a 300% increase for comparison, and a 500% price increase 

required to make EP feasible in terms of NPV. Price increase percentages are relative to prices 

reported in Holmes et al. (2002).  

Scenarios 6 and 7 show forms of possible government or policy support.  Scenario 6, in 

which forest managers are given free seedlings to conduct EP, provides an example of lowering 

initial costs of EP.  Since initial costs can easily overwhelm the long-term (and therefore largely 

discounted) benefits of future harvests (Lamb et al., 2005), we assess this method of supporting 

EP by reducing the early costs for planters.  Government policy may also support EP by 

54 

http://www.pointcarbon.com/news/cme


 

providing low interest rate loans, tax breaks, or other forms of subsidization to mitigate early 

costs of EP for private landholders.  Given the benefits that EP may provide to society, which are 

external benefits to the private landholders as described above, policy makers may have ample 

justification for creating such subsidies.  We provide a sensitivity analysis of discount rates and 

show the rate that would make net present values of EP profitable for large scale forest 

landholders in the region (Table 3-2).  The discount rates represent effects of policy 

subsidization such as low interest loans or tax breaks.         

The planting area and species were assessed as follows: 

• Area: The planting takes place in liana forest patches that often occupy 15-20% of forest 
landholdings (Chapter 2).  Typical planting areas at Fazenda Cauaxi are 200 m2.  During 
interviews, IFT employees reported cost information in terms of the costs of preparing 
and planting each 200 m2 planting area.  For this analysis, costs and benefits were then 
divided by the number of cubic meters of wood expected from the area, resulting in cost-
benefit data reported in terms of BR$/m3 of wood produced by EP. 

• Species: parica (Schizolobium amazonicum), fava (Parkia gigantocarpa), mahogany 
(Swietenia macrophylla King), and ipê (Tabebuia serratifolia). 

• Growth rates and prices: The EP areas contain a mixture of fast-growing, lower priced 
species (S. amazonicum and P. gigantocarpa) and slower-growing, higher priced species 
(S. macrophylla and T. serratifolia).  A mid-rotation commercial thinning is included 
during which fast-growing species may be harvested to provide short-term financial 
benefits to offset ongoing costs of maintenance.  Current Brazilian forest policy does not 
permit re-entry for timber harvest before the 30th year, but we included this 15th-year 
thinning with the expectation that it would be permitted under the evolving regulatory 
framework (Zweede, personal communication).  The slower growing species are 
harvested at Year 60 in this CBA, based on growth rates projected in Chapter 2.  Except 
in scenarios 3 and 5, it was assumed that costs and timber market prices would not 
change enough to alter the revenue projections from those reported in Holmes et al. 
(2002).   

• Discount rate: A rate of 9.75% was used in calculations of the net present value (NPV) of 
EP seedlings to be harvested in the future (BNDES, 2007) except for Scenario 7. 

The Internal Rate of Return (IRR) and Benefit Cost Ratio (BCR) were calculated in 

addition to NPV for the seven EP scenarios.  Internal rate of return is an indicator of the 

profitability of an investment; it is the discount rate at which the net present value of a project 
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will equal zero.  It is usually used to compare investment options: if a project has a high IRR 

compared to another investment option, the project would have to be subjected to a higher 

discount rate for the net present value to fall to zero.  Therefore, the project with the highest IRR 

would be the most desirable (other factors equal) because it would have higher likelihood of 

showing profitable growth.  In addition to project vs. project comparisons, one can also compare 

a project’s IRR to return rates of financial markets such as the Standard & Poors 500 to 

determine if project money would be better invested in the market (Borders and Bailey, 2001; 

Campbell and Brown, 2003; Dubois and Glover, 2001).  Benefit Cost Ratio (BCR) is also 

informative for policy makers: the BCR tells how much financial value a project will yield 

compared to the amount spent on the project.  In settings of monetary constraints, which many 

industrial and policy-making settings are, the BCR can be more informative than the NPV 

because BCR tells how much money a project will return per dollar invested.  The indicators we 

report in this chapter can be used together to determine if private investments in EP and/or policy 

support of EP are economically justifiable.    

Results 

Scenario 1, our ‘as-is scenario’ of EP as conducted at Fazenda Cauaxi is not financially 

cost effective without accounting for benefits to the company aside from the sale of timber 

grown in EP areas.  At the 9.75% discount rate, the current EP practices conducted at Fazenda 

Cauaxi result in a net present value (NPV) of US$-12.15/m3.  Scenario 2, the ‘low cost’ scenario 

resulted in a NPV of US$-11/m3, an IRR of 0.043 and a BCR of 0.24.  The highest net costs are 

associated with seedling cultivation and planting, which include costs of building a nursery, 

purchasing or gathering seeds, collecting planting soil with a tractor, care for seedlings in the 

nursery, transport to planting site, site preparation, and planting of the seedlings (Appendix A).  

Scenario 3 shows what may happen if seedlings are planted but not tended.  Low yield provides 
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less revenue at the commercial thinning and harvest, resulting in an NPV of US$-38.7, IRR of 

0.012 and BCR of 0.06 even though high maintenance expenses were not incurred.   

Given a reasonable yield from an EP area, additional sources of revenue can make EP 

profitable for private industrial landholders.  For example, the sensitivity analysis of carbon 

payments (Scenario 4) showed that payments of $30/metric ton resulted in a positive NPV of 

US$0.94, an IRR of 0.54 and a BCR of 1.07.  A timber price increase of 500% (Scenario 5) 

results in a positive NPV of US$2.53, IRR of 0.14 and BCR of 1.18.  Sensitivity analysis results 

showed that lower carbon and timber prices resulted in negative NPVs: US$3/ metric ton of 

carbon paid every 5 years result in NPV of US$-9.81, IRR of 0.14, and a BCR of 0.32.  

US$10/metric ton of carbon, paid every 5 years result in an NPV of US$-7.02, an IRR of 0.30 

and BCR of 0.51 (Table 3-2).  A timber price increase of 150% resulted in an NPV of US$-

5.93/m3, and IRR of 0.07, and a BCR of 0.59; an increase of 300% in timber prices resulted in an 

NPV of US$-4.24, IRR of 0.10, and a BCR of 0.71 (Table 3-2). 

Government support in the form of free seedlings did not reduce early costs enough to 

result in a positive NPV.  In Scenario 6, free seedlings resulted in NPV of US$-7.55, IRR of 

0.052, and BCR of 0.31.  The Scenario 7 sensitivity analysis of discount rates showed that a rate 

of 3% results in a positive NPV of US$3.70, IRR of 0.01, and BCR of 1.11 (Table 3-2). 

Discussion 

The first assessment of enrichment planting showed that extensive nursery, planting, and 

maintenance expenses can overwhelm the financial benefits of EP.  The high expenses in this 

case probably result from extensive care given to keep the EP areas visually appealing for 

demonstration and training.  For more industrial forests not used for demonstration or training it 

would be realistic to reduce costs by reducing some nursery expenses and many years of planting 

site maintenance without reducing growth rates of the trees.  However, despite lower costs, the 
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low cost scenario also resulted in a negative NPV.   Since costs are incurred early and financial 

benefits are not gained until thinning and harvest, just lowering costs to a minimal level alone 

did not result in a positive NPV.  This result agrees with reports of enrichment planting 

profitability depending on sales of short term, non-timber products from the trees before year of 

harvest (Schulze et al. 1994) and cases of EP with fast-growing species that can be harvested 

within 10 years of planting (Adjers et al., 1995; Lamb et al., 2005).  Non-timber products and/or 

short harvest cycles provide financial benefits to planters faster; short term benefits may be 

necessary to attain a positive NPV for planting. 

Carbon sequestration payments may provide frequent, short term, financial benefits for 

planters (Coomes et al., 2008; Smith and Applegate, 2004; Stainback and Alavalapati, 2002; 

Wise and Cacho, 2005).   In the carbon payment scenario economic indicators show that EP 

combined with carbon payments is a financially justifiable option, although this depends in part 

on the price paid to forest holders for carbon credits.  The sensitivity analysis of carbon 

sequestration prices revealed that the price suggested by the Brazilian government, US$3 per 

metric ton, is too low to make the NPV positive for planting.  However, the price of US$30, the 

current European market price, resulted in positive NPV and favorable IRR and BCR.  It should 

be noted that in this analysis, operational costs that may be incurred to receive the payments 

would reduce the net value of receiving carbon payments (Vliet et al., 2003).  Potentially costly 

activities include more frequent monitoring and analysis of tree growth and administrative costs 

of reporting growth.  In order to fully assess appropriate pricing, profitability of carbon 

sequestration at the suggested prices should include any cost increases associated with receiving 

payments.  To further complete a carbon payment appraisal, the costs and benefits of this 

scenario should be compared with profitability of EP with alternate tree species (i.e., species 
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with traits such as faster growing or higher wood density) and the profitability of other land uses.  

It also should be noted that there are various allometric equations in the literature that could be 

used to calculate the amount of carbon stored in growing trees, species of trees hold different 

amounts of carbon per cubic meter, and research has resulted in range of reported biomass 

estimates for Amazon forests (Alves et al., 1997; Chambers et al., 2001; Fearnside and 

Guimarães, 1996; Keller et al., 2001; Nelson et al., 1999; Nogueira et al., 2005; Overman et al., 

1994; Saatchi et al., 2007).  Policies that encourage carbon credit sales should be based on 

careful review of the most reliable information available for these forests.  

If timber prices increase 500% from those reported in Holmes et al. (2002), the NPV of 

enrichment planting becomes positive.  The chances of such an increase are reasonable for high 

value species, given trends in tropical wood sale prices reported by the International Tropical 

Timber Organization (ITTO, 2007).  In addition, wood certified by Smartwood can sell for 

higher prices than those from non-certified forests and therefore EP may be more profitable in a 

certified forest setting. 

Governmental and nongovernmental organizations internationally have supported 

distribution of free seedlings to promote reforestation and forest restoration in degraded areas.  

Many reports on such planting projects cite lack of secure tenure or lack of ample land as 

deterrents to tree planting (Murray, 1987; Otsuka et al., 2003; Summers et al., 2004) and, 

perhaps inadvertently, imply that planting costs are not a deterrent when seedlings are provided.  

Here the financial analysis showed that NPV remained negative despite money saved by using 

free seedlings.  In addition, new costs may be incurred if forest managers have to transport 

seedlings from a point of distribution to their planting site, which was not included in the free 

seedling scenario.  Given transportation costs EP may become more expensive if planters use the 
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provided seedlings.  Free seeds or seedlings may be more beneficial to planters when the species 

produce short term products, such as fruits or non-timber products, and when timber is only one 

of multiple, internal benefits of growing the trees.  If the only benefit of planting free seedlings is 

timber, then free seedlings may not be incentive enough to overcome enrichment planting costs.  

Policy mechanisms that could reduce EP costs include subsidies and tax policies that 

encourage longer harvest rotations to increase biomass produced and increase proportion of more 

permanent timber products by encouraging sawtimber production (Stainback and Alavalapati, 

2002).  The scenario of lowered discount rates reported here simulates the effect of financial 

support of EP through such policies.  A discount rate of 3% resulted in positive NPV, which is 

lower than the rates usually observed in Brazil.  Policy support that decreases EP discount rate to 

3% could be justified by the benefits to society of EP.  Although not quantified here, the social 

benefits of EP may be substantial.  They include alleviation of high unemployment among 

logging sector in the wet season, ability of logging industry in long-term locations rather than 

‘boom-and-bust’ forest product economy (Burns, 1965; Lambin and Geist, 2003), rare species 

conservation (Zweede, personal communication), and maintaining trained employees through the 

non-harvest wet season when most forest workers are laid off may help landowners reduce 

turnover and training costs.  Benefits to society are mostly external to private landholders.  

Policy makers may be interested in promoting EP with financial incentives, an internal benefit 

for the land holders, for the external benefits that can boost socioeconomic and ecological well-

being. 

While much attention is given to NPV results, the IRR and BCR indicators also are useful 

for forest managers and policy makers.  Calculating the NPV requires an assumption of the 

discount rate, which can be very hard to predict for the long time span of a timber project.  
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Internal rate of return does not require a discount rate and therefore reduces uncertainty in 

equation.  In this chapter the NPV and BCR give consistent indications of the investment 

feasibility for each scenario: Those with the highest NPV also have the highest ratio of benefits 

per money invested.  The scenarios with the best NPV and BCR were carbon sequestration sales 

at US$30/metric ton and the scenario of 3% discount rate.  The indicator that does not use 

discounted values, the IRR, showed that carbon sales and higher priced timber sales would be the 

most profitable scenarios.  Carbon sales rank high when using or not using discount rates 

because they bring a steady stream of revenue even early in the life of the project.  Therefore, the 

revenue is high even when discount rates lower the payments from the end of the project to 

almost nothing.  Carbon payment scenarios also rank high when not using discount rates because 

the full value of all of the payments and the timber sales sum to a relatively very profitable 

amount compared with the other scenarios.  Using the discounted indicators, 3% discount rate 

ranked second; using the non-discounted indicator, higher priced timber sales ranked second.  

The second ranked scenarios are actually very similar given the indicators that ranked them: the 

indicators both ranked second the scenario that would provide the most revenue from timber 

sales.  NPV and BCR ranked the 3% discount rate, which was the lowest of all the scenarios, 

because that low rate caused the least amount of reduction in the revenue from timber sales. 

Similarly, the IRR favored the high timber price because, since IRR is calculated without 

discount rates, the sale of the logs in this scenario was the highest of all scenarios. 

The EP scenarios included a mixture of fast and slow- growing species in a forested 

setting, however, currently in the region most timber planting consists of fast-growing 

monoculture plantations.  We did not perform data collection and cost-benefit analysis of a 

hypothetical scenario of EP in liana clearings with a monoculture of fast-growing species 
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although land managers would probably have interest in this scenario.  We suspect that benefits 

of planting fast-growers in liana patches and harvesting them on shorter rotations, such as the 30-

yr legal minimum, would not exceed financial benefits of planting mixed species.  Planting costs 

and harvest costs would remain the major expenses regardless of species planted and therefore 

little expense would be saved by changing the species or harvesting earlier.  The costs of 

planting would be recuperated sooner in this scenario, subjecting the timber sales to less 

discounting, but the fast-growers tend to have lower sale prices and this reduces the financial 

benefits of sale despite shorter discounting.  In addition the landholder would have to plant new 

seedlings after the 30-year harvest to start the next rotation, and to continue receiving carbon 

sequestration payments, which would incur a repeat of the planting costs.  Landholders 

conducting EP with a mixture of fast- and slow-growers can incur planting costs once, recuperate 

costs early with a commercial thinning or 30-yr harvest of the fast-growers, and harvest the slow-

growing, higher value species in later rotations.  In a setting of long-term management, such as 

this FSC certified forest where landholders are implementing RIL harvesting, planting a mixture 

of species helps ensure expected timber volumes of high value species for multiple harvest 

rotations, thus supporting the long-term plans of the landholder.  In a scenario where the 

landholder is also receiving carbon sequestration payments, planting mixed species can provide a 

source of carbon payments for multiple rotations without repeated costs of planting seedlings. 

In comparison to the cost-benefit analysis of industrial scale EP, research about EP on 

small family farms in the region suggests that multitasking of tree care helps make EP 

economically viable at the family farm scale (Chapter 5).  The difference may be due to lower 

costs of smallholder EP in terms of capital and opportunity costs, since smallholders plant during 

‘down times’ and not in conflict with planting or harvest times for crops.  Smallholder costs are 
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also low due to opportunistic use of seeds and seedlings from their property.  Smallholders also 

may gain more diverse internal benefits from planting such as land improvement, nontimber 

products for sale or use by the family, ‘insurance’ against financial hardship, and satisfaction of 

planting (Chapter 5).  The lower costs incurred by planting on a family farm scale, combined 

with the diverse values of financial and non-financial benefits for families, support the findings 

in this chapter that EP appears most feasible in a setting of low costs and multiple internal 

benefits in addition to long-term harvest of timber. 

Conclusion 

If the primary goal is to achieve profit from enrichment planting, a landholder would not 

conduct EP of slow-growing species at the industrial scale if costs will be similar to those shown 

here and if no other, short term, benefits are available from planting.  However, costs could be 

lowered and external benefits of EP could be made internal.  Costs could be lowered by reducing 

planting and maintenance costs to a minimum (Scenario 2), access to free seedlings or other 

services (Scenario 6) and/or policies that lower discount rates for planters (Scenario 7).  In 

Chapter 6, I suggest that seedlings and other resources such as technical planting information 

could be supplied by a governmental agency or a nonprofit NGO that provides diverse, local, 

appropriate seedlings for free at nurseries that conduct research and planting trials.  If the 

nurseries are easily accessed, they could help reduce risks and costs associated with EP by 

providing seedlings, supplies, information, and possibly assistance with other processes that 

encourage EP such as management plan writing and tenure applications.  Based on observations 

of smallholder EP reported in Chapter 5, it also may be possible to lower costs of EP by 

following the example of smallholders who plant when other farm demands are not pressing 

(‘down-times’) and who multitask planting and maintenance activities with other farm activities.  
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At the industrial scale, the down times would be during the non-harvest season and multi-tasked 

activities could include site clearing during road clearing or site surveys during forest surveys.    

Revenue of EP could be increased to make it financially justifiable and competitive with 

other land uses.  Brazilian policy could boost EP revenue greatly by facilitating carbon 

sequestration payments.  EP may have far reaching, external benefits that could be captured in a 

social appraisal that would justify policy and/or external support of EP. 



 

Table 3-1.  Scenarios of enrichment planting in conditions of alternate costs, alternate yields, additional benefits, and policy support.  
Since the Scenario 1 cost accounting was not used for other scenarios it is not reported here but can be found in the results 
section of the text.  All scenarios shown here are calculated using Scenario 2 minimum expenses. All scenarios assume a 
yield of 18 m3 wood per EP area except the low yield scenario (#3) that uses a 6 m3 yield.  All scenarios use a wood price 
of US$16.81/m3 for low value wood harvested at thinning, and US$91.65/m3 for high value wood harvested at Yr 60 
(Holmes et al., 2002, converted to 2004 dollars), except Scenario 5 which simulates a 500% increase. Values in each row 
of years are not discounted, but discounted sums and a net present value are reported in the Present Value (PV) row using 
a discount rate of 9.75%.  Scenario 7 uses a 3% discount rate, which made EP net present value positive. Results are 
reported in US dollars per cubic meter of wood produced, using average 2004 currency conversion rate of 2.95 between 
Brazilian and US currency.    

 Alternate costs Alternate yields Additional revenue Policy support 
 

Scenario 2 
Low cost 

Scenario 3 
Low yield 

Scenario 4 
EP with US$10/ton 
carbon payments 

Scenario 5 higher wood 
prices (500% increase) 

Scenario 6 
Free seedlings 

Scenario 7 
Low discount rate 

(3%) 
Yr Bene Cost Net Bene Cost Net Bene Cost Net Bene Cost Net Bene Cost Net Bene Cost Net 
1 0 -10.99 -10.9 0 -32.9 -32.9 0 -10.9 -10.9 0 -10.9 -10.9 0 -7.55 -7.55 0 -10.9 -10.9 
2 0 -0.75 -0.75 0 -2.71 -2.71 0 -0.75 -0.75 0 -0.75 -0.9 0 -0.75 -0.75 0 -0.75 -0.75 
3 0 -0.68 -0.68 0 -2.71 -2.71 0 -0.68 -0.68 0 -0.68 -0.9 0 -0.68 -0.68 0 -0.68 -0.68 
4 0 -0.42 -0.42 0 -1.8 -1.8 0 -0.42 -0.42 0 -0.42 -0.6 0 -0.42 -0.42 0 -0.42 -0.42 

15 16.8 -6.03 10.77 16.8 -10.6 6.2 16.8 -6.03 10.7 111 -6.03 105 16.8 -6.03 10.7 16.8 -6.03 10.7 
55 0 -4.30 -4.30 0 -12.9 -12.6 0 -4.30 -4.30 0 -4.30 -4.30 0 -4.30 -4.30 0 -4.30 -4.30 
60 91.2 -6.03 85.2 91.2 -6.03 85.2 91.2 -6.03 85.2 608 -6.03 602 91.2 -6.03 85.2 91.2 -6.03 85.2 

Sum 108 -29.2 78.8 108 -69.6 -38.2 137* -29.2 166 719 -29.2 689 108 -25.7 82.3 108 -29.2 78.8 
PV 3.38 -14.1 -11.6 2.41 -41.1 -38.7 7.36 -14.1 -7.02 9.1 -14.1 -5.0 3.38 -10.9 -7.5 35.9 -32.2 3.7 
IRR 0.043 0.012 0.30 0.14 0.052 0.043 
BCR 0.23 0.06 1.54 1.18 0.31 1.11 
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Note: Year 1 activities include germination and planting, Yrs 2-4 include site maintenance, Yr 15 includes site maintenance and a 
commercial thinning, Yr 55 includes DBH monitoring and vine cutting, and Yr 60 includes RIL harvest.  *Carbon payments issued 
every 5 years add to the sum, NPV, IRR, and BCR of Scenario 4. Nondiscounted payments of US$3/ton, starting at year 5, reported 
per m3 of wood produced, were $0.27, $0.72, $1.21, $0.70 (first payment after thinning), $0.93, $1.17, $1.39, $1.66, $1.92, $2.19, 
$2.45, $2.73.  Payments of US$10/ton were $0.91, $2.39, $4.03, $2.34, $3.10, $3.89, $4.63, $5.55, $6.41, $7.28, $8.18, $9.09.  
Payments of $30/ton were $361.81, $847.14, $1379.80, $7.01, $9.30, $11.67, $13.89, $16.64, $19.22, $21.85, $24.54, $27.27.  
 

 



 

Table 3-2. Sensitivity analysis of influences on enrichment planting economic indicators.   
Payments for sequestered atmospheric carbon, increases in wood prices, lowered 
discount rates were assessed. Results reported in US dollars per cubic meter of 
harvested timber (US$/m3) given a yield of 18m3/planting area. 

Scenario Level 1 Level 2 Level 3 
Carbon payments US$3/ton US$10/ton US$30/ton 
Payments sum, NPV $17.34, $-9.81 $57.79, $-7.02 $173.38, $0.94 
IRR, BCR 0.14, 0.32 0.30, 0.51  0.54, 1.07 
 
Timber prices 

 
150% increase 

 
300% increase 

 
500% increase 

Sales sum, NPV $216, $-5.93 $325, $-4.24 $541, $2.53 
IRR, BCR 0.07, 0.59 0.10, 0.71 0.14, 1.18 
 
Discount rate 

 
3% 

 
6% 

 
9.75% 

Sales sum, NPV $108.34, $3.70 $108.34, $-4.46  $108.34, $-11.00 
IRR, BCR 0.01, 1.11, 0.02, 0.72 0.05, 0.24 
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CHAPTER 4 
EARLY PLANTING TREATMENT EXPERIMENTS: GROWTH AND SURVIVAL OF 
PLANTED FRUIT AND TIMBER SPECIES WITH AND WITHOUT TREATMENTS IN 

PARAGOMINAS, PARÁ, BRAZIL 

Introduction 

Large areas of the eastern Amazon of Brazil have been degraded by overgrazing of cattle 

and subsequently abandoned.  One strategy for restoring economic and ecological productivity to 

such areas is enrichment planting of native tree species (Nepstad et al., 1991; Nghiep, 1986; 

Pereira and Uhl, 1998; Uhl et al. 1991).  There is little information available to help land 

managers choose species, site preparation and planting techniques, and silvicultural treatments.  

As shown in Chapter 3, planting treatments must be chosen carefully because the early expenses 

easily outweigh long-term financial benefits of enrichment planting.  There is a need for data on 

the long-term results of early treatments in order for land managers to choose the most efficient 

planting and maintenance methods; short-term data on growth rates and treatment responses are 

currently available for some perennial species in the region (Browder and Pedlowski, 2000; 

Nepstad et al., 1998; Pereira and Uhl, 1998; Schulze, 2003) but few long-term analyses of 

growth or treatment response have been published (Alder and Silva, 2001; Schroth et al., 2002; 

Yamada and Gholz, 2002).   

Here we present the results of two studies: a site preparation and weeding experiment, 

and a fertilization experiment.  Both studies include fruit and timber species chosen for their 

economic value and usefulness to landholders.  They were planted in 1988 in cattle pastures that 

had been abandoned for one year (Pereira and Uhl, 1998) (Appendix B). Our objective is to 

provide growth and survivorship results of the two experiments through 2003 so that landholders 

in the region who plant trees will know which early efforts may bring the most beneficial 

outcome. 
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To evaluate the first experiment on site preparation and maintenance effects, we analyzed 

short- and long-term height, diameter, and survival of 16 locally important species of fruit and 

timber trees planted in 1988.  Site treatments included depth of planting hole and weeding.  To 

asses the second experiment on fertilization effects we monitored the short- and long-term 

height, diameter, and survival of 26 native perennial species planted in an abandoned pasture in 

1988.  Evaluation of early preparation, weeding and fertilization is appropriate for this setting 

where planted areas may receive short-term care but not extensive long-term care due to resource 

constraints (Browder and Pedlowski, 2000; Simmons et al., 2002). 

Site Description 

The two experiments took place at Fazenda Vitoria, 6.5 km northwest of Paragominas, 

Pará, Brazil (2° 59’ S, 47° 31’ W).  The area is upland terra firme with a slightly rolling 

topography (slopes approximately 6%), elevation of approximately 200 m, and a mean annual 

temperature of 26.3° C.  The soils of the site are weathered, kaolin clays (Oxisols) and the 

precipitation (2277 mm per year) is seasonal with a wet season from December to June (Pereira 

and Uhl, 1998; Markewitz et al., 2001). 

Experiment One: Site Preparation and Maintenance Study 

Each of the 16 species was subjected to three treatments: seeds were buried at 1cm; seeds 

were buried at 1 cm and the area was weeded; and seeds were buried at 1cm in a 30 cm hole 

filled w/ loose soil and the area was weeded.  The treatments are referred to as “buried” (B), 

“buried/weeded” (BW), and “buried/weeded/soil” (BWS).  The three treatments were 

administered in mainplots composed of 3 adjacent subplots.  Each mainplot contained 27 seeds 

of one species allocated equally among the subplots (nine seeds per subplot).  Each subplot was 

given one of the three treatments. The mainplots were replicated three times in three blocks for a 
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total of 432 planted seeds per treatment.  Locations of the mainplots within the three blocks were 

randomized.  Subplots were the unit of analysis. 

Our null hypothesis was that treatments would have no short- or long-term effects on 

growth and/or survivorship (South et al., 1993).  We used SPSS to perform univariate ANOVAs 

on survivorship, height, and diameter at breast height (DBH) for each treatment, species, and 

treatment-species interaction.  Height and percent survivorship results are presented for 1991 and 

2003 to give short- and long-term data, but DBH results are given only for 2003 since many 

individuals were not tall enough in 1991 for this measurement.  Survivorship was calculated as 

the percent of individuals surviving of those that were planted (Myster, 2002).  Post-hoc testing 

included multiple comparisons of treatment and species means using Bonferroni and Scheffe 

analyses.  Relative growth rates were compared to determine fastest growing species across 

treatments (Hoffmann and Poorter, 2002; Sack and Grubb, 2001). 

Site Preparation and Maintenance Results 

Treatment Effects 

Treatment effects were significant in the short- and long-term (1991 height P< 0.001, 

2003 height P= 0.001, 2003 DBH P= 0.029) with different directions of effects per treatment, 

which we explored further with post-hoc analysis.  The post-hoc analyses showed that treatment 

B (seeds buried at 1 cm), produced the shortest, smallest diameter individuals in 1991 and 2003, 

with 44% and 22% survivorship, respectively (1991 height P< 0.001 between B and BW, and P< 

0.001 between B and BWC; 2003 height P< 0.001 between B and BW, and 0.31 between B and 

BWC; 2003 DBH P< 0.001 between B and BW, and P< 0.001 between B and BWC).  Treatment 

BW, where seeds were buried at 1cm and the area was weeded, produced the tallest and largest 

diameter individuals in 1991 and 2003 with survivorship of 48% and 24%, respectively (1991 

height P< 0.001 between B and BW, and 0.08 between BW and BWC; 2003 height P< 0.001 
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between BW and B, and BW and BWS; 2003 DBH P< 0.001 between BW and B, and 0.25 

between BW and BWS).  Treatment BWC, where seeds were buried at 1cm in loosened soil and 

the area was weeded, differed from B in the short- but not long-term and its survivorship was 

45%, 22%, respectively (1991 height P< 0.001 between BWS and B, and P=0.75 between BWS 

and BW; 2003 height P= 0.31 between BWS and B, and P< 0.001 between BWS and BW; 2003 

DBH P= 0.22 between BWS and B, and 0.25 between BWS and BW) (Figures 4-1 and 4-2). 

Differences in short-term survivorship were significant among treatments (P= 0.007), and 

we explored the differences further with post-hoc analysis.  The post-hoc analysis showed that 

only the effects of planting at 1 cm (treatment B) and planting at 1cm with weeding (treatment 

BW) were significant, with treatment B resulting in lower survivorship (1991 P=0.006).  

However, in practical terms the treatments made little difference: all treatments resulted in 

approximately 46% or ~200 surviving seedlings in 1991.  The statistical differences in 

survivorship were lost by 2003 (P= 0.152) and all treatments resulted in 22%-24% survivorship 

(Appendix C). 

Species Effects  

Species effect on growth and survivorship was significant in short- and long-term for 

height, diameter, and survivorship among species (1991 and 2003 P values = 0.00), with 

different directions of effect per species (Appendix C).  Regardless of treatment, species grew to 

different sizes and ultimately ranged in height from 3m to 23m with diameters of 2cm to 28cm 

(Figures 4-3, 4-4, and 4-5), and survivorship of 0-90%.  Thirteen species differed significantly 

from others in survivorship; of these, Bagassa guianensis, Bertholletia excelsa, and Orbignya 

phalerata had the lowest survivorship and Ximenia americana L., Hymenaea courbaril, and 

Platonia insignis had the highest (Appendix C).  Relative growth rate (RGR) comparisons of 
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heights revealed that P. insignis and Sclerolobium paniculatum were the fastest growers over the 

15 years of the study, respectively, with S. adstringens and Acacia sp. tied for third fastest. 

Species X Treatment Effects 

Interactions of the treatment and species were significant in most years for height (1989 

P< 0.001; 1990 P= 0.002; 1991 P= 0.79; 2003 P=0.01) but not for DBH (2003 P= 0.522).  This 

indicates that treatment affected height for some species more than others, but not DBH.  

Treatment also affected survivorship for some species more than others: treatment and species 

interactions were significant in 1991 (P< 0.001) and 2003 (P<0.001).  Overall, treatment is 

important although the effect varies from species to species. 

Experiment Two: Fertilization Study 

Within a one-hectare area recently abandoned pasture, 26 study species were planted in a 

randomized split-plot design of twenty lines that were paired into 10 blocks.  Each line contained 

one representative of the 26 species.  For each species, twenty similar-sized seedlings purchased 

locally were planted early in the wet season (January 22 - February 2, 1989). Among the species, 

seedlings ranged in height from 10-100 cm. The pasture was burned prior to planting and lines 

were delineated 5 m apart, with planting holes every 5 m.  Top soil and ash were mixed in the 

planting holes and, after waiting 10 days, the containerized seedlings were introduced.  Within 

each block, seedlings in one line received 50 g of NPK 10-10-10 fertilizer and 10 l of cattle 

manure at the time of planting.  At the beginning of the second year, treatment seedlings each 

received an additional 50 g of NPK 10-10-10 fertilizer and 3 l of cattle manure.  For 2 years, the 

area was maintained twice per year by using a machete to clear competing vegetation from an 80 

cm radius around the seedlings (Pereira and Uhl, 1998).  Height and basal diameter (1 cm above 

root collars) of seedlings were measured annually until 1991.  In 2003 diameters were measured 

using diameter tape at 1.3 m height (DBH). 
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We evaluated the performance of each species and six mutually exclusive groups that 

were characterized by low variance in their 2003 growth data: four family groups 

(Anacardiaceae, Arecaceae, Myrtaceae, and Sapotaceae), “other timber species”, and “other fruit 

species”.  We averaged relative growth rates (RGRs) of individuals within each species to rank 

the slowest and fastest growing species for diameter and height (Table 4-1) (Hoffmann and 

Poorter, 2002; Sack and Grubb, 2001) and assessed whether these categories were characterized 

by differences in survivorship.  We then regressed the average diameter and height growth 

between 1990-1991 against the average diameter and height yield in 2003 and tested for 

homogeneity of the slopes between control and treatment groups to evaluate whether short-term 

growth rates were a reliable indicator of long-term performance, and whether this relationship 

was affected by fertilization (Hair et al., 1995).  We used Fisher's Exact Two-tail Chi Square 

tests on data for each measured year to determine whether survivorship was influenced by 

fertilization (Summers et al., 2004).  To assess the effects of fertilization on short- and long-term 

growth, we conducted a repeated measures ANOVA on the 1990-1991 height and diameter data 

and a standard ANOVA on the height and diameter data collected in 2003.  For the 2003 data, 

the interaction of block and treatment was not significant for any group, so we dropped the 

interaction term from the ANOVA model.  For the 2003 data, we followed the ANOVA with 

Least Squares Means analyses to determine treatment effects at the species level, and we used a 

null model likelihood ratio test to calculate the relative heights and diameters of each species in 

order to find the direction and quantities of treatment effects.  Statistical analyses were 

conducted using SAS (SAS Institute Inc., 1996). 

Fertilization results.  Most of the fastest growers were timber species, including Cedrela 

odorata, Tabebuia serratifolia, and Parkia sp., as well the small tree Platonia insignis, of the 
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“other fruit species” group (Table 4-1).   Mean survivorship among the fastest growers was 79%, 

compared to an average 56% survivorship of the remaining species (Appendix C). The slowest 

growers included species from four of the six functional groups: Mangifera indica 

(Anacardiaceae group), Annona muricata (other fruit species group) and Eugenia jambos 

(Myrtaceae group) (Table 4-1).  Mean survivorship of the slowest growing species was 42%.  No 

species of Citrus sp. and Bixa orelana (other fruit species group), and Spondias mombin 

(Anacardiaceae group) survived to 2003. 

Our regression analysis showed that short-term growth rates are moderately useful as 

predictors of long-term growth performance, and the ability to predict long-term growth 

trajectories from short-term growth data was not affected by treatment (Diameter R2= 0.294, 

P=0.516; Height R2=0.209, P=0.363).  The chi-square analysis showed that treatment also had 

very little impact on survivorship, affecting only Genipa americana in 2003 (negative effect, 

P = 0.0230), consistent with previous work in Ecuador that showed that the seedlings of 15 

native tree species did not respond to fertilizer (Davidson et al., 1998).  The repeated measures 

ANOVA revealed that during the 1990-1991 period, treatment, species, and their interaction 

(P<0.001) had significant effects on growth.  Fertilized individuals in 1990-1991 were an 

average of 52 cm taller than control trees, a difference of 24%, while fertilized individuals were 

an average of ~1 mm larger in diameter than control individuals in the short-term (17%).   The 

positive short-term impact of fertilization and weeding on growth that we report here is 

consistent with previous work in the region (Ares et al., 2003; Schroth et al., 1999; Silva et al., 

2002a;).  Despite the short term effects, in 2003 fertilized trees were an average of 3.2 cm shorter 

than those that did not receive fertilizer, a statistically significant (P <0.01) but substantively 

trivial difference of 0.4%; diameters of fertilized trees were an average of <1 cm larger than 
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untreated trees, again a statistically significant but trivial difference (0.9%).  Species-level 

analysis revealed that by 2003 the early fertilization had a positive effect on diameters of 

Astrocarpus heterophyllus (other fruit species group) and Mangifera indica (Anacardiaceae 

group).  Two species reacted negatively in height to the treatment: Anacardium occidentale 

(Anacardiaceae group), and Swietenia macrophylla (timber group) (Appendix C).  

Discussion and Conclusions 

In general, studies of the longer-term impact of early treatments on neotropical tree 

plantings are lacking although the information is needed for mixed-species management 

initiatives such as in-forest enrichment planting for future harvest and/or restoration planting.  

Our results show that, when combined, planting site treatment and species affected height, DBH 

and survivorship of the planted species such that the medium-intensity treatment, BW (buried at 

1 cm depth and weeding) produced the largest and longest-surviving individuals.   When 

treatment was assessed alone, results showed that planting hole preparation and weeding affect 

growth: individuals that were buried at 1 cm and maintained with weeding (Treatment BW) grew 

tallest and largest in diameter.  Simply burying seeds at 1 cm (Treatment B) produced shortest, 

smallest diameter individuals.  Burying them in loosened soil and weeding the planting sites 

(Treatment BWS) produced individuals that were usually larger than Treatment B but smaller 

than Treatment BW.  The treatments did not affect long term survivorship: in the short-term 

Treatment B resulted in significantly lower survivorship than the other treatments, although in 

practical terms the treatments made little difference in number of survivors.  Long-term 

survivorship showed no significant difference per treatment and was influenced more by species 

traits.  The planting arrangement may have influenced the survival of some species.  Since they 

were planted in close proximity, interactions may have occurred that were not measured.  For 

example, trees overtopped the shrubs before the long-term data were collected, which may have 
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caused the demise of sun-loving shrub species regardless of treatment.  If studied further, we 

suggest that species could be planted in arrangements that avoid such interactions. 

Results of the fertilization experiment showed that early fertilization alone is not justified 

by the long-term growth results.  This conclusion is consistent with shorter-term analyses in the 

neotropics of the effects of competition, planting arrangement, soil quality, and other site- and 

species-specific qualities (Ares et al., 2003; Davidson et al., 1998; Gehring et al., 1999; Glaser et 

al., 2002; Lehmann et al., 2003; Silva et al., 2002a; Uhl, 1987).  Elsewhere in the Amazon, 

researchers found that after 7 years of continuous fertilization, trees that received more fertilizer 

had significantly more biomass, but such a scenario is more typical of monoculture, industrial 

plantations than mixed-species efforts at enrichment planting and/or habitat restoration (Schroth 

et al., 2002).   

As shown in Chapter 3, land holders seeking financial gain from planting trees in this 

region need to apply only the most efficient planting and site preparation treatments.  Since early 

costs can outweigh the long-term financial benefits of harvesting trees, there is little room for 

error in choosing the early treatments.  With the planting-site treatment and fertilization 

information presented in this paper, land holders in the region may be able to make more 

informed, efficient management decisions for growing these species.  It should be noted that 

effectiveness of treatments, especially fertilization, depends on many factors related to the site 

and species and therefore management recommendations should be made in terms of site 

conditions and species. 
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Figure 4-1.  Treatment effects: Mean height of site preparation treatment groups in 1991, 2003 
(Experiment 1). The graph shows effects of treatments B (seeds buried at 1 cm 
depth), BW (seeds buried at 1 cm and area was weeded), BWS (seeds buried at 1 
cm, area weeded, soil in planting hole was loosened).  Effects are reported for 1991 
and 2003. 

 

 
Figure 4-2.  Treatment effects: Mean DBH in 2003 of site preparation treatment groups in 2003  

(Experiment 1). The graph shows effects of treatments B (seeds buried at 1 cm 
depth), BW (seeds buried at 1 cm and area was weeded), BWS (seeds buried at 1 
cm, area weeded, soil in planting hole was loosened). 
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Figure 4-3.  Species effects: Mean height of each species with treatments in1991 (Experiment 1). 

Treatments included B (seeds buried at 1 cm depth), BW (seeds buried at 1 cm and 
area was weeded), BWS (seeds buried at 1 cm, area weeded, soil in planting hole 
was loosened).  
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Figure 4-4.  Species effects: Mean height of each species with treatments in 2003 (Experiment 

1). Treatments included B (seeds buried at 1 cm depth), BW (seeds buried at 1 cm 
and area was weeded), BWS (seeds buried at 1 cm, area weeded, soil in planting 
hole was loosened).  
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Figure 4-5.  Species effects: Mean diameter at breast height (DBH) of each species with 

treatments in 2003 (Experiment 1). Treatments included B (seeds buried at 1 cm 
depth), BW (seeds buried at 1 cm and area was weeded), BWS (seeds buried at 1 
cm, area weeded, soil in planting hole was loosened).  
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Table 4-1.  Fertilization experiment growth rate results (Experiment 2) 
FASTEST GROWERS 2003   

Species 
DIAMETER 

(RGR > 4.0 mm/mm/yr) Species 
HEIGHT 

(RGR > 4.0 cm/cm/yr) 
 Control Treatment  Control Treatment 
Parkia sp.  x Cedrela odorata  x x 
   Parkia sp. x x 
   Platonia insignis x x 
   Tabebuia serratifolia  x x 
 
SLOWEST GROWERS 2003 

Species 
 

DIAMETER 
(RGR < 2.0 mm/mm/yr) Species 

HEIGHT 
(RGR < 2.0 
cm/mm/yr) 

 Control Treatment  Control Treatment 
Mangifera indica var.  x Annona muricata  x 
Eugenia jambos  x Eugenia jambos x x 

Annona muricata  x Mangifera indica var. x x 
Note: Species are ranked as fastest and slowest growing for diameter and height in the control 
and treatment blocks.  Species averages were used to calculate the relative growth rates (RGRs) 
(Hoffmann and Poorter 2002, Sack and Grubb 2001).  Species that did not survive until 2003 
were Citrus sp., B. orelana, and S. mombin. 
 
 
 
 



 

CHAPTER 5 
ANALYSIS OF ENRICHMENT PLANTING BY SMALLHOLDERS IN THE COMMUNITY 

OF MAZAGÃO, AMAPA, BRAZIL 

Introduction 

In areas where timber harvesting and forest clearing exceed the reproduction rate of 

forest tree species, planting may help maintain forest systems and provide for future timber 

harvests.  Maintenance of forest systems and future harvest trees may benefit local economies 

and conservation efforts (Arnold, 1997; Best and Jenkins, 1999; Ricker et al., 1999; 

Smith, 1997).  Planting timber species in addition to naturally regenerating species, or 

enrichment planting (EP), may enhance the financial value of forests by increasing the monetary 

returns of conducting multiple, well-planned, reduced-impact harvests, thereby providing 

incentive for owners to maintain their forests as an asset (Murray, 1987; Winterbottom and 

Hazelwood, 1987).  On family farms, EP may also support nonfinancial values of land-holders 

such as providing materials used in the home, which may make EP more feasible for 

smallholders than industrial forest managers. 

Many organizations have tried to engage small-scale land holders in tree planting projects 

in order to promote economic and ecological well-being, with variable success (Murray, 1987; 

Simmons et al., 2002; Virginia Tech, 1996; Walters, 1997; Winterbottom and Hazelwood, 1987)  

While planting in such projects is supposed to be beneficial to landholders, and while EP may 

help make forest management financially attractive (and thereby reduce forest conversion to 

other uses) some landholders choose not to participate in planting projects.  There has been little 

systematic research on the factors that influence the decisions among smallholders to plant trees 

on their family farms.  It can be hypothesized that low rates of planting by smallholders result 

from factors such as uncertainty regarding benefits to be gained from the trees, financial or 

opportunity costs of conducting planting, or a lack of technical information or ability to care for 
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planted trees.  This hypothesis is based on research on adoption of farming technology, which 

has shown the ability to adopt new methods depends in part on the size and type of landholding, 

perceptions of financial risks and uncertainties regarding new techniques, opportunity costs of 

land and labor, financial costs, ability to care for planted trees, perceptions of benefits including 

financial or other outcomes, ability to sell or use the products of the planted trees, and an 

economic setting in which trees provide a buffer against financial hardship (Table 5.1) 

(Alavalapati and Mercer, 2004; Avila et al., 1977; Boggess and Anaman, 1984; Browder et al., 

1996; Dewees, 1995; Gobbi, 2000; Hildebrand, 1986b).  Ecological factors play a role as well, 

since planters need species that are adaptable, able to thrive without intensive maintenance, and 

grow quickly enough to provide anticipated benefits (Alavalapati and Mercer, 2004; Camargo et 

al., 2002; d'Oliveira, 2000; Kainer, 1998; Montagnini et al., 1997; Perz, 2001; Schulze, 2003 

Zhou, 1999).  The first objective of this research is to identify whether conditions of uncertainty, 

financial and/or opportunity costs, lack of labor to care for trees, or inability to sell products of 

planted trees hinder planting on family farms.  The study is based on planting observed on family 

farms in a small community in the várzea of the eastern Amazon of Brazil. 

Although tree planting initiatives have met mixed reactions and smallholders often 

choose not to participate, in many cases planting has been observed on family farms in 

developing countries despite a lack of local projects, subsidies, or other external support for 

planting.  The second objective of this research is to identify the conditions that motivate 

smallholders to conduct EP and thereby fill a gap in our understanding of what drives 

smallholders to plant trees.  

This study of family land management and enrichment planting on family lands took 

place in a community in the forested floodplain of the Amazon River near Mazagão, in the state 
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of Amapá, Brazil.  The community is in a region that has the largest concentration of logging and 

milling operations in the Amazon basin (Barros and Uhl, 1999; Pinedo-Vasquez et al., 2001), 

indicating the importance of forestry in the economy of the region.  In the study community 

many families have ample land for planting timber to sell to local sawmills.  However, some 

families do not conduct EP while others do, thus providing a natural site for comparison of the 

two groups in an attempt to determine factors that encourage or discourage enrichment planting 

by smallholders.  Although the study may be limited to a particular region in Brazil, the methods 

and results may be relevant to forest conservation and management by smallholders in many 

forested, developing tropical regions.  

Materials and methods 

Family Farming Systems 

The study community is populated mostly by caboclos, descendants of indigenous 

Amazonian populations and African slaves who have inhabited the area for multiple generations 

(Padoch et al., 1999).  The loosely knit community consists of households situated on tributaries 

of the Amazon River in an area that experiences daily tidal flooding.  Families have access to 

markets by river transport; they can bring products to market using family boats or they can sell 

products to middlemen who travel by boat from farm to farm, to purchase products that they 

resell for profit in the nearest cities that require 1-3 days of travel to reach.  Families invest 

earnings in farm and family items and store limited cash in their homes to meet off-season and 

emergency needs. 

There is variation among the families in the community.  Those with the least financial 

resources live hand-to-mouth by growing food, harvesting non-timber products from forests, 

hunting, fishing, and even stealing food from neighboring land for sustenance (typically newer 

settlers, not yet established).  Others appear economically stable with diverse, reliable sources of 
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income such as off-farm work as market middle-men and/or local school employees.  They meet 

food needs with reliable family farm crops of rice, corn, and fruits, and from non-timber forest 

products from their land.  They fish and hunt to meet family protein needs.  Although still 

considered poor, they have cash to buy food and other products at stores and small outposts 

within a day of river travel from their farms.  The families in the most economically well-off 

group in the community also have meager homes in the town of Mazagão Velho, within a day of 

river travel from the community.  Most families in the community harvest fruits of the native 

palm Euterpe oleracea, known as açai, for family consumption and as a cash crop (Brondizio, 

2004).  Many families plant fruit trees near their homes, and some also plant local timber 

species. 

Model 

To assess influences on the families’ land management and EP, I developed an 

Ethnographic Linear Programming model (ELP) of participants’ land and forest management.  

ELP modeling is an adaptation of general linear programming used in engineering and other 

fields where management plans are developed to optimize the allocation of limited resources 

among competing activities (Buongiorno and Gilless, 2003; Kaya et al., 2000)∗.  It is adapted to 

                                                 
∗ Linear Programming is a tool used in the field of decision management science called 
Mathematical Programming (MP), which is also known as optimization.  MP is the science of 
finding the most efficient way to use limited resources to reach an objective.  It is used by 
individuals and businesses: A business may use MP to determine the mix of products to 
manufacture most efficiently to maximize profits with limited resources.  An individual’s 
example of MP would be financial planning that optimizes the amount of retirement money 
available while avoiding penalties or taxes.  MP scenarios always contain constraints, decisions, 
and an objective, which are expressed mathematically. For example, constraints on resources are 
expressed as “less than or equal to,” “greater than or equal to,” or “equal to,” a specified value.  
In this type of mathematical expression, the resources are known as the left-hand-side (LHS) and 
the constraints are the right-hand-side (RHS).  The objective also is written mathematically in an 
expression that maximizes (or minimizes) the end result of the resource-use decisions without 
violating the resource constraints.  MP problems are often solved using spreadsheets to process 
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assess farming systems by including ethnographic data such as resource endowments (land, 

labor, and capital) and home food consumption, and it can include multiple objectives such as 

desire for home improvements or education.  By including descriptive ethnographic data, ELP 

models allow researchers to incorporate more complexity in the modeled system.  Like the 

general form of LP modeling, an ELP adjusts levels of production in parts of a work system to 

find the combination that maximizes a specified goal but remains within constraints such as time 

and capital (Alavalapati and Mercer, 2004).  When applied to a smallholder system like a family 

farm, constraints include the socioeconomic and ethnographic factors described in this chapter.  

No ELP models that assess enrichment planting have been developed previously in this region. 

Observations 

Twenty families were identified as potential participants by using the Snowball method 

with community members (Bernard, 2002; Perreault, 2005).  The families were named as good 

candidates for this research because they had similar family sizes, economic class, size of land 

holdings, and their land contained a similar composition of açai, perennial fruiting species, and 

forest.  Similarities were sought in order to reduce confounding variables in the study by 

focusing on one economic level within the community.  Further study could compare multiple 

economic levels by choosing enough families throughout the community to represent the levels 

proportionately.  The potential participant families contained 8 to12 individuals, they lived on 80 

to 100 ha of land and were considered neither poor nor elite.  After interviewing all 20 families I 

chose 8, half of which were participating in a local tree planting project promoted by a 
                                                                                                                                                             
and track the series of decisions that lead to optimization.  One MP spreadsheet method is Linear 
Programming, in which the objective functions and constraints are linear (Ragsdale, 2007).  
Linear Programming has been modified by some researchers to assess family optimization 
decisions, and this modified form is known as Ethnographic Linear Programming (ELP), the 
spreadsheet modeling tool used in this chapter (Alavalapati and Mercer, 2004; Hildebrand, 
1986b; Litow et al., 2001; Ragsdale, 2007).  ELP will be explained in more detail later in this 
chapter. 
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conservation NGO. The project gives payments of BR$200 (approximately US$69) to 

smallholders for tending Calycophyllum spruceanum (pau mulato) timber seedlings in small 

nurseries, planting them, and then maintaining the planted areas to favor the pau mulato 

seedlings.  One goal of the NGO’s project is to promote family use of these planted trees for 

household supplies such as timber and firewood rather than extracting the materials from 

surrounding forests. 

Observations took place over 3 years during dry season visits.  Observations were not 

made during the wet season; instead interview questions were used to obtain information for 

modeling wet season land management.  The initial visit to the site consisted of 1-week stays 

with 2 families to become familiar with them and identify the twenty families that were good 

candidates for the study.  Subsequent visits during the 2nd and 3rd years consisted of 2 to 4-week 

stays with the eight families. 

While living with the families, I conversed with all family members daily, participated in 

farm management and home activities, observed labor and time allocation, and interviewed 

family members.  Interview questions addressed land use, time and labor allocation, spending 

and earning of money, and changes in harvesting, planting, and land management that occur over 

time.  Interview answers were confirmed by observations and cross checking during 

conversations with multiple family members.   

Model Formulation 

The ELP model requires an objective of the family farm and constraints on resources, 

identified during observations and interviews.  An objective may be to maximize discretionary 

cash available for the family; constraints may be the minimum amount of food required for 

family food security, the maximum amount of land available for crops, and the maximum 

amount of labor available for crops.  Given this information, the solver engine tries thousands of 
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combinations of resource-use decisions to find the combination that optimizes the final objective 

while remaining within the constraints.  For example, for a family that raises ducks and pigs and 

has the objective of maximizing cash earned from sale of the animals, the following variables 

and constraints would be considered:  

• Cash available 
• Labor time available 
• Cost to purchase animals to raise 
• Cost to feed animals 
• Cash required for medicines and care 
• Labor required to raise animals 
• Labor required to care for offspring 
• Time required for animals to mature or be ready for market 
• Cash and time needed to transport animals to market 
• Sale price of animals 
• Number of animals needed for consumption by the family 
• Cash or labor conflicts with other farm work (opportunity cost) 
 

In this example, if ducks cost less to purchase and feed, do not require labor or 

medicines, have offspring readily, mature quickly, and do not have high opportunity cost then 

they may be the ideal animals for the family’s farm.  However, if the sale price of ducks is low 

and people do not often buy them, and the sale price of pork is high, then pigs may be more 

profitable for a family if the family can afford the higher costs of piglet purchase, feeding, and 

care.  In an ELP model, all cash, labor, and land requirements are considered against the final 

objective to determine the combination of decisions that lead to optimization.  The model 

resembles this example but considers many more options than simply ducks and pigs.  In the 

study families, options of items to sell include ducks, chickens, pigs, corn, rice, palm fruits, other 

fruits, shrimp, medicines, timber, and labor.  Ability to raise, catch or hunt the products 

optimally had to be balanced with family consumption of items that would not be sold, such as 

fish or hunted meat. 
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Importantly, ELP models also consider cultural factors such as male and female labor 

hours available and the type of work conducted by males and females (or children, or elders, 

etc.), rather than generic labor hours.  Therefore, if raising pigs is only practiced by men, then 

pigs may be ideal animals for a family with ample male labor available but raising ducks may be 

best in a family with little male labor available. 

Linear Programming models also include constraint changes over time; Ethnographic 

Linear Programming models consider how the families change.  Changes can include number of 

offspring of animals for future sale, family composition changes over time: more labor may be 

available as children mature but less available when they move to their own households, and sale 

prices or other values may change.  Accounting for changes over time makes ELP modeling 

especially relevant to economics at this scale.  In the Mazagão study, the ELP model objective 

was to maximize cash available to the family from selling raw materials, goods, produce and 

meat, and/or payment for off-farm labor.  Constraints included time, labor, cash, land, and a 

required minimum of food for the family.  These “Right Hand Side” (RHS) constraints impose 

inflexible limits on the system.  In the 20-year model used for this chapter, changes to family 

composition over time were not included, but should be included in further exploration of the 

effects of composition changes on enrichment planting choices.    

Farm and family activities such as clearing land, harvesting, preparing food, and planting, 

were included in the model and called “Activities.”  Allocation of time or resources to these 

activities is flexible as long as the RHS constraints are met.  During each run, resource allocation 

to the activities gets shuffled and rebalanced thousands of times as the model searches for the 

combination that achieves a final goal such as “maximize available discretionary cash at end of 

year 20.”  In this research, the model was used to develop scenarios that would result from 
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changes in RHS constraints and/or farm activities.  In particular, scenarios were sought that were 

conducive to enrichment planting.   

In each case, I had to ‘give’ start-up cash to the family during the first year of the model.  

I did this based on data regarding their sources of cash, for example, one family included an 

elderly woman who receives retirement money monthly and they receive a monthly stipend for 

participating in the tree planting project, so I used the sum of these amounts as their start-up 

cash. The hypotheses tested and scenarios used to test them explored the effects of risk of tree 

loss, opportunity costs of EP, start-up costs, ability to care for planted seedlings and meet their 

ecological requirements, and the effect of diverse benefits.  Hypotheses and tests are summarized 

in Table 5-2. 

Scenarios 

The following EP scenarios take place in combination with açai growing and harvesting, 

cultivating of crops, and other farm activities: 

Scenario 1: No subsidization of enrichment planting 

The families bear all costs of conducting enrichment planting on their property, including 

seedling germination, planting, ongoing maintenance of planting areas, and harvest expenses if 

they choose to harvest and sell the timber produced.  This scenario represents the actual 

conditions faced by the smallholders in the study who are not participants in the local tree 

planting project and may show how they allocate their resources so that they can include EP 

without project support.   

Scenario 2: Subsidization of initial planting and continued stipend  

In this scenario a monthly subsidy is given to families who conduct EP on their property.  

Planting costs are subsidized with start-up cash equal to one monthly stipend payment given 

before planting takes place.  Payments continue as long as the family maintains the EP areas on 
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their property.  This scenario represents the actual conditions faced by the participants in the 

local tree planting project who are paid US$69 (BR$200) monthly.  A sensitivity analysis of 

stipend amounts is conducted to find an approximate minimum stipend needed to induce planting 

and maintenance of 1 ha, the amount required by the local tree planting project (Table 5-3). 

Scenario 3: One-time subsidization of initial planting, no further stipend   

This scenario explores the possibility that EP could be supported by reducing or 

eliminating expenses associated with planting but without payment for continued tree care.  This 

is a hypothetical scenario that does not represent an actual subset of families in the study, but 

shows what the effects would be of a program that may provide free seedlings or one-time 

financial benefits to encourage planting.  Internationally many tree planting initiatives use such 

methods.  A sensitivity analysis is conducted to determine the approximate amount needed to 

induce planting (Table  5.3). 

Results 

Model outcomes revealed that  

• Uncertainty of future timber harvest did not influence the decision to conduct EP  
• Planting that incurred opportunity costs that conflicted with other crops would not take 

place 
• Start-up costs needed to be low or free 
• Multi-tasking kept labor costs (and opportunity costs) low and increased families’ ability 

to care for planted trees 
• Families conducted EP when they received short-term benefits of planting.  Short-term 

benefits in the ELP model included initial payments and stipends (Table 5-2). 
 

The model also showed the strong influence of monthly planting payments.  Analysis of 

family income and expenses showed that planting payments were 20% to 30% of the monthly 

income for each recipient family, and at times would pay for half of the monthly expenses.  

Monthly payments appear to be an effective short-term benefit that boosts family income and 

promotes retention of forest cover on family land.  Sensitivity analyses showed that a one-time 
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payment of US$65 - $85 would be needed to motivate smallholders to conduct EP on at least 1 

ha of their land.  A start-up payment plus ongoing payments of US$10 - $17 per month are the 

minimum needed for smallholders in this study to conduct EP on at least 1 ha of their land.  

Ongoing payments of US$69 (BR$200), the amount that participants in the local tree planting 

project receive for their EP, can support approximately 3 ha of planting although the project does 

not require more than 1 ha.  Payment effectiveness and family satisfaction regarding the amount 

of payment were also expressed in interviews, where family members said the stipend was 

“plenty” to compensate them for time and land dedicated to the planting areas.   

Field observations showed that stipends were not required for smallholders to conduct 

EP, but provided a very convincing incentive.  All participants who received payments spent 

more time than other participants caring for seedlings and tending planting areas, and all reported 

that this was possible because of the payments.  Participants who conducted EP but did not 

receive payments believed the other benefits were worth the effort of planting; the benefits cited 

were investment in their property, insurance provided by trees, timber for home improvements, 

mixture of long-term benefits of timber trees combined with shorter-term benefits of other crops, 

short-term products provided by trees such as nuts and fuel wood, and satisfaction of feeling like 

land was being well-treated for heirs in the tradition of the landholder’s parents.  These non-cash 

benefits were not included in the model used for this chapter due to difficulties incorporating 

them in the model but will be included in further ELP analysis of tree planting on family farms.    

Discussion and Conclusions: Lessons Offered by Várzea Farmers 

Families who conducted EP were influenced by short term benefits including cash, as 

evaluated by the ELP model, and other, diverse, short term benefits described in interviews.   

The ELP model and field observations showed that short term benefits outweighed uncertainties 

regarding tree loss (such as from tree death or lack of tenure), which is a notable contradiction to 
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many reports in forest conservation literature (Acosta, 2006; Fearnside, 2001b; Lambin and 

Geist, 2003).   The contradiction suggests that policy makers and conservation organizations 

should consider actual local conditions before implementing new projects to influence local land 

management.  A factor that may be very important in one setting, such as tenure, may be 

outweighed by other priorities in different settings.  In this case, family priorities of food security 

and cash, non-timber forest products, and satisfaction of planting were overriding influences on 

landholders.  Importantly, the size of land holding may influence the importance of factors that 

policy makers should consider (Hildebrand, 1986a; Zarin et al., 2007).  In this case enrichment 

planting gave multiple benefits to families, noted in interviews and observations, but some of the 

benefits such as family use of non-timber products were specific to this scale and would not 

influence industrial scale EP, as discussed in Chapter 3.    

Model results revealed that EP on family farms requires low planting costs or a one-time 

cash payment that would compensate costs.  The model also showed that EP requires low costs 

of labor for ongoing maintenance of planted areas, which can not conflict with labor required for 

food crops.  Free seedlings, free labor, and multi-tasking keep maintenance costs low but labor 

requirements can still conflict with food security and cash crop demands.  These results suggest 

that free seedling programs may be helpful to promote tree planting, but landholders may also 

need start-up cash, compensation, and/or mitigation of labor costs to conduct EP on their farms 

and continue even minimal care for the growing trees.  The model confirmed field observations 

that in this setting the benefits of end sales of timber from the trees do not compensate farmers 

for tree planting and ongoing care and are not the primary reason for conducting EP.  Rather, the 

long-term benefits of selling the timber are almost meaningless to landholders in this study, 

probably because of low timber prices for unprocessed logs in the region. 
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Modeling combined with field observations provide a good understanding of what 

motivates or prevents EP at this scale and lead to the conclusion smallholders are likely to 

choose to conduct EP on their family farms given low costs and some short term compensation 

in the form of cash or non-cash benefits.  The costs for smallholders appear lower than costs 

incurred by industrial scale planting, and the benefits to families are more diverse than those 

recognized by industrial forestry companies. 
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Table 5-1. Factors that influence landholder’s decision to conduct EP, based on literature review 
and field observations. 
DECISION FACTOR EXPLANATION 
UNCERTAINTIES 
- tenure loss1  
- tree mortality2

Loss of planted trees can cause the landholder to 
lose all benefits of planting the trees. 

OPPORTUNITY COSTS 
-  misallocation of labor or land to trees3 

-  without food security, priority of EP would be 
low 4 

-  flexibility or seasonality of labor demands may 
help EP5

 

Spending labor or using land for other crops may 
bring better benefits to farmers, in which case 
conducting EP could cost farmers those benefits. 

START-UP COSTS 
-  Access to free seeds, seedlings, materials; low 

germination and planting costs6

Since trees require years until they produce 
harvestable products, early costs of planting are not 
recovered quickly. This may be difficult for 
farmers to withstand if the costs are high. 

KNOWLEDGE/ABILITY TO CARE FOR TREES 
- access to extension services, technical 

information; knowledge of species and site7 
-labor8

Planters need to have knowledge about the species’ 
ecological needs, and time to tend to the needs in 
order to prevent tree mortality or low productivity. 

MARKET ACCESS 
- transport tree products; sell tree products9

Farmers without access to markets could not sell 
products from EP, therefore benefits of EP would 
be limited to their family’s use or local use of the 
products.  

ATTRACTIVENESS OF DIVERSE BENEFITS 
-  sell, use nontimber and timber tree products; 

satisfaction of planting; land care and 
improvement; assets for heirs; insurance10  

Farmers may choose to conduct EP although they 
do not have access to some of the benefits; this 
happens because other benefits are available. For 
example, although trees may not provide an annual 
crop to sell, they provide ‘insurance’ against 
economic hardship because they can be harvested 
in times of economic need.  

 

                                                 
1  Bray, 2004; Browder and Pedlowski, 2000; Fearnside, 1993; Fearnside, 2001; Mertens et al., 2002; 

Murray, 1987; Pinedo-Vasquez et al., 1992; Shriar, 2002; Simmons et al., 2002; Smith, 1997; Tomich 
et al., 1998 

2  Schulze et al., 1994 
3 Browder and Pedlowski, 2000; Coomes et al., 2000; D'Antona et al., 2006; McCracken et al., 1999; 

Perz, 2003; Witcover, J.  2006 
4 Breuer, 2003; Browder et al., 1996; Perreault, 2005 ; Perz, 2003; Shriar, 2002; Tomich et al., 1998  
5 Coomes et al., 2000; Perreault, 2005; Sears and Pinedo-Vasquez, 2004; Summers et al., 2004; Tomich et 

al., 1998 
6 Browder et al., 1996; Hildebrand, 1986b; Perreault, 2005; Sears and Pinedo-Vasquez, 2004  
7 Acosta, 2006; Arnold, 1997; Current and Scherr, 1995; Hildebrand, 1986a; Ramos and Amo, 1992; 

Simmons et al., 2002 
8 Browder et al., 1996; Coomes et al., 2000; Perreault, 2005; Schulze, 2003; Tomich et al., 1998; 

Summers et al., 2004 
9 Angelsen, 1999; Evans and Moran, 2002; Mertens et al., 2002; Simmons et al., 2002; Walker, 2003 
10 Browder et al., 1996; Nichols et al., 2001; Sears and Pinedo-Vasquez, 2004 ; Schulze et al., 1994 
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Table 5-2.  Hypotheses, test methods, results, and interpretations of modeled EP scenarios on 
farm systems in Mazagão community .  Each model test required setting model 
parameters as specified, then observing whether the resulting modeled system 
includes EP.  The factor ‘Market Access’ is discussed frequently in literature, but 
was not tested in this study. 

FACTORS HYPOTHESIS TEST SCENARIO RESULTS INTERPRETATION 
UNCERTAINTIES EP will only take 

place with little 
uncertainty of 
losing tree access 
before final timber 
sale.  

Tree harvests not 
included in model 
but planting will 
remain an option. 

Lack of timber 
sale did not 
affect EP 
decision. 

For planters, short 
term benefits of 
planting are more 
influential than final 
timber sale. 

OPPORTUNITY 
COSTS 

EP will only take 
place if planting 
and care do not 
conflict with food 
security or 
financial needs. 

Planting and care 
conflicting with 
food or cash needs 
vs. not conflicting. 

No EP in 
conflict with 
labor or land 
for crops 
grown for sale 
or food 
security.  

Benefits must exceed 
costs; EP benefits does 
not overcome food 
security threats. 

START-UP 
COSTS 

EP will only be 
feasible if cash 
start-up costs are 
low. 

Compare costly vs. 
not-costly planting  

No EP without 
free seedlings, 
materials, and 
low-cost labor. 

Cash constraints on 
families impose 
another opportunity 
cost of EP. 

ABILITY TO 
CARE FOR 
TREES 

EP requires 
knowledgeable, 
unpaid or multi-
tasked labor such 
as family labor, 
labor exchange, or 
labor during other 
activities. 

Compare efficient 
(knowledgeable) 
low-cost care vs. 
less efficient, 
expensive care. 

No EP without 
low cost, free, 
or multi-
tasked labor. 

Planters plant species 
known for success, in 
known planting 
conditions. Multi-
tasked and family 
labor reduced 
expenses. 

DIVERSE 
BENEFITS 

Landholders must 
receive more 
benefits from EP 
than sale of 
timber. 

Was not tested 
with this model. 
Observations 
confirmed that 
some families plant 
without cash 
compensation. 

EP without 
cash indicates 
that families 
must receive 
other benefits 
of planting. 

Non-cash benefits 
need to be explored 
with further modeling 
to understand 
complexity of 
smallscale EP. 

Note: The ELP model used in this chapter considered cash as the only benefit of planting.  
Families reported non-cash benefits of fuel wood, timber for home improvements, nontimber 
products, land improvement, and satisfaction of planting.  For this chapter these benefits and 
cash payments for EP are categorized as short term benefits. These benefits may be explored 
further with an ELP model that includes noncash influences on family farming decisions.
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Table 5-3.  Sensitivity analyses of payment scenarios for enrichment planting.  
Amount paid in 
US$ (BR$) 

Scenario 1 No 
subsidization of 
enrichment planting 

Scenario 2 Subsidization 
of initial planting and 
continued stipend 

Scenario 3 One-time 
subsidization, no further 
stipend 

 Area planted (ha) 
$9 (BR$25) * * * 
$17 (BR$50) * * 2.52 
$34 (BR$100) * * 2.79 
$52 (BR$150) * * 2.79 
$69 (BR$200) * * 3.16 
$86 (BR$250) * 2.52 3.16 
$103 (BR$300) * 2.52 3.16 
$120 (BR$350) * 2.52 3.16 
$137 (BR$400) * 2.52 3.16 
$155 (BR$450) * 2.63 3.16 
$172 (BR$500) * 2.79 3.16 
*The ELP model optimizes a family’s end discretionary cash by allocating resources to activities 
that can earn money.  In this model, intangible noncash benefits of tree planting are not 
considered.  Therefore, while field observations confirmed that planting does occur in families 
who receive no payments, the model does not show this activity without payment since it does 
not help the model maximize family cash.  It should be noted that end sale of EP timber without 
other forms of payment did not induce planting. 
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Figure 5-1.  ELP Sensitivity analysis results of initial payment without monthly stipend for 

enrichment planting (Scenario 2) and initial payment plus monthly stipend (Scenario 
3).  
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Figure 5-2.  Factors that influence landholders’ choice to conduct enrichment planting according 

to field observations and ELP model results.  The factors can deter or promote EP, 
depending on whether the conditions listed with each factor are met.  If not met, 
other factors may compensate and a landholder may still choose to conduct EP.  
Some factors influence each other, such as start-up costs that may ameliorate risks if 
costs are low or exacerbate risks if the costs are high.  Benefits of planting need to 
justify the risks and costs; the diverse benefits recognized by smallholders in this 
study offer multiple opportunities for risks and costs to be justified.  The individual 
arrow patterns represent the distinct influence of each factor; if one/some of the 
factors are weak there may be enough motivation from a different factor to initiate 
planting. 
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CHAPTER 6 
CONCLUSION 

In this dissertation I have explored settings in which enrichment planting has taken place, 

and modeled test scenarios to determine if EP could take place under new conditions.  The goal 

has been to determine what factors, if any, promote or hinder EP by smallholders and/or by 

industrial foresters; the intended result has been to present reliable information that can guide 

policy makers and land managers in decisions to employ this silvicultural technique when 

appropriate or to avoid it in unfavorable contexts.   

First I presented a case study of EP at Fazenda Cauaxi including a description of the 

planting (Chapter 2) and a financial cost-benefit analysis (Chapter 3).  These plantings incurred 

the types of expenses that an industrial planting operation would require, which contrast with the 

types of expenses observed in smallholder planting efforts.  Large scale, industrial planting 

requires purchase of seeds, seedling nursery construction expenses, paid labor and paid 

supervision, vehicle and fuel expenses, and ongoing site maintenance expenses.  The financial 

cost-benefit analysis shows that, from the private landholder’s perspective, sale prices of EP 

timber do not justify the planting costs.  The difficulty of reaching a positive return on the 

investments in EP came from early, high expenses that were hard to balance with timber sales.  

We expect that accounting for other shorter-term financial benefits within the company that may 

be associated with EP, such as money saved by keeping employees rather than firing them at the 

end of the harvest season and hiring new employees each year, would help justify expenses of 

EP.  A social appraisal of industrial scale EP may also reveal benefits to society since EP can 

help sustain timber volume needed to make multiple reduced-impact timber harvests, which may 

benefit local economies and society and therefore justify financial incentives that would provide 

shorter-term benefits to companies that conduct responsible EP. 
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Land holders often look to fertilization and site preparation to boost planted seedling 

growth and survivorship and therefore timber sales.  Ideally, low cost, early treatments of 

planting sites and/or seedlings would help make EP financially viable by increasing the number 

and size of harvestable trees at each harvest cycle.  In Chapter 4 I presented results of 

fertilization and site preparation on species planted at Fazenda Vitoria, not far from Fazenda 

Cauaxi.  Fertilizer boosted short-term growth, but in the long-term resulted in slightly smaller 

individuals than unfertilized groups.  The differences were statistically significant, but 

biologically trivial.  These results indicate that the expense of fertilization may not improve the 

benefit to cost ratio of EP.  In contrast, the site preparation experiment showed that treatment and 

species play a role in the outcome of treatments: some species benefited while others did not, 

while generally most species responded best to the ‘mid-level intensity’ treatment of burying 

seeds but not loosening the soil in which they were buried.  This indicates that some investment 

in site preparation may pay-off.  However, planters should know if the particular species they are 

using will respond to site preparation before deciding to invest in the preparation.  Long-term 

survivorship in this experiment was also affected by species, possibly because some species were 

simply shaded by others during long-term growth in the close quarters of the experimental 

layout.  This suggests, again, that the needs of particular species should be considered carefully 

to determine the most cost-effective planting treatments.  Overall, these experiments indicate that 

there may not be broadly-effective recommendations of planting treatments.  Considering this 

with the lessons learned from the Fazenda Cauaxi case study, we have learned that early costs 

must be kept low, and therefore treatments should be kept to a minimum, and the particular 

minimum treatment depends heavily on the species used for EP.  As is generally known, benefits 
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of fertilizers and other treatments depend heavily on site characteristics too, such as soil type, 

which also should be considered while determining the best minimum early treatments for EP. 

The relative abundance of EP by smallholders is intriguing given the difficulties 

experienced by some large companies trying to implement EP.  Using Ethnographic Linear 

Programming I explored EP conducted by families in a community settled in the eastern Amazon 

várzea.  The research objectives were to identify factors that make some smallholders plant trees 

by comparing families that do and do not, and what factors, if any, could be brought to industrial 

scale planting to make it more cost-effective.  I used a form of economic analysis appropriate to 

this scale to compare factors that promote or inhibit EP on family farms. 

The loftiest goals and benefits of implementing EP are to reduce motivation to convert 

forest to other land uses by generating financial and/or nonfinancial values that compete 

favorably with forest conversion.  EP can help reduce the practice of “log and leave” forestry by 

helping to make long-term forest management financially attractive by generating revenue 

without degrading the forest.  For economic, conservation, and aesthetic reasons, I hope EP helps 

landholders manage forests as an asset and possibly restore tree cover in degraded areas that 

were converted from forest to another land use such as pasture. 

To promote these goals and EP, I ask what encourages EP.  Low costs, short-term 

internal benefits, revenue, and desire for economic stability summarize the results of the previous 

chapters.  Differences and similarities were apparent between the scales.  Table 6-1 summarizes 

what encourages EP and gives cross-chapter examples.  For example, for “Low risks and costs,” 

I found in chapters 1, 2, 3, and 5 that access to free seedlings of local, diverse, appropriate 

species promoted EP (Table 6-1).  I use the summaries of what encourages EP and the cross-

chapter examples to formulate suggestions of policies and practices that could promote EP. 
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Factors that lower risks and costs include receiving short-term benefits from EP, access to 

free seedlings, access to reliable technical information, ability to multitask EP with other land 

management activities, and not incurring opportunity costs by conflicting EP activities with other 

land management activities.  Therefore some suggestions for lowering risks and costs include 1) 

Free seedlings could be provided by nonprofit, research-oriented nurseries, which could also 

serve as sources of agricultural (tree planting) extension information.  However more, ongoing 

support is needed rather than simply providing seedlings.  To develop the nurseries, choose the 

best local species, and initiate research questions, use local knowledge about species and site 

conditions to produce the most germane information for the landholders.  Focus on long-term 

results of treatments, and track economic information as well as growth and survival data.  Long-

term trials could take place on landholders’ properties, then the landholder could keep the trees 

when the research project has finished.  2) Given the possible benefits to society of EP and long-

term, responsible forest management, the government could subsidize EP labor in production 

forests during the nonharvest season to help forestry companies keep their best, trained 

employees and to gain the social economic benefits of EP.  They may want to do this for 

companies using RIL and other “best practices,” which will help those companies that have 

invested in training their employees in responsible forestry practices. 

The second item that I found encourages EP is short-term, internal benefits.  Many 

benefits of EP are external, such as maintaining the Amazon climate system or sustaining 

populations of highly exploited species.  The internal financial benefits currently come from 

timber and/or nontimber product sales, but could come from payments for environmental 

services, carbon sequestration, or other benefits of EP that could be internalized (Table 6.1).  At 

the small scale there are more opportunities for internal benefits because they can be 
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nonfinancial: satisfaction, materials for family use, insurance, and providing resources for future 

generations.  Based on these observations, my suggestions for increasing short-term, internal 

benefits include allowing commercial thinnings (using RIL) of fast-growing species in EP sites 

with a mixture of fast- and slow-growing species; encourage carbon sequestration credit sales, 

environmental services payments, and other similar exchanges for external benefits.  Also, the 

Brazilian government could award large-scale companies that conduct long-term responsible 

forest management, including EP and other silvicultural techniques when appropriate, with 

forestry concessions in forests that require long-term management such as national forests.  The 

current policy context in Brazil includes establishment of forest concessions for logging, which 

delegates exploitation rights of small (10,000ha), medium (10-40,000ha) and large (40-200,000 

ha) forest areas to private Brazilian companies.  The concession areas are intended to provide a 

mixture of long-term forest extraction and conservation by permitting restricted logging.  

Concessions will not require performance bonds but will be audited periodically; the inspections 

will be paid for by the concession holders.  Given the difficulties of enforcing current logging 

practices, enforcement of any EP standards in forest concessions seems unlikely (Mueller, 1997; 

Alston et al., 1999; Merry and Amacher, 2005) however, rewarding EP by including it in the 

decision process for allocating concessions could trigger EP and would only need to be checked 

during audits.   

Third, EP is encouraged when it generates revenue for landholders conducting long-term 

management, such as family farmers or large-scale companies practicing “best forestry” for 

long-term forest management.  If costs are low enough, EP generates revenue by ensuring 

volume and species of future harvests without degrading the forest.  It may help future forest 

value equal or surpass current value.  Furthermore, the tree density for future EP harvests is near 
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logging roads or, at the small scale, in accessible places such as near crop fields or the home.  At 

the large scale, this allows reuse of infrastructure and may help retain trained employees.  

Therefore, one suggestion is to continue to clarify and streamline tenure security since long-term 

management somewhat assumes secure tenure.  Perhaps tenure programs could be expanded for 

planters by making assistance available in locations where free seedlings and technical planting 

information are available.  Also, EP could be promoted as a compliment to RIL harvesting, as 

the nonprofit organization IFT already does at their model forest at Fazenda Cauaxi.  Also, as 

suggested above, the government could promote EP in forests that require long-term 

management, such as concession forests.  Another policy suggestion is to encourage landholders 

to manage forest areas as an asset. This may require shifting public perception of forests as 

underutilized land.  Model farms or training locations, such as Fazenda Cauaxi, help shift 

opinions by showing people that more responsible forest management can generate revenue.  

Convincing people to manage forests as an asset will help increase compliance with the current 

policy requiring 80% of landholdings to be kept as forest cover.   

Enrichment planting can contribute to economic stability, a fourth encouraging aspect.  

At the small scale, diversification of economic activities contributes to stability by providing a 

mixture of income sources and timing.  At either scale, EP helps guarantee future harvest 

volumes and species.  Regionally, EP does not lend itself to “boom and bust” forestry but rather 

encourages long-term use of sites and therefore capacity building of forestry employees.  My 

suggestions include relieving difficulties of regulatory compliance for forest management by 

streamlining the forest management plan approval process and helping landholders through 

forest management plan development and approval.  Help may be needed especially when 

management plans include diverse ventures and relatively complex management options, such as 
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planting mixtures of fast- and slow-growing species or trying new planting ideas.  Perhaps 

agencies could make assistance available in locations where seedlings and technical planting 

information are supplied in order to streamline landholder access to the resources. 

An interesting difference between the scales was that the final sale of the timber is not as 

important to smallholders as it is to industrial planters.  For smallholders, the price for timber 

logs is so low and so far in the future that it was not the primary driver of EP at the small scale.  

In accordance with this finding, tenure security was not as important as expected at the small 

scale since the ultimate sale, or loss, of the mature trees did not have much influence on the 

decision to plant.  Instead, short-term benefits spurred planting.  These included monthly 

payments for planting, which motivated planting in all modeled cases.  Without payments 

planting would only occur if the family required products from planted trees, such as nuts or 

firewood, and could not collect these items from their property forests or purchase them with 

cash.  Satisfaction of planting also motivated EP in the modeled scenarios.  The satisfaction of 

planting seemed to be an immediate (short-term) benefit that relied on long-term goals such as 

leaving land in good condition for children, but was not affected by lack of legal tenure.  Despite 

short-term benefits superseding long-term benefits associated with tenure security, there is still 

some assumption/hope of tenure security when conducting EP.  I have included in my 

suggestions to continue streamlining the tenure process and assisting landholders in achieving 

tenure because it inherently contributes to EP and more importantly long-term, responsible forest 

management, even if overwhelmed by the importance of short-term, internal benefits. 

While examination of both scales revealed similar requirements of minimal costs and 

short-term benefits, there are important differences between the scales that should be considered 

by policy-makers, project coordinators, or others interested in promoting this silvicultural 
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technique as a conservation tool.  First, the benefits perceived by industrial planters are limited to 

finances; other benefits such as biodiversity conservation or local economy stability are external.  

In order to make the external benefits internal, and thereby make EP more broadly applicable, 

the external benefits need to be translated into shorter-term financial gains for the company.  At 

the small scale more benefits are internal, but families do respond well to additional internal 

benefits such as payments for planting.  These differences between scales should be considered 

when developing policies or programs to encourage enrichment planting in this region of Brazil.  

Enrichment planting is one of several silvicultural tools capable of adding long-term 

value to forests.  Where sustained harvests of high-value timber are essential to persistence of 

forest cover (such as on private lands) or to regional conservation and socio-economic 

development goals (such as in state and federal production forests) current log-and-leave 

management practices are not adequate.  Enrichment planting, whether in unproductive areas 

such as liana patches and abandoned pastures, or in felling gaps and other sites directly impacted 

by logging, directly increases stocks of valuable timber species.  This and other silvicultural 

approaches may be necessary to ensure that forests accumulate timber volume fast enough to 

accommodate 25 to 35 year cutting cycles, and that recovery of commercial species populations 

is sufficient to forestall economic, as well as biological, impoverishment of managed forests. 
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Table 6-1.  Lessons learned about what encourages EP and suggestions for promoting EP.  
What encourages EP? How to encourage EP? 
Low risks and costs 
 

• EP is riskiest if people receive no short-term benefits; lower risk 
by ensuring short-term benefits (see next row) (Chapters 1, 2, 3, 
5) 

• Provide free seedlings of local, diverse, appropriate species 
(Chapters 1, 2, 3, 5) 

• Ensure access to reliable technical info (Chapters 1, 4, 5), 
including making widely available the wealth of information 
already known by local landholders such as effective site-specific 
planting and growing techniques (Chapter 5).  

• When possible, multi-tasked EP activities such as site surveys or 
maintenance with other forestry activities (Chapter 3, 5), but do 
not expect it to conflict with forestry or small-farm activities, 
which would increase its opportunity costs (Chapter 5). 

Short-term, internal 
benefits 

• Internal financial benefits come from direct payments, timber 
and/or nontimber product sales, payments for environmental 
services, carbon sequestration payments, payments for planting 
research, retaining trained employees and thereby saving hiring 
and training costs, increases harvestable areas and thereby 
decreases cost per area of infrastructure, access to niche markets 
such as FSC certification markets (Chapter 1, 2, 3) 

• Make external benefits internal. External benefits include 
maintaining the Amazon climate system, sustaining populations 
of highly exploited species, nutrient cycling, watershed 
protection, biodiversity conservation, maintaining ‘common’ 
goods such as air and water quality, and regional capacity 
building (Chapter 1, 2, 3, 5). 

• At the small scale the internal benefits can be financial such as 
payments, nonfinancial such as satisfaction, materials for family 
use, insurance, and providing resources for future generations 
(Chapter 5). 

What encourages EP? How to encourage EP? 
Contributes to economic 
stability 

• At small scale, diversification of ventures provides family 
economic stability (Chapters 1, 5) 

• Helps guarantee future harvest volumes and species for forestry 
companies (Chapters 2, 3) 

• Contributes to regional stability with long-term outputs (rather 
than “boom and bust” economy) and capacity building (Chapters 
1, 2, 3) 

 



 

APPENDIX A 
FINANCIAL COSTS OF ENRICHMENT PLANTING, YEARS 0-60, AT FAZENDA 

CAUAXI, PARÁ, BRAZIL 

Table A-1.  Labor wages for workers at Fazenda Cauaxi

Personnel Daily wage Hourly wage 
BR$ US$ BR$ US$ 

Chainsaw operator 25.00 8.59 3.13 1.08 
Driver 21.67 7.44 2.71 0.93 
Labor 16.00 5.49 2.00 0.69 
Technician 40.00 13.75 5.00 1.72 
Tractor operator 31.67 10.88 3.96 1.36 
Note:  Wages were converted to US currency with the 2004 average exchange rate of 2.91.  A 
median wage was used for jobs with a range of pay scales.  
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Table A-2.  Costs associated with enrichment planting at Fazenda Cauaxi, in US dollars (2004 average exchange rate of 2.91)    

Year Activities Labor 
Chainsaw 
operator 

Tractor 
operator

Vehicle 
driver Technician 

Total wages 
(US$) Total cost per m3 wood (US$) 

1 Site selection, mapping*        
1 Purchase seeds     2 3.44 0.19 

0.47 (seeds) 
1 Nursery construction 16    3 16.15 0.90 (materials negligible – on site) 

 
1 Nursery planting 

(plastic bags, collect 
& bag soil, place 
seeds in soil) 

27 
 

 1  1 21.64 1.93 

1 Planting site selection     0.5 0.86 0.05 
1 Transport seedlings to 

site 
16   3 8 27.53 1.53 

1 Planting (delineate with 
flags, clean area with 
tractor, mark lines and 
spacing, dig holes, plant 
seedlings, map planted 
seedlings) 

62 
 

1 2  22.5 85.05 6.17 

2 Maintenance (cutting all 
competing vegetation in 
EP area) 

24     16.49 0.75 

3 Maintenance (cutting all 
competing vegetation in 
EP area) 

24     16.49 0.75 

6 Maintenance (cutting 
competing vegetation 
within 1m of saplings) 

16     11 0.61 

10 Maintenance (remove 
any overtopping 
vegetation) 

8 8    14.09 0.78 

14 Maintenance, timber 
cruise, silvicultural 
treatment 

8 8  8  27.84 1.55 
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Table A-2.  Continued 

Year Activities Labor 
Chainsaw 
operator 

Tractor 
operator

Vehicle 
driver Technician 

Total wages 
(US$) Total cost per m3 wood (US$) 

15 Commercial thinning 
(tree marking, road/deck 
prep, harvest) 

     12.75 4.38 

20 Maintenance (remove 
competing or 
overtopping vegetation) 

8 8  8  27.84 1.55

25 Maintenance (remove 
competing or 
overtopping vegetation) 

8 8  8  27.84 1.55

35 Maintenance (remove 
competing or 
overtopping vegetation) 

8 8  8  27.84 1.55 

45 Maintenance (remove 
competing or 
overtopping vegetation) 

8 8  8  27.84 1.55 

55 Monitoring and DBH 
assessment 

8   24  46.74 7.56 

59 Vine cutting 8     5.50 0.30 
59,60 Harvest plan and RIL 

harvest 
     12.37 4.25 

Note:  Activities and costs are reported per planting area, as reported in interviews with Fazenda Cauaxi personnel.  Total costs are 
divided per cubic meter of wood produced in a planting area, given a yield of 18 m3.  Note that this list represents the actual 
activities that took place at Fazenda Cauaxi and that they plan to do in coming years; the “Low cost” scenario presented in 
Table 3-1 includes only activities from Years 1, 2, 3, 4, 15, 55, and 60.  Thinning and harvest costs are based on line-item costs 
of conducting inventory, felling, skidding, and log deck activities, as reported in Holmes et al. (2002), converted to 2004 prices 
using an average local interest rate of 1.062%. 

 
 
 
 



 

APPENDIX B 
RESULTS OF SITE TREATMENTS AT FAZENDA VITORIA 

Table B-1. Height, DBH, and survivorship results of site treatments at Fazenda Vitoria

Species Trt 
Mean height in centimeters + SE; number of individuals 

Mean DBH 
(Macmillan et al., 

1998)+SE 
1989 1990 1991 2003 2003 

1. A 8.99+0.62; 
25 

27.92+3.24; 
18 

98.57+12.19; 
18 

431.3+73.05; 8 2.5+0.42 

B 6.98+0.56; 
23 

26.44+4.40; 
14 

116.93+14.80;  
14 

428.8+59.71; 8 2.3+0.53 

C 6.70+0.29; 
24 

38.33+2.71; 
17 

133.77+11.25; 
17 

431.5+50.88; 13 2.2+0.46 

Antrocaryon 
amazonicum  

A 13.31+0.55; 
25 

22.75+1.46; 
25 

55.25+5.25; 
24 

340.0+36.19; 5 2.9+0.23 

B 11.22+0.55; 
27 

40.11+4.46; 
27 

124.78+8.51; 
27 

586.0+70.93; 10 6.6+1.22 

C 30.46+0.30; 
27 

44.85+4.73; 
21 

124.08+11.25; 
21 

441.4+36.21; 7 4.3+0.76 

Schizolobium 
amazonicum 

A 23.52+1.56; 
23 

51.35+5.21; 
13 

96.88+13.15; 
8 

1385.0+575.0; 2 15.6+6.70 

B 24.62+1.16; 
27 

70.19+4.56; 
17 

139.19+17.59; 
16 

2034+419.62; 5 22.4+6.65 

C 30.46+1.08; 
26 

84.40+3.35; 
23 

161.64+22.28; 
22 

1670.0+0; 2 12.8+2.00 

Stryphnodendr
onadstringens 

A 6.3+0.48; 24 28.37+3.45; 
23 

101.75+11.30; 
20 752.0+106.27; 5 10.5+2.00 

B 5.72+0.51; 
21 

79.39+10.62; 
16 

220.75+13.20; 
16 --  -- 

C 5.31+0.39; 
22 

69.96+9.05; 
19 

188.79+12.65; 
19  --  -- 

Parkia sp. A 12.98+0.56; 
17 

23.96+2.88; 
14 

66.20+13.06; 
10 

400.0+49.93; 10 3.9+0.82 

B 10.15+0.75; 
20 

51.95+8.22; 9 170.13+34.84; 
8 

645.0+84.24; 8 6.7+1.24 

C 10.67+0.67; 
27 

40.19+3.29; 
18 

107.18+11.78; 
17 

408.5+43.14; 13 3.9+0.51 

Bagassa 
guianensis 

A  --  --  --  --  -- 
B  --  --  --  --  -- 
C  --  --  --  --  -- 

Bertholletia 
excelsa 

A  --  --  --  --  -- 
B  --  --  --  --  -- 
C  --  --  --  --  -- 

Terminalia 
catappa 

A 24.43+1.05; 
20 

43.63+3.90; 
14 

80.90+8.22; 
10 

824.0+121.59; 5 9.5+1.74 

B 17.63+1.08; 
19 

44.18+6.24; 
11 

103.96+34.84; 
9 

 --  -- 

C 14.80+1.35; 
12 

37.30+12.10; 
5 

78.63+34.35; 
4 

 --  -- 
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Table B-1. Continued. 

Species Trt Mean height in centimeters + SE; Number of individuals 

Mean DBH 
(Macmillan et 
al., 1998)+SE 

Platonia 
insignis 

A  --  -- 54.17+3.92; 
20  

313.7+32.76; 23 1.9+0.27 

B  -- 30.10+5.33; 5 69.99+6.40; 
16 

373.1+47.37; 16 2.9+0.61 

C 1.33+1.32; 7 33.21+5.66; 7 65.17+10.59; 
15 

322.2+56.69;  
16 

2.3+0.76 

Anacardium 
occidentale 

A 32.73+1.85; 
21 

69.44+5.47; 
18 

147.18+11.47; 
17 

820.0+310.96; 3 4.9+2.53 

B 24.73+1.71; 
20 

98.41+12.06; 
15 

232.87+21.20; 
15 

652.5+123.92; 4 5.4+1.41 

C 23.19+1.82; 
24 

85.03+8.63; 
19 

222.26+20.05; 
19 

 --  -- 

Cecropia  
peltata 

A  --  --  --  --  -- 
B  --  --  --  --  -- 
C  --  --  --  --  -- 

Solanum 
paniculatum 

A 4.05+1.85; 2  --  --  --  -- 
B 5.09+1.56; 

13 
67.26+18.72; 
10 

164.00+28.51; 
10 

 --  -- 

C 1.93+1.22; 3 38.00+22.00; 
2 

127.50+62.49; 
2 

 --  -- 

Hymenaea 
courbaril 

A 25.70+1.69; 
26 

50.74+3.60; 
24 

92.85+7.57; 
20 

512.3+45.78; 13 3.7+0.32 

B 26.16+1.71; 
25 

92.05+6.15; 
21 

166.81+9.07; 
21 

644.7+39.50; 19 5.2+0.46 

C 24.89+0.84; 
26 

67.92+4.25; 
25 

119.48+9.13; 
25 

451.2+35.03; 25 3.5+0.30 

Orbignya 
phalerata 

A  --  --  --  --  -- 
B  --  --  --  --  -- 
C  --  --  --  --  -- 

Sclerolobium 
paniculatum 

A 8.16+0.65; 
17 

43.77+6.20; 
13 

218.33+30.27; 
9 

2352.0+45.55; 
10 

28.4+8.97 

B 7.24+0.47; 
20 

60.77+ 5.06; 
17 

335.59+13.65; 
17 

2366.2+62.47; 
13 

27.4+1.93 

C 6.4+0.416; 
23 

50.43+4.37; 
19 

284.58+19.76; 
19 

1933.1+135.98; 
16 

27.0+2.38 

acacia A 10.98+1.52; 
22 

40.00+5.00; 2  --  --  -- 

B 13.58+1.74; 
24 

91.11+14.09; 
18 

511.77+48.84; 
17 

1490.9+66.84; 
11 

20.1+1.13 

C 10.90+1.01; 
25 

84.86+8.80; 
18 

460.17+37.42; 
18 

1487.8+55.37; 9 22.1+2.13 

Totals A 16.68+0.69; 
222 

39.36+1.71; 
164 

94.80+4.70; 
156 

710.2+27.34; 84 7.1+0.99 

B 14.23+0.61; 
244 

65.42+3.07; 
180 

200.12+10.65; 
186 

985.2+78.35; 95 10.5+1.05 

C 14.22+0.62; 
246 

61.56+2.26; 
193 

183.30+9.37; 
540 

773.3+66.38; 
101 

8.8+1.06 
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Table C-1. Mean diameter and height of species with and without NPK fertilizer and addition of manure, administered in the first year 
after planting (mean of replications ± SE, number of individuals).   

Species  MEAN DIAMETER, NUMBER OF INDIVIDUALS MEAN HEIGHT, NUMBER OF INDIVIDUALS

1989 1990 1991 2003 1989 1990 1991 2003

Anacardium 

occidentale 

cntrl 6.0± 0.3, 8 32.0± 1.44, 8 70.3±3.60, 8 116.3± 13.08, 6 30.8±1.3, 8 153.6± 10.85, 8 259.4± 23.80, 8  661.7±125.0, 6

trt 5.2±0.3, 10 35.1±2.41, 10 71.3± 7.36, 10 125.0±17.35, 3 28.5±0.9, 10 182.2±12.1, 10 346.8±34.2, 10  756.7±37.6, 3

Annona  

muricata 

cntrl 6.3±0.2, 10 12.1± 1.29, 10 22.6± 3.67, 10 0 47.3±1.3, 10 93.7±8.86, 10 140.8±13.34, 10 0

trt 6.5± 0.2, 10 20.2± 1.30, 10 37.1± 2.44, 10 29.5± 1.50, 2 48.1±0.8, 10 121.6±7.38, 10 204.3±8.87, 10 360.0±120.0, 2

Astrocarpus 

heterophyllus 

cntrl 3.3±0.3, 10 12.2±0.61, 10 30.1±5.73, 10 70.9±14.51, 7 21.7± 4.3, 10 92.9± 6.21, 10 155.3± 9.40, 10 518.6± 53.3, 7

trt 3.2±0.2, 9 15.0±1.65, 8 30.2±4.00, 8 126.9±39.90, 7 21.5±2.4, 9 112.9±8.68, 8 180.3±16.68, 8 682.9±115.9, 7

Bactris 

 gasipaes 

cntrl . . . . 28.0± 0.65, 10 57.0± 5.97, 10 111.6± 11.25, 9 947.5+-71.8, 8

trt . . . . 28.4±0.8, 9 72.2±9.1, 9 123.0±20.9, 9 903.3±110.7, 9

Bertholletia 

excelsa 

cntrl 5.3± 0.3, 10 11.2± 0.92, 10 29.6± 2.62, 10 223.6± 13.05, 10 39.0± 1.01, 10 91.8± 6.13, 10 148.7± 6.72, 10 1323.0± 105.7, 10

trt 5.3± 0.2, 10 11.4±0.85, 10 24.5± 2.25, 10 222.3± 23.5, 10 41.2±1.0, 10 89.8±8.0, 10 140.6±11.0, 10 1423.0±131.9, 10

Bixa 

 orelana 

cntrl 5.0±0.3, 10 16.2± 1.73, 9 35.4± 2.09, 9 0 60.0± 2.13, 10 102.3± 9.57, 9 193.2± 13.25, 9  0

trt 4.2±0.2, 9 37.4± 3.61, 9 53.7± 2.30, 9 0 60.2±1.8, 9 157.2±8.7, 9 210.8±6.7, 9  0

Byrsonima 

crassifolia 

cntrl 1.7± 0.2, 8 17.5± 1.63, 8 52.0±5.13, 8 132.2± 6.01, 5
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140.8± 1.06, 8 251.1± 12.75, 8 860.0± 22.16, 8   860.0+-93.4, 5

trt 1.4± 0.2, 10 15.2±3.31, 9 39.0±5.88, 9 91.3± 14.45, 6 93.8±0.5, 10 217.4±9.8, 9 728.3±17.9, 9   728.3±46.4, 6

Cedrela 

 odorata 

cntrl 2.3± 0.3, 10 13.5± 1.24, 10 36.3± 4.58, 10 104.0± 15.8, 10 11.1± 1.35, 10 66.1± 4.32, 10 155.8± 16.60, 10 1089.0± 120.7, 10

trt 2.3± 0.3, 9 14.0± 2.38, 9 36.3± 6.66, 9 117.4± 13.70, 9 11.1±1.6, 9 70.6±13.4, 9 162.6±33.5, 9 1047.8±109.3, 9

Citrus sp. cntrl 23.5± 1.2, 10 22.2± 2.37, 10 24.4± 2.27, 10 0 75.8± 2.28,10 91.8± 4.29, 10 121.0± 8.37, 10 0

trt 24.7± 1.4, 9 26.4± 2.18, 8 35.5±3.66, 8 0 66.7±5.0, 9 87.5±8.2, 8 144.3±14.7, 8 0

Cocos 

nucifera sp. 

cntrl . . . . 72.9± 2.44, 9 96.7± 5.27, 9 154.2± 9.43, 9 518.8± 82.10, 8

trt . . . . 73.1±4.4, 8 112.5±4.5, 8.0 222.6±23.4, 8 755.7±107.8, 7

Dipteryx 

 odorata 

cntrl 4.9± 0.2, 8 8.5± 0.63, 8 20.5± 1.82, 8 145.0± 9.00, 8 33.6± 1.62, 8 73.5±7.95, 8 210.0± 19.41, 8 951.3±58.35, 8

trt 5.1±0.1, 9 9.8±0.55, 9 20.1± 1.92, 9 138.4± 10.57, 9 34.9±1.4, 9 86.8±8.0, 9 207.8±23.3, 9 963.3±23.3, 9

Eugenia 

brasiliensis 

cntrl 4.8±0.2, 10 9.6±0.70, 10 13.0± 0.57, 10 40.1±3.25, 10 36.2±0.94, 10 66.8± 3.59, 10 114.2± 7.84, 10 451.0±42.46, 10

trt 5.0± 0.2, 10 10.4± 0.83, 10 14.4± 1.13, 10 31.7±8.02, 10 33.9±1.45, 10 75.5±5.6, 10 122.6±9.8, 10 475.0±25.5, 10

Eugenia 

 jambos 

cntrl 7.0±0.4, 9 10.3±0.65, 8 17.3±1.56, 8 21.0± ---, 1 7.1±0.35, 10 10.6±1.02, 7 24.2±2.04, 5 35.3±9.82, 3

trt 47.1±2.4, 9 75.8±5.0, 8 110.6±9.46, 8 213.0±---,1 40.6±2.1, 10 68.1±6.7, 7 133.8±13.6, 5 286.7±86.7, 3

Genipa 

americana 

cntrl 5.9±0.6, 8 9.6±0.80, 8 12.1±1.81, 8 69.0±6.70, 2* 24.8±1.69, 8 32.3±2.74, 8 43.0±9.17, 8  680.0±60.0, 2*

trt 6.0±0.5, 8 25.4±3.93, 8 44.6±6.43, 8 103.3±7.17, 8* 25.4±1.6, 8 85.6±12.4, 8 820.0±33.0, 8*184.3±27.3, 8  
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Table C-1. Continued. 
 

Species 

 MEAN DIAMETER, NUMBER OF INDIVIDUALS MEAN HEIGHT, NUMBER OF INDIVIDUALS

1989 1990 1991 2003 1989 1990 1991 2003

Mangifera  

indica 

cntrl 6.3±0.4, 9 20.6±1.94, 9 39.8±3.14, 9 54. 0±6.52, 4 45.0±1.37, 9 130.8±7.74, 9 243.6±14.0, 9 427.5±30.38, 4

trt 6.4±0.5, 8 22.6±2.10, 8 65.1±23.49, 8 105. 8±10.70, 4 38.4±3.3, 8 132.5±10.1, 8 218.0±36.4, 8 567.5±40.9, 4

Mangifera  

indica var. 

cntrl 20.8±0.7, 8 25.1±1.13, 8 35.7±2.46, 8 84.0± ---, 1 103.7±2.10, 8 128.3±5.05, 8 179.4±12.50, 8 320.0± ---, 1

trt 20.7±0.5, 9 29.9±1.03, 9 55.6±3.54, 9 119.4±10.99, 5 97.4±2.8, 9 162.8±7.3, 9 250.0±8.8, 9 678.0±66.2, 5

Manilkara  

sapota 

cntrl 3.3±0.1, 10 5.6±0.45, 10 12.9±1.09, 10 71.0±8.28, 10 15.9±0.65, 10 47.5±6.01, 10 109.7±10.39, 10 636.0±58.92, 10

trt 3.4±0.2, 10 7.8±0.59, 10 15.3±1.10, 10 69.0±7.04, 10 15.5±0.5, 10 62.8±6.5, 10 140.0±10.7, 10 619.0±48.8, 10

Platonia 

insignis 

cntrl 2.5±0.2, 8 5.5±0.57, 8 11.2±1.43, 8 80.4±18.94, 8 11.2±1.07, 8 49.0±6.40, 8 95.5±11.90, 8 655.0±115.11, 8

trt 2.9±0.2, 8 5.6±0.53, 7 9.8±1.84, 7 85.6±22.15, 7 12.4±1.5, 8 34.6±6.9, 7 80.1±20.4, 7 915.7±111.5, 7

Parkia sp. cntrl 3.3±0.3, 10 18.1±1.49, 10 44.6±3.00, 10 158.8±17.74, 9 13.8±0.61, 10 90.7±11.28, 10 294.3±35.02, 10 972.2±88.16, 9

trt 2.7±0.2, 10 22.6±1.52, 9 47.0±1.88, 9 167.0±14.80, 9 13.2±0.4, 10 115.6±12.5, 9 300.4±21.0, 9 1023.3±96.9, 9

Pouteria 

caimito 

cntrl 3.5±0.2, 10 7.3±0.57, 10 16.0±1.74, 10 53.0±17.05, 4 32.4±0.92, 10 71.4±8.38, 9 146.1±22.29, 9 403.3±117.24, 3

trt 3.9±0.1, 10 9.3±1.27, 9 19.9±3.15, 9 0 31.8±0.9, 10 64.2±6.9, 9 140.8±19.0, 9 0

Richardella 

macrophylla 

cntrl 3.3±0.2, 9 8.6±0.77, 9 22.2±2.81, 9 114.3±14.98, 9 26.1±1.21, 9 78.4±9.49, 9 158.9±17.93, 9 888.9±51.17, 9

trt 3.5±0.2, 10 9.3±0.91, 10 21.3±3.23, 10 114.7±10.88, 9 26.9±1.3, 10 71.5±9.2, 10 146.1±22.0, 10 900.0±100.1, 9

Rollinia  

mucosa 

cntrl 4.0±0.0, 10 11.9±1.11, 8 26.9±3.89, 7 86.0± ---, 1 28.6±0.41, 10 80.8±9.84, 8 165.7±17.27, 7 570.0±---, 1

trt 3.8±0.1, 9 21.0±2.36, 9 52.3±9.17, 9 0 28.5±0.6, 9 113.3±13.6, 9 222.5±30.0, 9 0

Spondius  

mombin 

cntrl 2.1±0.1, 10 9.2±1.71, 10 14.3±3.14, 10 0 11.7±0.41, 10 60.1±8.04, 10 72.7±9.57, 10 0

trt 2.1±0.1, 7 38.9±4.28, 7 67.2±8.31, 7 0 13.2±1.6, 7 152.9±12.2, 7 210.7±24.2, 7 0

Swietenia 

macrophylla 

cntrl 6.7±0.4, 10 15.5±1.51, 10 47.7±3.29, 10 205.8±19.97, 10 40.2±1.24, 10 102.3±8.70, 10 323.4±20.00, 10 1338.0±67.90, 10

trt 6.4±0.4, 9 27.5±3.85, 9 58.6±4.77, 9 223.9±11.43, 9 38.4±1.1, 9 190.8±17.0, 9 403.9±46.8, 9 1396.7±55.4, 9

Theobroma 

grandiflorum 

cntrl . 7.4±0.34, 9 12.2±0.50, 9 42.3±1.03, 4 37.4±1.6, 10 51.9±2.23, 9 89.0±3.84, 9 525.0±43.50, 4

trt . 12.0±0.46, 8 64.4±0.83, 8 33.9±22.06, 5 34.1+-1.3, 10 44.1±3.6, 8 83.0±6.6, 8 454.0±42.0, 5

Tabebuia 

serratifolia 

cntrl 2.3±1.7, 9 7.4±0.88, 9 17.6±3.24, 9 83.0±14.29, 8 12.3±3.83, 9 63.1±12.29, 9 140.3±24.70, 9 831.3±99.54, 8

trt 3.2±0.1, 9 10.9±1.44, 9 27.0±3.32, 9 109.9±11.17, 8 14.8±0.4, 9 80.3±11.8, 9 199.0±25.4, 9 1071.3±68.4, 8
Note: Underlined results indicate significant growth response to treatment in 2003 (ANOVA, P<0.05).  Asterisk indicates significant 
effect of fertilization on survivorship between treatment and control (Fisher’s Exact Two-tail Chi Square test, P<0.05). 
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