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Major Department: School of Forest Resources and Conservation

Raising land productivity with perennial cash crops may allow Amazonian farmers to

meet food demands and increase livelihoods with less forest clearing. Despite more efficient

nutrient cycling in tree-based agroecosystems, maintaining phosphorus (P) availability to

plants growing in weathered tropical soils challenges the sustainability of commercial

plantation agroforests. The primary objective of this research project was to examine

phosphorus and nitrogen (N) dynamics in a widely-adopted peach palm (Bactns gasipaes

Kunthj-cupuassu (Theobroma grandiflorum)-Brazi\ nut (Bertholetia excelsa) agroforestry

system to evaluate the potential of commercial agroforests to offer a more sustainable

alternative to other Amazonian land-uses. The research was conducted in Acre, Brazil, using
a participatory approach so that farmerswould benefit from both the investigative process and
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study results, perhaps enabling them to maximize the agroecosystem’s potential for sustained

production. A comparison of soils from eight agroforests and adjacent native forests
é

demonstrated that despite greater cation exchange capacity and pH in agroforest soils,

extractable P was significantly lower, suggesting a decline in P availability since conversion

of forest to agroforest. Phosphorus limitations to productivity, assessed using a root

ingrowth bioassay, were not apparent, although greater root growth by peach palm suggested

a competitive advantage by this species. Monthly measurements of resin-exchangeable P

demonstrated greater P availability in soil beneath peach palm litter than under cupuassu trees.

Nitrogen and phosphorus were mineralized rapidly from decomposing palm litter but

immobilized in P-poor cupuassu leaves. Soil P availability was greatest early in the rainy

season, decreasing during the mid-rainy season when fruit production was highest. An annual

budget for an eight-year-old agroforest revealed that P removal with harvest was half that

expected for pasture and shifting cultivation, and that system-level P cycling was more rapid

than in Amazonian forests growing in similarly P-poor soils. High N removal with harvest

suggests that this nutrient may eventually limit agroforest productivity. Peach palm and

cupuassu phosphorus-use-efficiencies were similarly low, while that of Brazil nut was

comparable to Amazonian forest species. Leguminous cover crops and directed application

of soil amendments, including plant residues, beneath cupuassu and Brazil nut canopies are

recommended to increase soil nutrient availability and sustain productivity.
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CHAPTER 1

INTRODUCTION

The Problem: Ecological Instability in Amazonian Land-use

Since the late 1970s, Amazonian deforestation has proceeded at alarming rates,

raisingworld-wide concern because ofits potentially negative consequences for global climate

change, biodiversity, hydrology and biogeochemical cycles (Skole and Tucker 1993).

Approximately one third of forest clearing in the Brazilian Amazon is undertaken by the

region’s growing population of colonist farmers for the shifting cultivation of annual crops,

while roughly 60% occurs at the hands of large-scale cattle ranchers for pasture creation

(Feamside 1993, Skole et al. 1994, Serráo et al. 1996). Geologically, the Guyana and

Brazilian shields that dominate the northern and southern ends of the Amazon Basin are the

oldest and most highly weathered soils found on the South American continent (Toledo and

Navas 1986). Consequently, annual crop production in the Basin's acidic nutrient-poor soils

(predominately Oxisols and Ultisols) is generally limited to two years because nutrient pulses

released by burning native forest vegetation decrease rapidly with crop removal and leaching,

after which agricultural fields are abandoned to fallow and additional forest land is cleared for

continued cultivation (Uhl and Jordan 1984, Ewel 1986, Hólscher et al. 1997). In areas

where low population densities and high land availability permit long fallow periods for soil

restoration (i.e., 10 to 25 years), shifting cultivation can be productive, however, when the
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fallow is shortened, the practice results in rapid soil degradation (Nicholaides et al. 1985, Juo

and Manu 1996). Similarly, pasture productivity and longevity in the Amazon are limited by

soil fertility and disruptions in nutrient cycling processes. Generally, three to five years

following forest conversion, a rapid decline in the productivity of planted grasses, associated

with decreases in soil nutrient availability, permits the invasion of herbaceous and woody

“weeds” that characterize degraded and subsequently abandoned pastures (Toledo and Navas

1986, Dias-Filho et al. In press). Regrowth in both abandoned shifting cultivation plots and

degraded pastures occurs as succession proceeds, but often the species composition of the

secondary vegetation differs from that in primary forests and soil C and N stocks, as well as

other properties favorable for agricultural production, decline (Nepstad et al. 1991, Trumbore

et al. 1995, Moraes et al. 1996, Holscher et al. 1997). Managed extensively, without the use

of soil amendments or germplasm suited to the region’s physiography, these two principal

Amazonian land-uses are largely unsustainable. This lack of ecological stability combined

with the small economic return per unit area of land yielded by these land-uses results in

accelerated deforestation, habitat fragmentation, lowered agricultural production, failure of

small-scale farms, and greater rural poverty (Hecht and Cockbum 1990, Fearnside 1993,

Skole et al. 1994).

More recently, perennial crop-based commercial plantation agroforestry systems have

emerged as a promising Amazonian land-use alternative with the potential to reduce soil

degradation, improve living standards, and decrease pressures on remaining forested areas

(Smith et al. 1997). Whereas annual and perennial crops have traditionally been grown

together in multistory tree gardens, the production of high value perennial cash crops in
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plantation agroforests represents a relatively new practice in Amazonia (Nair and Muschler

1993, Smith et al. 1997). Both the potential economic and ecological advantages of tree-

based agroecosystems arise in part from their longevitywhich promotes a more closed cycling
of nutrients that may extend the productivity of land already cleared (Ewel 1986, Smith

1990). In principle, deep-rooted perennials intercept cations and nitrate otherwise leached

from the soil surface, storing and cycling these nutrients in living biomass, fallen litter and

decaying fine roots, while reducing erosion losses by physically protecting the soil (Nair 1989,

Young 1989). Moreover, soil degradation and nutrient depletion resulting from crop harvest

is potentially less if the products harvested represent only a small proportion of the system’s

total organic matter and nutrient stocks (Jordan 1988). Perennial crop-based agroforestry

systems comprising cashew (Anacardium occidentale), coconut (cocos nucífera), babassu

('Orbignya pnmifera) and cacao (Theobroma cacao) have long provided an economically

important and ecologically stable land-use in the more arid Northeastern region of Brazil

(Johnson and Nair 1989).

In the late 1980s, an independent producer organization of colonist farmers initiated

ProjectRECA (Reflorestamento Económico Consorciado e Adensado) with the establishment

of a perennial crop-based commercial plantation agroforestry system in the western

Amazonian community of Nova California. Project RECA's objectives were two-fold: to

improve the economic security of farmers and decrease farm-level deforestation by providing
a more sustainable alternative to other land-uses (RECA 1989). Essentially, the farmers

believed that a multi-species system comprised of native forest trees would be more

productive than their failing annual crops and monospecific plantations of coffee and cacao.
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The original system comprised three perennial components, cupuassu (“cupuapu” in

Portuguese, Theobroma grandiflorum), peach palm (“pupunha” in Portuguese, Bactris

gasipaes), and Brazil nut (“castanha”in Portuguese, Bertholetia excelsa), and was planted on

over 400 ha on nearly 200 farms throughout the region. This particular configuration of

agroforest species has proven highly productive during the initial years following

establishment, and consequently, the RECA project became known throughout Brazil as a

model of sustainable agriculture and grass roots initiative. As a result, farmers in Acre and

Rondónia continue to convert both primary and secondary forest into perennial crop

plantations that now include coffee, citrus, palm heart, and other native fruit and timber

species.

Although the RECA agroforestry system initially exhibited high productivity,

sustaining yields in the future is a constant and justifiable concern for these farmers because

information about the behavior of these species as components of intensively harvested

agroforestry systems is limited (Clement 1991 & 1993, Venturieri 1993). Many studies have

demonstrated that mixed perennial crop-based systems offer greater ecological stability than
annual monocultures by improving soil properties (Nair 1989, Ewel et al. 1991, Chander et

al. 1998), however, little on-farm research has been conducted to determine if these systems

are sustainable in Amazonian Ultisols and Oxisols without the use of soil amendments (Szott
et al. 1991). For the most part, the RECA agroforests are low- to no-input systems because

most farmers have limited access to chemical fertilizers and little experience using the large
inputs of organic residues recommended to maintain soil fertility (e.g., Nicholaides et al.

1985, Szott et al. 1991). Throughout the Amazon Basin, it is estimated that nitrogen (N) and
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phosphorus (P) deficiencies limit crop production in 90% of the region's upland soils

(Nicholases et al. 1985). Maintaining P availability to crops plants may present a larger

challenge to sustained agroecosystem productivity because much of the total soil P stock is

geochemically bound to iron and aluminum oxides in forms largely unavailable for plant

uptake (Dias-Filho et al. In press). In agroecosystems where N requirements are met with

organic residues from leguminous plants, organic matter decomposition, mineralization and

fixation ofN: may be limited by soil fauna and bacteria sensitivity to P deficiency (Ewel 1986,

Crews 1993). From long-term studies of continuous cropping in Amazonia, Sanchez et al.

(1985) concluded that attempts to produce food crops in acid Oxisols and Ultisols without

the use of soil amendments are likely to fail. The question is, then, how sustainable are these

low- to no-input tree-based cropping systems planted by farmers throughout the Amazon

Basin?

At the time this study was initiated in 1995, RECA farmers were beginning to realize

the economic benefits of the original cupuassu-peach palm-Brazil nut agroforestry systems.

The continued adoption of commercial plantation agroforests throughout western Amazonia

underscores the importance of determining if these tree-based systems do offer greater

ecological stability than other land-uses, especially because conversion of native terrafirme

forest into perennial crops is likely to increase as federally-sponsored colonization projects

planned for Acre proceed (Brown pers. comm., Slinger 1996). The RECA project provides
a timely and much-needed case study for evaluating the potential for both economic and

ecological sustainability of these commercially-harvested tree-based agroecosystems.
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Research Question and Objectives

The overall objective of this research was to evaluate the potential for ecological

sustainability of a widely-adopted commercial plantation agroforestry system comprised of

native Amazonian forest tree species. The central question guiding the studies was1.How sustainable are low-input, commercial plantation agroforests in Amazonia, and

what are some of the factors that control sustained productivity in these systems?

Specific study objectives intended to address this question were to

1. Analyze soils from eight RECA agroforestry systems and adjacent native forests to

determine how soil chemistry has changed since conversion of primary forest to

agroforest.

2. Assess potential P limitations to agroforest and native forest plant productivity using

a root ingrowth bioassay.

3. Quantify the stocks and fluxes of P and N in an eight-year-old RECA agroforest, and

construct an annual budget to determine how much of the system’s P and N

requirements are (a) met through internal cycling, (b) taken up from soil stocks, and

(c ) removed with harvest.

4. Identify socio-economic challenges to the sustainability of RECA agroforestry

systems, particularly those that constrain modifications in agroforest management

practices, through interviews, focus groups, and discussions with RECA families and

other local NGO’s and research institutions.

Conduct the research using a participatory approach that (a) encourages farmers’

involvement in the formation of research objectives, data collection and interpretation

5.
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of results, and (b) fosters a multilateral exchange of knowledge, information, and

experience among researchers and land managers.

This dissertation is divided into eight chapters, including the introduction. The

second chapter is a synthesis of the history of the RECA project largely based upon

unpublished repons, local newspaper articles, and interviews and discussions with RECA

families and other Brazilian organizations conducted as part of this research. It summarizes

the past and present challenges faced by the producers’ organization, as well as the socio¬

economic benefits enjoyed by RECA farmers as a result of community-level agroforestry

adoption. Although RECA is somewhat atypical from many producers’ groups (e g., it has

received large amounts ofoutside financial assistance), the decade-old project demonstrates

many of the complex socio-economic issues associated with agroforestry system adoption,

underscoring the fact that the search for ecological stability addresses only half (or maybe

less) of the sustainability question.

Fanner participation was an important element of this project. It is hoped that

participation by RECA farmers improved the likelihood that the scope of this research

ultimately renders results that are useful to land managers in Acre. However, given the time,

monetary, and academic constraints of doctoral research projects, perhaps the most

immediately useful research output to RECA farmers was the participatory process itself,

described in Chapter Three. This chapter briefly outlines reasons for adopting a participatory

approach to on-farm agroecological research, describes the methods used to encourage

farmer participation in this research, evaluates the positive outcomes of the process, and

identifies areas in need of improvement.
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different aspects of ecological sustainability from a nutrient cycling perspective, since

nutrients, such as P and N, are cited as the resource most limiting to productivity in natural

and managed ecosystems throughout Amazonia. The fourth chapter examines soil changes

six years following conversion of native forest to agroforests, especially those in extractable

P, and attempts to identify P limitations to plant productivity. The fifth chapter analyzes

seasonal fluctuations in soil P availability in relation to leaf litter decomposition and the

agroforest’s production cycle. In chapter six, system-level P and N dynamics in the

agroforest are compared with those of other Amazonian land-uses, including native forests,

pasture and shifting cultivation. The concluding chapter attempts to synthesize information

on agroforest P and N dynamics within the context of the socio-economic constraints and

opportunities faced by rural households (identified by researcher and RECA farmers) to

develop recommendations for management that enhance the cycling of organic matter and

nutrients to sustain productivity in this and other tree-based Amazonian agroecosystems.



CHAPTER 2
THE RECA PROJECT

The Settlement ofNova California

The state ofAeré, located in the western Amazon Basin on the borders ofBolivia and

Peru, is one of the last frontiers in the Brazilian Amazon (Grupo PESACRE 1989). An

important rubber-producing region previously considered part of Bolivia, Acre was annexed

by Brazil in 1903 following a war with its South American neighbor (Hecht and Cockbum

1990). The economy in Aeré was thus originally based in forest extraction, and its inhabitants

were primarily indigenous peoples and rubber tappers, Brazilians brought from other regions

in the country to extract latex from trees growing in native forests (Kandell 1984). In the

1970s, the governmental institution, INCRA (Instituto Nacional de Colonizaqáo e Reforma

Agrária), launched a large colonization project, referred to as the Polonoreste, in the

neighboring state ofRondónia. The project encouraged families from south and southestem

Brazil, where agricultural modernization was displacing small farms, to resettle in this

relatively undeveloped region of western Amazonia by giving them title to 100 ha lots of

largely undisturbed forestland to farm (Browder 1996). In the process, the national highway

BR364 was paved, linking Rondónia and later, Aeré, to the rest of Brazil. These events

initiated a wave of migration to Rondónia and Aeré that consequently led to accelerated

9
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deforestation in the region as colonist farmers and large-scale ranchers cleared native forest

for pasture and shifting cultivation (Hecht and Cockburn 1990).

The colonist community of Nova California, which lies on the border of Aeré and

Rondónia (10° S, 67°W), was officially recognized as a town by INCRA in 1984. Previously
known as “Santa Clara”, which was little more than a gas station, a restaurant and five

houses, Nova California’s establishment represented INCRA’s official claim to land

previously controlled by the former owners of the rubber estate (seringal) California (RECA

unpublished). The region’s population increased considerably in the mid to late 1980s as

families migrated from the southern Brazilian states ofParana, Rio Grande do Sul, and Santa

Catarina, many of them stopping in Rondónia for several years before finally settling in Aeré.

Located 150 km east of Rio Branco, the capital of Aeré, Nova California now provides a

political and economic base for over a thousand farm families living on unpaved “feeder”

roads connected to the BR 364.

At the time of this study, state ownership of the region in which Nova California was

located had been disputed since the early 1980s by the governments ofAeré and Rondónia,

both ofwhom claimed the region as their own (Moreira 1992). The lack of legal definition
of the border between the two states greatly aggravated the economic hardship of families

living in and around Nova California because neither government was willing to invest

resources to build and maintain infrastructure in a town that might ultimately become the

property of another state. As a result, road maintenance, schools and medical facilities were

poorly funded, and INCRA, the organization that had brought families to the region,

essentially abandoned the community (Leite unpublished). Most residents had to travel
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several hours on an unpaved road to Rio Branco for even minor medical care. Malaria, in

particular, was a medical problem that plagued residents, although this is now treated at a

community health post (PESACRE and GENESYS unpublished). Schools on feeder roads

continued only to the fourth grade, and families had to send their children to Rio Branco to

attend high school (Campbell 1994). During the rainy season, many families were forced to

walk up to 50 km to reach the BR364 because the mud made the unpaved feeder roads

impassable by car, bike, and horses. Because Nova California was never linked to a utility

grid, at the time of this study, electricity was provided to residents in town by a small

unreliable generator that was operated only in the evening, from six to twelve PM. Families

were responsible for digging their own wells, and “running” water was acquired by pumping

well water (using a diesel or electric pump) into a cistern built above the house. Wells

frequently dried up during the months of July and August, leaving families and the RECA

organization to collect water from swamp areas located at the edge of town. Most families

on the feeder roads still did not have access to electricity or running water at the end of this

study period.

The difficulties faced by these colonist fanners were made worse by the fact that

many of the crops they initially planted grew poorly, and in some cases, failed entirely due to

poor soils, pests, and insufficient marketing infrastructure. For example, monocultural

plantations of cacao (Theobroma cacao L.) succumbed to witches’ broom (Crinipis

perniciosa (Stahel) Singer), and poor access to highly competitive markets impeded farmers

from selling coffee (Coffea arabica) (RECA unpublished). Moreover, most families were

unaccustomed to farming in the nutrient-poor soils underlying native Amazonian forest.
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Many faced extreme hardship when their shifting cultivation plots of rice, beans, and maize

failed to produce adequate harvests during the second or third year following forest clearing.

As a result, many families were forced to abandon their farms and resettle in other regions,

or return to southern Brazil. Although Brazilian law obliges farmers to maintain 50% of their

land in native forest, it is not difficult to encounter vast tracts ofdeforested land in the region

surrounding Nova California. Many of these deforested areas were created by ranchers who

bought up dozens of 100-ha lots from desperate colonist farmers and cleared them entirely

to raise cattle. Unfortunately, these large cattle ranches often proved unsustainable

themselves, due to poor soils and the invasion ofweeds that precluded the regeneration of

pasture grasses, and in some cases, to a more recent drop in cattle prices throughout Brazil

(Hecht and Cockbum 1990, Browder pers. comm ). Consequently, many of these vast

degraded pastures have also since been abandoned.

Proieto RECA

In response to the economic crisis suffered by the region’s families, the RECA project

(Projeto de Reflorestamento Consorciado e Adensado) was initiated by a group of fanners

in 1988. Fatigued with the enormous labor and risk associated with the shifting cultivation

of annual crops, these farmers began to experiment with plants native to Amazonia, and in

particular, tree crops. One of the group’s leaders, Sergio Lopes, a university-trained teacher

from Santa Catarina, was also concerned about the ecological impact of deforestation

associated with shifting cultivation and farm abandonment. With assistance from the Catholic

Diocese of Rio Branco, the Federal University of Aeré (UFAC) and the Institute of

Amazonian Research (INPA), the producers’ group submitted a project proposal to various
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European philanthropic organizations. The objective of the RECA’s proposed project was

to increase the economic well-being ofcolonist farmers through the production of high-value

perennial crops. Because the tree crops proposed were native to Amazonia, it was also

reasoned that they were better adapted to the region’s weathered forest soils and natural

pests, and thus more likely to persist and sustain productivity in these conditions. Thus, by

offering a more ecologically sustainable alternative to shifting cultivation, these systems could

decrease land abandonment and deforestation associated with small-scale production.

In 1989, the project acquired funding ($ 2 million USD) from Catholic organizations

in the Netherlands (CEBEMO) and France (CCFD) to inititiate the establishment of a multi¬

species perennial crop-based commercial plantation agroforest on over 200 farms (Martinello

1993, Smith et al. 1997). The first agroforestry system established by the RECA project in

1989 and 1990 (described fully below) was comprised of three perennial species native to

Amazonia, and participants were required to plant the components in a specific configuration

of species and spacing designed by the RECA organization.

Monetary incentive was an important factor attracting families to participate in the

RECA project. For every hectare of commercial plantation agroforest planted, participating

families received approximately $1,000 (USD) over a three year period from RECA to help

offset expenses incurred during plantation establishment and to help sustain households during

the initial years required before the perennial system began yielding fruit (Moreira 1992). In

return, the participating families were obliged to give a proportion ofeach harvest, beginning
with the fourth year, to the RECA organization for 10 years after plantation establishment.

The proportion of harvest increased, from 5% during the fouth and fifth years, to 30% by
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year ten, and the proceeds from the sale ofproducts were used to support administrative and

operating costs of the RECA project. Services provided by the organization included the

transportation of raw products from farms on feeder roads to a small factory located in Nova

California where the pulp of cupuassu fruit was processed and stored frozen, and later

transported to urban centers, such as Rio Branco, for sale. Farmers were responsible for

transporting and marketing peach palm fruit themselves, and because the fruit is so highly

perishable, many farmers simply sold the palm seed to buyers interested in establishing heart-

of-palm plantations. More recently, the organization received financial assistance from

another non-governmental organization (NGO) to build a canning factory for palm heart, and

an auditorium/dormitory in which regional meetings with other producer organizations are

held. In addition, RECA’s role in the community has not been confined entirely to

agricultural production. Nuns of the Catholic church who run a homeopathic pharmacy in

Nova California regularily train RECA health agents in basic first aid and medicinal plant use

(Campbell 1994). So while RECA started out with a community-based agroforestry project,

the organization has evolved to represent and address the social and economic needs of the

people in and around Nova California, and for better or worse, the organization has become

quite politicized.

Participating farmers entered RECA through regionally-based groups, usually defined

by the feeder road the producers lived on. At the time of this study, there were a total of 15

groups, each led by an individual who acted as a liaison between the regional group and the

RECA organization by representing the group at monthly RECA coordinators’ meetings. In

each group there was also a “técnico”, a farmer provided with technical training, sponsored
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by RECA, whose role was to assist members with production related problems, and

introduce new species to piant, such as leguminous cover crops or native timber trees for new

plantations. At least four of the fifteen groups were led by women, although Campbell

(1994) notes that despite the project’s seemingly democratic organization, women’s voices

are hard to hear. Twice annually, all members ofRECA were assembled for a three to five

day period, during which they reported on the health and productivity of their farms, and

discussed issues regarding new plantations, production, transport, processing and marketing.

These assemblies also provide opportunities for research and extension organizations, as well

as for other producer groups in the region to meet with RECA farmers and discuss problems

related to agroforest management and product marketing. RECA has also attempted to

provide farmers with greater access to information and technical assistance. During the

period this study took place, two Brazilian non-government organizations (Projeto SOS and

Projeto Tapiri) offered week long environmental education courses to RECA farmers, and

RECA has formed partnerships with extension and research organizations such as PESACRE

(Grupo de Pesquisa e Extensao em Sistemas Agroflorestais do Aeré) and EMBRAPA

(Empresa Brasileira de Pesquisa Agropecuária).

Agroforest Establishment

The specific agroforestry configuration under study was planted on over 300 farms

on approximately 450 ha in 1989 and 1990 (Leite unpublished). The system is two-tiered,

dominated by an upper canopy of peach palm (Baclris gasipaes Kunth) and Brazil nut

(Bertholletia excelsa Humb. & Bonpl.) with a middle canopy formed by cupuassu

(Theobroma grandiflonim (Willdenow ex Sprengel) Schumann). The agroforest’s principal
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products include cupuassu pulp, peach palm fruit and seed, and heart-of-palm, all of which

are consumed domestically as well as marketed regionally.

Typically, these agroforests were established by cutting and burning native forest

vegetation and interplanting one-year-old peach palm and cupuassu seedlings in rows at a

spacing of 4 x 7 m. Some agroforestry systems were also planted on old fallow fields

(capoeira). In every third row, Brazil nut was planted alternately with cupuassu to complete

a stocking density of approximately 370 trees ha'1, the majority of which are cupuassu and

peach palm (190 and 150 trees ha'1, respectively). The seedlings were raised on farm from

seeds collected from marketed fruit and surrounding forest; thus there exists considerable

genetic heterogeneitywithin each of the agroforests’ three perennial components. At the time

of establishment, enough farmyard manure to fill a “milk can” (approximately 250 ml, equal

to about 0.5 and 0.15 kg ha'1 N and P, respectively) was added to each seedling’s planting
hole. During the first year, annual crops (maize, beans, rice, or cassava) were cultivated

between the agroforest rows to offset the initial expense of establishing the perennial system

(Wallace 1994). Thereafter, understory regrowth ofnative vegetation was cut twice annually
and left to decompose on the agroforest floor. In some systems leguminous cover crops

(Macuna cochichinensis and Pueraria phaseoloides) were planted in agroforest rows for

nitrogen fixation and weed control. However, due to the increased risk of fire hazard and the

fact that the vines began growing over the top of the tree canopies, the legumes were

eradicated from the agroforests three years after establishment. Since establishment, grazing
livestock were excluded from the agroforest, and no other amendments of any kind were

applied to the system.
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Agroforest Tree Species

Peach Palm

The origin of peach palm (Bactris gasipaes Kunth, Palmae) is somewhat

controversial. Historically, peach palm, or “pupunha” in Portuguese, was grown throughout

tropical America by many pre-Colombian Amerindian communities for food, fiber, and

medicine. Clement (1988) cites the great genetic diversity in peach palm populations of

western Amazonia as evidence that the species originated in this region, although Mora Urpi

(1992) suggests that multiple domestication events may have taken place.

At present, two products are harvested from peach palm grown in multi-species

commercial plantation agroforests; an energy- and nutrient-rich fruit that is consumed locally,

and the tender unexpanded leaves produced by the apical meristem of young offshoots,

referred to as palm heart. The latter product is potentially more lucrative as it can be sold

both throughout Brazil and abroad as a high-priced delicacy. Peach palm is multi-stemmed,

producing as many as 12 offshoots that arise from axillary buds encircling the main stem.

This feature, in particular, has made it very popular for “sustainable” palm heart production

because unlike single-stemmed palms from which palm heart is also harvested (Euterpe spp.),

peach palm offshoots can be removed without killing the whole plant. Stems of peach palm

may attain up to 24 meters in height, but the species' relatively small crown, typically

composed of 10 to 30 pinnate leaves (Arkcoll 1990, Mora-Urpi et al. 1997), minimizes

shading of other agroforest components. An undesirable characteristic of the palm is that

stem intemodes are frequently covered with long spines which present a hazard to livestock

and complicate fruit harvest for farmers. Peach palm root growth is generally concentrated
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in the top 20 cm of soil, although a superficial mat ofadventitious roots often develops at the

stem base and may extend up to five meters from the trunk (Ferreira et al. 1980). As leaves

and fruit abscise from palm stems, decomposing organic matter from fallen litter accumulates

in the root mat. Vandermeer (1977) states that approximately 75% of peach palm roots are

located within the perimeter of the canopy, but Ferreira et al. (1995) observed absorptive

roots extending up to nine meters from the stem base. The palm is relatively productive in

well-drained Oxisols and Ultisois, tolerating up to 50% aluminum saturation, although studies

have shown that nutrient additions are necessary to sustain long-term productivity (Mora-

Urpi et al. 1997). Because P is generally limiting in tropical soils, some work has been

conducted to determine the importance ofP availability and mycorrhizal associations to peach

palm development and productivity (St. John, 1988, Clement and Habte 1995). For example,

Habte and Clement (1994) demonstrated that P fertilization greatly increased seedling leaf

growth, biomass increment and overall vigor, and Ruiz (1991) found that peach palm

infection with vescibular-arbuscular mycorrhizae was negatively correlated with soil P

concentrations.

Flowering in peach palm begins between the ages of 3 and 5, and the palm may

produce annual crops for up to 50 years, although estimates for fruit production in nutrient-

poor Amazonian soils are much lower (i.e., 20 to 25 years, Clement pers.comm). The oily

fruit produced by the palm is highly perishable, and thus difficult to transport fresh to markets.

A beta-carotene-rich flour is made from dried fruit, employing the same on-farm processing

technique used for the fabrication of cassava flour, a traditional staple in Amazonian

households (Dibari pers. comm.). The fruit is also used for animal feed, and RECA farmers
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have found it lucrative to sell peach palm seed to buyers interested in establishing heart-of-

palm plantations. Clement (1989) notes that commercial production of fruit and heart-of-

palm in the same system is not practical because the latter requires high density (4,000 plants

ha'1) monospecific plantations to be economically viable.

Cupuassu

Theobroma grandiflorum (Willdenow ex Sprengel) Schumann, Sterculiaceae, is one

of nine species in the same genus native to the Brazilian Amazon. Cupuassu (“cupuaqu’’ in

Portuguese) occurs naturally in forests of the eastern Brazilian states ofPará and Maranhao,

but its distribution has spread across the .Amazon Basin (Cabral Velho et al. 1990, Venturieri

1993). Like its relative, cacao {Theobroma cacao), it is a broad-leafmesic species that grows

naturally in the understory of terra firme forests, tolerating both shade and nutrient-poor

soils. The species’ growth habit is pseudo apical, resulting in a relatively small-statured (5

to 15 m height) tree, with a plagiotropic canopy projecting outward, up to eight meters from

the trunk (Ribeiro 1992, Ventureiri 1993). Cupuassu is generally pest-resistant, although like

cacao, it is susceptible to witches’ broom (Crinipis perniciosa).

The large (12 to 25 cm length, 10 to 12 cm diameter) woody elliptical fruit pods

(loculicidal capsules) produced by cupuassu are harvested for the fragrant creamy pulp which

is used in desserts, candies, and drinks throughout Brazil (Cabral Velho et al. 1990). More

recently, methods have been developed to use fermented cupuassu seeds, much in the same

manner that cocoa beans are processed for chocolate, to make a confection known as

“cupulate” (Ribeiro de Nazaré et al. 1990, Wallace 1994). Cupuassu typically flowers at the

end of the dry season, with maximum fruit production occurring during the mid to late rainy
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season. The species is known for its low fecundity; Ventureiri (1993) found that 3,500

flowers per tree were necessary to produce 15 fruit. Trees begin bearing fruit as early as three

years of age, and by year six or seven, an average tree produces between 12 and 15 fruits per

season. Peak fruit production, reported to be as great as 100 fruits per tree per year, occurs

between ages 10 and 20, but trees can continue to bear fruit for up to 30 years (Ribeiro

1992). The author has seen 50-year-old productive cupuassu trees growing in mesic habitats

on homesteads in eastern Amazona. To maintain plantation productivity, Calzavara (1980)

recommends a yearly application of 100 g fertilizer (15% ammonium sulfate, 50%

superphosphate, 15% potassium chlorate) per tree, broadcast on the soil surface just beneath

the canopy’s drip line.

Brazil Nut

A rare upper canopy emergent in Amazonian terra firme forests, Brazil nut, or

“castanha” in Portuguese, (Bertholletia excelsa Humb. & Bonpi.: Lecythidaceae) trees may

attain heights of 50 meters (Mori and Prance 1990). A mature tree has a straight, relatively

unbranched bole and small crown which makes it a favorable upper story agroforest

component. Taproot extension ofBrazil nut trees growing in forests and pasture in eastern

Amazona has been observed 5 to 10 meters into the soil (Nepstadt et al. 1994). While the

tree grows naturally in the well-drained nutrient-poor soils underlying native forest

vegetation, Kainer et al. (1998) found that Brazil nut seedlings planted in shifting cultivation

plots, where light and nutrient availability were greater, grew more vigorously and had higher
foliar nutrient contents than those planted in forest gaps.
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Most Brazil nuts are collected from wild trees growing in forests, however, the

species has more recently become a component ofmonospecific plantations and multi-species

agroforests in Amazonia, Although it may take 25 years for forest trees to reach maximum

production (estimated to be several hundred fruit per tree per year), trees grown in more

intensively-managed plantations may begin bearing fruit within eight years after establishment

(Mori and Prance 1990). In addition to being a food staple for forest dwelling communities,

Brazil nuts have become an important Amazonian cash crop, both sold for domestic

consumption and exponed abroad (Kainer et al. 1998). Despite its economic potential,

Brazil nut was typically a minor component in the commercial plantation agroforests

examined in this study.

Challenges Facing RECA

Since its establishment, RECA’s peach palm-cupuassu-Brazil nut agroforestry system

has been highly productive. The total harvest of cupuassu fruit from RECA agroforests was

reported to be 75 tons in 1994 and 120 tons in 1995 (Leite unpublished). Evidence of

greater economic prosperity for many RECA farmers is demonstrated throughout Nova

California, with an increased building ofnew homes with all-weather roofs, as well as satellite

dishes and diesel generators that are found even in some homes located on the more secluded

feeder roads. Many farmers also claim that the profits made through the sale of cupuassu

pulp, peach palm seeds, and heart-of-palm have allowed them to invest in other productive

endeavors on their farm, including small-scale cattle ranching. Nova California itself has

grown considerably, with several more markets, bars, and furniture builders, providing further

evidence of increased prosperity in the community. Also, RECA’s initial success has earned
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attention, recognition and respect for the producers group from local research and extension

institutions who are eager to initiate on-farm studies with the organization to examine

everything from the use of leguminous cover crops and breeding of spineless peach palm

stems, to establishing dairy farms in the community. Visits from T V. crews, journalists and

reporters from southern Brazil were common during the time this study took place. The

group’s recognition has given them an advantage in applying for economic assistance from

other foreign NGO’s. although many argue that this has created a dependency on outside aid

which prevents the organization from becoming a model of economic and ecological

sustainability.

Moreover, impressively high yields on relatively poor soils has not spared the

organization from other socio-economic problems, the largest of which have thus far been

associated with product processing and marketing (Smith et al. 1997). One of the first such

difficulties arose with the unexpectedly high yield of peach palm fruit. Because it is highly

perishable, the fresh fruit must be transported and marketed very shortly after harvest, and

the local market for fruit is somewhat limited in its demand for the starchy fruit. As a result,

much of the peach palm fruit harvested spoils while awaiting transportation or is fed to pigs

for lack of a buyer. As previously mentioned, some RECA farmers are now making a flour

from boiled fruit, and attempts are being made to market this product for commercial use in

cereals, cakes and pasta (Dibari pers. comm.).

In addition to creating daily hardship in rural households, the lack of infrastructural

development and maintenance in the region surrounding Nova California has presented

obstacles for the transport, processing and marketing ofRECA products. During the period
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this study took place. RECA had record high production of cupuassu fruit. However,

because the market in nearby Rio Branco became quickly saturated with the fruit pulp during

peak cupuassu production months, the fruit pulp was frozen for sale later in the year when

pulp stocks had decreased and fruit prices increased. Because electricity is so unreliable in

Nova California. RECA had a diesel-fueled generator that provided power to the small freezer

in the organization’s local processing unit. However, extremely high cupuassu production

early in 1996 forced RECA to rent freezer space in Rio Branco to store 62 tons of pulp

(Smith et al. 1997). Renting the space increased the cost of processing and marketing the

product by RECA, so that the organization was short offunds to purchase unprocessed fruit

from local producers. Furthermore, the freezing and thawing of cupuassu pulp in RECA’s

freezers during power lapses lowered the quality of this product and made it less marketable

in urban areas. By the end of the season, many producers were furious with the organization

who either owed them money or had quit purchasing their fruit. The problem was

compounded by the fact that impassable roads during the rainy season made it difficult for the

drivers of RECA’s two vehicles to pick up fruit from more remotely-located farms. As a

result of transportation difficulties and RECA’s inability to purchase fruit brought on by the

unanticipated high cost of frozen pulp storage, a large portion of the 1996 harvest was lost.

The inability ofproducers to sell their products to RECA, or transport them to other markets,

created economic hardship for many of the less well-off households, and provoked a lot of

bitterness towards the organization. Many ofthe farmers that originally received money from

RECA to establish the agroforest have since left the organization, and some now work for

a new privately-owned foreign company (Agro-Amazonia) that moved into Nova California
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in 1996 to produce and process fruit such as pineapples, palm heart, watermelon, and

cupuassu. Nor is it clear that many of the farmers currently benefiting from the membership

in the organization are truly committed to repaying the loans they received to establish the

system. The default on payments by many producers has increased financial stress for the

organization (Lopes, pers. comm ).

Smith et al. (1997) concluded that RECA is not a viable model for sustainable

agroforestry in Amazonia because of the organization’s inability to resolve processing and

marketing problems and chronic dependence on external financial aid. However, there is

evidence to suggest that RECA is learning from its early mistakes and slowly working out the

economic difficulties it faces, especially through collaboration with both non-governmental

and governmental institutions such as PESACRE and EMBRAPA. PESACRE, in particular,

has conducted short courses aimed at teaching farmers basic marketing principles and

choosing more marketable products to grow in the future (Haydu and Wallace 1997). The

Italian Aid agency, MLAL, has sent several volunteers to RECA to investigate ways to add

value to products through processing and decreased marketing costs. For example, RECA

is now working on producing jams and syrups from cupuassu pulp, which not only increases

the value of the pulp before it is marketed, but also decreases the costs of transporting and

storing frozen pulp. This will be an especially effective strategy if the cupuassu confections

can be marketed in sealed plastic bags to avoid the high processing and transporting costs

associated with glass containers. The toasted pupunha flour, as well as the chocolate

(cupulate) made from cupuassu beans also offer real possibilities to increase the return of

agroforest products to both farmers and the RECA organization. In addition, the MLAL
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volunteer has worked with RECA to increase the standards of hygiene, quality and safety of

RECA products, and in particular, of canned heart-of-palm, which was one of the most

lucrative agroforest products produced by RECA because it is consumed throughout Brazil

and potentially exported abroad. Likewise, when Brazil nut begins to fruit, high marketing

potential also exists for the nuts, because they are already sold abroad from other areas in the

Amazon, and require relatively low-tech processing (Kainer 1997). Also, shortly after this

study’s field research was completed, the border dispute between Aeré and Rondónia ended

with the legal incorporation ofNova California into the state ofRondónia. State membership

will likely entitle Nova California to greater political and economic support, and

infrastructural improvements made by the government ofRondónia should diminish some of

RECA’s processing and marketing dilemmas. Finally, from the standpoint of biological

sustainability, RECA farmers have been very open to outside researchers attempting to

address soil fertility problems. Researchers from EMBRAPA and INPA continue to work

with individual farmers to determine which leguminous cover crops are most efficiently

managed by farmers while increasing soil nitrogen availability to crop plants. It is hoped that

future courses on product processing and marketing, as well as on agroecosystem

management, will be conducted in RECA’s new auditorium in collaboration with producer

groups from all over Amazonia so that more of the region’s rural families will benefit from

continued education and self-empowerment that will lead to more economically and

ecologically viable agricultural systems and healthier, more secure livelihoods. In this way,

RECA would indeed provide a model if it is able to confront challenges that face land

managers throughout Amazonia, and persevere to overcome these obstacles and assist others.



CHAPTER 3
APPLYING A PARTICIPATORY APPROACH

TO AGROECOLOGICAL RESEARCH

Introduction

Over the past two decades, “on-farm research”, “farmer participation”, and “rural

people’s knowledge” have become expected components of much agroforestry and

agroecological research, and a wide range of innovative and non-traditional research tools

have been developed to facilitate and strengthen the participatory process (e.g., Mascarenhas

1992, Feldstein and Jiggens 1994). In fact, the process of farmer participation has provided

a new paradigm for the development ofmore sustainable agricultural practices in resource-

poor risk-prone areas, as well as a tool of “empowerment” through which rural people may

achieve more secure livelihoods (Chambers et al. 1989, Rocheleau 1991).

Among the reasons for including the “recipients" or "target group" of technological

developments as informers in the investigative process is the ability to gain a greater

understanding of the interests, priorities and problems faced by user groups. These factors,

as well as household and community level socio-economic constraints (i.e., financial,

practical, educational, motivational, traditional, cultural, political), are critical considerations

in the development of appropriate agricultural technologies and their potential for future

adoption (Beer 1991). User participation thus has the potential to make research results more

practically applicable.

26
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Moreover, the participatory process itselfoffers opportunities for both land managers

and researchers to interact collaboratively in the development and application of more

sustainable management techniques. The extent to which local people are encouraged to

participate in on-farm research varies considerably, from researcher-designed and -managed

trials that address problems identified, in part, by local land-users, to researcher study of trials

designed and managed by land-users (Rocheleau 1994). A mutually respectful and trusting

relationship fostered by the participatory process increases the likelihood that researchers will

benefit from the specific experience-based knowledge provided by farmers about the

landscape and land-use strategies that have succeeded or failed in the past (Scherr 1991).

Local participants may gain an enriched understanding of the processes controlling

agroecosvstem productivity and health, as well as how such processes are maintained or

degraded through manipulation. This knowledge may enable them to manage their land more

sustainably.

Studies have shown that participation in agroecological research encourages farmers

to improve land management practices through continued experimentation on their own. For

example, Ruddell and Beingolea (1995) found that training farmers to conduct their own

research was a much more effective strategy for raising food security than attempting to

provide a "technology package” that would not serve the diverse ecological micro-climatic

and socio-economic conditions faced by Andean potato farmers. Kainer (1997) found

participation in the research process helped rubber tapper families in the Brazilian Amazon

recognize their strategic position and power when negotiating with NGO’s and other

conservation and research organizations.
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There are critics who charge that “empowering” local people through participation

is “naive populism” because it implies that “powerful outsiders” must help “powerless

insiders” (Thompson and Scoones 1994). Several authors have pointed out that a “lack of

understanding” may not dictate how resource-poor farmers manage their land. Rather, a

complex set of personal socio-economic and political circumstances, often hidden to

outsiders, operates to constrain management choices (Chambers 1983, Thrupp 1989). Thus,

while useful, an increased understanding ofagroecological processes may not necessarily have
an immediate impact on management decisions. Nevertheless, both researcher and farmer

offer distinct sets of experience and tools, derived from different cultural backgrounds and

traditions of knowledge creation, none of which should be ignored when developing,

adapting, and applying more sustainable land-use practices.

A participatory approach was applied in this agroforestry research to (a) gain a greater

understanding about the role ofperennial crops in Amazonian farming systems, and household

constraints to modifying agroforest management strategies, (b) stimulate household and

community-level discussions about the role of organic matter and nutrient cycling in

controlling agroecosystem productivity, (c ) elicit realistic management strategies from

farmers to enhance and sustain productivity, and in doing so, provide results useful to the

region’s fanners. In this study, the participatory processes ofdialogue and exchange among

researchers and farmers were facilitated through two principal channels; (a) focus group

discussions held during organized meetings and presentations, and (b) informal interviews

or “conversations” held with members of 10 individual households during field visits.
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Methods

Research Initiation

RECA farmers participated during the formulation of research objectives, study site

selection, data collection, and presentation and interpretation of preliminary results. The

design of trials, analysis ofdata, and statistical interpretation of results were the responsibility

of the researcher. The presentation of final results to farmers is the last step awaiting

completion, as discussed later in this chapter. Another participatory dimension to the research

was close collaboration with local university, government, and non-governmental

professionals. Collaborative ties were made with local Brazilian agencies, such as PESACRE

(Pesquisa e Extensáo dos Sistemas Agroflorestais no Aeré), a non-governmental organization

(NGO) working with colonist farmers on agroecological problems, EMBRAPA (Empresa

Brasileira de Pesquisa Agropecuária), a national agronomic research institution, and SOS

Amazonia, a group of environmental educators. PESACRE, in particular, provided crucial

logistical assistance and a field assistant from the local university who was trained in

agroecological research methodologies during the research period.

As mentioned in the previous chapter, the original “RECA” agroforestry system was

both conceptualized and planted on over 200 farms in the late 1980's by the producers

themselves, although the group did receive some technical advice from local research

institutions and NGOs. By the time I conducted a six-week pilot study in Aeré in 1994, the

RECA project was already well known throughout the western Amazon, and several extended

visits to RECA farms left me with two questions: how could these agroforestry systems be

so productive in seemingly nutrient-poor soils, and how long could such productivity last
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without more intensive management? Conversations with host families and members of

RECA administration included discussions about their experiences with this agroforestry

system, as well as their concerns regarding the agroforest’s health and productivity, and the

marketing of its products. From these conversations and additional feedback received from

PESACRE, I formulated preliminary study objectives to present to RECA during one of their

official assembly meetings before returning to the U.S. to write a research proposal.

Including RECA farmers in the formulation of research objectives as part of the

participatory process necessitated that I changemy research plan entirely from that previously

delineated in the original pilot study proposal. The basic objective agreed upon between

myself and RECA farmers was that I would develop a project that would examine processes

controlling productivity in the system in relation to its management by households, so that

research results could be presented to the group in the form of recommendations for

sustaining and enhancing agroforest productivity. Moreover, after the proposal had been

developed, I attempted to meet the concerns of local farmers by adapting the root ingrowth

bioassay to include a study of root competition (Chapter 4). RECA farmers were concerned

about what they perceived to be “aggressive” root competition by peach palm, as evidenced

by the species’ thick shallow network of roots that extended well beneath the canopies of

cupuassu. This was especially alarming for farmers because cupuassu was the most

economically important component of the agroforest at that time. Maintaining soil fertility

was also a concern for them, as farmers were committed to using only organic soil

amendments (the actual use of which appeared to be quite limited), primarily because

chemical inputs were expensive and not easily procured in this region. Other issues outside
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my realm of training discussed by the organization and households included pest problems,

especially witches’ broom, which had previously wiped out cacao plantations, and the

transport, processing and marketing of agroforest products.

Within a year ofmy initial visit, a simplified version of the research proposal approved

by my advisory committee was translated into Portuguese and sent to PESACRE and RECA

leaders for review. PESACRE determined that the research would fit within their

professional priorities and contacted the Federal University of Acre (UFAC) to find a an

agronomy student in need of a supervised field research project to meet graduation

requirements. The student was paid to work as a field assistant with the understanding that

I would train her to conduct agroforestry research and guide her through her senior thesis

project, with the prospect of her future employment with PESACRE.

Presentations and Group Discussions

Nutrient budget study. Prior to initiating the biological studies, aswell during the field

data collection period, the research plan was presented to RECA farmers through a series of

meetings arranged by leaders of the producers’ group. A summary of group presentations

made to RECA and other local organizations is provided in Table 3-1.

The phosphorus (P) and nitrogen (N) budget study was first introduced during an

ecology course given by SOS Amazonia, an interdisciplinary group ofBrazilian environmental

educators. Following an SOS-led session on soil fertility, I used a “bank account” analogy

to explain how the system, or “agroforestry account” is comprised of different reserves (i.e.,

soil, above- and below-ground biomass, litterfall, microorganisms, etc), and how this “capital”

is transferred in and out of the account with fertilization, mulching, harvesting, leaching and
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other processes that add or remove nutrients from the system. We then briefly discussed how

management practices may contribute to conserving and building nutrient capital, increasing
the likelihood that the agroforestry system would be productive in the future.

After the basic study methods and participants’ responsibilities were outlined,

recommendations by farmers were solicited and recorded on a flip chart. Their requests

included that (a) the research involve several farms, (b) I attend official RECA group

meetings to become acquainted with farmers and update them on the study’s progress, and

(c) a Brazilian be trained to continue this type of research after my departure. Following the

discussion, several farmers volunteered their agroforestry plots for the study, and it was

agreed that the final site selection would be made after visiting the farms.

Root ingrowth and soil studies. In addition to identifying P limitations to agroforest

productivity, the root ingrowth bioassay was also designed to address the farmers’ concerns

about peach palm root competition by comparing the growth of roots by this and other

agroforest components into ingrowth cores buried in the soil for a specified period of time

(Chapter 4). Soil samples from agroforestry systems and adjacent native forest on eight

farms were to be analyzed to determine how the agroforest soils had changed chemically since

conversion from native forest. These studies were introduced at RECA’s semi-annual

assembly (August 1995) in which all members ordinarily meet to discuss problems they are

having on-farm and issues facing RECA as an organization. A presentation on the basic



Table 3-1. Summary of presentations and discussion groups conducted as part of participatory research process to study nutrient and fine
root dynamics in the RECA agroforestry system (AFS). Number of participants in parentheses Translated from Portuguese
Date Topic and Objectives Participants Methodologies Outputs
8/19/95 Nutrient budget proposal

-Discuss nutrient cycling
-Present proposed study
-Solicit feedback & volunteers

-RECA leaders
-Members

attending SOS
course (± 35)

-Flip chart drawing of
AFS nutrient cycle
-List of study objectives
-Bank analogy

-Introduced concepts
of nutrient cycling
-Farmers’ criteria
-Volunteer study sites

9/16/95 Root study proposal
-Discuss root competition
-Present proposed study
-Solicit feedback & volunteers

-RECA members

attending semi¬
annual assembly
(70+)

-Flip chart drawings of
root competition
-Ingrowth core used
-Group discussion

-Group discussion of
root competition,
-Farmers’ criteria
-Volunteer study sites,

2/24/96 Root study update
-Update farmers on progress
-Discuss hypotheses
-Discuss participants’ field observations

RECA members

attending semi¬
annual assembly
(60+)

-Demonstration of actual

samples (ingrowth cores
with roots)
-Group discussion

-Increased

understanding of root
study by farmers,
demonstrated by
questions

8/23/96 Root & soil study update
-Present preliminary data
-Discuss possible interpretations of
preliminary results

RECA members

attending semi¬
annual assembly
(60+)

-Simple bar graphs on
flip chart paper
-Sample soil analysis
sheet on flip chart paper

-Updated and received
feedback from farmers
on root study results



Table 3-1--continued.

Date

9/18/96

9/20/96

9/22/96
and
9/27/96

11/4/96

Topic and Objectives

AFS nutrient cycling
-Present preliminary data on P&N
harvest removal, soil & plant stocks
-Discuss current management
-Discuss strategies to minimize soil
degradation & enhance nutrient cycling
-Generate list ofmanagement options

Nutrient cycling in RECA AFS
-Present methods & preliminary results
to local research institution
-Solicit feedback on results

-Encourage future research
collaborations with RECA

AFS Nutrient Cycling (SOS course)
-Present nutrient cycling & removal
with harvest using preliminary data
-Discuss current land management &
effect on nutrient cycles & soil fertility
-Determine viable management options
to maintain productivity
Nutrient cycling in RECA AFS
-Present methods & preliminary results
to PESACRE & other local NGO’s
-Discuss implications for AFS
management and productivity

Participants

RECA
reforestation team

(Equipe de
plantagao, 17)

EMBRAPA
Rio Branco

(±50)

Farmers in RECA

producers’
groups:
attending SOS
Environmental
Education course

(±25 each session)

PESACRE
UFAC students
EMATER agents

Methodologies Outputs

-Colored drawings on
flipcharts of AFS with
approximate nutrient
stocks in soil, biomass
and harvest

-Flip chart list

-Slides ofmethodology
-Overhead transparencies
with results

-Game: Banco do Brasil

(felt board and cut outs)
-Enlarged photo series
(forest, bum, planting,
mature AFS)
-Small group discussions
-Flip chart lists

-Slides & transparencies
with methods & results
-Banco do Brasil game
-List of farmer options
for AFS management

-Reintroduce nutrient

cycling in RECA AFS
-Farmers list practices
affecting nutrient cycle
-Listed options for
reducing soil
degradation

-Greater awareness by
research institutions of
the potential for on-
farm research with
RECA

-Farmers discuss
nutrient cycling in
diverse land-uses
-Small groups generate
list ofmanagement
options
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concepts of root competition generated an animated discussion among farmers who had

observed the “aggressive roots” of peach palm in their own plantations, and were concerned

that it might eventually dominate, or even “kill” other components of the system. Farmers

were also interested in having their soil analyzed, as long as they also received the results.

After discussing criteria for farm site selection and participation in the study, the producers

themselves selected eight farm sites from among those volunteered by individuals.

Implementation of field studies. Once the field studies were underway, farmers were

updated on the progress ofthe research during the next two official assembly meetings (Table

3-1). These brief presentations simply served to keep RECA members not directly

participating in the field studies informed on the status of the research and foster interest in

the investigative process. Attending the two to three day meetings also allowed me to

become better acquained with RECA farmers and learn a great deal more about the

organization, and the challenging issues facing it and individual households. During this

period, however, most ofthe contact I had with farmers occurred through conversations with

household members held during my extended stays with families participating in the field

studies (discussed below).

Preliminary data generated from the concluded root and soil field studies, as well as

the ongoing P and N budget research, provided the basis for the nutrient cycling presentations

and discussion groups held in September and November, 1996. As indicated in Table 3-1,

a variety of techniques and tools were used to present the data and stimulate discussion. An

example is shown here for the nutrient cycling modules of the SOS Ecology courses (Table

3-2). These two sessions, along with an earlier session with RECA’s reforestation team,
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culminated with a list of management options for maintaining soil fertility generated by

participants.

Alternative (non-lecture) training techniques, such as games and small group

discussions, were employed to create a non-threatening and engaging environment, especially

as education levels varied considerably among RECA farmers. The basic objective of the

Banco do Brasil (official state bank) game used during the SOS courses was to demonstrate

how nutrients were transferred from different “accounts” in the agroforestry system, or

removed entirely with harvest. For example, when the cut-out of a peach palm crown was

added to the system depicted on the felt board, six Brazilian dollars (reais) were moved from

the soil account in the bank to the plant biomass account (the monetary value being based on

preliminary data, e.g., one Brazilian dollar equals one kg P/ha). When peach palm fruit was

added to the tree, its value was moved from the soil to the plant biomass account. When the

fruit was harvested, this amount was withdrawn from the bank. After a demonstration,

participants were asked in which account to place nutrients (or remove nutrients from) as

each component was added to or moved around in the agroforestry system. The felt board

and bank were also used to demonstrate changes in N cycling dynamics when understory

weeds were cut down and left to decompose, or when leguminous shrubs were included in

the system to add nitrogen through fixation of atmospheric N2. During both sessions, the

game encouraged a discussion about the importance of organic matter as a source of plant

nutrients, and management practices that favor organic matter build-up in the agroforestry

system.
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Table 3-2. Lesson plan for participatory research activities, nutrient cycling module for SOS
environmental education course given to RECA farmers on September 22 and 27, 1996.
Total session time: 3 hours. Translated from Portuguese.

Session Objectives

1 Demonstrate the concept of nutrient cycling and its role in maintaining agro¬
ecosystem productivity to RECA producers using data from RECA
agroforestry system

2 Identify and discuss current land management practices ofRECA farmers that
potentially benefit or degrade nutrient cycling processes

3 Develop a list of practical land management options that may help maintain soil
fertility and future agroforestry system productivity

Time Method Materials

20 min Interactive lecture (emphasis on
questions to farmers) to define
concepts of nutrient cycling

-Flip chart with questions and room to list
answers (what is a nutrient cycle, why
important to land managers?, etc.)

40 min Game: Banco do Brasil (uses
bank analogy to describe
nutrient inputs, outputs &
transfers)

-2 lxl m pieces of felt
cardboard cut-outs of AFS components
(trunks, leaves, fruit, roots, soil, legumes)
-Paper cut-out of bank with 3 accounts
(soil, fallen litter, live biomass in plants)
-Felt cut-outs ofmoney (different values)
-Chart with “monetary (kg/ha) values for
AFS components based upon data

15 min Break

40 min Group Discussion: Impact of
Agricultural Practices on
Nutrient Cycling

-Series of enlarged color (Xerox) photo
depicting a) native forest, b) cleared &
burned land, c) newly planted seedlings on
recently burned land d) pupunha
monoculture

20 min Small Groups: discuss AFS
management & adaptations to
enhance nutrient cycling

-5 groups, each given one photo to
stimulate discussion and flip chart & pen
to list possible adaptations

30 min Group summary & evaluation
of proposed practices & effects
on nutrient cycling & AFS
productivity

-Flip chart table to be filled out as by
entire group with four columns:
Management practice; Objective; Benefit
or degrade nutrient cycle; Why?
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Another important objective of the participatory process was to familiarize local

research and extension organizations with the on-farm studies underway in Nova California,

and facilitate future investigative collaborations with RECA farmers. For this reason,

research methodology, as well as preliminary study results, were presented to PESACRE and

EMBRAPA in Rio Branco (Table 3-1), as well as to the Soils Department at the University

of Vigosa in the south central Brazilian state of Minas Gerais. Included in the results

presented to these groups were the flip chart lists ofmanagement options generated by RECA

farmers.

Household Interviews

Root ingrowth and soil studies. Informal interviews, or conversations, were held with

both men and women of the eight families participating in the root ingrowth and soil studies

regarding the role of agroforestry in a household’s production strategy. Current agroforest

management practices, as well as constraints to and opportunities for modifying management

were also discussed. These conversations took place during three two-dav visits with each

family. Previous visits to these farms prior to initiating the study had fostered a good working

relationship with each family. The actual installation ofthe root ingrowth study on each farm

required about a day with the help of family members. To encourage a “learning”

environment, the study objectives were reviewed and participants were asked to make

predictions about the results based upon their previous experience with the agroforestry

system.

The root ingrowth core bioassay methodology is relatively straightforward (Chapter

4), andparticipants appeared to understand it conceptually, as demonstrated by their questions
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and predictions. Conversations with other family members occurred during meals, farm

walks, and other ‘leisure periods”. Observation of farm and household activities provided

additional insight into agroforest and overall farm management. The families were visited a

second time when ingrowth cores were removed from the soil, and the results from soil

analyses were returned to each family on the third visit. The latter visit was used to discuss

soil fertility and agroforest management. The soil analysis “sheet” (Table 3-3) was modeled

somewhat after the form given to farmers by EMBRAPA. Although the language used was

rather technical, the sheet was quite useful in initiating discussions about soil acidity,

nutrients, and the potential use of leguminous cover crops, fertilizer and organic residues to

improve soil quality.

P and N budget study. Frequent (often daily) contact with the families participating

in the nutrient budget study provided an opportunity for in-depth conversations regarding

constraints to agroforest management and production, as well as continual observation of

farm and household activities. While the nutrient cycling study was installed on only one site,

the farm site itselfwas owned by one family who hired another family to live on the property

and manage it, and a close relationship with both households provided considerable insight

into differing perceptions of agroforest productivity and sustainability. Because it was

impossible for me to be present every time fruit or palm heart was harvested from the system,

family members recorded the weight of fruit removed from the study plots, and collected

rainfall samples immediately after storms.



Table 3-3. Sample soil analysis sheet given to farmers participating in root ingrowth bioassay and studies
after completion of analysis collected from their farms. Analyses performed included pH, % organic

University of Florida - The RECA Project
Soil Analyses 0-20 cm depth (November 1995)
Property of Sr. Aluizio e Sra. Carmelita Gongalves, Group BR

Your soil

agroforest
mean Your soil

native forest
mean

PH 4.9 4.9 4.4 4.3

Organic matter (%) 1.4 2.0 1.7 2.0

Ca 189 350 31 102

Mg 41 61 35 42

K 26 35 26 36

A1 179 267 196 310

Fe 39 32 32 49

Na 3.5 4.7 2.2 3 0

P 1.4 1.1 1.6 1.5

P total 383 410 352 360

N total 1,217 1,690 943 1,599
mg/kg = ppm
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Return of Final Results

As mentioned earlier, the final step of returning the final results to RECA and

PESACRE is awaiting completion. That it will have taken two years from the time I left Aeré

to return the results is not entirely satisfactory, and this may represent one drawback of

participatory research, at least at the doctoral level. The lag time between process and

product underscores, once again, the need to make the process count. Currently, I am

planning, in collaboration with PESACRE and RECA, a course to be conducted in Aeré in

on “Nutrient Cycling and Agroecosystem Sustainability”. One ofthe objectives of this course

will be to present the final research results to RECA, as well as review and evaluate the

research process. Included in the final results will be the lists of management options

generated by the participants themselves, as well as actual data and interpretation of the field

studies. Hopefully this will provide a forum in which to discuss which practices are actually

applied in the field and by whom. Field visits would help identify how both management

practices and the agroforestry system itself have evolved since the research was conducted.

The final research results will be discussed in relation to past and present agroforest

management. Management options recognized by farmers as immediately feasible will be

reviewed. Because oftheir importance to sustained production (Chapters 4-6), practices that

may require more resources and training, such as widespread planting and regular pruning of

leguminous cover crops, and seasonal directed application of soil amendments, will also be

discussed. A review of the research process will provide an opportunity to discuss basic

research methods and their application by farmers as outlined earlier in this chapter.
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We will present data generated from the field research in an extension pamphlet that

will be translated into Portuguese and disseminated by PESACRE. The focus of the

extension brochure will be how nutrient cycles oftree-based agroecosystems can be managed

to maximize their potential for sustained productivity. In addition to offering information and

management recommendations to farmers, the pamphlet may also provide a framework for

NGO’s, such as PESACRE and SOS Amazonia, to use when conducting environmental

education courses for other rural producers’ groups in Aeré. PESACRE has also indicated

that additional collaborative efforts to develop an environmental education program could

provide an important last step in the participatory process.

The Participatory Process: Lessons Learned

The Benefits ofParticipation

Undoubtedly, the research benefitted directly from the participatory process. The

open discussions held with families and focus groups, engendered, in part, by the trust built

as a result of encouraging genuine multi-lateral exchange, revealed a lot of information that

that might not have otherwise been apparent to outside researchers The role of perennial

crops in colonist households was clarified, and constraints to and opportunities for improving

agroforest management were identified. Extremely important to this process was the fact

that RECA was well organized and held regular meetings in which my participatory activities

could be integrated. As a result, RECA farmers remained aware of and interested in the

investigative process and the results it would potentially render, as demonstrated by their

thoughtful questions, observations, recommendations and continuedwillingness to participate

throughout the field research period.
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The management recommendation lists generated by different discussion groups

(discussed below) represent the most tangible output of the process itself. The process might

have been much more limited had I not had a formal venue in which to conduct the

presentations. The real test of the participatory process lies in the extent to which

management recommendations generated by farmers are actually applied, both now and in the

future. Hopefully, the official fora provided by organized group discussions helped stimulate

on-going dialogue among RECA farmers and other research and extension institutions about

sustained production, ecological processes, such as nutrient cycling, and farmermanagement.

Further evidence to suggest that farmers benefited from the process was the fact that

several individuals approached me to help them design their own on-farm research.

Experimentation among RECA farmers is nothing new. For example, many farmers had

already conducted “informal” on-farm research with different legumes species, and I

encouraged these producers to share their results with other families, as well as with

EMBRAPA in Rio Branco, whose researchers were in the process of initiating “new” studies

of legumes in agroforest understories on farms surrounding Nova California.

Although it is important that producers believe in the validity of their own research,

such farmer-initiated research could also benefit from training by professional researchers.

For this reason, a short course designed for farmers on “basic field research methods”,

conducted in collaboration with organizations such as PESACRE and EMBRAPA, may be

an extremely effective way to improve agroecosystem management. Such a course would

provide an opportunity to discuss (a) the valuable experience farmers have gained through

experimentation on their own, as well as the strategies they employ, (b) differences farmers
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may have noted between their research and that conducted by trained scientists, and (c ) the

pros and cons to different investigative approaches. We could also discuss why controls and

replication are used in scientific research, and how they might use these “tools” to enhance

their own experimentation, if they are not already doing so. Grassroots developmental

organizations, such as World Neighbors, have successfully taught indigenous rural people to

use mathematics and statistical analyses in the design and interpretation ofon-farm research

(Ruddell and Beingolea 1995). How the results of on-farm research can be shared (both

formally and informally) with fellow farmers, researchers, and extensionists would also be a

useful topic for discussion. Such a course could be included in an environmental education

program for rural producers conducted by NGO’s such as PESACRE.

The Challenges ofParticipation

There is a lot to be learned from attempting to combine community participation and

doctoral field research. Although definitely rewarding, it added responsibilities, as well as

risks, to the research process. Initially I was determined to present “scientific” research to

farmers as simply as a series of steps, much like planting and harvesting a crop. In the end,

there were many “steps” that I found difficult to explain to participants, or for which it was

difficult to create a situation that allowed participants to arrive at a better understanding of

the process on their own. For example, while I believed the root ingrowth bioassay would

provide a relatively easy-to-understand, yet scientifically-sound, means to assess root

competition among species and phosphorus deficiencies to plant growth in the field, the

method presented a few problems. For one thing, root growth in natural conditions is

tremendously variable, and although the study was designed to accommodate variability
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across farms, it appeared that farmers made up their mind about study results based upon

what they observed in their own field, and from conversations with other farmers. For

example, when farmers saw more peach palm roots protruding from unwashed, unseparated

ingrowth cores, they concluded that peach palm was, as they predicted, an aggressive

competitor. At this point it was difficult, and even questionable, to encourage participants

to withhold judgement on the preliminary results until a log transformation and analysis of

variance had been performed on the total length of roots found in cores (Chapter 4). This is

part of the process they did not participate in, and all that could be done was encourage

discussion among participants about what they were seeing as we removed the ingrowth cores

from the soil. Potentially, this presents a dilemma, because it is the researcher’s responsibility

that study results are not erroneously interpreted, but one cannot resort to the approach:

“take my word for it, this is the way it is” ifone is to maintain a participatory process. In this

case, peach palm root growth was greater than that of cupuassu in cores buried in agroforest

alleys, supporting the farmers’ hypothesis. However, in cores bured in agroforest rows,

beneath the dripline of the cupuassu canopy, there was no statistically significant difference

in root growth between the two tree species. Moreover, when it came to assessing

phosphorus limitations using the ingrowth cores, the data were not easily interpreted, even

after statistical analyses were performed, and the results pointed out some methodological

weaknesses ofthe root ingrowth bioassay (Chapter 4). Similar situations are not uncommon

in many fields of research; thus, it is an issue that must be addressed both prior to research

initiation and throughout the entire participatory process. Perhaps it was more problematic

in this study because of the type of agroecological research conducted, which concentrated
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on biological processes, and not technology creation or evaluation. For example, in many

'‘on-farm trials”, farmers may test fertilizer applications, genetic varieties (e.g. Hildebrand and

Poey 1985) or even planting locations (Kainer et al. 1998). From these types of studies,

farmers can “pick” the technology which performs the best under the specific environmental

and socio-economic conditions they face. In the present study, there was no technology

tested, rather, farmers were asked to evaluate their own practices in relation to its effect on

a process, so it was important that they understand the process. A frank discussion at the

outset about the scientific method, and and how it is met through the research objectives, may

facilitate a better understanding among participants about the limits of particular studies in

addressing specific questions.

This also points out the need for careful selection and execution of research methods;

however this is not always possible in more remote resource-limited areas, and could

therefore preclude research in regions that need it the most. Rocheleau (1991) notes that we

can improve our capabilities for participatory research if we “abandon fixed packages of
research methodology and broaden our horizons to include a wide variety of principles,
methods and other peoples’ field experience”. Such an approach does not necessarily allow
for controlled conditions, nor the use of tools that produce predictable outcomes. This

demonstrates the delicate balance between remaining faithful to the scientific method and

open to new constructs of knowledge creation.

Finally, participatory research takes a lot of energy and concentration to ensure that

the process is continually beneficial, and not exploitative, for all parties involved. I had to

be on guard constantly so as not to let my personal research anxieties prevent me from
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hearing what the farmers had to say. I remember one day in particular when I was appalled
to realize that I had been so concerned with the difficult logistics involved with field work that

I had not concentrated enough on my interaction with the farmers. One must continually ask
oneself “are participants really gaining from the process, or just supplying labor, land or

lunch?”.

Information Gained Using a Participatory Approach

The Role of Agroforests in RECA Households

From interviews with only 10 out of 300 RECA households, it is not possible to

generalize about the role of agroforestry in RECA farms. The households interviewed had

very diverse cultural and socio-economic backgrounds, and their reasons for adopting and

maintaining agroforestry as part of their production strategy also differed. However, three
common themes emerged from these interviews about the role of the cupuassu-peach palm-
Brazil nut agroforestry system in household production strategies. In general, an increase
in farm household income from the sale of agroforest products

a. allowed poor farmers, who might otherwise have abandoned their land or sold it to

ranchers, to continue fanning profitably on the same land,

b. provided farm families with the means to purchase (i) household durable goods (such
as furniture, diesel generators and satellite dishes), (ii) labor to help with farm

activities, and (iii) livestock, especially cattle,

c. motivated farmers to open new areas of forest each year for perennial crop

monocultures (such as coffee and palm heart), because they anticipated a future drop



48

in agroforest productivity and/or change in the marketability of crops such as

cupuassu fruit.

These points serve as hypotheses to be tested with rigorous surveys. They also offer

some insight into the role of agroforestry system adoption in decreasing farm-level forest

clearing. Although several families claimed that agroforestry system adoption allowed them

to clear less native forest because they were no longer obliged to produce annual crops for

sale, the third point suggests that many RECA farmers are practicing a “shifting cultivation”

ofperennial crops, that is, continual clearance of forestland for the establishment ofperennial

crops in anticipation that the older systems will lose productivity in the near future. In fact,

when questioned about the period of time they anticipated the first cupuassu-peach palm-

Brazil nut systems to remain productive, most believed that cupuassu production would cease

within eight to ten years of planting, and many households had already established younger

monocultural plantations to avoid root competition. This same attitude was demonstrated by

the recommendations made by discussion group participants from the RECA reforestation

team to “intensify production of one species by planting monocultures” (Table 3-4).

This transitory approach to perennial cropping reveals farmers’ anxieties about soil

fertility, and perhaps a basic disbelief in the potential for sustained production by tree-based

agroecosystems. Coffee was cultivated in a similar manner from the 1800s to mid 1900s in

regions of southeastern Brazil previously covered by the Atlantic forest (Laakkonen 1996).

In states such as Minas Gerais, monocultural plantations of coffee were planted on slopes

cleared of native forest vegetation. Without soil amendments, the plantations were

productive for an average of seven years before they were abandoned, during which time
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additional forest was cleared for new coffee plantations that would come into production

about the time the others failed (Dean 1995). One RECA farmer frankly admitted that it was

a shortage of labor, and not the potential longevity of perennial crops, that kept him from

clearing additional forest.

Constraints to Agroforest Management

Labor was cited by all households as one of the largest constraints to modifying

existing agroforest management practices. For example, the labor burden incurred when

cutting climbing legume (Macuna spp.) vines from the canopies of cupuassu trees was

mentioned as a reason for eliminating the thriving N-fixing species from the system. Nearly

every farmer had experimented with other “shrub” forms of legumes (e.g. Pueraria spp);

however, in most plantations, they were left to grow, unpruned, in the understory throughout
the season because it required a lot ofwork to cut them down. During the dry season the

dead legumes were viewed as a fire hazard and for this reason many farmers eradicated the

shrubs. Interestingly, some families found it lucrative to harvest the seeds of some legumes
and sell them to buyers interested in establishing leguminous cover crops. However, by the
time the field studies took place, legumes had been eliminated from many agroforest

plantations because replanting the legumes every year was not feasible for families.

Unfortunately, the legume species most successful at reestablishment through natural

reseeding wasMacuna, a species viewed by farmers as most impractical from a management

standpoint. Furthermore, other iegumes did not compete well with the native understory
herbaceous vegetation, which often exceeded 2 meters in height before it was cut down and

left to decompose. Families understood that the “weeds” in the agroforest understory
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competed for nutrients and water with the system’s tree components, but generally
households had only enough labor to cut down the herbaceous understory once or twice a

year, at best. Other labor-intensive farm production-related activities included annual crop

production (for household consumption); seed germination and seedling propagation in on-

farm nurseries; establishment ofnew perennial systems that included crops such as pineapples,
coffee and native timber trees; vegetable gardening; small and large livestock care, including
pasture creation and maintenance; well maintenance and water transport; processing and

transport of harvested products, medicinal plant propagation and collection; and forest

extraction (medicinal herbs and clay, Brazil nuts, game, fruits, seeds and seedlings for

planting, etc).

Another constraint to agroforest management was a lack of access to chemical and

organic fertilizers, and technical information about their use. Because little station research

had been done in the region on fertilizer use in alternative cropping systems (i.e. non-annual

crops), even extension agents had little idea about the most effective and efficient use of the

prohibitively-expensive soil amendments available, such as triple superphosphate and lime.

Organic fertilizers, such as cow manure, were often applied to home gardens in which

vegetables for household consumption were grown, or applied to enrich the soil used for

seedling germination and propagation. Plant residues were fed to small livestock, or were

viewed as too burdensome to transport material from the point of origin to the agroforest.
Most families, however, did leave peach palm residue (leaves and stem) originating from the
harvest of small basal offshoots for heart-of-palm in the agroforest. Operationally, these
residues were not strategically placed, but left to decompose where they fell. As mentioned
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earlier, while leguminous cover crops were not pruned for maximum residue production, they
were initially left to decompose when they died during the dry season, and some families

found the residues to be a good livestock food supplement.

Finally, as discussed in Chapter Two, reliable transport, on- and off-farm processing,
and marketing of agroforest products were cited as some of the largest obstacles facing
households and the RECA organization. Particularly disturbing was the fact that large
harvests ofpeach palm fruit frequently spoiled while awaiting transport from farm to market.

High processing costs ofcupuassu pulp, due to Nova California's unreliable electricity supply,
raised the cost ofmarketing this product, and thus lowered the price farmers received from

the RECA organization. Financial losses such as these made farmers reluctant to invest

precious resources in more intensive agroforest management practices, regardless of the

system’s potential for sustained production.

Management Options Generated by Fanners

Reforestation team. A very detailed list of agroforest management options was

generated by members ofRECA’s reforestation team (Table 3-4), who were “técnicos” or

farmers trained technically to help other farmers. Most of the recommendations on this table

are presented as stated by farmers (translated from Portuguese), although there are a few

(identified by italics) that I suggested myself. From previous farm visits it was apparent that

many households had previously employed, or were currently practicing, some of the options
listed, especially under the “leguminous cover crops” and “organic matter” categories.

Moreover, these practices had been discussed repeatedly in sessions led by myself, SOS

educators, and extension agents, and the lists demonstrated that producers were aware of
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these practices. However, comments made by individuals during the session, as well as farm

visits and household interviews also revealed that many of the recommendations listed were

not necessarily being implemented. To a great extent this may have been due to the labor

constraints already discussed. For example, many farmers did not have the labor resources

to cut down/cultivate legumes and weeds to maximize understory nutrient cycling and

minimize competition, or to ferment cupuassu pods and other plant residues for compost.

However, at the end of the discussion session, participants did agree that most of the options

listed were desirable in order for their system to sustain productivity for a longer period of

time. Labor, time and monetary constraints made it difficult for farmers to adopt some

practices (indicated by the letter c or d in Table 3-4), despite their beneficial role in maintain

productivity. Some options, such as the use of lime and phosphate rocks, were not viewed

as feasible, because of their expense and inavailability.

Another recommendation viewed as impractical was felling the larger (> 8 m in height)

peach palm offshoots, and cutting up the stems and leaves for use as mulch beneath the

cupuassu and Brazil nut trees. I suggested this in response to comments made by producers

about the fact that during agroforest establishment most farmers had allowed the

offshoots to grow very tall (up to 16 m), not realizing that fruit and heart harvest from these

stems would become difficult, if not impossible. Although felling some of the larger

offshoots would theoretically (a) liberate and “recycle” nutrients stored in “underutilized”



Table 3-4. Management recommendations for maintaining agroforest soil fertility and decreasing root competition among agroforestcomponents generated by members of the RECA reforestation team during a participatory session entitled: Nutrient Removal from
Agroforestry Systems (held on September 19,1996), Translated from Portuguese, italics indicate recommendations suggested by researcher.

Goal ofManagement Practice

Maintaining Soil Fertility Reducing Root Competition
Leguminous cover crops in agroforest understorv

-Plant legumes (with bacteria) to promote N2-fixation i,b
-Plant legumes in fallow fieldsb
-Plant legumes without burning fallow vegetation J
-Cut down/cultivate legumes to recycle organic matter *,b
-Cut down/cultivate weeds to recycle organic matter*

Organic matter in agroforestrv system

-Maintain an efficient nutrient cycle with green cover
crops and tree crops b
-Diversify plantations with legumes, native
timber tree species, shrubs, coffee, medicinal «fe
other native herbaceous plantsa,b
-Bring/incorporate organic matter from forestc

(branches «fe leaves, etc.) into agroforestry system
-Apply cow manure to agroforest soil0
-Apply plant residues, especially palm heart harvest0
-Compost plant residues0
-Ferment cupuassu pods at factory for compost11
-Maintain organic matter layer with weeds & legumes *-b

Inorganic inputs
-Phosphate rocks in organic matter layerJ
-Apply lime to add calcium and lower soil acidity11
-Directed and sparing application ofchemicalfertilizer11

Reduce peach palm offshoots (maintain only three)*’0
-Roots die with elimination ofstems?
-Transfer nutrients stored in biomass to soil
-Increase harvest of peach palm heart
-Use residuesfrom cut peach palm offshoots as green
manure beneath cupuassu and Brazil nuf

Intensify production of one species by planting monocultures
-Plant peach palm for heart production in monocultures*
-Eliminate peach palm in future mixed cropping systems*b
-Larger spacing between trees in future plantingsb
-Plant monocultural plantations of cupuassu (discussed
potential problems ofdisease andpests)*

Apply residues from palm heart harvest beneath cupuassu0
-Transfer nutrients stored in peach palm to soil beneath
cupuassu
-Orient root growth toward decomposing organic matter?

‘practiced operationally by many farmers; bpracticed experimentally by a few farmers; °rarely practiced, dnot practiced



Table 3-5. Management recommendations for maintaining agroforestry system (AFS) soil fertility generated RECA farmers attendingnutrient cycling module of SOS Ecology class (held on September 27, 1996) during small group exercise Translated from Portuguese
Management Recommendations

Group one Group two Group three Group four
-Directed application of cow
manurec

-Manage AFS adequately to
maintain efficient cycling of
nutrients

-Organic soil amendments0 -Leave wood residues to
decompose on soil'

-Green (leguminous) cover
crop ofMacuna spp.i,b

-Increase the AFS diversity by
planting native timber tree
species'

-Leguminous cover crops 1,b -Maintain “dead” cover with

palm residues to enrich soil'

-Fertilization with legumes in
most practical mannerc

-Fertilization with organic
matter0

-Native timber tree species' -Plant native timber tree
species to add organic matter*

-Reduce root competition by
eliminating weeds and older
peach palm stems'

-Nutrient export (?) -Control nutrient removal11 -Plant legumes to furnish
nitrogen ',b

-Leave organic matter when
harvesting fruits to minimize
impoverishment of soil0

-Reduce competition by'
controlling understory weeds

-Apply animal manure to0
improve plant production

'practiced operationally by many farmers; bpracticed experimentally by a few farmers; °rarely practiced, dnot practiced
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above-ground biomass, and (b) potentially decrease intraspecific competition by decreasing

peach palm overstory biomass, participants concluded that the practice would be both labor

intensive and dangerous to farmers, possibly damaging to agroforest components (ifother trees

were struck by fallen palm stems), and would not result in higher palm heart yields since the

larger stems no longer produced “tender” apical buds. Participants did agree that an effort

should be made to maintain only three stems per palm in younger plantations; two young

offshoots for heart harvest, and the larger “mother” stem for fruit production. They also

concluded that it would be feasible to place as mulch the residues of young palm offshoots

harvested for heart beneath cupuassu and Brazil nut canopies.

RECA farmers. Despite the fact that the producers comprising the reforestation team

had access to greater technical training, the management option lists generated by “untrained”

RECA farmers in small groups during the SOS nutrient cycling module were very similar to

those listed by the “técnicos” (Table 3-5). Moreover, recommendations were similar among

the four groups, i.e., use of leguminous cover crops and organic residues, agroforest

diversification with native timber species, and cow manure application. The strength in these

lists is that they were made by the producers themselves, organized in small groups, so that

their independent responses indicate that these practices were commonly recognized by
farmers as beneficial to sustaining agroecosystem productivity. The “agroforest

diversification” option also demonstrated the producers’ knowledge of improved organic
matter and nutrient cycling in structurally diverse tree-based systems, and their role in

maintaining soil fertility.
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Compared to the “técnico” group, however, it was more difficult to elicit from these

producers which practices were truly feasible and which were impractical. When the small

groups were reunited to “report out” their lists, we discussed management options in greater

depth; for example, how legumes could be pruned to provide mulch and decrease competition.

In retrospect, it might have been very useful to introduce the “técnico-s” management options
list to see if this group would comment on the feasibility of the recommendations made by the
reforestation team. Furthermore, the “untrained” producers may have been less hesitant to

comment on the practical application of the management options they had cited had they seen

the similarity between their lists and that made by the “técnicos”.

Most participants were aware of management options that could help sustain

agroforest productivity in the future. Yet field visits, interviews, and comments made by

participants during the focussed discussion, indicated that, for whatever reason, they were not

currently practicing some of these techniques (i.e., application ofmanure and plant residues).
These findings suggests that a lack of resources (time, labor, money), rather than a lack of

“understanding,” may have prohibited households from employingmore sustainable agroforest

management practices.

Conclusions

It has been assumed that offering economically and ecologically viable land

management strategies to Amazonian farmers is crucial to decreasing tropical deforestation.
Amazonian farmers are rapidly adopting perenrual-crop based agroforestry systems as an

alternative to shifting cultivation. This land-use may offer a greater degree of ecological

stability ifthe biological processes that control sustained productivity in tree-based ecosystems
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are maintained and/or enhanced through management practices. Encouraging farmer

participation in agroecological research allowed us to gain a better understanding of the

constraints to more intensive agroforest management faced by rural Amazonian households.

Farmer input through focus group discussions also revealed the existing opportunities for

modifying agroforest management to increase its potential for sustained production. As such,

the most valuable output of the participatory process for RECA farmers may be the list of

management options they themselves generated. These lists were very instrumental in

formulating management recommendations that address biological constraints to optimal

agroforest nutrient cycling identified by this research (Chapter 7). Although not an “ideal” list

ofmanagement practices, working within the framework provided by the farmer-generated

lists does offer the most promising approach to maximizing the agroforests’ potential for

sustained production, given the constraints faced by rural Amazonian households. Stimulating

household and community-level discussions about the role of nutrient dynamics in sustained

agroecosystem production may also encourage farmers to continue experimenting on their own

to develop innovative practices that enhance agroforest productivity and minimize soil

degradation. Finally, the information gained by encouraging local participation underscores

the fact that the longevity of this system as a viable alternative to other Amazonian land-uses

depends on the extent to which it improves the livelihoods of rural households as much as its

potential for ecological sustainability.



CHAPTER 4
PHOSPHORUS AVAILABILITY AND FINE ROOT PROLIFERATION IN

AMAZONIAN AGROFORESTS SIX YEARS FOLLOWING FOREST CONVERSION

Introduction

Since the late 1970's, the rate of deforestation in the Brazilian Amazon is among the

highest in the world, raising concern because of its potentially negative consequences for

global climate, hydrology, biogeochemical cycles and biodiversity (Skole and Tucker 1993).

While a great share of the destruction is attributed to large-scale cattle ranching, nearly one

third of forest clearing is undertaken by the region’s growing population of small fanners,

primarily for the shifting cultivation of annual crops (Feamside 1993, Skole et al. 1994,

Serráo et al. 1996). As one ofmany strategies to decrease deforestation rates, it has been

proposed that adding perennial crops to agricultural systems may raise land productivity, and

subsequently allow small farmers to meet food demands with less forest clearing (Sanchez et

al. 1982, Anderson 1990, Smith 1990). Increasingly over the past decade, as the practice of

shifting cultivation has proven economically unviable in the region’s nutrient-poor soils,

Amazonian farmers have begun adopting perennial crop-based agroforestry systems, largely

because many agroforest products are high value cash crops that often require less labor to

produce (Smith et al. 1997). Some studies point out that these agroforests can be more

ecologically sustainable than annual cropping systems because the longevity of tree-based

ecosystems promotes a more closed cycling of organic matter and nutrients, a key factor for

58



59

the growth ofnative forests in weathered Amazonian soils (Sanchez et al. 1982, Ewel 1986).

Despite more efficient nutrient cycling offered by tree-based agroecosystems,

maintaining phosphorous (P) availability to plants growing in tropical Ultisols and Oxisols is

problematic for a number of reasons. While nitrogen fixation and rainfall deposition may

serve as significant external sources ofN, there is no comparable atmospheric input that can

dramatically increase P availability in P-deficient habitats (Schlesinger 1995). Thus, the

amount of P cycling through natural and low input agricultural systems is determined by the

initial state of the various pools comprising the soil P stock (Stevenson 1986). Phosphorus

uptake occurs from the most vulnerable soil pool, free phosphate ions desorbed or dissolved

from the soil solid phase, often referred to as “labile” P (Fardeau 1996). While this “labile”

pool is difficult to actually quantify because it is continually affected by a myriad ofbiological

and geochemical factors, a number of procedures are used to quantify readily-extractable P,

and the P measured in such extracts is presumed to be correlated with plant uptake. Much

of the total P stock in tropical Oxisols and Ultisols has been precipitated as insoluble Al and

Fe phosphates, or occluded in hydrous oxides ofAl and Fe, as a result of intense weathering,

which render it largely unavailable for short-term plant and microbial uptake. Solution

phosphate concentrations aremaintained at low levels because any plant available P remaining

in, or added to, the soil system is sorbed by AJ and Fe oxides on the surfaces ofclay minerals

(van Wambeke 1992, Fontes andWeed 1996). In these conditions, mineralization oforganic

P becomes increasingly important to P nutrition (Stewart and Tiessen 1987, Cross and

Schlesinger 1995), as do mycorrhizal associations and Al- and Fe-soiubilizing root exudates

that increase P availability to plants (Chapin 1980, Fox et al. 1990, Bolán 1991).
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Nonetheless, numerous studies provide evidence that tropical forest productivity is P-limited

(Vitousek and Sanford 1986, Attiwill and Adams 1995). Thus, maintaining P availability in

biologically and structurally less diverse agroforestry systems undergoing repeated nutrient

removal with crop harvests is a dilemma certain to face Amazonian land managers. The

problem is further aggravated by the fact that many farmers have limited access to chemical

fertilizers and little experience using the large inputs of organic residues recommended to

maintain soil fertility (e.g., Nicholaides et al. 1985, Szott et al. 1991). Studies of low input

annual cropping have shown that with continued harvest, cation leaching and soil

acidification, P availability may decrease to the extent that organic matter decomposition, N

mineralization, and N-fixation is limited because of soil fauna and bacteria sensitivity to P

deficiency (Ewel 1986, Crews 1993).

Critical to addressing the problem of P maintenance in Amazonian tree-based

agroecosystems is a knowledge of (1) how P dynamics are altered when native terra firme

forest is converted to agroforest, and (2) how long readily-extractable soil P pools can sustain

agroforest productivity without the use of amendments. These questions are particularly

important if commercial agroforestry systems are to be considered both economically viable

and ecologically sustainable alternatives to other more destructive land uses in Amazonia.

Establishing nutrient limitations to plant productivity often requires fertilization

experiments that test the relationship between nutrient supply and plant growth and

development (Marschner 1995). Cuevas and Medina (1988) used root proliferation in

nutrient enriched-ingrowth cores as a bioassay to infer nutrient limitations to fine root growth
in Amazonian forests. Raich et al. (1994) demonstrated that this method could be used to
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identify specific nutrient limitations to aboveground forest productivity by comparing root

proliferation response in nutrient-enriched cores to previous forest fertilization studies. It is

generally accepted that many crop plants do proliferate in nutrient-rich patches, but studies

have shown that nutrient-deficient plants exhibit a greater proliferation response than nutrient-

sufficient plants (Caldwell 1994). For example, Ostertag (1998) found that root growth of

tropical forest trees established in P-poor soils was greater in response to P fertilization than

the same forest types growing in less P-limited soils. In P-deficient habitats, roots and

associated mycorrhizae must grow to P sources as phosphate concentrations become depleted

around the rhizosphere because P diffusion through the soil solution is slow (Nye and Tinker

1977). Thus, root proliferation in response to P microsite enrichment could be an effective

tool for assessing P limitations to ecosystem productivity, as well among species within a

system growing in P-poor Amazonian soils.

The objectives of our study were threefold. First, readily-extractable inorganic and

organic P pools, as well as other chemical properties, were compared between agroforest and

adjacent native forest soils to determine how short-term (< 10 years) P dynamics change when

primary forest is converted to perennial crop-based agroforestry systems. Secondly, P

limitations to productivity in eight six-year-old agroforestry systemswere studied using a root

ingrowth bioassay to examine fine root response to phosphate microsite enrichment by

agroforest and native forest plants. Finally, a differential response in root proliferation

among agroforest species was examined as a component of inter-species competition. This

third objective was added at the request of the Brazilian farmers collaborating in this study
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who were concerned about what they perceived to be aggressive root competition by the

agroforest’s palm component.

Methods

The Study Area

The study was conducted on eight farms within a 30 km radius from the town ofNova

California, a rural community which lies on the border of the Brazilian states of Aeré and

Rondónia in the western Amazon Basin (67°W, 10°S). The life zone in this region is humid
moist tropical forest (Holdridge 1967) and the native non-flooded terra firme vegetation

comprises both deciduous and evergreen broadleaf tree species. Average air temperature is
22° C and mean annual rainfall over the last 10 years is approximately 2,000 mm with a three-

month dry period occurring from June through August (UFAC unpublished). The region’s

topography is slightly undulating and soils are predominately Ultisols and Oxisols (Sombroek

1966, Souza 1991). Soils from the study sites are acidic (pH < 5), with an effective cation

exchange capacity less than 12 cmol+ kg clay'1, high levels ofexchangeable aluminum (>40%
A1 saturation), and 40 percent or more clay in the top 20 cm (Table 4-1). These properties
are consistent with Oxisols of the Ustox suborder (van Wambeke 1992). Colonist farmland

holdings in the region are typically 100 hectares, half of which are maintained in primary
forest, as dictated by Brazilian law (IBGE 1990). Land use includes livestock pasture, annual

and perennial crops, homegardens, and forest extraction.



Table 4-1. Soil properties ( ± one SE) in eight agroforests and adjacent native forests at 0-20 and
20-40 cm depth (n=8)

0-20 cm 20- 40 cm Paired t-test
Soil Property

Agroforest Forest Agroforest Forest
p values'

by soil depth
Sand (%) 27.6 ± 5.6 24.2 ±5.2 26.2 ± 5.7 25.3 ± 3 9

Silt (%) 25.9 ± 2.0 35.3 ± 5.4 22.9 ±2.0 27.7 ±4.4 0.139 0-20 cm

Clay (%) 46.2 ± 6.0 40.6 ± 5.4 50.9 ± 5.9 47.0 ±4.7

PH 4.9 ±0.2 4.3 ±0.1 4.7 ±0.2 4.3 ±0.1 0.006 0-40 cm

Organic matter (%) 2.0 ±0.1 2.0 ± 0 2 1.3 ±0.1 1.3 ±0 1

M-l Ca (mg kg ‘)b 349.9 ±152 102.4 ±36 105.1 ±43 45.5 ± 18 0.035 0-40 cm

M-l Mg (mg kg ') 60.8 ± 13 42.2 ±7.2 23.4 ±5.4 24.2 ± 5 0 0.115 0-20 cm

M-l K (mg kg') 35.1 ± 17 36.0 ±2.8 19.0 ± 1.8 21.2 ± 2.2

M-l Pi (mg kg'1) 1.08 ± 0.11 1.54 ±0.22 0.19 ±0.22 0 43 ±011 0 051 0-40 cm

Ca (cmol+kg1) 1 96 ±0.50 0.50 ±0.17 0 009

Mg (cmol+kg1) 0 50 ±0.07 0.32 ±0.05 0.045

K (cmol+kg1) 0.14 ±0.02 0.13 ±0.07

A1 (cmol+kg1) 1 88 ±0.53 2.17 ± 0.35

ECEC(cmol+kg‘)c 4.42 ±0.34 3.11 ±0.27 0.004

A1 sat (%) 41.0 ± 10 9 68.2 ±7.7 0 033



Table 4-1-continued.

0-20 cm 20- 40 cm Paired t-test
Soil Property p values'

Agroforest Forest Agroforest Forest by soil depth
Total C (g kg1) 16.2 ± 1.5 15.3 ±1.3

Total N (g kg1) 169 ±0.02 1.60 ±0.13

Total P (g kg1) 0 41 ± 0 06 0.36 ± 0 04
* P values 2: 0.15 not reported.
bMehlich-l extractable elements
c Effective cation exchange capacity (sum of base cations + exchangeable Al).

0-20 cm 20- 40 cm Paired t-test

Soil Property
Agroforest Forest Agroforest Forest

p values *
by soil depth

M-l Pi (mg kg1) 1.08 ±0.11 1.54 ±0.22 0.19 ± 0.22 0.43 ±0.11 0 051 0-40 cm

Bray Pi (mg kg'1) 2.64 ±0.29 3.56 ±0.63 0 86 ±0.20 1.08 ±0.23 0.045 0-20 cm

Resin Pi (mg kg'1) 1.31 ±0.10 2.00 ±0.29 0 07 ±0.01 0.28 ±0.12 0.087 0-40 cm

Bicarb Pi (mg kg1) 0.75 ±0.19 1.32 ± 0.37

Bicarb Po (mg kg1) 6 19 ± 0.71 6.98 ±0.50 0.139 0-20 cm
' P values ^ 0 15 not reported.
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The eight farms included in this study were volunteered by members ofthe producers'

organization. Projeto RECA (Economic Partnership for Reforestation). In the late 1980’s the

group established a perennial crop-based commercial plantation agroforestry system, one to

two hectares in size, on more than 200 farms. The system is two-tiered, dominated by an

upper canopy ofpeach palm (BadrisGaesipaes Kunth), a multi-stemmed monocot cultivated

for centuries by Amerindians throughout Amazonia (Clement 1986). The middle canopy is

formed by cupuassu (Theobroma grandiflorum (Willdenow ex Sprengel) Schumann), a

shade-tolerant broad leaf tree native to non-flooded forests of the central Amazon Basin

(Venturieri 1993). A third component of the system is Brazil nut (Bertholletia excelsa Humb

& Bonp), a broad leafupper canopy dominant, also a native to the region’s forests (Mori and

Prance 1990). The agroforest’s principal products include cupuassu pulp, peach palm fruit

and seed, and heart-of-palm, all of which are harvested as early as three years after system

establishment. Brazil nuts are also an important cash crop throughout Amazonia (Kainer et

al. in press), however, at the time of the study, this species had not yet begun to produce

fruit.

Typically, the agroforest was established by cutting and burning native forest

vegetation and interplanting one-year-old cupuassu, peach palm and Brazil nut seedlings at

a spacing of 7 x 4 meters to complete stocking densities of 190, 150 and 30 trees ha'1,

respectively. During the first year of establishment, leguminous cover crops were planted

in agroforest rows. However, legumes were largely eradicated from the agroforests in the

years following establishment, and native understory herbaceous vegetationwas cut down and

left to decompose twice annually. Since agroforest establishment, grazing livestock
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were excluded from the system, nor were chemical fertilizers applied on the eight farms under

study.

Farmer Participation

The research was carried out using a participatory (Feldstein and Jiggins 1994)

approach that encourages farmer involvement throughout the investigative process. By

involving farmers it was hoped that the results might ultimately be more usetul to them. Prior

to initiating the study, the research objectives and overall plan were presented to RECA

producers. As a result of feedback received by the farmers, a third objective was added,

which was to compare root proliferation response to phosphate among agroforest species,

in an attempt to address their concerns about aggressive root competition by the peach palm.

Personal observation and interviews during repeated stays (3 visits each x 2 days) with nine

families, five focus group discussions with RECA farmers (¿30 participants each), and

project reports all provided information about agroforestry system establishment, farm

management practices, and crop harvests. A more detailed description of the participatory

process is provided in Chapter 3.

Plot Establishment

On each farm a 20 x 20 m plot was located in both the agroforest and adjacent native

forest. Adjacent native forest refers to the primary terra firme vegetation that had been

growing contiguous to the forest that was cut and burned to establish the agroforestry system.

As fire often enters standing forest during agricultural site preparation, a 50-m border was

maintained between agroforest and adjacent native forest plots to avoid sampling under
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previously-burned vegetation. There were no observed topographic differences between

paired forest and agroforest plots on any of the farms.

Soil Sampling and Analyses

One well-mixed composite soil sample consisting of 10 randomly located cores was

taken at two depths (0-20 cm and 20-40 cm) from both the agroforest and adjacent native

forest plots on all eight farms. The samples were air dried, passed through a 2-mm mesh

sieve, and hand-picked free of fine roots prior to chemical analyses.

Mehlich-1 (M-l) cations and P at 0-20 and 20-40 cm soil depth were extracted by

shaking 5 g mineral soil in 20 ml of dilute double acid (0.05 N HCL in 0.025 N H2S04) for

five minutes. Percent organic matter (OM) was quantified using the Walkley-Black

dichromate procedure (Nelson and Sommers 1982), and pH was measured using a Beckman

pH meter and electrode in a 2:1 water to soil ratio. A particle size analysis was performed

using the pipet method (Kilmer and Alexander 1949).

In the top 20 cm ofsoil, exchangeable base cations (K\ Ca2+ and Mg2*) and aluminum

(Al3+) were measured after extracting 10 g soil in 100 ml 1.0 M NH4OAc and 1.0 M KC1,

respectively, for 16 hours. Total P in 200 mg finely ground soil was extracted using a

concentrated H2S04/H202 digest at 360°C for two hours. Ion concentrations in the filtered

extracts were measured using inductively coupled argon plasma (ICAP) spectroscopy. Total

soil nitrogen (N) and carbon (C ) were analyzed after Dumas (flash) combustion (Nitrogen

Analyzer 2500; Carlo Erba Strumentazione, Milan, Italy).

In addition to M-l phosphorus, readily-extractable P was measured using anion

exchange resins to exhaustion, the Bray PI (Bray and Kurtz 1945), and sodium bicarbonate
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procedures (Olsen and Dean 1954). Although these four extracts are all used to quantify

readily-extractable P, they solubilize varying quantities of the “labile” pool as a result of

different chemical reactions. The dilute mixed acid in the Mehlich-1 extract dissolves A1 and

Fe phosphates (Olsen and Sommers 1982) and is used as an index for P availability in Oxisols

throughout Brazil. Anion exchange resins desorb exchangeable Pi without drastic changes

in pH or other soil chemistry. High correlations of resin-extractable P with plant uptake

suggests that resin extracts more closely simulate the physical action ofplant roots (McKean

and Warren 1996). The Bray PI extract removes easily-acid-soluble Al- and Fe- phosphates

through the formation of fluoride complexes with Al and Fe. The sodium bicarbonate

(bicarb) extract solubilizes a small portion of what is presumed to be readily-mineralizable

organic P (Po), which includes some microbial biomass, in both alkaline and acid soils

(Bowman and Cole 1978, Stevens 1986). Bicarb Pi, used only to calculate Po in this study,

is traditionally used to measure extractable Pi in neutral to alkaline soils (Olsen and Sommers

1982).

For resin-extractable P, 2 g of soil were placed with a 2.5 x 5 cm2 anion exchange

membrane (sorption capacity = 272 mg P per membrane) in a 50 ml centrifuge tube filled with

30 ml deionized (DI) H20. The tubes were shaken for 16 hours, after which the membrane

was removed and rinsed with deionized water to remove soil. Phosphorus on the membrane

was desorbed by shaking it in 20 ml 0.5 M NH4OAc for two hours. Using the Bray PI

extract, 1 g soil was shaken for one minute with 7 ml of 1.0 N NH4F and 0.5 N HCL in DI

H20 and filtered. For bicarb-extractable Pi, 10 g soil were shaken in 30 ml 0.5 M NaCO,

(pH8.5)for30 minutes. Concentrated HC1 (1.5 ml) was added to the filtered and centrifuged
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extracts to precipitate organic matter. Aliquots of the bicarb Pi extracts were ashed in a

muffle furnace at 560 0 C and wet-digested with concentrated HC1 to extract total P (Ptot).

Bicarb Po was calculated as the difference between bicarb-extracted Ptot and Pi (Olsen and

Sommers 1982). All procedures were conducted in triplicate, and extract P concentrations

were determined colorimetrically using the molybdate blue method (Murphy and Riley 1962)

on a Milton Roy Spectronic 1201 spectrophotometer.

Root Ingrowth Bioassav

A root ingrowth bioassav (Cuevas and Medina 1988) was used to study root

proliferation response to phosphate microsite enrichment. Two hypotheses were tested: (1)

fine root length in phosphate-treated cores would be greater relative to the paired control,

indicating a P limitation to plant productivity, and (2) peach palm fine root length would be

greater than that of cupuassu in both core treatments and agroforest locations, signaling root

competition by the palm that could be detrimental to cupuassu nutrition. Root biomass

between P-treated and control cores was also compared. Root proliferation by Brazil nut was

not studied because the species is a minor component ofthe system, contributing to less than

8% of the agroforest’s trees (30 trees ha'1).

The ingrowth cores were constructed from high density polyethylene mesh tubes (10

cm tali, 6.5 cm diameter, 4x2 mm mesh size), and filled with 40 g medium-sized vermiculite,

treated with either 100 mL 0.08 M NajHPC^ (phosphate treatment) or deionized water

(control). The cores were placed individually in 7.5 cm diameter holes dug in the top 15 cm

of soil using a bucket auger, and buried in pairs consisting of both a P-treated and control

core spaced 30 cm apart. Five pairs were buried in each of three locations per farm: (a)



70

between trees in agroforest rows; (b) in agroforest alleys (between tree rows), and (c )

randomly in adjacent native forest. In the agroforest rows, where both cupuassu and peach

palm roots grew, the ingrowth core pairs were buried midway between the two trees, which

usually fell beneath the dripline of the cupuassu canopy. Core placement in rows was located

at random, but the pairs were buried so that each treatment was equidistant from both the

cupuassu and peach palm. Cores were placed randomly in agroforest alleys, an area densely

populated by peach palm roots, but where cupuassu roots were rarely found, to determine if

the latter would proliferate outside of its “rooting zone’’ in response to P microsite

enrichment. Ingrowth pairs were placed randomly in adjacent native forest plots to examine

native forest plant response to P microsite enrichment. The cores were buried at the

beginning of the rainy season (mid November) 1995, concurrent with soil sampling, and left

for 100 days.

Upon removal, roots were cut flush with the outside of the ingrowth cores, and the

roots inside the tubes were washed and separated according to Volt and Person (1990). Total

root length was calculated using the line intersect method (Tenant 1975). Root lengths for

native forest species were estimated together, while agroforest root lengths were calculated

separately for peach palm, cupuassu, and the remaining “other’ roots. Total root length per

ingrowth core is reported as m'2 to facilitate comparisons with root mass (g m'2). Oven-dried

and ground root tissue was wet-digested with H2S04/H202 (Thomas et al. 1967) for analysis

of P concentrations using ICAP spectroscopy.



71

Statistical Analyses

A paired-comparison t-test was used to identify differences in soil properties between

agroforest and adjacent native forest (n= 8 farms). Root length data were log transformed

to meet the equal variance assumption of analysis of variance (ANOVA) after a normal

probability plot of the residuals revealed heteroscedasticity; untransformed mean values are

presented. Paired differences between control and phosphate-treated cores were analyzed as

a function of location, species, and land-use system treatments by using ANOVA models with

these effects and their interactions. All analyses were performed using SAS (SAS Institute,

Inc., Cary, NC).

Results

Agroforest Soil Six Years Following Forest Clearing

Physical and chemical properties of agroforest and native forest soils are presented

in Table 4-1. Across the eight farms, particle size distribution did not differ between

agroforest and native forest soils. In particular, the clay fraction at both depths did not differ

between agroforest and native forest, providing evidence that soil properties were initially the

same in the paired agroforest and forest plots, because particle size distribution varies little

over time or as a result ofmanagement (Sanchez 1987).

Exchangeable Ca and Mg were significantly greater in the agroforest soil, as was pH,

resulting in a higher effective cation exchange capacity (ECEC) and lower aluminum

saturation (A1 sat) in this system. Exchangeable Ca, in particular, was nearly four times

higher in the agroforests than in adjacent forests (P < 0.009). Overall, total C, N, P, and soil

organic matter were low when compared to other Amazonian forest soils, and did not differ
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between the two systems. Although the concentration of agroforest M-l extractable bases

was either higher or unchanged from that of forest soils six years after clearing, M-l Pi

decreased nearly 30% in the top 20 cm, and over 55% at the 20-40 cm depth (P < 0.049).

Readily-extractable Pi concentrations in the Bray PI and resin extracts of native forest soils

(0-20 cm) were also higher than those of agroforest soil (Table 4-2). Overall, the Bray PI

extract produced the highest extractable Pi concentrations in agroforest and forest soils,

presumably due to the dissolution of Al-phosphates, however, in both systems these

concentrations would be considered inadequate (< 7 mg kg'1) for agricultural production

(Olsen and Sommers 1982). Bicarb Po was the largest extractable pool measured, however

neither it nor Bicarb Pi differed between agroforest and native forest soils.

Fine Root Response to Phosphate-Enriched Microsites

In all three locations (agroforest rows, alleys, and adjacent native forest) there was

a trend towards greater root length in phosphate-treated cores (Fig. 4-1 A). However, using

a t-test, the difference in root length between paired P-treated and control cores was

statistically significant only in the agroforest alleys (P < 0.015). Overall, when data from both

rows and alleys were pooled, mean root length in P-treated cores (74.92 m m'2) was still

greater than in the control (46.96 m m'2) (P <. 0.039). Root weight did not differ between the

control and P-treated cores in either agroforest location, but was significantly greater in P-

treated cores buried in native forest (Fig. 4-IB).

A significant root proliferation response to P-treatment was exhibited by cupuassu

only in agroforest alleys (Fig.4-2). Both cupuassu and “other” root length in P-treated cores
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Fig 4-1. In all ingrowth core locations, there was a trend towards greater root length in P-treated cores; this effect was statistically
significant only in agroforest alleys. Root biomass was significantly greater in P-treated cores buried in forests.
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Fig. 4-2. In agroforest rows, root length did not differ between cupuassu and peach palm
in either core treatment. Root length in phosphate-treated ingrowth cores was significantly
greater than the control for cupuassu and “other” roots only in agroforest alleys.
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(6.38 and 44.61 m m'2, respectively) were significantly greater than in control cores (0.52 and

13.58 m m'2) (P < 0.012 and P < 0.007) Cupuassu root weight in P-treated cores (2.41 g

m'2) was also higher than that found in the paired control (0.90 g m'2) (P < 0.100). Peach

palm root length did not differ between phosphate and control cores, but exceeded that of

cupuassu for both the P- and control treatments in the alley location (P < 0.0001) (Fig. 4-2).

In agroforest rows, there were no differences in root length or weight between the P-treated

and control cores, nor were there differences between peach palm and cupuassu root lengths

in either treatment (Fig 4-2).

Table 4-3. Phosphorus content (± one SE) in fine root tissue growing in phosphate-treated

and control ingrowth cores (n=8 ).

Tissue P Content (mg g'1) T-test Increase in

Control Phosphate P values * P content (%)

cupuassu 0.62 ± 0.02 0.86 ±0.05 0.041 38.7

peach palm 0.88 ±0.06 1.01 ±0.05 0.031 14.8

other 1.10 ± 0.15 1.22 ±0.10 10.9

forest spp. 0.83 ±0.07 0.93 ±0.10 12.1

1P values £ 0.15 not reported.

Across all four root groups (cupuassu, peach palm, “other" and forest), tissue P

contents were greater for roots growing in P-treated cores than those in the control (P

sO.010). Analyzed separately by group, this effect was significant only for cupuassu and

peach palm, with cupuassu exhibiting over twice the increase in root P content (38.7%) than

the palm (14.8%) (Table4-3).



76

Discussion

Soil Chemistry Following Conversion of Forest to Agroforest

The greater exchangeable Ca and Mg in the top 20 cm of agroforest soil relative to

adjacent native forest indicates a common effect of the slash-and-bum conversion ofprimary

forest to agricultural land-use. Ash deposited on the future agroforest site from forest

biomass burning undoubtedly produced a pulse of base cations in the mineral soil,

precipitating an increase in pH and a decrease in exchangeable Al. Many studies report the

favorable effects of burning on soil chemical properties initially following forest clearing

(Ewel et al. 1981, Sanchez et al. 1983, Andriesse and Kioopmans 1984), and this study

suggests that such changes may persist six years after agroforest establishment.

Although the nutritional quality of forest biomass growing in tropical Oxisols is

relatively low (Vitousek and Sanford 1986), the total quantity of nutrients released after

burning mature forest usually supports two to three years ofno-input annual cropping before

fields are abandoned to fallow (Serráo et al. 1995, Juo and Manu). In perennial crop-based

agroforests, nutrients otherwise removed from the system during the first few years following
the bum through annual crop harvest or leaching, were stored in growing agroforest biomass

and cycled in fallen litter and decaying roots. When nutrient export commenced with

agroforest harvest three to four years after planting, it would be less than that expected for

annual crops because the first few years of crop production are usually low in a maturing

perennial system comprised of these Amazonian species (Ventereiri 1993, Mora-Urpi et al.

1997). In addition, a change in species composition when forest was converted to agroforest
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may have further modified soil properties by altering the quantity and quality (i.e., nutrient

content) ofabove- and below-ground litter (Binkley 1995, Smith et al. 1998). While it might
be expected that nitrogen-fixing legumes growing in the agroforest understory during the first

three years after establishment would add nitrogen to the soil, total N did not differ between

the two systems. This may be due to the fact that volatilisation ofN during forest biomass

burning can be up to 68% of total N content in vegetation (Kaufman et al. 1995) Moreover,

N export from this particular configuarion of agroforest species can be relatively high, often

comparable to that of annual cropping systems as the system approaches six to eight years

(Chapter 6).

Regardless of the origin, an increase in exchangeable bases and pH can also stimulate

decomposition andmineralization oforganicmatter by creating a more favorable environment

for microbial populations (Nye and Greenland 1960), as well as decrease the soil’s P fixation

capacity by reducing Al3+ and Fe3+ solubility. Combined with the transfer of P from biomass

to soil following a slash and burn, these factors could initially increase P availability to plants

(Sanchez 1976). Kainer et al. (inpress) found that M-l Pi concentrations in recently burned

shifting cultivation plots (pH = 5.9, 8.1 mg kg'1) were markedly greater than those in native

forest (pH = 4.7, 2.8 mg kg'1) located in the same western Amazonian extractive reserves.

Similarly, Lessa et al. (1996) attributed an increase in bicarb-extractable Po in the top 20 cm

of an Oxisol to accelerated organic matter decomposition and mineralization one year

following savanna clearing in northeastern Brazil.
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Readilv-Extractable Pi

Six years after forest clearing, there was no evidence that Pi concentrations in

agroforest soil increased as a result of forest biomass burning. In fact, while agroforest M-l

extractable bases had increased or remained unchanged from native forest levels at the time

of sampling, M-l Pi was considerably lower, as were Pi in the Bray PI and resin extracts.

Such decreases in agroforest readily-extractable Pi are evidence that phosphate is being taken

up by the aggrading agroforest faster than it can be restored into these pools from less readily-

extractable forms.

Without a measure of total soil microbial biomass in the two systems, it is unknown

if temporary differences in Pi immobilization contributed to lower agroforest extractable Pi

concentrations. However, as discussed below, similar total C-to- P ratios and organic matter

content in agroforest and forest soils suggest that this would not be the principal cause of

lower agroforest readily-extractable Pi. It is also improbable that extractable Pi decreased as

a result of downward movement or leaching through the soil profile, given the inherent

adsorptive characteristics of tropical Oxisols (van Wambeke 1992). However, it is possible

that soil Pi plus that released from plant biomass during the bum was “fixed” into more stable

P fractions not measurable in the extracts used in this study. Linquist et al. (1997) found that

despite large P fertilizer applications exceeding crop removal in a Hawaiian Ultisol, M-l Pi

decreased from 35 to 30.5 mg kg'1 during a four year period. In our study, however, the

relatively short period occurring between forest burning and sampling makes it unlikely that

agroforest P moved into the most recalcitrant occluded soil pools (Cross and Schlesinger

1995). Thus, one might expect agroforest solution Pi to be restored, either through
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desorption from secondary minerals or Po mineralization. Using sequential fractionation

procedures, studies have shown that readily-extractabie Pi in many agricultural systems is

maintained in equilibrium with less labile pools, such as NaOH-extractable Pi (Hedley et al.

1982, Tiessen et al. 1983, Crews 1996). Despite an 86% decrease in resin Pi (from 2.76 to

0.38 mg kg'1) after 13 years of no-input cropping in a Peruvian Ultisol, Beck and Sanchez

(1994) surmised that resin Pi had been sustained by Po mineralization and more stable Pi

fractions because this Pi pool was not large enough to support the total removal of 38 kg P

ha'1 that resulted from grain harvests. The role of these less readily-available P fractions in

maintaining solution Pi, and ultimately, the productivity of perennial crop-based agroforests,

is relatively unstudied and certainly merits further investigation.

Extractable Po

How soil bicarb-extractable Po concentrations were affected initially following forest

burning is unknown, but at the time ofsampling six years later this pool did not differ between

the two systems. This suggests that despite soil conditions more favorable to organic matter

decomposition and mineralization, other factors, such as lower turnover in above- and below¬

ground biomass at this stage of agroforest development, may have stabilized or even limited

bicarb Po accumulation in agroforest soils. Linquist et al (1997) suggested that readily-
extractabie Po is coupled with C mineralization after observing that bicarb Po declined at the

same rate as soil organic carbon and total N during four years of continual cropping in an

Ultisol. In our study, soil organic matter (OM) was equally low (2.0 %) in both forest and

agroforest soils, most likely because decomposition and mineralization are so rapid in the

tropical environment that only the most recalcitrant OM fractions remain in either system.
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In these conditions one would expect the labile Po pool to be maintained at a constant level,

unless modified temporarily by seasonal pulses or immobilization. He et al. (1997)

demonstrated that total soil C-to-P ratios were closely related to soil microbial biomass and

P availability. In our study, neither C-to-P ratios nor the total soil C content differed between

the two systems, suggesting that varying rates of mineralization and immobilization are not

the primary causes for a difference in P availability between forest and agroforest.

Other research has shown that while bicarb-extractable Po may act as a sink or source

during periods of fertilization or P deficiency, absolute changes in this pool after years of

cultivation are negligible (Sharply and Smith 1985, Crews 1996, Schmidt etal. 1996). These

and other studies indicate that increasingly stable P pools, such as NaOH-extractable and

“residual” Po, contribute significantly to plant P uptake over the long term by buffering more

readily-extractable Pi pools, and therefore may better represent the soil’s potential for P

maintenance (Beck and Sanchez 1996). Tiessen et al. (1982) suggested that as the most

labile Po fractions mineralize and become depleted through crop uptake, P dissolution from

primary and secondary minerals becomes increasingly important to plant nutrition.

Total P

Whereas significant decreases in agroforest readily-extractable Pi might be explained

by its redistribution among various P fractions not measured in this study, total P provides

an index of the absolute amount of P in the soil. As in the case of base cations, one might

expect greater total P concentrations in agroforest soils as a result of the net transfer of P

from forest biomass to soil following burning. Kauffman et al. (1995) found that total soil

P in slashed primary terra firme forests in Rondónia, Brazil increased 40% from preburn
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concentrations immediately following burning. Any such increase in agroforest soil P

following forest biomass burning was no longer apparent six years later, as demonstrated by
similar total P concentrations in agroforest (902 kg ha'1) and adjacent forest (792 kg ha'1)
soils. Likely sinks for agroforest P include accumulation in above and below-ground biomass

and loss through three years of crop harvests, which, combined, could account for

approximately 35 to 40 kg ha'1 (Chapter 6). Peach palm biomass, in particular, was found
to store over twice as much P in above-ground biomass, than in cupuassu and Brazil nut

combined in an eight-year-old agroforest (Chapter 6). The lack of difference between forest

and agroforest total soil P stocks implies that the latter has already depleted any post-bum P

additions. As a result, the readily-extractable Pi fraction in agroforests will likely continue
to decrease with time, eventually precipitating a decline in productivity under current

management practices, unless Pi is made available through other mechanisms, such as root

exudates, or buffered in the soil system by other less readily-available fractions not measured

in this study.

Fine Root Response to Phosphate Microsite Enrichment

While soil extracts provide evidence that labile Pi has decreased since agroforest

establishment, the question remains whether agroforest productivity is currently limited by the
size of this pool. The greater proliferation of cupuassu and “other” plants roots in P-treated

cores buried in agroforest alleys compared to the control cores suggests that these species
may invest more resources into roots that find P-enriched microsites. However, definite P

limitations to plant productivity could not be inferred using the root ingrowth core bioassay
because roots of the same species did not respond to P microsite enrichment in agroforest
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rows. There was a similar trend towards greater mean root length in P-treated cores buried

in native forest, but this effect was not statistically significant. Cuevas and Medina (1988)

used proliferation offine root biomass to infer both a P and Ca limitation to native terrafirme

forest in the Venezuelan Amazon, and an analysis of native forest root mass in this study

revealed a significantly higher root mass in P-treated cores. As earlier noted, extractable Pi

concentrations measured in any of the extracts used in this study are considered “low" for

both forest and agroforest soils. However, a P-limitation to native forest productivity cannot

be inferred based on the root ingrowth bioassay, despite the fact that many studies cite P as

the nutrient most limiting to tropical forest productivity (Vitousek and Sanford 1996).

Length Versus Mass as an Indicator ofProliferation

Overall, root mass in P-treated cores did not differ from that of the control in

agroforest alleys, and this is perhaps due to differing patterns of root biomass allocation

among the system's components. Cupuassu root length appeared to be a more sensitive

measure of root proliferation than mass, and a plot of root length versus mass reveals a

significant linear relationship in which a small increment in mass produced a large increase in

length. Similarly, the majority of the various unidentified herbaceous species that comprised

the “other “ group had very fine roots (diameter <0.5 mm), which produced over twice as

much length than peach palm roots (in P-treated cores) with less than a third of the mass. The

difference in “other" root mass between to P-treated and control cores was not significant,

perhaps because the greater mass of coarser (diameter ^ 2 mm) roots (of different species)

that occasionally grew into cores of both treatments overwhelmed the fine root mass,

obscuring any proliferation response based upon this variable. Ultimately, we placed greater
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emphasis on root length in our evaluation of root proliferation response because the surface

area of contact between root and soil is more indicative of a root system’s capacity to take

up nutrients than is mass (Newman 1966).

Root Proliferation in Agroforest Alleys and Rows

Studies have shown that root proliferation in patches where nutrients are more

abundant is a foraging strategy that may be more effective for fine- rooted species growing

in environmentswhere nutrients are heterogeneously distributed or “patchy” (Caldwell 1994).

The proliferation response to P-enrichment exhibited by cupuassu in agroforest alleys may

reflect the heterogeneity of nutrient availability and the density of root distribution in this

location. With extractable Pi concentrations so low in agroforest soils, root growth would

likely be concentrated in areas of accumulating organic matter to take advantage of Po

mineralization. Decomposition and mineralization of more abundant and homogeneously

distributed litterfall in agroforest rows probably contributed to a more constant supply of P

to cupuassu roots growing in this location. Overall, cupuassu root length was greater in cores

placed in rows than in alleys, regardless of treatment. This, and the fact that the row location

often fell beneath the cupuassu canopy, suggest that roots were more densely distributed in

agroforest rows. Higher root density would increase the likelihood that roots would

“randomly” grow into both P-enriched and control cores, perhaps explaining why cupuassu

root lengths did not differ significantly between the P-treated and control cores in rows.

In contrast, litterfall in alleys was patchy, often exposing bare mineral soil. In such

an environment, the cost of root growth is relatively high if nutrient acquisition is not

increased as a result of the investment. Thus, we see very little cupuassu root length or mass



84

in the control cores buried in agroforest alleys compared to rows. Cupuassu roots growing
into alleys proliferated only when they encountered the P-enriched cores. Greater light and
water availability, and perhaps lower root densities in agroforest alleys may have also

contributed to a more favorable environment for the root growth of “other” weedy species
which are often better adapted to efficient exploitation of patchy nutrient availability.
Root Competition Among Agroforest Components

Differences in root response to P-microsite enrichment among agroforest components
may also reflect differing ecological strategies for nutrient acquisition that determine

competitive interactions among agroforest components. While the roots of cupuassu and
“other” plants proliferated in P-enriched cores in agroforest alleys, peach palm roots did not

exhibit similar foraging behavior. In fact, overall, neither palm root length, nor mass, differed
among core treatments or locations. This suggests that this species may acquire P in P-
deficient habitat through mechanisms other than proliferation of fine roots.

Fitter (1994) suggested that coarse-rooted species are less adapted to proliferate in

nutrient-enriched microsites because the investment necessary for the growth of longer-lived
high diameter roots may not be offset by the resources gained in short-lived nutrient-rich

patches. Potential differences among plant species in their capacity for root proliferation
seriously weakens the root ingrowth bioassay as a means to detect nutrient deficiencies in

crops, because a lack ofproliferation might be misinterpreted to mean that the species is not

nutrient-limited, when in fact, a lack of response may be due to species-specific differences
in carbon allocation. The specific root length of peach palm is approximately half that of
cupuassu (Haag 1997), so that the palm allocates twice as much biomass to an equivalent
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length of root as cupuassu. Furthermore, such differences in carbon allocation may indicate

different ecological strategies for resource capture. For example, it may be that instead of

proliferating short-lived fine rootlets in ephemeral nutrient patches, the palm may invest in

longer-lived higher diameter roots to locate and exploit soil resources that may be spatially

beyond the reach of competitors. Ferreira et al. (1995) estimated that when growing in

heavy-textured clay Oxisols, absorptive roots ofpeach palm may extend up to 9 meters from

the stem. In addition, the palm roots form thick superficial mats at the base of stems and

offshoots that “catch” fallen litter. In another study (Chapter 6) resin-Pi concentrations in the

organic matter trapped in the peach palm’s root mat were 10 to 100 times greater than Pi

concentrations in the top 5 cm of surrounding soil. Finally, peach palm roots are known to

form vesicular-arbuscular mycorrhizal symbioses in Amazonian Oxisols, and other studies

suggest that this species may be able to solubilize less readily-extractable forms ofP (Clement

and Habte 1994, Fernandes and Sanford 1995). Despite these potential mechanisms for P

acquistion, it cannot be concluded that peach palm is P-suificient based upon a lack of root

proliferation response to P microsite enrichment, due the inherent weaknesses of the root

ingrowth bioassay mentioned above.

Mora-Urpi et al. (1997) note that P deficiencies are rarely observed in peach palm

growing in tropical Ultisols and Oxisols, and the various strategies for P acquisition described

above likely increase the palm’s competitive ability in P-deficient soils. The RECA farmers’

concerns of root competition by the peach palm were based upon observations that palm

roots regularly grew in the soil beneath cupuassu canopies. In an eight-year old agroforest

of the same configuration planted by RECA farmers peach palm comprised 72.3% of total
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above ground biomass, providing further evidence of the palm’s dominance in this

agroecosystem (Chapter 6). The results of this study demonstrate that readily-extractable Pi

concentrations in agroforest soil decreased relative to adjacent forest, perhaps to the

detriment ofother less-competitive species in the system. In another study, resin-extractable
P measured monthly over one year was higher underneath peach palm canopies than those of

cupuassu, presumably due to faster leaching, decomposition and mineralization of the

relatively P-rich peach palm leaf litter (Chapter 5), and the palm appears more efficient in

procuring and storing P in rapidly growing above- and below-ground biomass than the other

two agroforest components (Chapter 6). Thus, if competition is defined as the reduction in

plant fitness resulting from resource exploitation by neighboring plants (Grime 1977), it might
be concluded that peach palm competition threatens productivity in cupuassu and Brazil nut

under current no-input management practices. However, this study also demonstrates that

cupuassu roots do proliferate when they encounter P-enriched patches in close proximity to
its canopy, resulting in nearly a 40% increase in root tissue P content. While peach palm root

length and mass was greater than that of cupuassu in alley ingrowth cores, root length did not
differ between the two agroforest components in cores buried in rows, near the dripline of the

cupuassu canopy. Thus, despite the presence of neighboring peach palm roots, cupuassu P
nutrition might benefit from directed application of organic residues and/or fertilizer beneath

and around the canopy dripline, although further on-farm study is required before this can be

recommended.
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Conclusions: Implications for Amazonian Agroforest Sustainability

The results of this study demonstrate that six to eight years following clearing, labile

inorganic phosphorus decreases when native forest is converted to agroforest in western

Amazonia, which could result in early P-limitations to agroforest productivity in P removal

is not offset with additions. Clearly, the role of less labile Pi and Po pools in maintaining P

availability in perennial cropping systems deserves further research. However, the decrease

in agroforest labile Pi six years after forest conversion represents not only an irreplaceable loss

from the system under current management practices, but more importantly, a significant

difference in P cycling between tree-based agroecosystems and native forest. Like secondary

forest ecosystems, storage in live tissue represents a significant P sink during early stages of

vegetational succession, and presumably, much of the agroforest’s future standing biomass

production requirements would be met by nutrient fluxes in the intrasystem cycle as the tree-

based agroecosystem reaches steady state (Attiwill and Leeper 1987). For example,

Polglase et al. (1992) found that M-l Pi in Eucalyptus regions forests decreased from 34 mg

kg'1 at time zero to 2.3 mg kg'1 at age 16, and remained constant thereafter in stands aged 40

to 80 years old.

In contrast, P removal with the harvest of agroforest products, estimated during the

sixth year following establishment to be between 3.2 and 4.0 kg P ha'1 yr'1, represents a

permanent loss from the total soil P stock. While Po mineralization may sustain production

requirements ofnative forest at steady-state, the decrease in agroforest labile Pi indicates that

Po pools cannot adequately restore solution Pi as it is taken up by an aggrading

agroecosystem undergoing P removal with successive crop harvests. Unless replenished
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through external inputs, this drain on soil P will only increase as the system matures and

harvest of agroforest products continues. Arguably, the 25 to 50% reduction (depending on

the extract) in readily-extractable Pi six years after forest conversion, represents less than one

percent of the agroforest’s total soil P stock (410 mg kg'1), and the large difference between

total P and extractable Pi may include pools that are plant-available over the long term.

However, the rate at which P is supplied to agroforest plants determines the system’s

productivity on a short term basis, and hence, its potential for economic sustainability. The

decrease in agroforest readily-extractable Pi relative to that in native forest soils demonstrates

that it is being taken up more rapidly than it can be restored by other P pools in the soil

system, and this decrease in “labile” P may affect components of the system differentially is

one species, for example, is has “access” to less readily-soluble P forms while another is not.

Therefore, it cannot be assumed that the processes sustaining mature native forest ecosystems

will maintain productivity in all agroforest components without management intervention.

While it is unlikely that production in the agroforest will cease entirely in the short

term, continually low or reduced productivity may exclude commercial agroforestry from

consideration as an economically viable alternative to other more destructive land uses in

Amazonia. In the absence ofperceived economic sustainability, farmers will clear more forest

to establish new agricultural systems, because forest land is not a scarce resource in this

region. In ail five focus group discussions held with RECA farmers, producers admitted that

they continued to clear forest every year following agroforest establishment to plant more

perennial crops. Their objective was to maintain household income when productivity of the

first agroforestry systems planted ultimately fell. Coupled with their fear of aggressive
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competition by the peach palm, these farmers did not believe that the initially “high”

productivity of agroforests could be maintained, and thus, they chose to minimize economic

risk by planting new systems every year. .Although the producer’s concerns are

understandable, perceived and managed in this way, agroforests do not offer a means of

decreasing deforestation rates on Amazonian small farms.

Undoubtedly, the sustained production in Amazonian agroforestswill require practices
that both offset nutrient export with crop harvest using soil amendments, as well as enhance

organic matter cycling to maintain soil solution P concentrations and protect the system from
further nutrient losses. Aside from cost, a major constraint to the use ofmost organic and

inorganic amendments in these soils could be that phosphate ions are adsorbed almost as fast

as they are released into solution, either through dissolution or mineralization. Hands et al.

(1995) recommend that inorganic P be added to the mulch layer ofalley cropping systems to

avoid fixation by the mineral soil. In this case, directed fertilizer application in fallen litter

beneath the cupuassu canopy, where root growth was shown to be comparable to that of

peach palm, would add P, stimulate organic matter decomposition and mineralization, and
perhaps encourage greater fine root growth towards sources of mineralizing P on the

agroforest floor. Obviously this and other potential management practices need to be tested

before they can be recommended, and further participatory on-farm research is necessary to

design management strategies that are both economically feasible and practical so that

commercial agroforestry systems do indeed offer a sustainable alternative to more destructive
land uses driving Amazonian deforestation.



CHAPTER 5
LITTER DYNAMICS AND MONTHLY FLUCTUATIONS

IN SOIL PHOSPHORUS AVAILABILITY IN AN AMAZONIAN AGROFOREST

Introduction

Maintaining phosphorus (P) availability to crop plants growing in highly weathered

soils is one of the largest challenges facing the development of sustainable agroecosystems

throughout much of the humid tropics (Sanchez 1976). Previous studies have shown that

less than 1% of total P in Oxisols and Ultisols of South America’s Amazon Basin is

extractable using procedures for the most common indices of P availability (Tiessen et al.

1993, Dias-Filho et al. in press, Chapter 4), and it is estimated that P deficiencies limit

crop production in 90% of the region’s upland soils (Nichoiaides et al. 1985, Smyth and

Cravo 1990). Much of the soil P stock is geochemically bound to iron and aluminum

oxides in forms that are largely unavailable for uptake, rendering plant P nutrition highly

dependent upon biologically-mediated transformations of organic P (Cross and

Schlesinger 1995, Hedley et al. 1995). Thus, in non-fertilized agroecosystems,

fluctuations in soil P availability over a growing season are often associated with factors

controlling litter decomposition and Pi mineralization from soil organic matter, such as

temperature, moisture and resource quality (i.e. the biodegradability of organic material),

as well as with seasonal variations in P demand by plants and competing microbial

populations (Tate 1984, Stewart and Tiessen 1987, Lajtha and Harrison 1995). In tree-

90
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based ecosystems, such as perennial crop-based agroforests. Pi mineralized from

decomposing litterfall and dead roots contributes to the long-term productivity of these

systems, although the highest rate at which Pi is released from various organic sources

may not necessarily coincide with periods of greatest demand by the system’s crop

components. It is the rate of Pi release by mineralization, rather than the amount of

organic P (Po) present, that frequently controls Po availability to plants (Tate 1984).

Consequently, the most efficient use of soil amendments, including inorganic fertilizers,

green manures and organic residues, often requires synchronized and directed application

during periods of high demand by crop plants and low soil availability (Young 1989,

Fernandes et al. 1997). For this reason, monitoring spatial and temporal fluctuations in

soil P availability in relation to the production cycle of an agroecosystem is important to

developing management practices that sustain productivity in low/no input systems.

Assessing short term changes in soil P availability is, however, difficult using the most

common soil extracts because they often solubilize portions of solid-phase P not available

to plants (Bolán 1991). Moreover, soil extractions carried out in laboratories do not

necessarily reflect the ambient conditions that control P mineralization, or the

biogeochemical processes that cause short term fluctuations in soil solution Pi, such as

microbial immobilization, adsorption to soil solids, and plant uptake (Lajtha 1988).

In general, resin extracts more closely simulate the physical action of plant roots

because exchangeable ions, such as H2P04', are desorbed from soil solids without drastic

changes in soil chemistry (McKean and Warren 1996). Conceptually, the resin acts as a

sink for phosphate ions desorbing from soil solids, continually removing them from
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solution so that an equilibrium between the solid and solution phases is not established

(Vaidyanathan and Talibudeen 1970). In a laboratory study, Parfitt and Tate (1994) used

resin-impregnated membranes to measure P mineralization by extracting the soil to

exhaustion before and after an incubation period. Under field conditions, especially in

soils with high sorption capacities, resins behave more like dynamic exchangers, so that P

measured in resin extracts represents a composite index of the soil’s retention capacity,

microbial P demand, and the status of plant available P (Cooperband and Logan 1994).

As a composite index, resin-filled bags or impregnated membranes are useful for making
in situ comparisons of temporal and spatial variations in P availability within or among

systems (Huang and Schoenau 1996, Fernandes and Coutinho 1997). Fluctuations in P

availability under field conditions have been monitored in a number of different ecosystems

using resin bags placed in or on top of the soil for varying lengths of time (Gibson 1986,

Lajtha 1988, Giblin et al. 1994, Yavitt and Wright 1996). Krause and Ramlal (1987) used

resin bags to show that P availability over a four month period remained 2.5 times greater

in soil under a clear-cut area than in adjacent forest, presumably due to increased

decomposition stimulated by higher temperatures and forest floor mixing resulting from
the timber harvest activities. The relatively new use of resin-impregnated membranes as

an index of P availability in field conditions is especially attractive because the two-

dimensional rigid structures can be placed in soil or litter to achieve maximum surface area

contact with minimal disturbance (Cooperband and Logan 1994, Huang and Schoenau

1996), and unlike resin-filled bags, resin membranes do not trap fine roots and soil

particles that interfere with analyses (Fernandes and Warren 1996). Numerous studies
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have demonstrated that ion concentrations in extracts from resin membranes correlate

closely with plant uptake, as well as with more traditional indices of nutrient availability,

including resin-filled bags (Abrams and Jarrell 1992, McLaughlin et al. 1993, Cooperband

and Logan 1994, Fernandes and Warren 1996, Huang and Schoenau 1996, Fernandes and

Coutinho 1997). In agroecosystems, seasonal monitoring of soil P availability using anion

exchange resin membranes (AERMs) could be instrumental in developing fertilizer

recommendations or improving soil organic matter management to maintain P availability

during periods of high productivity and demand.

The present study is part of a larger project examining phosphorus cycling in an

eight-year-old farmer-managed Amazonian agroforest. The objective was to monitor

resin-extractable soil P monthly using anion exchange resin membranes (AERMs) over 14

months in the agroforest to determine if changes in P availability were related to (a)

factors controlling organic matter decomposition, such as precipitation, soil moisture and

temperature, as well as litter quality, and (b) seasonal fluctuations in agroforest

productivity and P requirements. Decomposition and C, N, and P dynamics in leaf litter

from the system’s two primary perennial components were studied to determine if soil P

availability might be related to species differences in (a) litter quality, specifically, initial
leafN and P contents, and C-to-N and C-to-P ratios, and consequently, (b) differing rates

ofP release or immobilization from organic matter.
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Methods

The Study Site

The study took place on-farm in a 2.0 hectare eight-vear-old peach palm (Bactris

Gaesipaes Kunth)-cupuassu (Theobroma grandiflorutn) agroforestry system located in

the rural community ofNova California. Peach palm, a fast-growing multi-stemmed

monocot, is planted by farmers for heart-of-palm and its beta-carotene- and energy-rich

fruits. Cupuassu is a broad-leafmiddle canopy component of many Amazonian

agroforests, the primary product of which is a creamy fragrant pulp harvested from its

large pods. Both species are native to Amazonian forests, and appear to tolerate the

acidic nutrient-poor soils that underlie the non-flooded terra firme vegetation. The

agroforest chosen for study was one of the oldest in the region and its management was

typical of that practiced by most farmers. Like most of the agroforestry systems in the

region, it was established on an area previously occupied by terra firme forest. The

cupuassu and peach palm seedlings were originally planted at a stocking density of 190

and 150 trees ha'1, respectively, at a spacing of 7 x 4 meters. A more detailed description
of the land-use history of the study site is provided in Chapter 2. All measurements for the

present study were taken from five 0.10 ha blocks established on the site, each separated

by a buffer strip of two to three tree rows.

Data collected by the Federal University ofAcré’s meteorological station (UFAC

unpublished) comparing monthly rainfall and mean daily temperatures in the region during
the study period with eleven-year averages are presented in Figs 5-la and b. The region’s
soils are typically Oxisols or Ultisols. Soil on this particular site was identified
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as a clayey (66% clay, 0-85 cm), mildly acidic (pH 5.1), Typic Kandiusult with high base

saturation (92%, 0-20 cm) but low concentrations of dilute-acid-flouride- (1.0 mg kg'1, 0-
85 cm) and resin-extractable (to exhaustion, 1.1 mg kg'1, 0-20 cm) Pi (Chapter 5). The

total P content in the top 20 cm of soil from the study site was 535 mg kg'1, and soils from

eight six-year old agroforests within a 30 km radius of the study site had similarly low

concentrations of extractable Pi and total P contents (Chapter 4).

Periods ofHigh Productivity: Litterfall and Fruit Production

Peak litterfall and fruit harvests were used as an indication of periods of high

productivity and resource demand in the agroforest. Over one year, freshly fallen litter

from the agroforest’s perennial components was collected biweekly from 35 randomly-

located 1.0 m2 mesh traps (7 per block) installed 0.5 m from the soil surface. The litter

was sorted and weighed by species and plant part. All fruit harvested by farmers from the

five blocks was also weighed. Subsamples (approximately 100 g per block per collection)

of both litter and fruit were pooled by month, oven-dried at 60 °C, reweighed for water

content determination, and ground to pass through a 1-mm mesh sieve. The tissue P

content was determined by block-digesting a 200 mg sample of the ground plant material

with concentrated H2S04/H202 at 360°C (Thomas et al. 1967) and analyzing the cleared

supernatant for P04'3 using inductively coupled argon plasma (ICAP) spectroscopy.

Litter Decomposition. C. N, and P Dynamics, and Turnover

The standing stock of litter mass on the agroforest floor was estimated by species
as the mean of 4 (one every three months) collections from 20 randomly-located 0.25 cm2

quadrats (4 per block). Concurrent with the season of peak fine litterfall, freshly fallen leaf
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litter from peach palm and cupuassu trees was collected the first week of October 1995.

The samples were air-dried prior to placement in 15 x 25 cm nylon bags (mesh size = 1

rrrnr ). Because peach palm leaves attain up to 4 m in length (including petiole), a cross

section, 20 cm in length, was cut from approximately the middle of each leaf, so that the

sample in each decomposition bag contained 20 cm ofwhole rachis and pinna from one

palm leaf. This was equal to 34 ± 5 g dry leafmass per decomposition bag. Cupuassu

leaves typically curl length-wise shortly after abscising from the tree. Approximately 3 to

4 entire (curled) cupuassu leaves, or 10 ± 2 g dry leafmass, were placed in each cupuassu

decomposition bag. Although the dry mass placed in decomposition bags differed

between the two species, the bags were filled so that the entire surface area (375 cm2) was

filled uniformly with one layer of leafmaterial.

A total of 90 bags per species were placed in the field during the second week in

October 1995; one for every anticipated bimonthly collection in three randomly-selected

locations in all five agroforest plots. One bag per species per subplot location was

collected for dry matter and nutrient content determination every two months, beginning

in December, 1995. Fifteen samples of both species were weighed, oven-dried at 60°C to

a constant weight, reweighed to determine the initial dry mass of leaf litter, and ground.

These samples were used to calculate a correction factor for the dry matter content of

bagged non-oven-dried leaves. Leaf litter P content was analyzed in the same manner

used for litterfall and fruit The N and C contents of ground leaf litter were quantified

after Dumas combustion in a Carlo Erba NA2500 C&N analyzer. Dry matter, P, N, and C
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contents of litter samples retrieved from the field every two months were analyzed in the

same manner. All chemical analyses were conducted in triplicate.

Mass loss from decomposing leaf litter was analyzed using Olson’s (1963)
standard exponential decay function: X/Xq = e kl where X/Xq is the fraction of initial mass

remaining (X is the litter mass at time t, X„ is the initial mass), t is time, and k is the decay
constant (the slope of the linear regression) fit to litter for each species. Turnover (1/k)
of leaf litter of each species was compared to total litterfall turnover (or mean residence

time) calculated as the quotient of the species’ mean for annual standing litter stock and

total annual litterfall. Turnover calculated as 1/k assumes that litterfall and accumulation

on the forest floor is at steady-state (Singh and Gupta 1977).

Changes in chemical composition in leaf litter over time were analyzed using
absolute values of C, N, and P contents, calculated as the elemental concentrations of leaf

litter from the initial and subsequent bimonthly collections multiplied by the fraction of the

original litter mass remaining, and expressed as a percent of the original C. N, or P

fraction content.

Fluctuations in Soil P Availability

Anion exchange resin membranes (AERMs) were used to monitor monthly
fluctuations in “bioavailable” P, or solution Pi, in the top 5 cm ofmineral soil, particularly
changes in P availability associated with litter decomposition on the agroforest floor.

Specifically, AERMs were used to determine if agroforest soil Pi availability 1) varied in

response to periods of high productivity when P demands are greater in the system, 2)
fluctuated seasonally in response to changes in precipitation, soil moisture and
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temperature, and, 3) differed between root mat organic matter, bare mineral soil, and soil

covered with fallen litter. The root mat of peach palm rises up to 1.0 meter above the soil

surface, encircling the multiple stems of each individual. Fallen leaves and reproductive

parts accumulate and decompose in this superficial mat of adventitious roots, potentially

providing a non-soil source of nutrients for uptake by the palm.

Methods for membrane preparation and placement were similar to those described

by Cooperband and Logan (1994). For each monthly measurement, 72 12.5 cm2 (2.5 x

5.0 cm) strips were cut from one 90 cm2 AERM sheet (type 204-U-435, Ionics,

Watertown, MA) and rinsed with deionized water (DI FLO). This size strip contains

approximately 1.0 g dry resin and has the capacity to sorb 272 mg P. After attaching a

thread to the end of each strip, the membranes were eluted with 0.5 M CH3COONH4

(ammonium acetate) for 12 hours, and then re-rinsed with DI FLO to remove excess

solution. Cooperband et al. (In press) found that AERMs sorbed significantly more Pi

when eluted with CH3COONH4 than with NaCl.

From October 1995 through January 1996, monthly changes in overall P

availability in agroforest soil were measured from 8 randomly-located membranes per

block. During the second week of each month, the membranes were inserted vertically

into a slit made in the top 5 cm of soil using a trowel. Following membrane placement,

the opening was reclosed by pressing soil against both sides of the strip to ensure close

contact between membrane and soil. The threads attached to each strip were tied to flags

for later identification of membrane location. Four membrane strips per block were also

placed in the decomposing organic matter accumulated in the peach palm’s superficial root
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mat to monitor P availability in this non-soil-root interface. By February, the organic

matter in the palm root mat had disappeared completely, leaving nothing but bare roots, so

membrane placement was discontinued in this location until September when litterfall had

again accumulated in the root mats. From February through November, AERMs were

placed (as described above) in bare mineral soil in agroforest alleys, and in soil covered by

fallen leaf litter beneath the canopies of peach palm and cupuassu. Four membrane strips

per soil location (alley, cupuassu, palm) were placed in each plot, and the randomly-

selected locations changed each month. Throughout the 14-month study period,

membranes in all locations were removed after 10 days, rinsed thoroughly with DI H20 to

remove debris, placed in polypropoiene vials filled with 60 ml DI H20 plus one drop 5%

mercuric chloride (to prevent bacterial and fungal growth), and refrigerated until

extraction. Twelve membrane strips per month were reserved for use as blanks, and

otherwise treated exactly the same as those placed in soil.

Orthophosphate sorbed onto the AERMs was extracted (exchanged?) by shaking

each membrane with 20 ml 0.5 M CH3COONH4 in a 50 ml centrifuge tube on a

reciprocating shaker for two hours. The membranes were removed from solution and the

extracts were analyzed for Pi concentrations colorimetrically using the molybdate blue

method (Murphy and Riley 1962) on a Milton Roy Spectronic 1201 spectrophotometer.

Phosphorus concentrations per 20 ml of extract were expressed on a per membrane basis

(/¿g membrane'1), or per kg resin, after subtracting mean monthly Pi concentrations in

extracts from membrane blanks. Phosphorus concentrations from field membrane extracts

that were lower than that ofblanks were considered to be zero.
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Concurrent with membrane placement and pick-up throughout the 14-month study

period, gravimetric water content in the top 5 cm of soil was measured twice monthly

from fresh samples collected from four random locations per plot. The soil samples were

oven-dried to a constant mass, and soil moisture was expressed as a percentage of dry

mass. Soil temperature was also measured using dial thermometers placed in the top 5 cm
t

of soil in the same general location from which soil moisture was sampled.

Statistical Analyses

Differences in P availability by membrane location or month were analyzed in a

two-way ANOVA model with these effects and their interactions using SAS (SAS

Institute, Inc., Cary, NC). Orthogonal contrasts were used to identify specific differences

in P availability among membrane locations and months. To analyze the difference in

overall soil P availability compared to that found in root mat organic matter, AERM-P

values were pooled across the 3 soil membrane locations (cupuassu litter, peach palm litter

and bare mineral soil) by month and used in a two-way ANOVA model. The months

during which root mat P availability was not measured were eliminated from the analysis.

Regression analyses were used to determine ifmonthly changes in dry matter and absolute

mass of C, N, and P, as well as the decomposition constant (K) of leaf litter differed

between the two agroforest components. A t-test was used to determine if initial and final

C, N, and P concentrations of leaf litter differed between the two species. Litterfall and

fruit harvest data represent the monthly mean of five blocks ± one standard error; a

statistical test could not be performed on these data due to the lack of independence

among blocks.
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Results

Litterfall and Fruit Production

Combined litterfall and fruit production in the agroforest was highest during the
mid rainy season months of January and February when a peak in peach palm fruit harvest

was observed (Figs. 5-lb and 5-2). From November 1995 through March 1996, the

heavier of the two peach palm production periods, palm fruit harvest ranged from 9.6 ±

2.4 to 157.5 ± 26.9 g m'2. Harvest of cupuassu fruit was considerably less, ranging from

1.0 ± 0.02 to 24.9 ± 0.1 g m'2 during the months of January through June. However,

monthly cupuassu litterfall production peaked during this period (12.2 ± 10.4 to 25.3 ±

21.3 g rri2), due to the abscission of aborted fruit. Overall productivity in the agroforest

was lowest during June and July, the two driest months of the study period. August was
marked by unseasonably high rainfall, an increase in peach palm litterfall, the beginning of
the second season of peach palm fruit production, and a peak in cupuassu leaf litterfall.

Peach palm litterfall was highest during the early rainy season months of September and

October, 1996. Total litterfall production by peach palm and cupuassu trees over a

twelve-month period was 623 and 99 g m'2, respectively. A breakdown of dry matter and

C, N, and P contents of total litterfall by species and plant part is presented in Chapter 6.
Decomposition and C. N. and P Dynamics

Initial P concentrations of leaf litter collected in October 1995 were greater for

peach palm (0.05 ± 0.003 %) than for cupuassu (0.022 ± 0.001 %), but C concentrations

were higher in the latter (50.5 ± 0.3%) than in the former (44.6 ± 0.2%) (P < 0.0001). As
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a result, the C-to-P ratio for cupuassu leaf litter was nearly 2.5 times greater than that of

the palm (P¿ 0.0001). After 12 months, the absolute mass of P contained in peach palm

leaf litter was 45% of that initially measured (Fig 5-3a), whereas that in cupuassu litter

increased over time so that by the end of the study period, this species’ leaf litter P mass

was 70% greater than that initially measured (Fig. 5-3b). Initial leaf litter N

concentrations (0.97%) did not differ between the two species, but the C-to-N ratio of

cupuassu litter was greater than that of the palm (P< 0.007). There was no significant

change in N mass of cupuassu leaf litter throughout the course of 12 months, and despite

similar initial leaf litter N concentrations, monthly losses ofN mass from peach palm litter

were greater than those for cupuassu (P^ 0.0001). Similarly, the fraction of initial C mass

remaining in peach palm leaf litter after 12 months (29.7 ± 1.2%) was half that of

cupuassu (62.0 ± 1.8%). Initial N and P concentrations of abscised peach palm leaflets

(1.33 ± 0.09 and 0.09 ± 0.005 %, respectively) were higher than those of the composite

nutrient content of rachis and leaflets, and the leaflet fraction decomposed so rapidly that

by the end of the 12-month study, only rachis remained in the decomposition bags.

Throughout the study period, monthly decreases in peach palm leaf litter dry

matter and elemental mass were significantly greater than those of cupuassu (P < 0.0001).

After one year, only 40% of the initial peach palm leaf litter mass remained in the

decomposition bags, compared to 75 % of original mass remaining in cupuassu bags.

Accordingly, the decay constant (k) for peach palm leaf litter (2.12) was five-fold greater

than that for cupuassu (0.42) (P < 0.0001). Leaf litter turnover time, using 1/k as an

estimate, was 2.4 years for cupuassu and under 6 months for peach palm.
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Estimates of litter turnover times, calculated as the quotient of standing litter to

total annual littterfall, or mean residence time, differed from 1/k. The turnover time of all

cupuassu litterfall (including reproductive parts, 0.91 yr) was 2.5 times less than that

predicted for leaf litter alone using 1/k (Table 5-1). The mean residence time of total

peach palm litterfall (including woody petioles, 0.82 yr) was greater than that predicted for

leaves in decomposition bags (0.47 yr). Total standing litter mass of either species did not

differ among the four sampling dates.

Table 5-1. Dry matter, P and N content and turnover times of standing stock
litter and total annual litterfall for three Amazonian agroforest species. Stocks
and fluxes of P and N were calculated as the product of dry mass and nutrient
content for each species and plant part. Turnover was the quotient of standing
stock litter and litterfall. Data are means of five blocks (± one standard error).

Peach Palm Cupuassu

Standing stock litter (g m'2) 515.2 ± 82.6 78.9 ±9.1

Standing stock litter P (g m'2) 0.29 0.02

Standing stock litter N (g m'2) 5.11 0.89

Total litterfall (g m'2 yr'1) 629.0 ± 18.3 87.2 ± 5.9

Litterfall P flux (g m'2 yr'1) 0.70 0.08

Litterfall N flux (g m'2 yr'1) 8.66 1.34

Litter turnover time (yr) 0.82 0.91

Litter P turnover time (yr) 0.41 0.25

Litter N turnover time (yr) 0.56 0.75

Temporal Fluctuations in Soil P Availability

Monthly values for AERM-P, (averaged across membrane soil locations from

February through November 1996), fluctuated significantly throughout the study period,
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Fig. 5-4. Fluctuations in soil P availability in an eight-year-old Amazonian agroforestmonitored using anion exchange resin membranes (a) averaged across membrane locationsfrom October 1995 through November 1996, and (b) in bare mineral soil and soil covered
by either peach palm or cupuassu litter from February through November 1996. Data are
monthly means (± one standard error).
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especially during the rainy season when membrane P fell from 1.62 ,ug in December to

0.014 ¿¿g in January (Fig. 5-4a) (P < 0.0001). Overall, AERM-P was greatest in

November and December of 1995, which corresponded with the beginning of the rainy

season (when monthly precipitation surpassed 100 mm) and an increase in soil moisture

during the latter month (Figs. 5-1 and 5-5). January’s drop in AERM-P coincided with

an increase in peach palm fruit harvest, which later peaked the following month (Figs.5-2

and 5-4a). During the mid- to late-rainy season (February through April), AERM-P

increased somewhat from its low point in January, but remained below values observed

during the early rainy season. By the mid dry season (June and July), soil moisture,

temperature and AERM-P was significantly lower than that measured during the early and

mid rainy seasons (Figs. 5-1, 5-4a and 5-5) (P< 0.001). In August, an increase in AERM-

P was observed (P< 0.006), which corresponded with an unseasonably high amount of

precipitation and a rise in soil temperature. Both rainfall and AERM-P dropped in

September, and then rose again in October, but soil moisture content and temperature

continued to increase from August through October.

Spatial Fluctuations in P Availability

From February through November, average P availability was higher in soil

covered by peach palm litter (0.393 ± 0.134 ¿¿g membrane'1) than in bare mineral soil

(0.185 ± 0.061 ¿¿g membrane'1) (P ¿ 0.030, Fig 5-4b). Specifically, membrane P was

greater in soil beneath palm litter near the height of the rainy season in February, and

during the early rainy season months of October and November, 1996 (P< 0.005). In

general, membrane P in bare mineral soil did not differ from that underlying cupuassu
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litter, except during the month ofAugust when there was a sharp increase in P availability,

followed by a decline in October. Phosphorus availability in soil covered by peach palm

litter was also greater than that of soil beneath fallen cupuassu leaves (P< 0.06). During

the seven months in which it was possible to measure AERM-P in the root mat of peach

palm, membrane P in the decomposing organic matter accumulated in this location was

always greater than that found in bare mineral soil or in soil covered by fallen litter (P<

0.01, Table 5-2).

Table 5-2. Monthly values for bioavailable phosphorus in organic matter accumulated in
the superficial root mat of peach palm and in the top 5 cm ofbare mineral soil in an eight-
year old Amazonian agroforest. Available P is always greater in root mat organic matter

Month

Bioavailable P (//g membrane'1)

Organic matter
(root mat)

Mineral soil

(all locations)
October ‘95 1.41 ±0.38 0.41 ±0.08

November ‘95 30.00 ± 12.0 1.62 ±0.45

December ‘95 5.94 ±0.56 1.78 ±0.37

January ‘96 0.81 ±0.29 0.02 ±0.004

September ‘96 8.22 ±4.53 0.22 ± 0.02

October ‘96 43.29 ±24.39 0.69 ±0.16

November ‘96 9.46 ± 1.63 0.93 ±0.33
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Discussion

Litter Decomposition and P Dynamics

Many studies have shown that litter chemical properties such as lignin, polyphenol,

and tannin concentrations, significantly influence decomposition and mineralization rates in

tropical tree litter (Palm and Sanchez 1991, Constantinides and Fownes 1994, Mesquita et

al. 1998). Nevertheless, initial N and P concentrations in litter, as well as C-to-N and C-

to-P ratios, often provide a good indication of litter biodegradability (Swift et al. 1979,

Taylor et al. 1989, Cortez et al. 1996). Despite the fact that both peach palm and

cupuassu leaf litter had similar N concentrations, dry matter and elemental loss from

cupuassu leaves were much lower, and the patterns of loss differed considerably between

the two agroforest components. Peach palm leaves appeared to lose C, N and P, at

somewhat similar rates, while the absolute mass ofN in cupuassu leaves remained

constant, and that of P increased. The initial P concentrations of leaf litter from both

agroforest species were low compared to other studies of tropical trees, which range from

0.05 to 0.22 % (Palm and Sanchez 1990, Montagnini et al. 1993, Cornejo et al. 1994,

Songwe et al. 1995, Byard et al. 1996). Net immobilization, as indicated by an increase in

litter nutrient content above 100 percent of the original mass, occurs in substrates deficient

in the nutrients needed by decomposers for metabolic processes (Palm and Sanchez 1990),

and the duration of P immobilization in tropical tree leaf litter has been shown to vary

from a month to several years (Montagnini et al. 1993, Cornejo et al. 1994, Songwe et al.

1995). Net P immobilization in cupuassu leaf litter, presumably induced by the initially
low Pcontent and high C-to-P ratio of this substrate, began during the mid-rainy season, at
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least four months after abscission from the tree, and continued throughout the study

period. Because immobilization takes place when decomposing organisms utilize and

accumulate nutrients from the soil solution (Palm and Sanchez 1990), the fact that

cupuassu leaves acted as a sink for P as decomposition proceeded likely explains why

AERM-P in soil covered by this species leaf litter was generally low. In contrast, net P

mineralization occurred from bagged peach palm leaf litter, as demonstrated by a decrease

in litter P mass over time, perhaps because the initial composite P concentration of palm

leaflet and rachis litter was twice as high as that of cupuassu. and the C-to-P ratio was also

significantly lower. In addition, the hundreds of small tender leaflets comprising over half

the mass of a peach palm leaf provide a much greater surface area of edge for

decomposers to attack, and this undoubtedly facilitates the breakdown and release of

nutrients from this litter fraction. Consequently, overall AERM-P was greater in soil

covered by palm litter than by that of the more P-deficient cupuassu leaves.

The standing litter/litterfali quotient used to estimate total litterfall turnover

suggests that P mineralization from cupuassu surface litter occurs within approximately
three months. This may be due to, in part, the fact that the turnover time calculated as the

quotient of standing litter and litterfall comprised all fallen litter, including reproductive

pans that have relatively high P concentrations (0.12 to 0.17%), increasing the likelihood

that this fraction decomposes more rapidly than leaf litter. Aborted cupuassu fruit

accounted for 70% of litterfall mass, but less than 20% of standing litter stock. When

measuring soil P availability, the AERMs were always placed in soil beneath cupuassu leaf

litter. However, the lack of difference in the standing litter stock among the four sampling
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dates suggests that cupuassu litter does not accumulate on the agroforest floor on a yearly

basis, and there was some evidence to suggest that this species’ leaf litter may decompose

more rapidly than the results of the litterbag study indicate. Although the litterbag

technique is widely-used for estimating decomposition rates, acknowledged shortcomings

of this method include the exclusion of soil macrofauna by the mesh size of the bag,

microclimate alteration, and less soil surface contact with bagged litter (Swift et al. 1979).

The important role of soil invertebrates in the comminution of litter is widely recognized

(Singh and Gupta 1977, Lavelie et al. 1992), and large holes, presumably created by

insects, were regularly observed in (unbagged) cupuassu leaf litter. These holes were

absent in leaf litter confined to mesh bags, suggesting that macrofauna may be important

during the initial stages of cupuassu leaf decomposition. Nevertheless, lower initial P

contents and a higher C-to-P ratio of fallen cupuassu leaves, compared to peach palm, do

suggest that P release from this fraction of litter is slower than that of the palm.

The lower turnover time of total peach palm litterfall (standing litter/litterfail

quotient), compared to that estimated for leaf litter alone, may be due to the fact that

approximately 28% of fallen peach litter was comprised ofwoody petioles that have very

low N concentrations (0.80 ± 0.06 %), resulting in a relatively high C-to-N ratio (68)

compared to that of leaflets and dicot leaves (29 to 38). The chemical composition and

physical structure of palm petioles, which are several centimeters thick, likely precludes

rapid decomposition of this fraction. The absence of this more recalcitrant constituent of

palm litter from the decomposition bags may explain why the turnover time of leaf litter

(1/k) was greater than that of standing litter. Ewel (1976) attributed the slow
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decomposition of palm (Orbignya spp.) leaves to structural characteristics. Furthermore,

a comparison of peach palm iitterfall in October 1995 and in October 1996 suggests that

litterfall in this species had not yet reached a steady-state, as indicated by greater fallen
litter during the latter month, and in such circumstances, turnover times would be

underestimated However, using either estimate of turnover, it appears that peach palm
litter remains on the agroforest floor for less than one year.

Anion Resin Exchange Membranes and Soil P Availability

As a composite index, the AERMs appeared adequately sensitive to detect

monthly fluctuations in soil solution P, despite very low concentrations of dilute-acid

flouride- and resin-extractable soil P. The 14-month average AERM-P content extracted

from membranes placed in soil (0.51 ± 0.14 /¿g membrane'1, or 0.51 mg kg'1 resin) was
much lower than values reported by Yavitt and Wright (1996) who found that monthly P

accumulation in resin bags placed in the top 10 cm of a forested Panamanian Alfisol varied

from approximately 2 to 15 mg kg'1 resin over a 5 year period. In contrast, AERM-P

found on membranes placed in the organic matter in the palm root mats was comparable
to, and sometimes exceeded, values cited in the Panamanian study. The large difference in

monthly soil P availability between the studies could be attributed to both differing
sorption capacities and P contents of the two soils. The high clay and low extractable-P

content of the agroforest soil is typical of other tropical Ultisols, and increases the

likelihood that P released into the soil solution is quickly sorbed onto clay surfaces or
taken up by competing plant roots and microbial populations (Van Wambeke 1992,

McKean and Warren 1996). Decomposing litter caught in the superficial palm root mats
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has little if any contact with soil (until smaller fragments are washed down through the

roots by rainfall), reducing the likelihood that mineralized P was quickly sorbed to soil

solids.

Cooperband and Logan (1994) note that P diffusion within a resin-filled bag may

differ from that in the soil solution, and unlike the two-dimensional membranes, P sorbed

to resins in a bag likely has less contact with clay surfaces. Because of the high surface

area contact between soil and membrane, it is possible that P sorbed onto AERMs is

reexchanged or immobilized by microbes during the 10-day field incubation period. In

contrast to the assumption that AERMs act as infinite sinks for P, Cooperband and Logan

(1994) demonstrated that the behavior of AERMs in situ is influenced by soil mineralogy,

P retention capacity and microbial-biological demand. During the dry season months of

June and July, when both soil moisture (and thus P diffusion rates) and AERM-P were

low, extracts from membrane blanks, which contained the usual trace amount of P, often

had higher concentrations of P than those extracted from field-incubated membranes. This

suggests that the trace contamination originating from the ammonium acetate eluant used

to saturate the AERMs was immobilized by microbes or desorbed from the membranes’

surface during the incubation period. The fact that AERMs potentially behave as dynamic

exchangers in field conditions should not detract from their use as a qualitative composite

index of soil P availability; however, it may preclude their use for in situ measurement of P

mineralization.
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Spatial and Temporal Fluctuations in Soil P Availability

Fluctuations in soil P availability appear to be most related to seasonal changes in

monthly precipitation. For example, AERM-P is greatest during the early rainy season

months of both 1995 and 1996. As indicated by Fig. 5-1, the study region’s nine month

wet season typically begins in October, and is characterized by monthly rainfall greater

than 100 mm. Below average precipitation in October, 1995, delayed the onset of the wet

season; however, when rainfall exceeded 100 mm the following month, a peak in

membrane P was observed. A sharp increase in AERM-P was also seen at the end of the

dry season during the month of August, 1996, which received an unseasonably high

amount of precipitation. During both November 1995 and August 1996, soil moisture

remained unchanged from that measured the previous month, despite monthly rainfall

exceeding 100 mm. This suggests that a wet-dry cycle was initiated during these months

with a few large rainstorms that interrupted relatively dry periods. Records show that

81% ofNovember's precipitation fell in six days (UFAC unpublished), and the above-

average air temperatures that occurred during this month likely increased

evapotranspiration and soil drying. Similarly, the precipitation received in August, which

is normally the driest month of the year, fell in four rain events.

Studies carried out in both wet and seasonally dry tropical forests have

demonstrated that pulses ofN and P induced by cycles of soil-wetting and -drying may

represent processes critical to the cycling of nutrients in these ecosystems (Singh et al.

1989, Luizao et al. 1992, Srivastava 1992, Davidson et al. 1993, Diaz-Ravina 1995). In

tree plantations and terra firme forest located in the central Amazon Basin, Smith et al.
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(1998) found that alternate cycles of soil-wetting and -drying caused by sporadic rainfall at

the end of the rainy season coincided with annual peaks in N mineralization. Studies of

soils in India demonstrate that pulses in soil N and P availability during the beginning of

the wet season were correlated with significant decreases in microbial biomass (Singh et

al. 1989, Raghubanshi et al. 1990, Maithani et al. 1996), and Srivastava and Singh (1991)

attributed a decline ofmicrobial C, N, and P in soils of several tropical dry ecosystems to

the lysis ofmicrobial cells provoked by the onset ofmonsoonal rains. In contrast, Luizao

et al. (1992) found that rewetting soil samples collected from an Amazonian rainforest

after a dry period induced net-immobilization ofN. In the present study, an increase in P

availability in soil covered by fallen litter, particularly that of cupuassu trees, coincided

with unusually high precipitation during the normally dry month of August. Whether or

not such an increase in P availability can be attributed to the lysis ofmicrobial cells at the

end of a dry period is obviously unknown; however, it seems plausible that cycles of soil¬

wetting and drying could stimulate biologically-mediated transformations of P in soil

organic matter. With the potential for microbial immobilization of P in cupuassu leaf litter

so high, the August pulse of P in the soil beneath this species litter might be explained by
sudden microbial or fungal release if some of the decomposers were indeed susceptible to

lysis upon wetting. Alternatively, the first wet-season rains can initiate synchronous

decomposition of litter accumulated over the dry season, also resulting in a pulsed nutrient

mineralization (Lodge et al. 1994). The August rise in soil P availability beneath cupuassu

litter also coincided with a peak in this species’ leaf litterfall and perhaps P was leached

out of freshly fallen litter prior to the initiation of decomposition and net P immobilization.
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It is notable that AERM-P decreased and remained lower during the months following

peak cupuassu litterfall, when immobilization of P in decomposing cupuassu leaf litter

might occur as conditions favorable to microbial populations (adequate moisture and

substrate) persisted. Similarly, during the early rainy season (October and November) a

sharp increase in AERM-P on membranes placed in soil covered by peach palm leaf

occurred during this species’ peak litterfall months. This could be attributable to initial

nutrient leaching of freshly fallen leaves, or, as the results of the decomposition study

suggest. P mineralization from decomposing palm litter during the first few months after

abscission.

The consistently low levels ofAERM-P on membranes placed in bare mineral soil

throughout the dry season, as well as during the late and early rainy seasons of 1996, are

likely due to the fact that there is considerably less organic matter from which P can be

mineralized in this location. With solution P concentrations so low in this location, it

seems probable that any small amount of P mineralized would be sorbed immediately to

soil solids. In addition, in all membrane locations during the dry season months of June

through August, one would expect the rate of P diffusion through the soil solution to

decrease considerably in response to the drop in soil moisture content (Nye and Tinker

1977). While the exact soil locations where peaks in AERM-P occurred during the

months ofDecember and January, 1995, are unknown, the random distribution of

membranes in soil during this period allows for the possibility that some AERMs were

placed beneath decomposing litter which would serve as a source of higher P

mineralization.



119

Pulsed P Availability and Agroforest Productivity

Raghubanshi et al. (1990) suggested that the pulsed turnover ofmicrobial nutrients

early in the rainy season supports the initiation of plant growth and shortens the net

immobilization phase of litter decomposition. Whatever the cause of observed P pulses

early in the rainy season, it seems that such an increase in soil P availability may critical to

agroforest productivity. For example, flowering in cupuassu begins during this period, as
does the second season of peach palm fruit production, and P deficiencies have been

shown to limit the formation of reproductive organs (Marschner 1995).

Conversely, another significant factor controlling soii P availability in the

agroforest soil may be uptake by plants and competing microbial populations during
periods of high P demand. AERM-P dropped during the mid- rainy season, a period

during which the P requirement of both cupuassu and peach palm was high due to fruit

production. It seems logical that microbial populations would flourish during the rainy
season when soil moisture is high and abscissed fruit and litter abundant, initiating even

greater competition for solution P as P was immobilized by decomposers working on P-

poor cupuassu leaf litter. Marts et al. (1991) found that NH4+ -N was immobilized in

forest and savanna soils during the wet season in northern Brazil. Singh et al. (1989),

however, demonstrated that microbial biomass in tropical dry forest and savanna was

highest during the dry summer, when plant demand for nutrients was minimal, and

decreased considerably during the rainy season, hypothetically due to consumption of
microbes by nematodes and protozoa.
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Whether or not microbial demand is high dumg the wet season, the rainy season is

obviously a period of high P demand by the agroforest’s perennial components, and low

soil P availability at this time could affect the production by the system’s different

components differentially. Peach palm appears to employ several mechanisms for P

acquisition, such as aggressive root proliferation, resulting in root growth up to nine

meters from the stem (Ferreira et al. 1989), as well as the maintenance of a superficial root

mat that entraps fallen litter. In particular, it seems likely that the high P environment in

the peach palm root mat is most effectively exploited by that species alone, if these roots,

infact, are physiologically capable of ion absorption. Other studies demonstrate that roots

in superficial mats do take up ions, and represent an effective strategy for more efficient

nutrient acquisition Went and Stark (1968) first hypothesized that root growth in

superficial mats associated with fallen litter led to a more efficient recovery of nutrients in

tropical rainforests, and Stark and Jordan (1978) demonstrated that less than 1% of 32P

applied to the surface of native forest root mats passed through the root mat into the soil.

St. John (1983) found that superficial root proliferation in decomposing litter on the floor

ofAmazonian native forests resulted from random encounters of growing roots with

organic matter, followed by increased branching in at that site.

Cupuassu, on the other hand may not be as well adapted to compete for P in such

conditions, and indeed, despite the fact that it was initially planted in greater numbers in

the agroforest, biomass production by this species is a small fraction of that produced by

the palm (Chapter 6). In addition, the total mass of cupuassu fruit aborted (70 g m'2)

during the rainy season was as great as that harvested (69 g m‘2) throughout the study
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period, and this high proportion of prematurely abscissed fruit may reflect a nutrient

deficiency (Ventureiri, pers. comm ).

Conclusions: Implications for Agroforest Management

The results of this study indicate that soil P availability in Amazonian agroforests

may be highest at the beginning of the rainy season when both litterfail and a cycle of soil¬

wetting and drying is initiated after the dry season Although explanations for the exact

mechanisms responsible for pulsed nutrient release vary among studies, it appears that

nutrient pulses associated with seasonal fluctuations in precipitation are a common and

important dynamic in tropical forest biogeochemical cycles. In the present study, pulsed P

availability may be critical to initiating fruit production and stand growth, as flower and

new leaf formation generally recommence at the end of the dry season. Greater P demand

by agroforest components during the early to mid-rainy season, necessary for peak fruit

and litterfail production (especially that of peach palm), may explain why soil P availability
is relatively low during the height of the rainy season, despite conditions favorable for

decomposition and mineralization, such as abundant moisture. Low P availability due to

increased competition during this season could perhaps limit fruit production and harvest

in one or both species.

Considerably higher AERM-P in the root mat of peach palm, and in the soil

covered by its litter demonstrated spatial heterogeneity in agroforest soil P availability. In

particular, peach palm leaflets, which have relatively high P concentrations and comprise

49% of this species' fallen litter, appear to decompose and release both N and P rapidly,

within 12 months, and consequently, soil P availability was greater beneath this species’
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canopy, where fallen litter accumulates. Furthermore, the decomposition of organic

matter trapped in the peach palm’s superficial root mat appears to provide a non-soil

source of high P availability and it is possible that this heterogeneity in P availability is

most effectively exploited by the palm itself

While P immobilization in initially P-poor cupuassu leaf litter may contribute to

lowered P availability in soil beneath this species leaf litter, it appears that P is released

relatively rapidly from other fractions of this species’ litter, such as abscissed reproductive

tissues. From a management perspective, it would appear reasonable to apply soil

amendments just prior to or during the rainy season months of January through April or

May, when soil P availability appears uniformly low, and P requirements by both cupuassu

and peach palm are high. This period may also coincide with greater labor availability

during the rainy season months. Furthermore, the cause for the high rate of eariy fruit

abscission during the mid to late rainy season in cupuassu is unknown, and since P is

important to the formation of reproductive structures and fruit ripening, fruit production

by this species might benefit from increased soil P availability during the fruiting period.

In particular, small applications of inorganic fertilizer directed beneath the cupuassu

canopy in fallen leaf litter may stimulate decomposition and mineralization from this

ordinarily P-poor and recalcitrant fraction. Because the roots of this species are generally

concentrated beneath the canopy (Venteireri pers. comm ), such a directed application

might increase the chance that the added P is taken up by roots, and perhaps, minimize

sorption onto soil solids. Because peach palm leaves are higher in P and decompose

rapidly, physically placing abscised palm leaves directly under the cupuassu canopy may
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represent a relatively easy and low cost way of increasing P availability to cupuassu.

Further extended study of the spatial and temporal fluctuations in both P and N availability

may reveal more information regarding the mechanisms behind pulsed nutrient release in

Amazonian tree-based ecosystems and lead to more refined management practices that

enhance productivity of all crop components, as well as sustain system productivity in the

future.



CHAPTER 6
NET PRIMARY PRODUCTIVITY, NITROGEN AND PHOSPHORUS

CYCLING IN AN AMAZONIAN AGROFOREST NINE YEARS
FOLLOWING FOREST CONVERSION

Introduction

The world’s largest region of intact tropical forest, an area covering 5.5 million km':.
lies in South Americas Amazon Basin (Browder 1988). Two-thirds ofAmazonia is located

in Brazil, where high rates of deforestation over the past two decades have been driven

primarily by forest clearing for pasture and shifting cultivation of annual crops (Fearnside

1993, Serao et al. 1996). Although widespread, these land-uses have proven relatively
unsustainable, often resulting in rapid soil degradation, lowered agricultural productivity, farm
failure, and land abandonment, all of which lead to continued deforestation (Hecht and

Cockbum 1990, Skole et al. 1994). More recently, commercial perennial crop-based

agroforestry systems have emerged as a promising Amazonian land-use alternative with the

potential to reduce soil degradation, improve living standards, and decrease pressures on

remaining forested areas (Smith et al. 1997). While annual and perennial crops have

traditionally been grown together in multi-story tree gardens, the production of high value

perennial cash crops in plantation agroforests represents a relatively new practice in Amazonia

(Nair and Muschler 1993, Smith et al. 1997).

124
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Both the potential economic and ecological advantages of tree-based agroecosystems

arise in part from their longevity which promotes a more closed cycling of nutrients that may

extend the productivity of land already cleared (Ewel 1986, Smith 1990). In principle, deep-

rooted perennials intercept cations and nitrate otherwise leached from the soil surface, storing

and cycling these nutrients in living biomass, fallen litter and decaying fine roots, while

reducing erosion losses by physically protecting the soil (Nair 1989, Young 1989). It is such

nutrient conserving mechanisms that help sustain native forest systems growing on highly

weathered Amazonian soils (Jordan 1985). Like trees in forest ecosystems, the potential also

exists for some perennial crops to benefit from less labile forms of P. made available through

mycorrhizal associations and root exudates that solubilize organic P, as well as aluminum and

iron phosphates (Young 1989, Fox et al. 1990, Bolán 1990, Attiwill and Adams 1993).

Moreover, soil degradation and nutrient depletion resulting from crop removal is potentially
less if the products harvested represent only a small proportion of the system's total organic

matter and nutrient stores (Jordan 1987).

Research investigating alterations in nutrient cycling and carbon storage resulting from
forest conversion to other Amazonian land-uses has been important both to understanding the

impact of deforestation on regional biogeochemical cycles, and to improving management

practices so as to minimize environmental degradation (Sanchez et al. 1983, Uhl and Jordan

1984, Cerri et al. 1991, Nepstad et al. 1994, Szott et al. 1994). Studies have also

demonstrated the relative importance of biomass accumulation by secondary successional

regrowth in abandoned agricultural plots and degraded pastures to regional carbon balances

(Brown et al. 1992, Feamside 1996). Although it is largely accepted that agroforestry



126

systems offer greater ecological stability than shifting cultivation and extensive cattle

ranching, few studies exist ofnutrient dynamics in Amazonian agroforestry systems, perhaps

because perennial cropping systems have traditionally comprised a minor fraction of total

land-use in this region (Benites 1990, Vosti et al. 1997). The few documented examples of

successful agroforestry plantations in Amazonia, such as the black pepper-based systems in

the Japanese settlement of Tomé-Afu in eastern Brazil (Subler and Uhl 1990) and alley

cropping trials in Yurimaguas, Peru (e g., Szott et al. 1991), have required high inputs of

labor and materials, resources not easily obtained by most small farmers (Anderson 1992).

Likewise, data on organic matter and nutrient cycling in plantation agroforests from long-term

trials of fertilized cacao- and coffee-based systems growing on inherently more fertile Costa

Rican soils (Glover and Beer 1986, Beer et al. 1990, Fassbender et al. 1991) do not represent

the conditions faced by farmers in Amazonia. The paucity of data on farmer-managed
Amazonian agroforestry systems makes it difficult to evaluate their true potential for

ecological sustainability relative to other land-uses.

More recently, economic factors, such as low cattle prices and the burdensome labor

required for shifting cultivation in nutrient-poor Amazonian soils, have made commercial

plantation agroforestry systems a more attractive option for small farmers (Smith et al. 1997).

In the late 1980's producers groups established a variety of market-oriented agroforestry

systems in several communities in the western Amazon Basin that have proven initially very

productive. These agroforests are primarily low- or no-input systems because both access

to, and experience using, chemical fertilizers or large quantities of organic residues to

maintain soil fertility have been limited in this region. The emergence of low input
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commercial plantation agroforests among farmers in Aeré and Rondónia, Brazil, provides an

opportunity to investigate productivity and nutrient cycling in Amazonian tree-based

agroecosystems, and to begin assessing the extent to which these systems do offer a more

sustainable alternative to other land-uses in the region.

This study ofon-farm nutrient dynamics in an eight year old agroforestry system had

two objectives. First, agroforest above- and below-ground net primary productivity (NPP),

defined here as the annual accumulation oforganic matter per unit of land, was quantified and

compared to data reported for forests and other land-uses. Secondly, the agroforest’s stores

and fluxes of nitrogen (N) and phosphorus (P) were measured over one year to construct an

annual budget, and using a mass balance approach, to determine how much of the system's

N and P requirement is met through internal cycling, taken up from soil stores, and removed

from the system with crop harvest. Nitrogen and phosphorus were studied specifically

because deficiencies of these two nutrients constrain agricultural productivity in 90% of

Amazonian soils (Nicholases et al. 1985). The data on agroforest productivity and N and

P cycling were then used to evaluate the potential for commercial plantation agroforestry

systems to offer a more ecologically sustainable alternative to other Amazonian land-uses.

Methods

The Study Area

The study site is located in the rural community ofNova California which lies on the

border of the Brazilian states of Aeré and Rondónia in the western Amazon Basin (10°S,

67 °W). The life zone in this region is humid tropical forest (Holdridge 1978) and the native

upland terra firme forest comprises both deciduous and evergreen broadleaf tree species.



128

Average air temperature is 26° C and mean annual rainfall over the last 10 years is

approximately 2000 mm with a three-month dry period occurring from June through August

(UFAC unpublished). Regional soil maps show a matrix ofyellow Latisols (Oxisols) and red-

yellow Podzolics (Ultisols), which are acidic and low in base cations and readily-extractable

inorganic P (Pi) as a result of intense weathering (Sousa 1991). Physical and chemical

analyses of soil from the research site (Table 6-1) demonstrate properties consistent with a

clay loam Typic Kandiustult (Soil Survey Staff 1992).

The study took place in an eight-year-old peach palm (Bactns Gaesipaes Kunth)-

cupuassu (Theobroma grandiflorum (Willdenow ex Sprengel) Schumann)-Brazil nut

{Bertholletia excelsa Humb. & Bonpl.) agroforestry system. This particular system was

established on over 200 farms throughout the region in the late 1980's by the RECA

(Economic Partnership for Reforestation) project, a group of colonist farmers searching for

a more economically and ecologically viable alternative to other Amazonian land-uses. Peach

palm, a fast-growing muiti-stemmed monocot, is planted by farmers for heart-of-palm

(which may be harvested without killing the main stem) and its beta-carotene- and energy-rich

fruits. Cupuassu is a broad-leafmiddle canopy component ofmany Amazonian

agroforests, the primary product ofwhich is a creamy fragrant pulp harvested from its large

pods. Brazil nuts are an important Amazonian cash crop, although at the time of this study,

this species had not yet begun fruit production. All three species are native to the region’s

forests, and appear to tolerate the acidic nutrient-poor soils that underlie the native upland

terra-firme vegetation. Like most of the agroforestry systems in the region, it was



Table 6-1. Soil properties at five successive depths from an eight-year old Amazonian agroforest. Data are means ± 1 SE. Values
statistically different from the depth immediately above are indicated by adjacent P values in parentheses

Depth (cm)
0-10 10-20 20-40 40-60 60-85

Bulk density (g cm'3)b l.OiO.Ol 1.0 ± 0 01

Sand (%) 19 2 ± 1.2 16.6 ± 10 (P<0.06) 14.8 ± 0 8 13 7 ± 0 7 13.0 ± 0.5

Silt (%) 18.9 ± 0.5 19.5 ± 1.3 17 3 ± 12 17.9 ± 12 17 7 ± 0 5

Clay (%) 62.0 ± 1.1 63.6 ±0.5 67.9 ± 1.0(Pá0.00l) 68.4 ±0.8 69.3 ±0.7

Organic matter (%) 3.2 ± 0.1 2.2 ± 0.1 (P<0 001) 1.6 ± 0.1 (P<0.001) 1.2 ± 0.1 (P<0 001) 1 0 ± 0 1

(PsO.Ol)

pH (H20) 5 9 ± 0.4 5.1 ± 0.2 (P^O Ol) 4.8 ±0.1 4 8 ±0 2 4.8 ± 0.1

Bray Pi (mg kg'1) 2 8 ± 0.6 1.5 ±0 2 (P<0 01) 0.4 ±0.1 (P^O 02) 0 1 ±0 03 N D.c

Mehlich Pi (mg kg1) 1.5 ±0.6 0.5 ± 0.2 (P<0 01) 0.1 ±0.04 0 02 ±0.01 N.D.

Resin Pi (mg kg'1) 1.7 ±0.2 0.5 ±0.2 (P<0.001)

Total C (g kg1) 29.3 ± 0.6 18 8 ± 0.6 (P<0 001)

Total N (g kg1) 2.4 ±0.03 1.7 ± 0 1 (P<0.001)

Total P (g kg'1) 0 6 ± 0.02 0.4 ± 0.02 (P<() 001)



Table 6-1—continued

Depth (cm)
0-10 10-20 20-40 40-60 60-85

Ca (cmol+kg1) 7.3 ± 1.3 3.4 ± 0 7 (P^0 02)

Mg (cmol+kg'1) 1.1 ±0.1 0.5 + 0 1 (P<0 001)
K (cmol+kg1) 0.2 + 0.01 0.1 ± 0 1 (P<0 001)
A1 (cmol+kg1) 0.1 ±0.04 0.6 ±0.1

ECEC (cmol+kg1)* 8 8+ 1.3 4.5 ±0.5 (P<0.01)
'A one-way ANOVA and orthogonal contrasts were used to identify statistical differences in soil properties among depthsbSampled separately at a depth of 0-20 cm
cNot detectable
d Effective cation exchange capacity (ECEC) = sum of bases + aluminum.
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established by cutting and burning primary forest, and interplanting one-year-old cupuassu,

peach palm and Brazil nut seedlings at a spacing of 7 x 4 meters to complete stocking

densities of 190, 150 and 30 trees ha'1, respectively. A more detailed description of the land-

use history of the study site is provided in Chapter 2.

From September 1995 through October 1996, NPP and the stores and fluxes ofC, N,

and P were measured in an eight-year-old peach paim-cupuassu-Brazil nut agroforest

established on a 2.5 ha area previously covered by native forest. Of the various sites

volunteered by members ofRECA, this particular agroforest was chosen for study because

it was the oldest in the region and its management was typical of that practiced by most

farmers. All measurements described below were taken from five 0.10 ha plots, each

separated by a buffer strip of two tree rows. This study focuses on overall agroforestry

system P and N dynamics, relative to those reported for other Amazonian land-uses, although

intra-plant cycling of P and N, as well as efficiency of use, are reported for the three

agroforest tree species.

Soil Stores

At the beginning of the study, five composite soil samples (1 per block, each

comprised often randomly-located cores) were collected at depths of0-10, 10-20,20-40,40-

60, and 60-85 cm. The samples were air-dried, passed through a 2-mm mesh sieve, and hand¬

picked free of fine roots prior to chemical analyses. A sharp-edged metal cylinder was driven

into the top 20 cm of soil to extract 20 samples (4 per block) for determining bulk density.
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Above-Ground Biomass and Litter

Calculations of above-ground biomass stores and increment were based on

measurements taken from each tree in all five plots in late September 1995 and again in early

October 1996. The allometric relationships used to estimate above-ground biomass are

summarized in Table 6-2. Peach palm biomass was estimated using equations developed
from 12 or 24 felled individuals. Cupuassu bole and large branch (diameters 5.5 cm) biomass

were estimated nondestructive^ as the product of volume and wood density, based on

measurements of basal and apical diameter and height. Estimates for Brazil nut bole mass

were made similarly, using diameter at breast height (dbh) and total height to calculate

Table 6-2. Allometric relationships used to estimate above-ground biomass in an
eight-year-old peach palm-cupuassu-Brazil nut agroforestry system. Independentvariables include height to crown base (BH), total leaf number (LN), secondary branch

Dependent Variable (kg/tree) Equation R2 N P-
value

Peach Dalm
stem y = 0.69*BH2 - 4 04*BH

+ 10.70
0.94 24 0.001

leaf sheath' y = 0.03*LN2 + 0.02*LN + 0.63 0.80 24 0.001

leavesb y = 0.07*LN2 - 0.21*LN+1.04 0.84 24 0.001

reproductive tissues y = 0.03*LN2 - 0.47*LN+1.95 0.72 12 0.01

Cupuassu
branches (basal diam < 5 cm) y = -0.95*BD + 0.47 0.90 32 0.001

Cupuassu leaves y = -0.20*BD + 0.13 0.75 32 0.001

Brazil nut tree totalc y = 0.089*(DBH2*H*S) 0.99 94 0.06d
'Axilary bud (palm heart) was 7% of leaf sheath mass.
bLeaflets and petiole + rachis were 51 and 49% of leafmass, respectively.cFrom Brown et al. (1989), exponential terms transformed; Brazil nut wood
density = 0.85 g cm'3. dMSE=0.0607.
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volume, and a form factor of 0.80 to adjust for trunk taper (Husch et al. 1982). From both

the cupuassu and Brazil nut trees, 30 branches were cut and weighed for estimates of

secondary branch and leaf mass. These data were used in regression equations to predict

cupuassu leaf and branch biomass from branch number and basal diameter. The consistent

branch length and basal diameter of young Brazil nut trees allowed for the estimation of

crown mass from the mean branch and leaf weight (kg/branch) multiplied by the average

number of branches per meter of crown. Total Brazil nut biomass (bole + branches + leaves)

compared well with estimates of Amazonian forest tree biomass by Brown et al. 1989.

The initial mass and nutrient stores of live herbaceous vegetation (weeds) was not

quantified because the understory had just been cut down by farmers prior to sampling the

perennial components for the first time. However, understory weed increment throughout
the year was measured twice, just before the vegetation was cut again by farmers, from 25

randomly-located 0.25 nr quadrats (5 per block).

On both measurement dates, three composite samples were collected from 12

individuals ofeach perennial species by tissue type. The tree samples and fresh weed biomass

were weighed, oven-dried at 60°C, reweighed for moisture content determination and

analyzed for nutrient content. To enable a comparison of the nutritional status of the

agroforest under study with others in the region, five composite samples of fresh leaves (5

leaves from each of 3 trees) were collected from cupuassu trees during the same month in

eight six-year-old RECA agroforests with the same configuration of species and spacing.

The agroforest floor surface litter mass was sampled four times during the study

period (early, mid- and late rainy season, and mid-dry season) from 25 randomly-located 0.25
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nr quadrats (4 per block). Each quadrat sample was sorted and weighed by species and plant

pan (palm leaflets, petiole+rachis, leaves, reproductive tissues, twigs, and a fraction of

unclassified material). Because the majority of surface litter was comprised of leafmaterial,

one pooled sample per block was taken by species from every collection for the determination

ofwater and nutrient content.

Below-Ground Biomass and Standing Litter Stock

The standing stock of fine (< 3 mm diameter) and coarse (3 to 10 mm) roots was

sampled initially in early November 1995. Eight randomly-located soil cores were collected

from each block at depths of 0-10, 10-20 and 20-40 cm. The roots were washed free from

the soil in deionized water and drained in a 0.5 mm mesh sieve. Roots at the 0-10 and 10-20

cm depth from two of the five blocks were identified as live or dead, based upon fleshiness,

color, and elasticity. To estimate both the live store and below-ground litter, the mean total

mass of roots for the five blocks was multiplied by the proportion of live and dead roots

found in the corresponding horizons of the two sampled blocks. Oven-dried roots were

weighed and analyzed for nutrient content.

Agroforest Production. Turnover, and Flux

Annual agroforest production included the biomass increment of the perennial

components, harvested fruits, understory regrowth and total above- and below-ground litter

produced over the year. Freshly fallen litter from the agroforest’s perennial components was

collected from 35 randomly-located 1.0 nr mesh traps (7 per block) installed 0 5m from the

soil surface at the beginning of the study. The litter was collected every ten days, sorted.
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weighed, and sub-sampled by species and plant part for moisture and nutrient content

determination.

Below-ground litter turnover in the top 20 cm of soil through the production and

death of fine roots was measured using the ingrowth cylinder method (Cueves and Medina

1988). Ingrowth tubes made of polyethylene mesh (10 cm tall, 6.5 cm diameter, 2x3 mm

mesh size) were filled with root-free soil collected from the same depth and packed to an

approximate bulk density of 1.0 g cm'3. Ten cylinders per block were buried (5 cm from the

soil surface to reach a final depth of 15 cm) at random locations early in the rainy season

(December), and removed four months later during peak rainfall. Upon removal, roots were

cut flush with the cylinder exterior, and the tissue inside was washed, separated, dried and

weighed as described for standing root stock sampling. Annual fine root growth rate was

calculated by dividing the mean total number of roots (live and dead) that grew inside the 10-

cm tall cores by the number ofdays (120) the cores were in the ground, and extrapolating this

rate (g cm'2 day'1) over 365 days to a depth of 20 cm. To estimate annual below-ground litter

production, it was assumed that the root death rate equaled the total biomass of fine roots

produced in one year, as has been done for other nutrient budgets (Attiwill and Leeper 1987).

Concurrent with ingrowth core removal, fine root biomass was resampled from soil cores

taken at depths of 0-10 and 10-20 cm from two of the five replicate blocks. The difference

in standing root mass between the two sampling dates was compared to the growth rate

calculated from the ingrowth cores.

Total N and P resorbed from leaves ofeach species prior to abscission throughout the

year was estimated as the product of fresh leafN or P concentration and total leaf litter mass
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multiplied by the proportion of foliar N or P resorbed (one minus the quotient of litterfall N

or P and fresh-leaf N or P). Because variable amounts of organic matter also may be

withdrawn prior to leafabscission, the litterfall/ffesh-ieafquotients were calculated two ways;

using N and P concentrations per unit mass, and N and P concentrations per unit calcium.

The latter method, according to Vitousek and Sanford (1986), assumes that Ca is immobile

once it reaches the leaves.

Annual nutrient return to soil was calculated as the sum of the N or P flux in above-

and below-ground litter input, understory weed regrowth, and the P and N leached from the

canopy via throughfall. The mass and nutrient stores of understorv weeds that grew

throughout the year were included in annual return to soil because the vegetation is normally

cut and left to decompose on the agroforest floor. The P concentration in throughfall was

sampled concurrently with rainfall collections in filtered recipients placed randomly beneath

the canopies of peach palm and cupuassu (6 per block). Immediately following rain events,

the samples were filtered a second time to exclude debris and frozen until chemical analysis,

and recipients were moved to different canopy locations. Throughfall P flux was calculated

from total rainfall adjusted for an estimated 20% canopy retention based on Elsenbeer et al.

(1995). Nitrogen throughfall flux was estimated from data from three studies of tropical

forests growing in similarly nutrient-poor soils presented by Vitousek and Sanford (1986).

Twelve-month N and P input in rainfall/deposition was calculated as the region’s ten-

year average annual rainfall (UFAC unpublished) multiplied by the average concentration of

total N and P in rainfall. Total P concentrations were determined from rainwater collected

from September through April (three rain events per month) in ten acid-washed filtered
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recipients located at ground level in agroforest canopy gaps in and adjacent open fields. Data

from Williams et al. (1997) on NH4* and N03' concentrations in rainfall from the central

Amazon Basin were used for total N estimates.

Removal ofN and P through the harvest ofagroforest products was calculated as the

total mass harvested multiplied by the average nutrient concentration of each product.

Throughout the study, all fruit harvested from the five blocks was weighed, and water and

nutrient content determination were based upon five composite samples (each comprised of

one sample per block per week) collected monthly during periods of production Palm heart

water and nutrient content were calculated from composite samples collected on five separate

occasions.

Plant and Soil Analyses

All plant samples were oven-dried at 60°C, ground to pass through a 1-mm mesh

sieve, and when necessary, reground to a fine powder using a zirconium ball. Plant tissue

P content was determined by block-digesting material with concentrated H:S04/H202 at

360°C (Thomas et al. 1967) and analyzing the cleared supernatant for PO/3 using inductively

coupled argon plasma (ICAP) spectroscopy. The N and C content of freshly fallen litter,

agroforest floor litter, and roots were quantified after Dumas combustion in a Carlo Erba

NA2500 C&N analyzer. Carbon stores in live above-ground biomass, and all reproductive

parts were estimated as 48% of total dry mass, as plant tissue typically contains between 45

and 50% C (Schlesinger 1997). Total N of these tissues was determined using the Kjeldahl

method on digested material. Analysis of random samples determined that there was no

significant difference between total Kjeldahl nitrogen (TKN) and tissue N content determined
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using the C&N analyzer. Samples of fresh cupuassu leaves from the agroforest under study,
and eight others, were digested and assayed, as described above, for Ca, K, Mg, P and TKN.

Oven-dried finely ground soil from 0-10 and 10-20 cm depths was used for the

determination of total C, N (assayed in the C&N analyzer), and P in soil stores. Total P was

extracted using a concentrated H2S04/H202 block digest at 360°C for two hours. Inorganic
P, presumably correlated to plant uptake, was measured from three different extracts of air-

dried sieved soil. Bray Pi was extracted in 1.0NNH4F and 0.5 N HCL in deionized (DI) H20

(Bray and Kurtz 1945) and Mehlich-1 (M-l) Pi by shaking 5 g mineral soil in 20 ml of dilute

double acid (0.05 N HCL in 0.025 N H2S04) for five minutes. Resin Pi was measured after

shaking 2 g of soil with a 2.5 x 5 cm2 anion exchange membrane in 30 ml DI H20 for 16

hours. The membrane was removed from solution, rinsed free of soil with DI H20, and the

Pi on the membrane was then extracted by shaking the membrane in 20 ml 0.5 M NH4OAc
for two hours. Soil Pi concentrations in the three filtered extracts were determined

colorimetrically using the molybdate blue method (Murphy and Riley 1962) on a Milton Roy

Spectronic 1201 spectrophotometer, as were total P concentrations in rainfall and throughfall
samples after ashing and wet-digestion with concentrated HC1. Soil exchangeable bases and

aluminum were extracted for 16 hours in 1.0 M NH4OAc and 1.0 M KC1, respectively
(Thomas 1982) and assayed using ICAP spectroscopy. Additional analyses conducted on all

five soil depths include particle size distribution using the pipet method (Kilmer and

Alexander 1949), pH, measured using a Beckman electrode in a 2:1 water to soil ratio, and
the Walkley-Black dichromate procedure (Nelson and Sommers 1982) to determine soil

organic matter (%).



139

Statistical Analyses

Differences in soil properties and root mass by depth were analyzed in one-way

ANOVA model using SAS (SAS Institute, Inc., Cary, NC). Orthogonal contrasts were used

to analyze differences between specific depths and in cupuassu foliar contents between the

agroforest under study and eight others in the region. Unless otherwise indicated, the sample

size (N) represents five blocks, and data are means ± one standard error.

Net Primary Productivity and N and P Budget

Net primary productivity (NPP) equaled total organic matter produced by the

agroforest throughout the year. Net C fixation, and the annual N and P requirement were

calculated as total twelve-month production of agroforest biomass multiplied by C, N, and

P concentration ofeach component. An annual budget was constructed to analyze how much

of the system's P and N requirement was a) met through intra system cycling via resorption,

b) taken up from soil stores, c) returned to soil, and d) removed from the system with crop

harvest. Nutrient uptake from the soil was determined as the agroforestry system’s total

annual production requirement less N and P reabsorbed from live tissues prior to abscission

(Waring and Schlesinger 1985).

Results

Soil Characteristics and Elemental Stores

The soil underlying the agroforest had a high clay content (>60%) that increased 7%

from 0 to 85 cm depth (Table 6-1). Exchangeable cations were approximately twice as

concentrated in the soil surface (0-10 cm) compared to the 10-20 cm depth (P < 0.01). Soil

pH was higher in the top 10 cm (P < 0.001), but decreased to 4 8 by the 20 cm depth, where
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it remained constant to 85 cm. Soil organic matter (OM) and extractable inorganic P (Pi) also

declined significantly with depth (P < 0.01); between 60 and 85 cm. percent OM was one

third the value for the 0-10 cm depth, and the concentrations of both Mehlich- and Bray-

extractable Pi were below detectable limits.

The top 20 cm of soil was the largest store ofC, N, and P measured, representing 68,

90 and 97% of the system’s total storage (soil plus plant mass) for these three elements,

respectively (Table 6-3). While total soil P storage appears relatively large, the fraction of

extractadle P potentially “readily” available for plant uptake in the top 20 cm, as measured

by short term indices using the Bray (0.44 g m'2), Mehlich (0.23 g m'2) or resin (0.22 g m'2)

extracts, was less than 0.5% of total P.

Standing Biomass Stores

Overall, 17% of agroforest total C storage (7,233 g m'2, including soil and litter) was

in woody stems. Live wood represented over 70% of the total aboveground biomass and C

storage, but only 40 and 45 % of this compartment’s N and P stores. Leaves were a smaller

fraction of above-ground biomass (29%), but stored 50 and 44% of the system’s above¬

ground N and P. Peach palm biomass (2,468 g m'2) was over 2.5 times that of cupuassu

(382.4 g m'2) and Brazil nut (563.7 g m‘2) combined, and accounted for 76.8 and 83.0% of

the system’s above-ground stores ofN and P, respectively (Table 6-4). Cupuassu foliar

concentrations ofCa, Mg, and K did not differ among the agroforest under study and the six

others sampled, but N and P contents were lower in the eight-year-old system (P <0.05)

(Table 6-5).
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Table 6-3. Biomass, stores, and cycling ofC, N, and P in an Amazonian agroforestry system
during the eighth year after establishment.

Mass C N P

Aeroforest Stores (o. m'2)
Soil (0-20 cm) 204,000 4,906 418.2 102.00

Live biomass
Live wood 2,520 1,210 10.1 0.96
Foliage 781 375 12.4 0.97
Reproductive tissues 114 55 2.5 0.23

Total live above-ground 3,415 1,640 25.0 2.15

Live roots (diameter<2 mm) 514 175 5.0 0.25
roots (diameter 2.1 -5 mm) 197 67 1.9 0.10

Total below-ground (0-40 cm depth) 711 242 6.9 0.35

Total above- and below-ground 4,126 1,882 31.9 2.50

Agroforest floor surface litter 775 319 8.9 0.41
Below-ground litter (0-15 cm) 407 126 3.6 0.21

Annual flux (e. m'2 vr'2)
Agroforest annual production*

Foliage (including weeds) 938 409 12.8 0.87
Live wood increment 1,063 508 4.1 0.35
Reproductive tissues 681 329 8.9 0.80
Fine roots (0-20 cm depth) 360 122 3.5 0.18

Total NPP and N & P requirement 3,042 1,368 29.3 2.20

Reabsorption before abscission - - 6.3 0.37

Return to soil

Above-ground litter 786 332 11.1 0.85
Understory weeds 110 53 2.4 0.13
Below-ground litter (0-20 cm) 360 122 3.5 0.18
Throughfall - - - 0.5 0.08

Total return to soil 1,256 507 17.5 1.24

Uptake (requirement-reabsorption) 23.0 1.83

Outputs: removal from harvest 466 223 4.4 0.40
Inputs: rainfall/deposition - - 0.6 0.01

a

Agroforest annual production = biomass increment + weed growth + harvest + litterfall.
- N throughfall input from Vitousek and Sanford (1986).



Table ¿M. N and P stores in above-ground biomass, annual growth increment, and mass harvested of agroforest products

Standing biomass Concentration (%) Stores (g m'2) Increment Harvested

(g nr2) N P N P (g m'2 yr1) (g m'2 yr1)
Peach Palm
stem 1,691.8 ± 108 0.38 ±0.03 0.04 ± 0.004 6.43 0 68 676.2

leaf sheath 237.6 ± 13 1 09 ±0 12 0.15 ±0.023 2.59 0.36 84.4

bud (heart) 17.9 ± 1 2.71 ±0 33 0 44 ±0 050 0.49 0.08 64 5.0

leaflets 240.6 ± 15 2.55 ± 0 10 0 13 ±0 009 6.14 0 31 95 1

petiole+rachis 167.2 ± 11 0.62 ± 0.04 0.06 ± 0.008 1.04 0.10 66.1

inflorescences 73.8 ± 13 2.91 ±0 19 0.27 ±0.019 2.15 0.20

mature fruit 40.0 ± 7 0.89 ± 0.02 0.07 ±0.002 0.37 0.03 433.7 392.6 ±32

CuDuassu
bole + branches^ 5 cm 75.8 ±4 0.38 ±0.02 0.02 ± 0.002 0.29 0.02 61.8

branches (diam < 5 cm) 224 3 ±13 0.55 ± 0.01 0.05 ±0.002 1.23 0 11 45.1

leaves 82.3 ±4 1.70 ±0.08 0.09 ± 0.005 1.40 0.07 18.2

mature fruit 1.09 ±0.20 0.13 ± 0.010 68.8 68 8 ±2



Table 6-4- continued.

Standing Biomass Concentration (%) Stores (g m'2) Increment Harvested

(g m'2) N P N P (gm‘2yr ‘) (gm"2yr ‘)
Brazil nut
bole 464.1 ± 110 0.39 ±0.03 0.02 ±0 001 181 0 09 245.3

branches 64 4± 5 0 47 ± 0 05 0 04 ± 0.006 0 30 0.06 10.6

leaves 35.2 ±3 2.05 ±0.10 0.10 ± 0.014 0.72 0.04 5.8

Understorv
weeds No data 2 19 ± 0 13 0.12 ±0.02 109 8

Table 6-5. Cupuassu foliar nutrient concentrations for one eight-year-old peach palm-cupuassu-Brazil nut agroforest and the mean foliar

Cupuassu foliar nutrient concentration (%)

System Ca Mg K N P

8-year-old agroforest 0.65 ±0 15 0.23 ± 0.02 0 75 ±0.07 1 70 ±0 08' 0 09 ±0 005'

6-year old agroforests 0.54 ±0 05 0.26 ±0.01 0.61 ±0.09 1.92 ±0.04 0.12 ±0.005
'Means significantly different between the two different-aged systems, p £ 0.05 and dead) below-ground mass measured to a 20 cm depth
(892 g m'2), they were only 44.7% of total below-ground litter (Tables 6-4 and 6-7), perhaps because much of the dead fine root litter had
begun to decompose early in the rainy season when the samples were collected



Table 6-6. Mean fine (<3 mm) and coarse (3 to 10 mm) root biomass (± 1 SE) for two diameter classes to a 40 cm soil depth, and carbon
(C), nitrogen (N) and phosphorus (P) stores for live roots and below-ground litter (dead roots). Live and dead root mass based upon
percentage of dead roots (in parentheses) in two of the five blocks sampled

Soil

depth (cm)

Standing stock root biomass (g m-2) Elemental stores (g m-2),
diameter <3 mm diameter 3 to 10 mm live roots dead roots

total live dead total live dead C N P C N P

0-10 387 ±40 248 139 148 ± 35 58 90 104 0 2.97 0 150 70 8 2.11 0 119
(36%) (61%)

10-20 179 ±26 136 43 178 ± 56 43 135 60 9 1.74 0 088 55.0 1.64 0 093
(26%) (76%)

20-40b 130 ± 19 130 96 ± 88 96 76.8 2 19 0.111

Total mass 696 514 182 422 197 225 241.7 690 0 349 125 8 3.75 0.212
* Elemental stores were based upon C, N, and P concentrations (%) for live roots of34 0 ± 0 9, 0 97 ± 0.02, and 0.049 ± 0 002, respectively,
and 30.9 ± 1.0, 0.92 ± 0.03, and 0.052 ± 0.003 for dead roots, assayed from pooled samples of both diameter classesb Root biomass at the 20-40 cm soil depth was assumed to be live
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Total root mass (live plus litter) from 0 to 40 cm soil depth was 1,118 g m2, or just

over 20% of total agroforest organic matter initially measured. Similarly, the live root to

shoot biomass ratio was 0.21, and the standing stock of live roots (0-10 mm diameter)

comprised 13, 22, and 14% of the system’s live C, N, and P stores (Table 6-3).

The total mass of live fine roots was over 2.5 times that of coarse roots (P< 0 001),

and appeared concentrated in the top 10 cm ofsoil, where there was nearly twice the fine root

biomass than that found at 10-20 and 20-40 cm depths combined (P< 0.001, Table 6-6).

Coarse root biomass did not differ significantly among the depths measured. Peach palm

accounted for almost one half (48%) of total root biomass at 0-10 cm, but only a third (33%)

at 10-20 cm.

Combined above- and below-ground standing litter mass totaled 1,182 g m'2, over

two-thirds ofwhich was surface litter (Table 6-3). The litter stock comprised nearly 3% of

the system’s total N reserves ( including soil, 462.6 g m'2), but accounted for only 0.6% of

all P storage (112.2 g m‘2). Peach palm leaves and reproductive tissues accounted for 79%

of the surface litter mass (Table 6-7). Although fine roots contributed 64% of the total (live

and dead) below-ground mass measured to a 20 cm depth (892 g m'2), they were only 45%

of total below-ground litter (Tables 6-3 and 6-6), perhaps because much of the dead fine root

litter had begun to decompose early in the rainy season when the samples were collected.

Production and N and P Requirements

By the ninth year following establishment, agroforest net primary productivity was

3,042 g m'2 yr'1, a figure representing nearly three-quarters of the total live agroforest biomass
measured at the beginning of the study (Table 6-3). Annual live wood C increment was equal
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to 7% oftotal C storage initially measured in vegetation, litter and soil combined. Peach palm

stem, mature fruit, and Brazil nut bole were the largest fractions ofbiomass accumulated over

the year, totaling 1,355 g m'2, or 44.5% of total annual production (Table 6-3). Although

biomass production of understory weeds represented only 4.1% of the above-ground

increment, the N requirement for weed growth over one year (2.4 g m'2) exceeded the

combined stores ofN in leaves of cupuassu (1.4 g m'2) and Brazil nut (0.7 g m'2) measured

at the beginning of the study. Overall, live wood represented over one third of the above¬

ground biomass increment, but it comprised only 15 and 17% of the system’s annual N and

P requirement (Table 6-3). Leaf production accounted for half of the N required by above¬

ground tissues throughout the year. Nearly 40% of the above-ground P requirement was

allocated to reproductive tissues, halfwhich was removed with the harvest ofagroforest fruits

and palm heart.

Root production, measured using the ingrowth cores, was 180 g m"2 yr'1 . When

extrapolated over 20 cm soil depth, the total contribution of fine root growth to NPP was 3 60

g m'2 yr'1, or 12% of the annual increment in agroforest biomass. Fine root growth

represented 9% of annual carbon fixation and 12 and 8% of the system’s N and P

requirement. The total standing stock of fine root biomass (live and dead, 393 ± 54 g m'2, 0-

10 cm, and 200 ± 41 g m'2, 10-20 cm depth), sampled a second time five months following

the initial measurement, did not differ significantly from the November measurement in either

soil depth.
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Agroforest Turnover and Flux

Total N and P flux due to resorption from leaves based on fresh and litter leafN or

P per-unit-Ca quotients was always greater than that calculated using the per-unit-mass

quotients (Table 6-8). Assuming that the per-unit-Ca values are a more accurate estimate of

resorption, the average proportion ofP (63%) reabsorbed from leaves of the three perennial

components was greater than that for N (49%). Resorption ofN and P from leaves prior to

abscission provided 22 and 17 % ofwhat was required for production throughout the year,

leaving roughly 80% of the N and P requirement to be taken up from soil stores.

Soil uptake over the year represented nearly three-quarters ofN and P storage in live

vegetation (Table 6-3). However, 76 and 68% of uptake was returned to the soil through

litter, green weed residues and throughfall. Despite a relatively small biomass input, the N

and P return to soil from cut green understory weeds was 14 and 11% of the total. Above¬

ground litterfall mass was the largest fraction ofN (63%) and P (69%) returned to soil. The

mean residence time (litterfall/surface litter) of C, N, and P in the agroforest floor was 0.96,

0.80 and 0.48 years, indicating that while the annual litterfall input ofP remained in the forest

floor for less than half a year, C was retained on the agroforest floor for twice as long. Leaves

were 70% of total annual above-ground litterfall, but reproductive tissues also constituted a

significant fraction (25%) of the litter mass, and contributed 35% of the total return of P to

the soil (Table 6-7). Inputs ofN and P to the agroforest from rainfall were negligible.



Litter type Biomass

(g ni 2)

. Concentration (%) Flux (g m'2 yr1)
C N P C N P

Peach palm
petiole + rachis 175 38.2 ±0.2 0.56 ±0.06 0.04 ±0.005 66.9 0.98 0.07

leaflets 305 40.6 ±0.3 1.33 ± 0.09 0.09 ±0.005 123 8 4 06 0.28

aborted fruit* 66 48 2.14 ± 0.12 0.19 ± 0.014 31.7 1.41 0 13

flowers 59 48 3.74 ±0.11 0.38 ± 0.010 28.3 2.21 0.22

unclassified 18 42.8± 1.2 2.25 ±0.18 0.19 ±0.03 7.7 0.41 0 03

Cupuassu
leaves 27 45.5 ±0.3 1 19 ± 0.07 0.04 ±0.005 12.3 0.32 0 01

aborted fruit 70 48 1 39 ±0 12 0 12 ± 0.001 33.6 0 97 0 08

flowers 2 48 2.27 ±0.15 0.17 ± 0.01 1.0 0.05 0.003

Brazil Nut
leaves 40 41.9 ± 0.4 1 46 ±0.05 0.05 ±0.005 16 8 0.58 0.02

branches 24 39.3 ±0.3 0.41 ±0.04 0.008 ±0.001 9.4 0.10 0.002

Total litterfall 786 331.5 11.09 0.845
‘Carbon concentration of all reproductive tissues estimated as 48%.

4^
00
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Table 6-6. Mean N, P, and Ca contents in fresh leaves and leaf litter of the same perennial
agroforest species, collected on the same date as the fresh leaves, and total N and P resorbed
from leaves prior to abscission throughout the year. The proportion of foliar N and P
resorbed (1- litterfall/fresh leaf concentration * 100) is calculated for (a) N and P

Species

Element

(mg g'1)
Total resorbed

(g m ‘2 yr1)
N P Ca N P

Peach palm leaflets 25.5 1.32 5.11

leaf litter 13.1 0.67 9.10

(a) 48.5 49.2 178.1 3.77 0.198

(b) 71.7 71.5 5.58 0.288

Palm petiole + rachis 6.2 0.64 no data

leaf litter 5.6 0.44 7.63

(a) 9.1 31.2 0.11 0.035

Cupuassu leaves 17.0 0.90 6.50

leaf litter 11.9 0.36 12.30

(a) 30.0 60.0 189.2 0.14 0.015

(b) 63.1 78.9 0.29 0.019

Brazil nut leaves 20.5 0.10 11.60

leaf litter 14.6 0.05 13.38

(a) 28.8 50.0 115.4 0.24 0.020

(b) 38.4 56.6 0.32 0.023
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representing 3 and 0.6% of soil uptake, whereas, nutrient removal from harvest represented

19 and 22% of the N and P taken up from the soil throughout the year (Table 6-3).

Discussion

Stores and Cycling of C. N. and P in Amazonian Land-uses

Soil stores. Studies have shown that the soil compartment is often the largest store

of C and N in tropical ecosystems (Ewel et al. 1981, Brown and Lugo 1990), and the

conversion of forest to other agricultural land-uses has the potential to decrease soil C storage

by 20 to 40%, usually within five years of the first cultivation (Davidson and Ackerman

1993). Carbon and nitrogen stores in the top 20 cm of the agroforest soil were over two- and

nine-fold greater than the combined storage of above- and below-ground biomass and litter,

further supporting the claim that C and N storage is concentrated in the soil compartment.

The C and N contents of the agroforest soil appear typical of those found throughout

Amazonia. For example, soil stores of C and N were well within a range reported for

pastures (3.2 to 6.1 kg C m'2 and 0.24 to 0.48 kg N m'2) and native forests (2.7 to 6.2 kg C

m'2 and 0.15 to 0.50 kg N m'2) in Rondónia, Brazil (Neill et al. 1997). Mean soil C and N

contents (0-20 cm depth) for the RECA agroforest under study (24.5 kg C m'2 and 2.1 g N

kg'1), and eight others in the region (16.2 kg C m'2 and 1.7 g N kg'1, Chapter 4), were higher

than values cited for pasture, shifting cultivation plots and native forest (8.1 to 10.3 g C kg'1
and 0.80 to 1.0 g N kg'1) in Aeré, Brazil (Kainer et al. 1998), but lower than values reported

for native forest and timber plantations (49.6 to 62.9 g C kg'1 and 2.68 to 4.10 g N kg'1) in
eastern Amazonia (Smith et al. 1998, Smith et al. in press a). While this study presents only

the storage of C and N in one agroforest, paired comparisons of soils from the eight other
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RECA agroforests with those from adjacent native forests demonstrated no difference in total

C and N contents between the two systems (Chapter 4). Without a measurement of bulk

density, it cannot be determined from these data if soil C and N storage changed as a result

of converting forest to agroforest, but Smith et al. (in press b) found that neither soil C

contents nor corresponding C stores under extensively managed 30 year-old timber

plantations differed from those found in plots ofadjacent native forest in the eastern Brazilian

Amazon.

Storage of P was also concentrated in the top 20 cm of the soil, resulting in over 35

times as much P in this compartment than in vegetation and litter combined. Similarly, the

soil P store comprised 99% of P storage in Costa Rican agroforestry systems of cacao and

shade trees (Fassbender et al. 1988), 90% in five-year-old secondary forest and 80% ofP in

mature terrafirme forests growing in Amazonian Oxisols (Uhl and Jordan 1984). However,

only a small fraction of the soil P store in the present study was extractable using indices

presumably correlated to the available pool. In fact, assuming bulk density remained constant

at 1.0 g cm'3, the Bray-extractable Pi store to a depth of 85 cm (below which Pi

concentrations were no longer detectable) totaled only 0.54 g cm'2, or 0.5% of total P found

in the top 20 cm of soil. A generalized distinction made between tropical and temperate

forests is that P in the former is largely “immobilized” in vegetation because the extractable

soil P content is so low relative to that of standing biomass (Ewel et al. 1981). However,

studies of subtropical and temperate forest soils have shown that more stable forms of P are

solubilized by organic acids that may be released by decomposing litter or exuded by roots

and associated mycorrhizae (Comerford and Skinner 1989, Fox et al. 1990). Mechanisms
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such as this, that render more resistant P fractions available for uptake, broaden the

significance of the total soil P store to the long-term nutrition of tree-based systems.

The total P content in the upper 20 cm of soil (averaged between the 0-10 and 10-20

cm depths) of the eight-year-old agroforest soil (535 mg kg'1) was within the range ofvalues

for the eight six-year-old RECA agroforests (241 to 665 mg kg'1) and their paired plots of

adjacent native forest (224 to 566 mg kg'1, Chapter 1). Somewhat lower total soil P contents

(100 to 230 mg kg'1) are reported for soils underlying other Amazonian primary and

secondary forests (Uhl and Jordan 1984, Tiessen et al. 1994, Lips and Duivenvoorden 1996).

Sombroek (1966) explains that the soil-forming sediments of the western Amazon Basin are

less weathered than those in the eastern basin, and in some regions this has resulted in

eutrophic soils with a higher base status. Thus, it is possible that total P concentrations are

also inherently higher in soils of the study region. Extractable P (M-l, resin or Bray) in the

top 20 cm of soil from the eight-year-old agroforest, and eight six-year-old agroforests from

the same region (Chapter 4), was less than or equal to values cited for pastures, shifting

cultivation plots, tree plantations and native forests throughout eastern and western Amazonia

(Russell 1983, Sanchez et al. 1985, Tiessen et al. 1994, Lips and Duivenvoorden 1996, Neill

et al. 1997, Smith et al. 1998, Kainer et al. 1998). Thus, according to these commonly-used

indices, extractable P on the agroforest site was not any greater than in other regions of

Amazonia.

Above-ground biomass and productivity. Overall, agroforest organic matter

accumulation and C storage in standing biomass was lower than that for natural successional

vegetation of similar ages. Eight years after establishment, agroforest live above-ground
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biomass was 15 to 30% less than that in younger (5 and 6.5 years) secondary forest regrowth

(40 and 95 tons ha'1) in Aeré, Brazil (Brown et al. 1992) and Venezuela (Uhl and Jordan

1984). However, agroforest NPP was over 40% greater than that of the Venezuelan

secondary forest. Although the total store of agroforest biomass (53.1 tons ha'1, including
litter and roots) fell below a range of values calculated by Fearnside and Guimaraes (1996)

for ten-year-old secondary forests in eastern Amazonia (61.8 to 99.9 tons ha1), the average

annual increment in agroforest biomass (7.0 tons ha'1) was comparable to that of the

successional vegetation (6.1 to 10.0 tons ha'1). In contrast, despite similar stores of above¬

ground biomass, NPP in the Amazonian agroforest was 30% higher than that in five-year-old

fertilized commercial plantation agroforests of cacao and shade trees in Costa Rica (Alpizar

et al. 1986), demonstrated by four-fold greater production of harvested fruit in the older

system.

In comparing biomass storage and NPP between agroforestry systems and secondary

forests, several factors should be considered. Secondary forest regrowth typically regenerates
from abandoned shifting cultivation plots and pastures after two to three years of cropping,

thus, it is likely that soil nutrient contents are initially lower than those in agroforestry systems

established on sites recently cleared ofprimary forest. However, often, biomass and nutrients

may be removed (approximately 2 tons ha'1, 40 kg N ha'1 and 8 kg P ha'1) from the

agroecosystem during its first year with the harvest of annual crops, initially interplanted with

seedlings of the perennial components. Although the cultivation of annual crops is

discontinued after the first year, as early as four years following establishment, biomass and

nutrient removal recommences with the harvest ofagroforest products. Generally, cupuassu
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fruit production in four-year-old plantations is estimated to be 20% of that expected for year

eight (Venturieri 1993), however, six years after agroforest establishment, other RECA

farmers reported cupuassu harvests between 0.6 and 0 8 tons ha'1, similar to that of the eight-

year-old system. Similarly, high harvests of peach palm fruit were reported by farmers for

the young agroforests. Finally, the agroforest understory of native species regrowth is

typically cut down and left to decompose every year following establishment, and the woody

components of this vegetation would undoubtedly accumulate mass if allowed to continue

growing. Combined, the cutting of understorv weeds and harvest of agroforest products

accounted for 5.8 tons ha'1 of organic matter produced during the eighth year alone. Thus,

while agroforest standing biomass and C storage may be less than that of secondary forests,

annual rates of productivity may not greatly differ.

Above-ground N and P storage. Although organic matter in above-ground biomass

was nearly equal in both the Amazonian (this study) and five-year-old Costa Rican (cacao.

Alpizar et al. 1986) agroforests, N and P storage in the Amazonian agroforest was

approximately 30 and 45% less, perhaps due to initial fertilization (14 kg N ha'1 and 18 kg

P ha'1) in the cacao-based systems (Table 6-9). In contrast, above-ground biomass in young

secondary forest fallows growing on an Ultisol in Yurimaguas, Peru (Szott et al. 1994) was

over 1.5 times greater than that of the eight-year-old Amazonian agroforest. Phosphorus

storage in the natural fallows (Szott et al. 1996) was 15% less than that in the agroforest

above-ground biomass, despite a greater soil store of (readily) extractable phosphorus (Table

6-9). Agroforest live above-ground biomass was at least seven-fold less that ofmature native

forests growing on Amazonian Oxisols (Folster et al. 1976, Jordan and Uhl 1978) and Ultisols
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(Russell 1983). Storage of N differed by a factor of four to twelve, but mature forest P

stores were only 1.5 to 2.5 times greater than that of the agroforest.

A weighted average of foliar N concentrations among the three agroforest perennial

species (1.77%) was within the range reported for native forest leaves (1.27 to 1.84%), but

the average P concentration (0.10%) exceeded values cited for mature forests (0.05 to

0.07%) growing on Oxisois (Vitousek and Sanford 1986, Smith et al. in press). Within-

stand nutrient use efficiency, defined here as the ratio of above-ground biomass to the total

nutrient mass in above-ground tissues (Chapin 1980), appeared lower in the agroforest than

what might be expected for natural Amazonian systems. Agroforest N-use efficiency (NUE)

fell at the lower end of a range calculated for primary and secondary forests (Table 6-9),

while P-use efficiency (PUE) was well below that calculated for native vegetation. The ratio

of N to P storage in agroforest above-ground biomass was lower than that found in the

mature forests, secondary forests and a similar-aged timber (Gmelina aborea) plantation

(Russeil 1983), but higher than that of the younger fertilized cacao-based agroforests (Table

6-9).

Litterfall. Further evidence for lower agroforest PUE relative to Amazonian forests

is found by examining nutrient flux in above-ground litterfall. Total litter production during
the agroforest’s eighth year fell within a range of litterfall rates for 12 mature forests (665

to 1,202 g m'2yr '*) presented by Barabosa and Feamside (1996). While N flux in agroforest

litterfall was comparable to that of the native forests, P return to soil via above-ground litter

(0.85 g P m'2yr _1) was greater than values cited for forest litter (0.22 to 0.67 g P m'2 yr '*).



Table 6-9. Soil order and stores of total N, P, and extractable Pi, live above-ground biomass and N and P stores, as well as N- (NUE) andP- (PIIE) use efficiency and the ratio ofN to P storage in forest and tree-based agroecosystems ND indicates no data available
System Soil &

depth cm

Soil store g m'2
N P

Extract
Pi g m'2

Biomass
tons ha"'

Store
N

g m'2
P

NU
E
x 103

PUE
x 103

Stor
e

N/P

Source

Peach palm agroforest-
Brazil (8 yrs)

Ultisol
0-20

418 109.1 0.23

Mehlich
34 25 2.1 1.4 16.2 11.9 This Study

Mature forest-
Venezuela

Oxisol
0-10

147 21.1 ND 246 95 3.1 2.6 79.4 317 Jordan and Uhl
1978

Mature forest-
Colombia

Oxisol
0-50

483 20.5 ND 326 100 3 8 3 3 85.9 26.3 Fólster et al.
1976

Mature forest-
Brazil

Ultisol
0-100

654 ND 2.42

Mehlich
410 306 5.2 1.3 78 9 58.9 Russell 1983

Secondary forest
Colombia (16 years)

Oxisol
0-50

664 22.2 ND 203 71 5.5 2.9 36.9 12.7 Fólster et al
1976

Secondary forest
Venezuela (5 yrs)

Oxisol
0-10

140 14 4 ND 40 17 0.8 2.4 50.0 21.3 Uhl and Jordan
1984

Secondary forest-
Peru (4 5 yrs)

Ultisol
0-45

582 ND 1.60

Olsen
55 30 18 1.8 30.6 167 Szott et al

1994 & 1996

Gmelina plantation-
Brazil (8 yrs)

Ultisol
0-100

573 ND 6.45
Mehlich

97 55 2.7 1.8 35.9 20.4 Russell 1983

Cacao-shade agroforest
Costa Rica (4 5 yrs)

Inceptisol
0-45

877 342.0 ND 36 35 3.9 10 9.2 9.0 Alptzar et al
1986
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The large flux of P in agroforest litterfall was due, in part, to the large proportion of aborted

fruits and abscised flowers contained in the litter Combined, these P-rich reproductive tissues

accounted for 25% of the total litter mass and 51% of the annual transfer of P to the soil

through litterfall. In two studies, one of five mature forests in the Colombian Amazon (Lips

and Duivenvoorden 1996), and the other in Brazil which reports one of the highest P fluxes

in Amazonian litterfall (Barbosa and Feamside 1996), reproductive tissues comprised only

3% of total litter mass and 6% of annual P flux. Also notable is that peach palm leaflets,

which account for 39% of agroforest litter mass, have P contents (0.7 to 0.9 mg g'1) that

equal or exceed values (0.4 to 0.7 mg g'1) reported for mature Amazonian forest leaf litter

(Dantas and Phillipson 1989, Barbosa and Feamside 1996). As a result of relatively high P

contents in litterfall, it appeared that P was less limiting to organic matter decomposition than

N, as demonstrated by a shorter residence time of fallen litter on the agroforest floor.

Nitrogen remained immobilized in surface litter 60% longer than phosphorus. Interesting,

however, is that despite high rates of P return to the soil via litterfall, P resorption from

senescing agroforest leaves remained comparable to rates cited for mature Amazonian forests

(Vitousek and Sanford 1986, Scott et al. 1992).

Below-ground storage and productivity. This study reports biomass for roots with

diameters £ 10 mm to a soil depth of 40 cm, hence total below-ground biomass was

underestimated by not sampling deeper in the soil profile. Roots with diameters greater than

10 mm were not encountered in the random sample of standing stock, although larger roots

obviously account for some portion of total below-ground mass. Nonetheless, data from

other studies suggest that estimates of agroforest live root and dead litter mass may be fairly
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representative because belowground biomass is typically concentrated both in the soil surface

and in finer roots. For example, in five-year-old peach palm-cupuassu agroforests in

Amazonas. Brazil, 65% of fine root mass measured to a depth of 150 cm was located in the

top 30 cm of soil, and one third of all fine roots was classified as litter (Haag 1997). Ferreira

et al. (1995) observed that approximately 80% of all peach palm root biomass in mature

plantations (sampled to a depth of 2 meters) was in the top 20 cm of the soii.

Root biomass data are difficult to compare among studies because of differing

sampling depths and root diameter classes, however a few studies indicate that the root mass

measured for this agroforest is typical for tree-based land-use systems in Amazonia. Total

agroforest root biomass (s 10 mm diameter, 892 g m'2, including litter) in the top 20 cm of

mineral soil was within a range reported formature forests and four different 30-year-old tree

plantations in eastern Amazonia (273 to 908 g m'2, Smith et al. in press), and in young forest

fallows (600 to 835 g m'2, Uhl and Jordan 1978, Szott et al. 1994). However, root biomass

in the older tree plantations and mature forest (409 to 1,215 g m'2) tended to exceed that of

the agroforest when the root mat growing on top of the soil surface was included in the

comparison.

Several authors (Vitousek and Sanford 1986, Vogt et al. 1986) have demonstrated

a trend for tropical forests growing on nutrient-poor Oxisols and Ultisols to have higher root

to shoot ratios than those growing in more nutrient-rich soils, presumably because trees

“invest” more resources into acquiring the resource most limiting to productivity (Bloom et

al. 1985). In the present study, the agroforest root to shoot ratio (0.21) was similar to mature

forests growing on Amazonian Oxisols (0.20, Uhl and Jordan 1984) and higher than that for
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younger (< 5 years) natural forest fallows (0.09, Szott et al. 1994). The storage of N in

below-ground tissues differed somewhat from that of native vegetation, however. The

average N concentration in agroforest fine roots (0.97%) was lower than values presented by

Klinge (1976) formature forests in Amazonian Oxisols and Ultisols (1.22 to 1.63%), whereas

that of P (0.05%) fell within the range reported for mature forests (0.02 to 0.083%). Similar

to above-ground biomass, increased P storage, relative to N, was observed in agroforest

below-ground biomass. The ratio ofN to P storage in agroforest roots (live plus litter, 14)

was lower than that reported for mature forests (32 to 81 Vitousek and Sanford 1986, Vogt

et al. 1986, Medina and Cuevas 1989), and secondary forest fallows (20 to 24, Uhl and

Jordan 1984, Szott et al. 1996), but higher than that offertilized cacao-based agroforests (10,

Fassbender et al. 1988).

Estimates of root growth and death for this agroforest do not take into consideration

the seasonality of root turnover because root production was measured during one period

only, from the early to mid rainy season. Sanford and Cuevas (1996) noted that fine root

mortality in mature tropical forests growing in nutrient-poor Costa Rican soils was highest

during the dry season, followed by a peak in root production during the wet season. Thus,

one might assume that the fine root growth rate reported in this study (180 g m'2 yr'1 )

represents a maximum estimate of below-ground productivity. Reported rates of fine root

growth, measured in other studies using sequential soil cores and rhizatrons, vary

considerably among Amazonian land-uses, from that in Venezuelan coffee plantations (661

g m'2yr ‘, 0-7 cm depth) to primary terrafirme forests (1,267 g m'2yr ’, 0-10 cm, Cuevas

and Medina 1988, Sanford and Cuevas 1996), although it is impossible to compare these data
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with the present study, due to methodological differences. The data are comparable to that

in a study by Jordan and Escalante (1980), in which root production in mature terra firme

forest (124 g m'2 yr'1, 0-40 cm) was measured as total biomass accumulation in the interior

of cleanly excavated soil pits. A comparison of the two studies indicates an agroforest root

growth rate over twice that of the mature forest. Expressed per cm soil depth, root

production in the agroforest (18 g m'2 yr'1) is six-fold that in the Venezuelan forest (3.1 g m''

yr'1). Part of the difference is unquestionably due to the fact that root density generally

decreases with soil depth, and fine root production in the mature forest was measured in a 40

cm-deep pit as opposed to the top 15 cm of soil where the agroforest ingrowth cores were

buried. Nonetheless, while the estimate of fine root growth undoubtedly undervalues the

contribution ofbelow-ground production and turnover to NPP and nutrient cycling, it does

suggest that fine root production in the agroforest may be at least comparable to that of a

mature forest. That the second sampling of fine root biomass in the upper 20 cm of soil did

not reveal significantly greater total root (live and dead) mass than that found during the initial

measurement in November may be due to the fact that root growth during the latter period

had already begun with the debut of the rainy season. Decomposition of dead roots

accumulated during the dry season may also help explain the lack of difference in root

biomass between the early and late rainy season sampling periods.

Removal ofN and P. Relative to other agroecosystems, nitrogen removal from this

particular assemblage of agroforest species appeared higher than that of phosphorus. Szott

et al. (1996) report that N and P export with rice grain harvest for an “average” (2 tons ha'1)
first crop following forest clearing on a Peruvian Ultisol ranges from 46 to 55 kg N ha'1 yr'1
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and 9 to 10 kg P ha'1 yr'1, depending on whether or not the rice straw is left on the field or

removed with the crop. Similar N and P expon values are reported for a high-yielding (2

tons ha'1 yr'1) 17-year-old cacao-shade tree agroforest growing in an Alfisol in north-eastern

Brazil (44 kg N ha'1 yr'1 ha, 10 kg P ha'1 yr'1, Sanchez et al. 1985), although lower values are

also cited for the shifting cultivation of annual (unspecified) crops in central Brazilian Oxisols

(40 kg N ha'1 yr'1, Frissel 1977), and maize in acid Costa Rican Ultisols (4.9 kg P ha'1 yr'1,
Hands et. al. 1993). While P removal with the harvest of agroforest products might be only
half that expected from an average first rice crop, N export appears similar to that of annual

crops. Moreover, N removal in the Amazonian agroforest exceeded that of five-year-old
fertilized cacao-shade tree plantations (19 to 26 kg ha'1 yr'1, Fassbender et al. 1986) and

unfertilized 14-year-old Himalayan mandarin-/! Ibizea commercial plantation agroforests (39

kg ha'1 yr'1, Sharma et al. 1995), while P removal remained similar to that of both systems (4
to5 kg ha'1 yr'1). Estimated N removal from extensively-managed (unfertilized/unseeded)
pasture in central Brazil (13 kg ha'1, Frissel 1977) or eastern Amazonia (7 kg ha'1, Dias-Filho
et al. inpress) is considerably less than that of the agroforest, although P export (2.5 to 4.6

kg ha'1 yr1 ) from the former is less than or equal to that of the agroforest.

Nitrogen and phosphorus losses through soil leaching were not measured for this

agroforest. Imbach et al. (1989) claimed that N and P removal through leaching from cacao-

based agroforests in Costa Rica (5.5 and 0.46 kg ha'1 yr'1, respectively) did not differ greatly
from other natural tropical ecosystems, although these values are at least ten-fold greater than
those presented by Vitousek and Sanford (1986) for tropical forests growing on Oxisols in

Brazil (0.2 kg N ha'1 yr'1, and 0.008 to 0.04 kg P ha'1 yr'1). Assuming agroforest N loss
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through leaching was as great as that cited for Costa Rican agroforests, removal ofN would

approximate its addition by rainfall. Phosphorus leaching would likely be much less due the

anion’s immobility in tropical Oxisols and Ultisols, as demonstrated by Williams and Melack

(1997) who found that stream water solute concentrations in deforested catchments ofcentral

Amazonia were 50-fold less for total P than for N.

Cycling ofN and P, and Agroforest Sustainability

Soil fertility may be reflected in the nutrient contents of individual plant tissues.

Cupuassu N and P concentrations from leaves of the eight-year-old agroforest fell at the low

end of the range for eight other six-year-old RECA agroforests (1.66 to 2.08 and 0.09 to

0.13%). Soil contents of Bray-, Mehlich- and resin-extractable, as well as total N and P,

averaged over 0-20 cm depth, were also within the range found in the younger agroforests

(Chapter 4), demonstrating that N and P dynamics in the eight-year-old system were

fundamentally similar to other agroforests in the region. Total C, N, and extractable P

contents also appear to be similar to other regions in Amazonia.

Phosphorus. Low soil and plant tissue P contents, as well as high rates of P

resorption, and subsequently high P-use efficiency, are all cited as evidence that P is more

limiting to tropical forest productivity than N (Vitousek and Sanford 1986, Cuevas and

Medina 1988, Attiwill and Adams 1993, Silver 1994). Grubb (1989) cautions against

comparing nutrient-use efficiency (NUE) among plant communities ofdiffering developmental

stages, because in general, NUE increases with plant age. Brown et al. (1990) observed that

secondary forests were typically less P-use-efficient than mature stands regardless ofage, soil

type and disturbance history, especially in return of P through litterfall. In this case, above-
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ground P-use efficiency in the eight year old agroforest appeared lower than that of both

primary and secondary forests growing on P-poor soils. This, combined with high rates ofP

return in litterfall, and moderately high NPP, might suggest that despite soil concentrations

of extractable-P equal to or lower than values reported for a range of land-uses throughout

Amazonia, P may not be as limiting to agroforest productivity as it is to native forests, at least

during this early stage of the agroecosystem’s development.

One explanation may be that one or more of the agroforest species is talcing up P

originating from soil pools not measured by the extractable indices used in this and other

studies. It could be that the three perennial agroforest components, originally native to

Amazonian forests, have evolved either to tolerate P-poor conditions, or to maximize P

acquisition through mechanisms that increase soil P availability relative to that measured in

commonly-used soil extracts (Chapin 1980, Lajtha and Harrison 1995). Moderately high
agroforest productivity, as well as above-average P contents in fresh leaves and fallen litter,

suggest the latter. Although similar data are unavailable for the other two agroforest species,
it is known that peach palm, the system’s dominant component, forms symbiotic mycorrhizal
associations (Mora-Urpi et al. 1997). Mycorrhizal associations may increase P availability
to host plants by expanding the surface area of contact between roots and soil, as well as

solubilize organic P through fungal release ofphosphatases (Bolán 1991). Soil organic P (Po)
was not measured in this study, nor is it measured by the extractable P indices, and given the

large quantity of P returned to the soil through litterfall, Po may account for a significant
portion of the system’s P nutrition. The concentrated growth of peach palm root biomass in

the soil surface where overall nutrient availability was greater suggests this. In addition to
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taking up nutrients as they are released from decomposing organic matter, the plants may also
have “access” to less readily available forms ofPo. Fernandes and Sanford (1995) suggested
that peach palm has the ’’ability” to deplete moderately labile (NaOH-extractabie) Po after

finding that this fraction was considerably lower in soils occupied by 30-year-old abandoned

peach palm plantations than in those of similar-aged cacao orchards and adjacent forests in

Costa Rica. The role of organic and inorganic P fractions not measured by commonly-used
extraction techniques in both Amazonian agroecosystem and forest nutrition certainly merits
further research, especially as it is likely that other native species growing on equally P-poor
soils similarly exploit more resistant forms of the nutrient.

If one or more of the agroforest components is simply scavenging P as other native

forest species might, then, the question remains, why are biomass P concentrations so high
relative to secondary forest vegetation growing in seemingly similar P-poor soils? Unlike

tropical secondary forests, which typically regenerate from abandoned agricultural fields or

pasture, most of the commercial plantation agroforests planted by members ofRECA were

established on sites recently cleared of forest. Thus, the majority of agroforests received a

“subsidy” of nutrients released by burned forest biomass and decomposing slash. Kauffman
et al. (1995) found that total soil P in slashed-and-bumed primary forests in Rondónia, Brazil
increased 40% from prebum concentrations. Although some losses would occur if annual

crops were harvested from the agroforest during the first year of establishment, much of the
P pulse resulting from forest burning for site preparation would be taken up and stored in the

tissues of the rapidly aggrading perennial system. While large quantities ofP are returned to

the soil in abscised plant parts, much of that stored in live tissues appears to be reused, as
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demonstrated by foliar resorption rates comparable to those of mature forests. The result

appears to be an overall rapid and efficient cycling of P within the system.

Nitrogen. Total N contents in the agroforest’s soil appeared within the range reported

throughout Amazonia. While agroforest N-use efficiency appeared slightly lower than that

for natural Amazonian systems, foliar N concentrations, as well as N return to the soil via

litterfall were comparable to that ofmature forests. Thus, while P cycling appears relatively

high in the agroforest, the storage and flux ofN remains similar to Amazonian primary and

secondary forests. The longer mean residence time ofN in agroforest surface litter indicates

that there may be more competition within the system for N than P among plants and

microbial populations, especially as the N-to-P ratio of peach palm leaf litter (14 to 14.8),

which comprises over 60% of total litterfall, is low relative to values cited for other tropical

forests (22 to 27, Vogt et al. 1986). Moreover, a soil C-to-N ratio (12.2) lower than those

reported for 19 tropical Oxisols (14.0) and 18 Ultisols (17.3, Sanchez et al. 1982), provides

further evidence that N may become more limiting to agroforest productivity than P, if

mineralization rates from decomposing organic matter decline because of reduced N

availability. The fact that N removal with the harvest of agroforest products is comparable

to that expected from the shifting cultivation of annual crops does not bode well for the

maintenance ofN availability in the tree-based system.

Unlike phosphorus, the potential exists for large additions ofnitrogen through fixation

of atmospheric N2 by leguminous herbs and trees. Glover and Beer (1986) found that N-

fixing shade trees could return 33 to 36 g N m'2 yr'1 to Costa Rican coffee plantation

agroforests when pruned three times annually. Similarly, Fassbender et al. (1985) found that
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the organic matter and N input from biannual prunings of leguminous shade trees

compensated for harvest losses in cacao-based agroforests. Initially, at the urging of

researchers and extensionists working with the RECA organization, farmers had planted

leguminous cover crops in the agroforest understory, primarily in hopes ofdecreasing weedy

regrowth. By the sixth year following establishment, most RECA farmers had eradicated the

legumes from the agroforests. Reasons for eliminating the legumes included a fear of

increased fire hazard from the woody vines ofMacuna cochichinensis, as well as the extra

labor necessary to keep the climbing legume from growing over the top of tree canopies.

Conclusions: Agroforest Sustainability

The eight-year-old agroforest system studied is typical of most others throughout

Amazonia, in that it is low- to no-input, thus, fertility maintenance is essentially reliant on the

same biological processes that sustain native Amazonian forests. Nutrient uptake from the

growing perennial vegetation likely decreased losses from leaching and erosion relative to

what might have been expected under annual crop systems in which the soil remains relatively

bare between cropping seasons. Moreover, rates of N and P cycling with this particular

configuration of perennial species have remained at least as high as that expected for mature

forests, while storage ofN and P per unit ofbiomass appears somewhat greater than that of

native primary and secondary vegetation. Such benefits provided by tree-based

agroecosystems likely contributed to relatively high rates ofproductivity. Unlike the shifting

cultivation of annual crops, which ceases after the second or third year following forest

clearing because of a decline in soil fertility, relatively high rates of agroforest productivity

have been sustained at least eight years following native forest conversion.
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However, unlike native forests, which are for all practical purposes “closed systems”,

commercial perennial crop-based agroforests undergo repeated N and P removal with

harvests. Ecological sustainability in agroforests, as in other agroecosystems, then becomes

a matter of degree, related to how much organic matter and nutrients are removed from the

system relative to what is returned. Under current management practices, it appears that

sustaining N availability in the agroforest may present more of a challenge in the near future

than that of P because of the large quantities ofN lost with crop harvests. Contrary to what

might be expected from agricultural systems growing in highly weathered Amazonian Oxisols

and Ultisols, P cycling in the peach-palm-cupuassu-Brazil nut agroforest appears quite high
relative to that in mature, and even secondary, forests. This does not guarantee, however,

that P will not limit agroforest productivity. While the total annual P removal with perennial

crop harvest is half of that expected for one annual crop (two to three per year may be

grown), there is evidence to suggest that P availability may be declining, as demonstrated by
lower concentrations of readily-extractable P in soils of six-year-old agroforests relative to

adjacent native forests (Chapter 4). While the importance of these particular extraction

indices ofP availability to long-term agroforest nutrition remains unclear, depletion ofreadily-
extractable P does demonstrate that this fraction is being taken up by agroforest vegetation
more rapidly than it is replenished in the soil solution. A decline in this soil P pool may have
differential effects on the agroforest’s components, depending upon the competitive ability
ofeach species, especially, for example, if one is able to exploit less readily-labile P fractions,
while another is not.
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The concept of sustainability has many and varied definitions, especially among

academic disciplines. However there is some agreement that sustainable agriculture includes

meeting human needs for food and fiber, maintaining environmental integrity or quality, and

being socially and economically viable (Smit and Smithers 1994). One of the economic

advantages of the commercial plantation mixed agroforestry system is that it potentially

minimizes financial risk because farmers are able to produce and sell a variety of products.

This benefit is lost if one species is allowed to dominate the system, resulting in lowered

productivity of other economically important agroforest components. Furthermore, unlike

shifting cultivation plots, where soil fertility is generally restored during an adequately long

(10-15 years) fallow period, there is evidence to suggest that tree-based agroecosystems, if

not managed to sustain nutrient availability, can actually result in overall site degradation.

Fernandes and Sanford (1994) found that secondary succession from abandoned peach palm-
based plantations proceeded more slowly and resulted in a loss ofspecies diversity, compared
to that occurring in old shifting cultivation plots and pasture. Soils from the abandoned palm

orchards were also lower in available N and P than those under the other land-use systems.

Thus, regardless ofhow quickly N and P are taken up, stored, and cycled through the system,

it seems that losses ofeither nutrient must be offset by additions ifoverall productivity in the

agroforest is to be sustained. Replacing nutrient losses, through careful additions of plant

residues, manure and inorganic fertilizers, and planting of N-fixing plants, may allow

Amazonian farmers to realize the full ecological and economic benefits of tree-based

agroecosystems. Obviously, further on-farm research is necessary to determine how this can

be achieved in a manner that is both practical and affordable for small producers.



CHAPTER 7
AMAZONIAN AGROFOREST SUSTAINABILITY:

NUTRIENT CYCLING, MANAGEMENT AND ECONOMIC VIABILITY

Accelerated P Cycling and Agroforest Management

The accelerated rate of P cycling demonstrated by the eight-year-old peach palm-

cupuassu-Brazil nut agroforest, as well as a decrease in extractable-P, relative to adjacent

native forest soils, suggests a species effect on biogeochemical cycling in the tree-based

agroecosystem. The effect of individual tree species on nutrient dynamics in forest

ecosystems is widely recognized (Binkley 1995), and the peach-palm dominated

agroforest appeared to cycle P at higher rates than those cited for native primary and

secondary forests growing in seemingly similar P-poor soils (Chapter 6). Not only were P

concentrations higher in peach palm above- and below-ground biomass, freshly fallen and

standing litter, but the P content found in these stores was considerably higher than in

those of the other two agroforest components due to the palm’s greater total biomass.

Increased uptake of P by peach palm would likely be facilitated by symbiotic mycorrhizal

associations (Clement and Habte 1995), which, in addition to increasing the volume of soil

explored, may solubilize organic P through increased phosphatase production (Bolán

1991). However, since most plants form mycorrhizal associations, one might expect the
other two agroforest components, also native to P-poor Amazonian forest soils, to benefit

similarly from mycorrhizal infection. Other studies have shown that even in the absence of

169



170

mycorrhizai associations, some species, such as pigeon pea (Cajunus cajún L. Millsp.)

utilize P bound in Fe oxides by exuding substances that chelate Fe3+ from their roots (Ae

et al. 1990). Fernandes and Sanford (1995) suggested that peach palm may have similar

“access” to ordinarily less soluble forms of P after observing that NaOFI-extractable Po

pools were significantly lower under old peach palm orchards than in surrounding plant

communities. Binkley et al. (1997) determined that P cycling in Albizia-Eucalyptus

plantations in Hawaii was accelerated compared to that in monospecific stands of

Eucalyptus. They attributed the increased P uptake by Albizia to a greater production of

low-molecular weight organic acids under this species that increased soil P availability.

Fox and Comerford (1992) found that oxalate, an organic acid often released by

decomposing litter or exuded by roots, undergoes ligand exchange reactions with oxide-

sorbed P, thus increasing P solubility in the soil solution. Interestingly, the fruit of peach

palm contain appreciable amounts of calcium oxalate, necessitating that the fruit be boiled

before human consumption (Mora-Urpi et al. 1997). The relationship between oxalate

crystals in peach palm fruit and potentially greater P availability has not been examined,

thus it seems that investigation of this and potential mechanisms employed by this palm

species to optimize P uptake in seemingly P-poor conditions is warranted. Further

research into the mechanisms controlling a species’ ability to solubilize “unavailable” P

may greatly benefit the development ofmore ecologically sustainable agroecosystems

throughout the tropics where P is very often the nutrient most limiting to production.

The possibility that accelerated P cycling in the peach palm-dominated agroforest

may be due to a species effect underscores three points. First, tree-based commercial
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plantation agroforestry systems comprised of different species may not necessarily benefit

from similarly high rates of P cycling. Secondly, low removal of a specific nutrient, such

as P, may depend upon the configuration of agroforest species and stage of the system's

development. Thirdly, and perhaps most importantly, such a species effect on P cycling

can be manipulated to enhance P availability to other agroforest components, and this may

be particularly valuable in the P-limited soils comprising much of the humid tropics. For

example, as the system is currently managed, an increased capacity for P uptake by peach

palm threatens the other agroforest components because the palm’s high productivity has

allowed this species to dominate the system through rapid above- and below-ground

growth. Furthermore, declining pools of readily-extractable P in agroforest soils relative

to those in adjacent native forests, presumably due to rapid P uptake by the palm, may

differentially affect the agroforest components, perhaps decreasing the productivity of

species that do not have similar capacities for increased P uptake. However, as Chapter 4

demonstrated, palm root growth into ingrowth cores was significantly greater than that of

cupuassu in agroforest alleys, but not in rows where the P-treated cores were buried at the

drip line of cupuassu. This suggests that under these circumstances, peach palm may not

necessarily have an overwhelming competitive advantage in terms of root growth, so that

the cupuassu may benefit from soil amendments applied beneath its canopy, as

recommended by Calzavara (1980).

Unfortunately, as the focus group discussions with farmers pointed out, most

households in this region do not have easy access to the chemical fertilizers recommended.

However, the relatively P-rich organic matter found in peach palm leaf litter, or stored in
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this species’ above-ground biomass, offers a relatively accessible source of organic

residues that can be applied to the soil underlying both cupuassu and Brazil nut by farmers

as they harvest palm heart. Group discussions with farmers regarding potential

modifications to agroforest management indicated that this was a feasible practice for

most households. As Chapter 5 demonstrated, soil P availability was greater under palm

litter, and the litter itself had a higher P content and decomposed more rapidly. Physically

moving the palm litter from agroforest alleys to beneath the dicot tree canopies would

require a pair of gloves (due to the spines found along palm rachises), but not much extra

labor since the species is interplanted with the other trees in the same system. This

appears as practical as collecting plant residues from nearby native forest, a practice cited

by some farmers as something they do to enrich soils for household vegetable gardens.

Physical manipulation of existing palm or other plant residues, combined with directed

application of small amounts of chemical fertilizers (were they to become more available)

or manures to help stimulate decomposition and mineralization of P-poor cupuassu and

Brazil nut leaf litter, would undoubtedly help maintain overall system productivity by

optimizing and/or facilitating P cycling by all agroforest components.

Finally, regardless of how rapidly P is cycled through the peach palm-dominated

agroforest, without nutrient additions to offset losses, a drop in productivity is just a

matter of time. Thus, if after several years productivity in the agroforest declines below a

level acceptable to farmers, the palm-dominated agroforests could be cut and burned in the

same manner used to clear native forests, and the minerals released from the combusted

plant biomass may provide a more P-rich environment for new crops than native
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secondary forest (capoeira) of the same age. One possible draw-back to this strategy is

that some Peruvian farmers have noted difficulties establishing plants in soils previously

occupied by palm heart monocultures due to the extensive superficial rooting systems

produced by peach palm (Mora-Urpi et al. 1997). From these reports, however, it is

unclear how the land was prepared for new plantings, and one study suggests that dead

fine roots (< 3 mm diameter) from the palm collected in the top 20 cm of soil decompose

entirely within one year (McGrath unpublished data). Replanting new crops on sites

occupied by abandoned agroforests may reduce pressure on more biologically diverse

secondary forests and help minimize forest fragmentation, if farmers determine that the

labor and risk required to cut and bum abandoned peach palm-dominated agroforests is

less than that for capoeira.

Nitrogen Removal and Agroforest Management

The nitrogen cycle of the peach palm-cupuassu-Brazii nut agroforestry system

demonstrated that while tree-based agroforests may cycle nutrients nearly as efficiently as

native Amazonian forests, nutrient removal in the former can be just as high as that

expected for annual crop harvests. In this case, rates ofN resorption from leaves prior to

abscission and N return to soil in fallen litter were comparable to those cited for mature

and secondary forests growing in Amazonian soils with similar total N contents, but

annual N export with agroforest product harvest rivaled that of an average first year rice

crop. In the agroforestry system studied, there was nothing to suggest an unusual species

effect on N cycling. All agroforest species tended to have similar foliar N concentrations,

although the largest N stores were found in peach palm stem stems and leaflets, due to
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their large mass. In systems where heart-of-palm is more intensively exploited, N export

would be expected to rise, since the N concentration in the bud and leaf sheath tissues

comprising harvested palm heart is higher than that of peach palm fruit (Chapter 6).

However, the harvesting of palm heart eliminates stems that would eventually grow to

produce fruit (and store nutrients), so that fruit harvest, which accounts for approximately

80% of the current agroforest N export, might decrease. Availability of both P and N in

the system could potentially increase with the liberation of these elements stored in leaflets

and unused leaf sheath residues. Palm heart also has a much greater market value and

does not perish as easily during transport, which would give farmers a higher return for

each kilogram of organic matter removed from the system. Clearly, the effect of

intensifying palm heart harvest on N and P cycling, removal and management should be

examined further, especially in the monospecific palm heart plantations that were gaining

popularity with farmers as a more attractive alternative to mixed-species agroforests.

Regardless of the harvest strategy employed, the large annual removal ofN with

agroforest crop harvest suggests that N availability may limit overall agroforest

productivity in the near future if such losses are not offset by additions. Fortunately, N

can be added to the system through atmospheric fixation ofN2 by leguminous plants, and

RECA farmers appeared very aware of the importance ofN additions to sustaining crop

productivity and the potential role of legumes as N-fixers. Although farmers had largely

eradicated the climbingMacuna vines from their agroforests, the Brazilian agronomic

research institution, EMBRAPA, begun experimenting with several other legume species

with a few RECA farmers. Collaboration among EMBRAPA scientists, local extension
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agents and farmers will help ensure that species are chosen based upon their ease of

management, as well as on characteristics such as leaf litter quality and adaptability to the

region’s physiography. Thus, re-introducing N-fixing species to RECA’s agroforestry

systems is not an insurmountable challenge, although the management of leguminous

cover crops may need some modification to maximize N cycling efficiency. For example,

unlike understory weedy vegetation that was generally cut down twice a year and left to

decompose on the agroforest floor, many farmers allowed rows ofDesmodium to grow

unpruned throughout the entire season. The legumes would naturally die during the dry

season, but farmers complained that the large dry shrubs presented a fire hazard, and some

researchers believed that the legumes exerted a competitive effect on cupuassu tree

growth. While it is not quite clear why farmers were hesitant to manage leguminous

understories in the same manner used for weedy regrowth, occasional pruning or cutting

down of the legumes would decrease the dry season hazard, and release N and other

nutrients in the decomposing litter. The annual cutting of understory weeds, as was

operationally practiced by RECA farmers, undoubtedly benefited the agroforest by

reducing inter-specific competition for water and nutrients, adding green manure for

organic matter build-up, and releasing nutrients, especially as N annual uptake by

understory weeds was higher than the initial total N content found in the eight-year-old

cupuassu and Brazil nut canopies (Chapter 6). Further on-farm and station

experimentation with legumes could determine the optimum periods for pruning, so that

nutrients release occurs when uptake and production requirements are the highest. Many

studies have shown, however, that even the most efficiently-managed N-fixing species
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cannot entirely compensate for high annual N losses from a system (Imbach et al. 1989).

Thus, while the incorporation of legumes may extend agroforest productivity by adding N

and increasing organic matter cycling, it cannot guarantee that the system will not become

N-limited without N (and other nutrient) additions that balance iosses. Moreover, soil P

deficiencies often limit N-fixation in tropical soils (Ewel 1986).

Conclusions: Prospects for Ecological and Economic Sustainability

It has been assumed that offering economically and ecologically viable land

management strategies to Amazonian farmers is crucial to decreasing tropical forest

conversion. Amazonian farmers are rapidly adopting perennial-crop based agroforestry
systems as an alternative to shifting cultivation. This land use may offer a greater degree of

ecological stability if the biological processes that control sustained productivity in tree-

based ecosystems are maintained and/or enhanced through management practices.

However, as the RECA case study demonstrates, the ability to market agroforest crops
will ultimately determine the longevity of this system as a viable economic alternative to

other Amazonian land-uses. Thus, ideally, the most ecologically and economically
sustainable commercial plantation agroforests would produce high value and easily-
marketable cash crops with minimum nutrient and organic matter export from the system,

while maximizing nutrient cycling efficiency, organic matter build-up and soil protection.

This research indicates that under the socio-economic conditions faced by RECA farmers

(Chapter 2), the peach palm-cupuassu-Brazil nut commercial plantation agroforest planted

by the RECA organization has the potential to meet these criteria, to varying degrees,

depending upon future management. This particular system appears to promote
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accelerated cycling of P in seemingly P-poor soils, and relatively efficient cycling of N,

especially if legumes are incorporated and managed to maximize N cycling. While these

processes have undoubtedly contributed to maintaining productivity far longer than would

be expected for annual crops growing in the same soils, ultimately, nutrient additions will

be needed to offset losses if the system is to continue to sustain high yields. Management

practices can help optimize nutrient cycling efficiency, but N-fixing leguminous cover

crops may not necessarily replace the large loss incurred by the system with yearly crop

harvests. Moreover, despite an accelerated rate of P cycling, future additions of this and

other nutrients, such as potassium (K), will likely be necessary to maximize the potential

for sustained production offered by long-lived tree-based agroecosystems. Government

policies that give resource-poor farmers greater access to credit so they can buy

agricultural inputs, such as chemical fertilizer, as well as further research into the efficient

and careful use of both organic and inorganic amendments in Amazonian soils, would go a

long way in helping Amazonian colonists develop more sustainable agricultural practices.

However, it makes sense to invest in more intensive agricultural practices only if the

systems are economically viable and show promise of improving the livelihoods of rural

households.

The crops produced by the peach palm-cupuassu-Brazil nut agroforest all

potentially have high market value, although their current marketability may be

constrained more by local infrastructural capacity than by market demand. Frozen

cupuassu pulp appears to have a relatively constant demand throughout Brazil, but

limitations in local infrastructure (e.g., roads, electricity) increased the processing,
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transport and storage costs for RECA compared to those incurred by producers located

closer to large urban centers. Adding value to products prior to sale through processing

will increase the marketability of RECA’s crops. For example, making pasteurized juice

concentrates, jams and candy from cupuassu pulp, as well as “chocolate (cupulate)” from

cupuassu beans will add value to products, increase their shelf life and perhaps facilitate

transportation and storage. RECA’s newly-gained statehoodship with Rondónia may help

ensure that the town is provided with improved infrastructural support and maintenance

necessary to improve product processing (Chapter 2). Improving the quality of canned

heart-of-palm will make RECA’s product more competitive in markets in southern Brazil,

especially as harvesting palm heart does not kill peach palm as is the case with the single

stemmed Euterpe spp. from which the product is exploited in other regions. While

transforming peach palm fruit into a toasted nutrient-rich flour helps minimize losses

incurred by farmers awaiting transportation, the urban public will need to be educated on

the uses of this flour, and eventually a formal market for the flour and its products must be

developed to absorb all the fruit that will be produced in the near future by this particular

configuration of agroforest species. Peach palm fruit alone accounted for approximately
80% of the total mass harvested from the RECA commercial plantation agroforest. This

underscores the importance of diversification in future agroforest plantations, and the need

for market research conducted in collaboration with local non-governmental organizations

(NGO’s), such as PESACRE, to determine which products are most marketable in the

region, given local infrastructural and processing constraints, and consumer demands.

During this study period, it appeared that the RECA organization, with the help of other
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NGO’s, was slowly but surely addressing these issues. For example, many farmers were

also planting native forest timber species in more recently established agroforestry

systems, along with other fruit trees and cash crops such as coffee and citrus. Confronting

these market challenges will go a long way towards ensuring the economic viability of the

organization and its commercial plantation agroforests.

Browder (1996) notes that Amazonian colonists are adaptive forest farmers whose

patterns of resource use co-evolve with the environment around them. As they learn

about forest species and ecosystem dynamics, they are able to successfully manipulate the

forest in ways that diversify sources of value. Indeed, it may be that the success ofRECA

and other colonist producer groups will depend upon how dynamic these organizations

and their members can remain, able to respond to a rapidly changing geophysical and

socio-economic environment with modifications in land-use practices and market

strategies.

Finally, as comments made by participants in focus group discussions pointed out,

sustainable land management is also subject to perception. As long as colonist farmers do

not have confidence in a system’s potential for sustained production, they must continue

to minimize risk by clearing forest and planting new systems (Chapter 3). Moreover, it

seems unlikely that land owners will continue to invest resources, such as labor or

purchased inputs, in a system that does guarantee economic security, no matter how

ecologically sustainable it may be. Thus it is imperative that research institutions, such as

EMBRAPA, as well as local and foreign NGO’s, such as PESACRE, continue to work

with producers organizations to help them develop both practices that maintain or increase
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productivity, and systems that meet market demands with minimal environmental

degradation. Direct participation by farmers in the investigative process will hopefully
foster a greater understanding for the processes that control sustained production and

ecosystem health, the constraints faced by households, and the opportunities available for

more sustainable agroecosystem management.
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