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ABSTRACT

The integration of trees into pastures, termed silvopasture systems, could make
livestock farming more economically and environmentally sustainable. A framework
to assess the forage potential of native tree species would assist in developing
regionally appropriate silvopasture for pastures in the Amazon. Five tree species of
with reported silvopastoral potential, Senegalia loretensis, Ceiba pentandra,
Erythrina berteroana, Inga edulis and Leucaena leucocephala, were selected to
investigate their potential use in a silvopastoral system. A 26-month field experiment
planted 900 trees of the five species to assess tree mortality, biomass production
and palatability for cattle. Five monospecific replicates of each species and a control
with no trees planted were installed on a Brachiaria brizantha pasture in Madre de
Dios, Peru. After 18 months, S. loretensis and C. pentandra showed double the rate
of mortality compared to the other species and were deemed inappropriate for
continued consideration. Destructive harvests of the remaining three species showed
that total biomass production and hence carbon storage was greater for I. edulis (7.2
Mg dry mass ha') than E. berteroana (4.4 Mg dry mass ha) or L. leucocephala (4.3
Mg dry mass hat) at 24 months. These biomass gains were not at the expense of
grass: edible biomass within the reach of cattle was 1.5 Mg ha in the no tree
control, whereas E. berteroana produced 2.3 Mg ha, I. edulis 2.3 Mg ha! and L.
leucocephala 2.2 Mg ha’. Cattle were introduced into each treatment to assess
palatability. Cattle consumed 99% of E. berteroana, 75% of I. edulis and 80% of L.

leucocephala. E. berteroana had a mortality six times greater than other species, but
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all species have silvopastoral potential. This evaluation of tree species supports
regionally appropriate silvopastoral systems and shows that silvopasture can

increase productivity on existing cleared land and can contribute to mitigating climate

change.



IMPACT STATEMENT

Silvopastoral farming systems, where trees are planted in cattle pasture, could make
livestock farming more economically and environmentally sustainable when
compared with traditional models of cattle farming. In some areas, a barrier to the
adoption of silvopasture is a lack of knowledge of which environmentally adapted
trees have forage potential and whether these trees can meet the needs of animal
production. This thesis describes a framework that can be used to evaluate the
silvopastoral suitability of native and locally adapted tree species. The framework
presents a set of design considerations and recommends that silvopastoral trials be
carried out in a well-replicated scientifically robust design over a minimum of a two-
year timeframe. This approach has been designed for on-farm use in a way that can

be adapted by practitioners in different parts of the world.

The framework was applied in the context of a typical Amazon pasture in Madre de
Dios, Peru. Five locally adapted trees were chosen following a review of scientific
literature that suggested locally adapted species that could survive in the pasture
environment and were palatable for cattle. When compared with conventional
models of farming in the region, the silvopastoral system provided gains in
productivity, accruing as increased total biomass, an increase in available forage for
cattle and the sequestration of carbon. A statistical method to provide non-
destructive assessments of the biomass production and carbon sequestration

potential of the tree components of three species is presented.
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An accomplishment of this study was the establishment of a 3-hectare experimental
silvopastoral system. This serves as a demonstration of the procedures advocated in
this thesis and can continue inspire those who seek to implement silvopastoral
systems. Site visits by stakeholders may increase the adoption of more sustainable
cattle farming techniques. It is hoped that the dissemination of this research via
scientific journals will contribute to a growing body of evidence that supports the
adoption of more environmentally friendly practices in livestock production, of

interest to extension workers, policy makers, governments and businesses.

This work is an attempt to find sustainable ways to intensify the current extensive
livestock production in the Amazon using natural technology and simultaneously
increase the provision of ecosystem services from these landscapes. It is envisaged
that widespread adoption of silvopastoral systems on existing cleared land could
reduce the need for further deforestation, reverse the trend of pasture degradation
and soil erosion, increase biodiversity in agricultural landscapes and contribute to the
mitigation of climatic change. This work is a preliminary assessment but it could be
of use to future researchers and extension workers who may be able to address the
shortcomings of this study and further improve the recommendations for the design
of silvopastoral systems. Finally, the ultimate impact that this study could hope to
achieve is that the communities that rely on cattle farming in the Amazon adopt
these more profitable and sustainable approaches, and that this results in a decline
in the rate of pasture degradation and a decline in the rate of deforestation of the

Amazon.
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CHAPTER |

AMAZON PASTURES: THE

POTENTIAL FOR SILVOPASTORAL SYSTEMS

1. Livestock Production

The worl doés predcpedtb adch 9%6rmillian y the year 2050
(Alexandratos and Bruinsma, 2012). Meat and milk currently provide a third of global
protein intake and demand for livestock products is expected to increase by 70 to
80% by the year 2050 (Rosegrant et al., 2009; Herrero, 2015). Pasturelands cover
35 million km?, or 68% of the total global land area dedicated to agricultural
production (White et al., 2000). The rising demand for livestock products is likely to
be met with a concurrent expansion of livestock production into wilderness areas

(Thornton and Herrero, 2010).

To date, deforestation has resulted in the loss of more than a third of all global forest
(Hansen et al., 2013). An example of this is the 413,506 km? that have been
deforested since 1988 in the Brazilian Amazon to be replaced by pastures for the
production of cattle (Downing, 2019; PRODES, 2019). Central and Latin America
have one of the highest rates of land conversion for livestock production (Wassenaar
et al., 2007). It is estimated that the livestock sector drives climatic change
contributes 14.5% of the total anthropogenic greenhouse gases (GHG) emissions

(Gerber et al., 2013). It is a sector that may struggle to adjust to climatic change, as
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livestock producers must contend with predictions of increased pressure on
productive land, water shortages and declining forage production under rising

temperatures (Lee et al., 2017; Fellman et al., 2018).

In order to meet the growing demand for livestock products, efforts should focus on
intensifying land that is already dedicated to livestock production. This would have
the dual benefit of avoiding further emissions of GHGs and ensure the preservation
of biodiversity and wilderness areas (Godde, 2018). Increasing the productivity per
hectare of land in a sustainable way is known as sustainable intensification
(Carvalho et al., 2018). Interest has been growing in the potential of sustainable
intensification to integrate multiple land uses that can result in increases in economic
and environmental benefits from the same unit of land (Schultze-Kratft et al., 2018).
Integrating cattle with crops, rotational stocking systems and the use of improved
forages have led to advances in the intensification of cattle farming (Bogaerts et al.,
2017). Farms that integrate trees and shrubs in a practice known as silvopasture
have been documented to have substantial increases in on-farm productivity and
observed benefits to biodiversity (Murgueitio et al., 2011). A critical challenge facing
humanity is to reconcile the production of food for a growing population with the
protection of natural ecosystems while confronted with uncertain predictions of the

impacts of climatic change (Rojas-Downing et al., 2017).
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2. Introduction to Silvopastoral Systems

Agroforestry systems, as defined by the Food and Agriculture Organisation, are

Atraditi onal -weagystemowhere treeslara mahaged together with

crops and/ or ani mal product i ¢FAO,2016).tMamfmps i n ag
terms are used to describe arrangements where trees are incorporated into livestock

production systems. Hecht (1982) makes a distinctionbet ween fAsi | vopastor
S y s t e msguationfiwaaere animals graze a ground cover crop grown under

pl antat iamddgirtepeass,toor al 0 systems, which Aenco
treesgrown f or food (humBan homagnibmalv) @wed as Ai
s y st dHecht) 1982). For the purposes of this discussion, silvopastoral systems

are defined according to Kaur et al. (2002) as an agroforestry practice that integrates

livestock, forage production, and forestry on the same land-management unit.

The incentive to increase production on existing lands is growing as property rights

in the Amazon are strengthening and landowners reach the boundaries of their
properties. Brazi | &bniteadNatioms Conferente on Gimateh e 15
Change in 2009 resulted in the Low Carbon Agriculture plan, a national credit

incentive that has supported the conversion to silvopastoral systems of

approximately 2 million hectares (Embrapa, 2016; Santos et al., 2018). Many

systems aim to coproduce timber, and often favor exotics such as Tectona grandis

and Eucalyptus.

Farmers can manage trees to provide a range of products and services.
Management of trees commonly include planting arrangements such as living fence

posts, fodder banks or alley farming, a term defined by Kang et al. (1990) a sthefi
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cultivation of food crops between hedgerows of multipurpose treeso(Russo and
Botero, 1994; Sanchez, 2002). Appropriate management of agroforestry systems
can help farmers increase production of crops, fuelwood, timber and fodder (Russo
and Botero, 1994). Additionally, a range of ecosystem services are associated with
the presence of trees in agricultural systems, some of which directly benefit the
productivity of agri-ecosystems, wheras others accrue as less-tangible global good

by, for example, increasing the amount of carbon dioxide sequestered.

The presence of trees helps to maintain and improve soil fertility (Hohnwald et al.,
2005; Murgueitioetal.,,2011). Tr ees can act as Onutrient pum
advantage of accessing nutrients from deep soil horizons (Scholes and Archer 1997;
Sanchez, 2002), that are recycled into the system as leaf or root litter and can
contribute to crop available nutrients (Menezes et al., 2002). Nitrogen fixing trees are
commonly employed in agricultural systems as they can increase the nitrogen inputs
of a system (Dommergues, 1987). Some tree legumes have an advantageous
relationship with rhizobia; bacteria that infect roots and form nodules which fix
nitrogen (Downie, 2014). The extent to which tree legumes can access or contribute
nutrients to a given system is dependent on, amongst other factors, mycorrhizal
associations, soil, climate, species and management (Szott et al., 1991). Trees also
promote complex soil food webs (Montagnini and Ashton, 1999) and increase the
habitat available to ecosystem engineers such as decomposers, predators and

parasitoids that control harmful insects (Giraldo et al., 2011; Murgueitio et al., 2011).

Silvopastoral systems can offer improved production and sustainability over

traditional pasture systems. In temperate climates, some silvopastoral systems have
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been productive for over 4,500 years (Stevenson and Harrison, 2014). The presence
of shade trees can reduce heat stress in cattle and may increase their weight, milk
production or reproductive success. The inclusion of trees can provide a useful
adaptation among smallholder livestock farmers in response to climatic changes. For
example, in times of drought, fodder production by trees may continue when pasture
productivity decreases due to water stress and therefore the (Altieri et al., 2015).
Silvopastoral systems also generate additional productsthatc an 1 ncr eas
income, such as timber, fuelwood, fruits and fodder for cattle. In the Amazon there
are low stocking densities, typically less than one cattle per hectare (Hohnwald et al.,
2006). A pasture which incorporated tree legumes (Leucaena leucocephala) in
Western Australia reported record liveweight gains for cattle and a stocking rate of 3-
4 animals per hectare (Jones, 1986 in Russo and Botero 1994). In the South Eastern
United States the native and endangered longleaf pine Pinus palustris was used
within a silvopastoral system which subsequently produced more profits than either
traditional ranching or traditional forestry (Stainback and Alavalapati, 2004). In this
approach, a threatened species was incorporated into a silvopastoral system which
resulted in both a profitable farming systems and the continued promotion of the

existence of Pinus palustris.

Silvopastoral systems also have considerable potential as a landscape level tool for
conservation. The increased complexity of silvopastoral systems results in a greater
provision of ecosystem services and increased habitat for wildlife (Mcadam et al.
2007). In areas of fragmented forests, silvopastoral systems can increase
connectivity and act as wildlife corridors (Ibrahim et al., 2006). Silvopastoral systems

may sequester more carbon than traditional pasture (Haile et al. 2010). The inclusion
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of certain forages containing tannins may reduce methane emissions from livestock
production (Hess et al., 2005) and control livestock parasites (Nguyen et al., 2005).
Silvopastoral systems represent an opportunity for sustainable intensification and

livelihood diversification, while simultaneously providing benefits for the provision of
ecosystem services and biodiversity conservation. Such systems can challenge the

traditional view of livestock production as the antithesis of biodiversity conservation.

Livestock production in the Amazon is constrained by the complex agro-ecological
problem of early pasture degradation. Within ten years pasture may reach an
advanced stage of degradation (Martinez and Zinck, 2004). Some direct causes at
the farm level of this phenomenon include decreasing soil fertility, water stress,
insect pests, inadequate grass species, weed invasion and overstocking, whereas
underlying causes of pasture degradation include low return yields, lack of technical
knowledge, perverse policy environments, and insecure property rights (Hohnwald,
2016). Estimates of the extent of pasture degradation are not consistent, but authors
indicate that up to half of the pasturessowni n Br azi | 6s rain forest
to some degree (Serrao et al., 1993). The presence of forage trees can enhance the
productivity of pasture systems compared to grass monocultures, with effects
varying dependent on the arrangement of trees, selection of species and soll

conditions of the site (Szott et al., 1991).

Relatively few studies have attempted to increase the productivity of Amazonian
livestock production systems using silvopastoral techniques. A successful
rehabilitation from bulldozed land to a productive silvopastoral system is reported for

a study in Yurimaguas in 1988. The experiment established Centrosema
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macrocarpum as a forage ground cover crop between peach palm Bactris gasipaes.
Eighteen months after establishment, the Centrosema macrocarpum was grazed.
Average increase in live-weight gains of the cattle was 445 gtanimal? per day, an
improvement over traditional grazing systems in the region. Soil bulk density,
mechanical resistance, acidity and aluminium saturation decreased considerably
(Arevalo et al., 1998). Silvopasture can therefore present a unique opportunity to
rehabilitate degraded pastureland and increase the productivity of marginal land.
Such studies reinforce the potential for silvopastoral systems to outcompete
traditional grazing management in the tropics while increasing the sustainability of
livestock production. A framework to assist in the evaluation of candidate species for
inclusion in silvopastoral systems could help interested stakeholders participate in
trialling species they identify as having potential, while generating data that

documents the success of the species.

3. Selection and Management of Species for Silvopastoral Systems

Certain characteristics are shared by species that perform well in silvopastoral
systems; they fix nitrogen, are fast growing, demonstrate high foliage productivity
and nitrogen content, are palatable and readily eaten by animals when fresh,
nutritious for livestock, exhibit tannin content lower than 5%, can withstand trampling,
coppicing, heavy grazing pressure or even complete defoliation, show rapid rates of
regrowth from numerous growing points on the remaining stems, develop a vigorous
tap root, retain their leaves in the dry season, have small leaflets and open crowns
which allow light to reach the ground (Devendra, 1990; Arevalo et al., 1998;

Sanchez, 2002; Vitti et al., 2005; ; Hohnwald, 2016).
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Appropriate species for silvopastoral systems may be specific to the local
environmental and climatic variables that can affect production. What is proven to
work in one context can fail in another. For example, Leucaena leucocephala is a
nitrogen fixing tree leguminous native to the Yucutan peninsular of Mexico and used
worldwide as a forage tree. When trialed in the acidic Utisols of Yurimaguas in the
Peruvian Amazon failed to be productive due to high levels of aluminum saturation
(Sanchez, 1987 in Loker, 1994). On acidic, low base status soils species such as
Fleminga macrophylla and Erythrina poeppigiana have been shown to be more

productive than L. leucocephala (Kass et al., 1992).

Physical and chemical soil characteristics effect the plants and species they support.
It is important to understand the effects of soil characteristics on a species success.
Degraded, acidic soils are prevalent across the Americas, yet a paucity of studies
have evaluated the adaptability native tree species to these conditions for
consideration in incentive-supported reforestation schemes (Tilki and Fisher, 1998).
The majority of research has focused on Costa Rica, with results demonstrating the
importance of using locally adapted species for rehabilitation of degraded lands
(Montagnini and Sancho, 1990; Perez et al., 1993; Gonzalez and Fisher, 1994).
Despite the paucity of studies that consider the Amazon, much of the knowledge that
has been acquired regarding the impact of soils and associated biota on trees is
transferrable. For example, data acquired by Carpenter et al. (2004) suggested
survival and growth of trees in their study were negatively correlated with soll
erosion. This observation may be due to the negative relationship between

arbuscular mycorrhizal fungi and levels of soil erosion (Carpenter et al., 2001). Trees
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associated with arbuscular mycorrhizal fungi have shown improved utilisation of
phosphorous, a nutrient that is frequently limiting to plant growth in the tropics.
Inoculation with appropriate strains of arbuscular mycorrhizal fungi is important as it

can significantly increase plant survival and productivity.

Characteristics that may increase success of a species in the context of pasture
lands in the Amazon include tolerance to high levels of irradiance and aluminium,
fast growth and biomass production that enables trees to outcompete weeds and
certain species may be able provide an advantageous association with neighbouring
trees or crops through their ability to fix atmospheric nitrogen. Nichols et al. (2001)
studied techniques to enhance the growth of Terminalia amazonia on degraded
Utisols in Costa Rica. Four years after planting, T. amazonia inter-planted with the
leguminous nitrogen fixing tree Inga edulis (with no fertiliser applied) was 15% taller
than all other treatments, including T. amazonia treated with annual applications of
fertiliser. Transfer of nitrogen from nitrogen fixing leguminous trees to pasture

grasses has also been recorded (Sierra and Nygren, 2006; Sierra et al., 2007).

Experimental evaluation of local species led one Colombian farmer to discover the
silvopastoral benefits of an endemic and rare legume, Mimosa trianae, which
outperformed the other species in the trial and shows promise for the development of
silvopastoral systems of the Andean foothills (Calle et al., 2012). Native species
consistently show promising results in trials, but are frequently overlooked.

Butterfield (1995) screened 84 species of hardwoods for forestry development
potential in Costa Rica and found that of the species whose performance was in the

top 25%, 67% were native. In one of the only studies of its kind, research that
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considered capoeira (secondary vegetation) species as supplementary forages in
Northeastern Brazil highlighted many species that could be of potential use to
silvopastoral arrangements in the Amazon. Hohnwald (2016) used a randomized
block design to assess relative palatability, height, biomass production, and chemical
composition of foliage. Their results highlighted the potential of unexplored species
present in diversity of the capoeira for formal integration into livestock production.
The promising results of this research suggest similarly useful but unexplored plant

capital may exist across Amazonia.

The International Livestock Centre for Africa defines four management strategies for
silvopastoral systems: fodder tree banks, intensive feed gardens, alley grazing via a
rotational system or alley grazing via a permanent system (Reynolds and Cobbina,
1992). d-odder tree bankséo rt rée e p r o taeeicloselpspatdd pléanting
arrangements at high densities. Livestock access to the trees can be controlled by
fencing. Fodder banks and intensive feed gardens incur additional management
inputs such as labour but offer opportunities for greatly increased yields due to
higher planting densities (Reynolds and Cobbina, 1992). More than 10,000 fodder
shrubs ortreesperha'may be considered an 6intensivebd
(Murgueitio et al., 2011). Hedge (1983) recommended a density of 10 to 15 trees per
m? for Leucaena leucocephala (Devendra, 1990). Pathak et al. (1980) report higher
yields from trees at a density of 40,000 trees ha! than 15,000 trees ha! (Sanchez,
2002). Savory and Breen (1979) found a planting density of 60,000 trees ha!

produced greater yields than 10,000 or 30,000 trees ha* (Sanchez, 2002).

Intensive feed gardens are cut and carry systems similar to fodder tree banks.
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However, in the intensive feed garden system, livestock are kept separate from the
forage plants. Livestock can be housed and fed in stalls, or pasture grazed and
offered supplementary forage. An example of management of this system may
include closely spaced hedgerows of forage plants (2 - 4 m spacing) with grass sown

between rows (Reynolds and Cobbina, 1992).

A rotational system of alley grazing uses a wider spacing between hedgerows (3 - 4
m) that livestock graze directly. Livestock are rotated between plots of forage plants,
allowing plants time to rest. For forage tree Gliricidia sp., a suitable rotation may be 2
weeks of direct grazing followed by 8 to 10 weeks of rest period (Reynolds and
Cobbina, 1992). The alley grazing-rotational system has been used successfully in
El Hatico nature reserve in Colombia, where conventional ranching management of
pasture was replaced with an intensive silvopastoral system with a resultant increase

in milk production of 130% (Murgueitio et al., 2011).

A permanent system of alley grazing may use the widest hedgerow spacing (7-10
m). Free ranging livestock graze the system directly. Defoliation intensity of fodder
trees is offset by the higher palatability of grasses. Knowledge of the effect of trees
on animal nutrition and palatability is critical as care must be taken to manage the
exposure of livestock to excessive intake of secondary compounds (e.g. Mimosine in

the highly palatable Leucaena leucocephala) (Reynolds and Cobbina, 1992).

Of particular relevance to the alley grazing systems are the interactions between
trees and pasture grasses. In tree-pasture systems there may be competition

between the trees and the pasture for light, moisture and nutrients (Sousa et al.,
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2015). Selecting deep-rooted tree species may reduce this competition. In addition,
shading caused by trees can have negative impacts on the productivity of pasture,
which may reduce potential stocking capacity for livestock production (Parsons et al.,
1983; Jackson and Ash, 1998). For this reason, in alley systems, hedgerows of
forage trees can be planted on east-west lines to minimise pasture shading. Pasture
productivity may also be greater in silvopastoral systems (Sousa et al., 2015). As an
additional benefit, grass species adapted to shade generally have improved nutrient
composition than species tolerant to high levels of irradiance (Russo and Botero,
1994). At a planting density of 6 x 6 m in Costa Rica, the legume tree Erythrina
poeppigana (subfamily Fabeaceae) was shown to positively affect yields of some
adjacent pasture grasses species such as Panicum maximum, Brachiaria brizantha,
B. humidicoia and Cynodon nlemfuensis, but decrease yields of other species such
as B. dictyoneura and Pennisetum purpureum (Russo and Botero, 1994). In practice,
any positive effect of trees on pasture productivity may be negated at high stocking
densities combined with low canopy cover as livestock may seek shade and

therefore inhibit tree growth and degrade shaded grasses and soil.

A range of destructive and non-destructive techniques have been developed to
determine pasture productivity. Non-destructive techniques can also give good
estimates of pasture yield; Mannetje (2000) categorised these indirect methods as
visual estimation (including the pasture plate meter and pasture capacitance meter
techniques) and estimation based on grass height and density measurements.
Destructive techniques are generally accepted to be a more reliable indicator of
pasture productivity, but it is important to include an adequate number of samples

(Wilm et al., 1944; Frame, 1981). Grazed swards display inherent variation, which
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means a large number of samples are required (Shaw et al., 1976; Vermeire et al.,

2002). Sampling is usually done by quadrats; it has been found that, particularly in

row sown pastures, rectangular quadrats exhibit decreased variation than square

ones (Mannetje, 1978). The cutting height of samples also affects estimates of

pasture yield. Thomas and Laidlaw (1981) recommend that for forage estimates,

cutting height be selected at minimum grazing height used by the type of animals the
experiment considers and the experHodgsont 6s ob
(1979) who suggests cutting at ground level. Ultimately, the technique used to

determine pasture productivity in a study will be determined by time and cost

constraints.

Cattle browse on trees and shrubs, and trees and shrubs can be managed as
resources for cattle production. There is need for more research into which species
cattle browse, and the amount and type of browse consumed by cattle of each
species. To determine how to best document the interaction of cattle with browse at
the species level it is necessary to review the existing literature on how plants
respond and adapt to the herbivory. Research on herbivory is highly relevant to the
present study, yet such information is scarce, particularly at the species level.
Therefore, the following discussion seeks to understand the underlying processes by
which plants respond to defoliation. Trees and shrubs show varying levels of
adaptive responses to defoliation, which may be a result of herbivory by arboreal or
terrestrial animals, or by humans harvesting foliage or wood for a variety of purposes
(e.g. coppicing) (Hardesty and Box, 1988). Defoliation may affect the productivity of
trees or cause mortality in species that are not adequately adapted to the type of

defoliation they are subjected to. The response to defoliation is species specific, and
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can also be influenced by the type of defoliation, intensity and/or frequency of
defoliation and environmental factors such as water availability in the period of
defoliation. Management of species for their foliage or wood therefore relies on an
understanding of the implications of different management strategies on productivity.
Erdmann et al. (1993) highlight the difficulty of comparing the biomass productivity of
trees between studies due to inter-study inconsistencies and incomplete information,
as important parameters such as the age of plants, cutting heights, plant densities

and plant component biomass are not always specified (Erdmann et al., 1993).

The majority of work on defoliation has focused on effects of defoliation frequency
and defoliation intensity. However, the o6cut
importance in the management of some species. For example, Sesbania grandiflora
experiences mortality following repeated cutting of the main stem (Ella et al., 1989),
but has been reported to survive well if only side branches are removed (Stir et al.,
1994). Dry matter productivity for Leucaena leucocephala was shown to vary with
cutting height by Osman (1981). Osman (1981) reported greater yields from a cutting
height of 90 cm compared to heights of 15 cm or 150 cm. Similarly, variations in yield
as a response to cutting height have been shown to exist in other forage trees such
as Calliandra calothyrsus (Catchpoole and Blair, 1990). Other species, such as
Gliricidia sepium, exhibit less response to cutting height. Erdmann et al. (1993)
determined a lower yield at a cutting height of 0 cm but no significant difference in

dry matter yield between a cutting height of 25 cm or 100 cm.

Defoliation intensity can be conceptualized as a measure of the amount of

vegetation removed relative to the total plant biomass in a defoliation event.
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Defoliation frequency is the time between defoliation events. Intensity and frequency
of defoliation are often combined and compared in studies. Abbott et al. (1993)
devel oped anddegbol wherenvisual esti mates of
intensities were made and combined with defoliation frequency. For example, a
defoliation index of 100 would be derived from four seasonal annual defoliations of
25%, or one single defoliation event of 100%. They conclude, in the case of
Eucalyptus marginata, that repetitive, low-intensity defoliation has a greater impact
on growth (measured by stem diameter) than defoliation events at low frequency but
with high-intensity. Teague (1989) found Acacia karroo trees response to more
frequent defoliations (8 weeks versus 12 weeks) resulted in a higher yield, and that
they adjusted to cope with frequent defoliation. In contrast, Erdmann et al. (1993)
found Giliricidia sepium produced low biomass when cut at 3-week intervals, which is
consistent with the findings of Ella et al. (1989) and Duguma et al. (1988) for
Gliricidia sepium and also those of Guevarra et al. (1978) for Leucaena

leucocephala.

Studies that neglect to compare different defoliation frequencies and intensities may
overlook important inter-species variation important for the appropriate management
of individual species. By comparing growth rates with change in mean growth rates
management strategies can be tailored to optimise the cutting interval and result in
higher productivity and less risk of mortality (Stur et al., 1994). Ella et al. (1991)
demonstrated the benefit to productivity of a long period before the first cut or
harvest of forage trees by showing that age at first harvest was positively related to
yield at subsequent harvests. They found shorter cutting intervals were positively

correlated with an increase in leaf biomass, whereas longer cutting intervals
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generally stimulated production of woody biomass (Ella et al., 1991). There are
significant differences in the effects of browsing or coppicing on species (Hardesty
and Box, 1988). Browsing is often less severe than coppicing as the ratio of wood to
leaf area removed is generally lower. In turn, this may mean there are more buds
and leaf regrowth area left from which trees may regenerate foliage. As Hardesty
and Box (1988) assert in their study of the effects of coppicing and browsing on
species in North-eastern Brazil, there is weak evidence to support the assumption
that defoliation may stimulate growth which exceeds that of plants which do not
experience defoliation. This response is highly dependent on the species and the

context in which they are found.

Only by measuring these characteristics and adaptations can species and
appropriate management strategies be identified which are likely to result in
increased productivity of browse components for animal consumption, of interest to
the development of silvopastoral systems. Furthermore, context specific factors such
as soil health, climate or presence of pests may result in considerable intra-species
variations and should not be ignored. Trials that evaluate these characteristics of
species must be carried out in a context appropriate to the application of the results.
Methodologies that experimentally evaluate the impact of browsing on foliage are

needed in order to measure the context specific potential production of browse.
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4. Traditional Livestock Production Models And The Potential For Silvopastoral
Systems: Influence On Soil Health

Silvopastoral systems have been proposed as a method for rehabilitating degraded
soils as they incorporate trees, which have been shown to maintain and improve soll
characteristics (Hohnwald et al., 2005; Murgueitio et al., 2011). Trees can benefit the
physical properties of soils and can reduce soil erosion events caused by runoff
(Murgueitio et al., 2011) and leaching (Bishop, 1983), enhance water infiltration
(llstedt et al., 2007), counteract compaction (Murgueitio et al., 2011) and increase
soil aeration (Bishop, 1983). Silvopastoral systems may therefore present a positive
contribution to soil health compared to current models of livestock production in the
Amazon, which typically result in pasture degradation (Martinez and Zinck, 2004).
The magnitude of the effect of livestock on soils has been related to stocking rate,
grazing system, soil texture and soil moisture content (McCalla et al., 1984; Van
Haveren, 1983; Martinez and Zinck, 2004). The success of post pasture
abandonment recovery of soils has been shown to vary with the prior intensity of
pasture use (Uhl et al., 1988). An important factor to consider when selecting
species for rehabilitation potential is the influence of a species on soil properties

(Tilki and Fisher, 1998).

Attempts to quantify levels of pasture degradation have used soil physical
parameters such as bulk density and infiltration rate as indicators of degradation.
Bulk density is related to soil compaction and measurements are simple and cost-
efficient when compared to other methods developed to measure compaction such
as computerised tomography (Pedrotti et al., 2005) or sensor based technology

(Quraishi and Mouazen, 2013). Bulk density is the weight of dry soil divided by a
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known given volume; it is typically measured by extracting soil cores in a cylinder of
known volume, Guo et al. (2016) used a cylinder with a volume of 100 cm® and
Pedrotti et al. (2005) a volume of 90 cm?. It is generally accepted that larger volume

cylinders reduce edge effects of this sampling technique.

Soil with a bulk density greater than 1.6 g cm?® begins to restrict root growth in some
species. An increase of 30% in bulk density compared to forest has been used as a
threshold value corresponding to severe soil degradation of pastures (Hecht, 1982).
Increased bulk density is positively related to increases in the intensity of grazing
regimes. High bulk density has a negative effect on pasture production and has been
shown to reduce the protein content of pasture grasses and is associated with
increased presence of weeds (McCarty and Mazurak 1976; Martinez and Zinck
2004). Reategui et al. (1990) found a 20% increase in bulk density when
continuously grazed pastures were compared to pastures protected from grazing in
the Peruvian Amazon. In another study into Amazon pasture degradation, Moraes et
al. (1996) found after nine years of grazing a 26% increase in bulk density compared
to forest. Stephenson and Veigel (1987) found it took 16 months to recover initial
bulk density once grazing had ceased, which is consistent with Alegre and Cassel
(1996) who found the effect of grazing on bulk density was reversible once livestock
were removed. McCalla et al. (1984) found bulk density can predict infiltration rate
across a variety of soils and ground cover characteristics. Viana et al. (2014) found
soil bulk density was variable across a gradient of land rehabilitation in the Amazon.
Bulk density was highest in degraded pasture, decreased in two rehabilitation trials
using woody species and was lowest in natural forest. Total soil nitrogen

concentration increased along the same gradient. They proposed degradation and
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rehabilitation measurements of Amazon pastures can be derived from measures of

soil total nitrogen and bulk density (Viana et al., 2014).

Water infiltration is a measure of the time taken for water to infiltrate a soil. It is an
important factor governing the runoff of water over land. If infiltration rate is low then
the probability of flooding and soil erosion are increased. Measurement of infiltration
rates is commonly carried out using either single or double ring methodologies.
However, results may be affected by soil disturbance from ring installation and an
unrealistic water pressure (Benegas et al., 2014). The presence of livestock in
pastures has been shown to decrease infiltration rate, whereas tree presence has
been shown to increase infiltration rate (Benegas et al., 2014). Basic infiltration has
been shown to decrease 98% when grazed pastures are compared to intact forest in
studies on fine textured soils (Martinez and Zinck, 2004). Martinez and Zinck (2004)
observed that the majority of changes in infiltration rate occur within the first 3 years
of pasture establishment. Alegre and Cassel (1996) found that, in the Amazon,
infiltration rates were decreased after five years of pasture establishment. Benegas
et al. (2014) found infiltration rates in pastures were positively correlated with

proximity to trees.

Soil organic matter (SOM) refers to the fraction of soil that is derived from living or
once living plant or animal organisms. SOM has an influence on the physical,
chemical and biological properties of soils (Stolt and Lindbo, 2010). Soil SOM
contributes to the quantity and diversity of microbes in soils. A relatively high soil
organic matter is considered beneficial for agriculture as the presence of SOM can

increase the physical properties of the soil, such as the aeration and water infiltration
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rate. SOM can alter the soils chemical properties, a soil with high SOM is more likely
to have a higher cation exchange capacity than a soil with low SOM, and be more
likely to resist changes of pH. Buschbacher et al. (1988) found that biomass was not
correlated with nutrient content in regenerating pastures, but did not consider soil
organic matter in their study. This contrasts with the findings of Montagnini and
Sancho (1990), who studied the impacts of native trees on the abandoned pasture
soils of Costa Rica. They used the Walkley-Black acid digestion method to determine
soil organic matter. After 2.5 years they reported an increase in soil organic matter
from 4.83% in a grass control to 5.31-6.60% in the upper 15 cm of soil beneath
native trees. They found a positive relationship between the soil organic matter
content and sum of bases, which highlights the importance of soil organic matter to
cation retention capacity. They observed that land use practices that negatively
affect the level of organic matter, such as the use of fire, were less sustainable than
practices that have been shown to recover soil organic matter such as planting trees
which can increase soil organic matter through the inputs of leaf litter and root

turnover.

Sustainable systems are often managed with the goal of balancing the nutrient cycle.

It has been proposed that trees can act as
nutrients that may be present in lower soil horizons and distributing them to the

surface as litter. Kumar et al. (1998) present indicative results that when solil is

associated with trees it has a higher organic carbon, nitrogen, phosphorous and

potassium content when compared with soils without trees. Nitrogen fixing species

increased soil nitrogen, whereas levels of soil organic carbon were highest under

Leucaena leucocephala and Acacia auriculiformis. However, as discussed by Wang
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et al. (1991), there are noticeable differences in the nutrient cycling of systems
where the tree component is produced with the intention of improving soll
characteristics and systems where biomass is produced with the intention of removal
from the site. Nutrient concentrations are not consistently distributed between
different plant components and in addition this distribution may vary considerably
between species (Wang et al., 1991). This assertion is consistent with the findings of
Achat et al. (2015), who found removal of biomass reduced the amount of organic
matter in soils, reduced total and available nutrients in soils and resulted in increased
acidification of the soils. Boddey et al. (2004) studied nitrogen cycling in grazed
Brachiaria pastures in Brazil and found cattle unevenly deposit nitrogen acquisitions,
the highest concentrations were found in rest areas and proximate to drinking
troughs. This means nutrient accounting related to the removal of biomass is a
complex, butimportantr equi site of designing any truly ¢
context of silvopastoral systems, understanding the nutrient cycle is additionally
complicated by the animal component that may result in nutrient removal or their

unequal deposition (Boddey et al., 2004).

5. Evaluating the Forage Potential of Tree Species

Tree forages are an important source of feed for ruminants around the world (Dynes
et al., 2002). In order to intensify production of livestock systems it is necessary to
understand how the quantity and quality of inputs govern outputs. Therefore, it is
crucial to evaluate forages to understand their value to livestock. Forage value,
sometimes referred to as nutritive value, refers to the relationship between a unit of

forage intake and a unit of animal productivity (Dynes et al., 2002). 6 Feedi ng val ue
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used to describe the amount of voluntary intake of forage by an animal and the

forage nutritive value. Ulyatt (1973) calculated that variation in intake could account

for up to 70% of variation in feeding value. Weston (1982; 1985; 1996) proposed the

f orage consumption constrainto in reference
intake is less than required for optimal output. It was proposed the constraints

include environmental stress, forage components which complicate removal from the

rumen, low palatability and high harvesting expenditure. Understanding constraints

to intake of forages is important to the goal of increasing animal productivity, as

forage of high nutritive value is of limited use if it is not palatable to animals.

Palatability can be conceptualised as an animal& choice of feed, and the feed intake
displayed by an animal. The amount of forage eaten by animals has not been related
to any specific or fixed pattern of its nutrient composition (Crampton, 1957).
Therefore, palatability can only be evaluated through feeding trials, but this gives no
indication as to the digestadaneasuredfthe of t he f o
avail abi | i t(ghancetal., 2003);ryet, eigestibilily is not always an accurate
predictor of nutritive value, or vice versa (Dynes et al., 2002). In vivo, in vitro and in
sacco techniques are methods that have been used to evaluate the digestibility of
forages. The dotal collectionétechnique is commonly considered the most reliable
measure of digestibility (Khan et al., 2003). This approach uses feeding trials and
records feed intake, refusals and faecal output. Minson et al. (1964) described
digestibility as a function of the percentage of faecal output relative to the weight of
organic matter consumed. Feeding trials are costly, time consuming, and while a 7 to
21 day period is allowed for cows to adjust to a feed, their intake may still be affected

by environmental stress (Khan et al., 2003). This method of estimating digestibility
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also suffers from an inherent animal-to-animal variation of 1 to 4% (Khan et al.,
2003). Other in vivo approaches include the use of markers by identifying either a
naturally indigestible constituent of the feed or applying external substances. The

presence of markers can then be identified from faecal samples.

In vitro digestibility and in sacco degradability can be used to indicate the nutritional
value of forage (Rittner and Reed, 1992). Tilley and Terry (1963) used a method for
in vitro digestibility by incubating the forage in rumen fluid followed by acid pepsin
and measuring the amount of forage degraded over time. A modification to this
technique is measuring the gas production of this process which has the additional
benefit of accounting for microbial growth and soluble and insoluble fractions in feed,
including tannins (Theodorou et al., 1994). The nylon bag technique is an in sacco
technique which additionally provides some measure of kinetic digestion processes
in ruminants. Both in vitro and in sacco experiments require the use of fistulated
animals and experiments demonstrate poor reproducibility, in part due to variations
in the rumen fluid used. Furthermore, results yielded by this methodological

approach offer no indices of palatability or animal production.

While there are many factors that influence the efficiency of digestion, one of the
most significant is the chemical composition of the feed. This is of particular
relevance when considering forages derived from tree foliage. Many tree species
develop high levels of secondary structures in their foliage to deter herbivores.
Chemical compounds can alter taste and odor which make them unpalatable or limit
their nutritional value (Hess et al., 2005). These compounds make multiple demands

on the animal. For example, they can affect methanogenesis in cattle (Sun et al.,
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2012). Carulla et al. (2005) found condensed tannins in Acacia species decreased
hydrogen and resulted in a 13-24% drop in methanogenesis. Voluntary intake of a
forage may also change over time, presumably as a response to post-ingestion

feedbacks (Maasdorp et al., 1999).

Hydrolysable tannins and condensed tannins are the two major groups of plant
tannins generally found in tree foliage (Reed, 1995). Hydrolysable tannins are
potentially toxic to ruminants whereas condensed tannins may reduce the
digestibility of a forage (Kumar, 1992). In some cases, the presence of condensed
tannins can have beneficial effect on protein digestion and metabolism. Barry and
Blaney (1987) report a beneficial effect of condensed tannins when foliar
concentration is 2-3% of dry matter. The rumen escape theory suggests this
beneficial effect is due to tannins forming complexes with proteins which escape
ruminal degradation and become available in the lower gastrointestinal tract (Reed,
1995). However, Vitti et al. (2005) assert that tannin concentrations above 5% are

deleterious to metabolism.

One of the most widely planted forage tree legumes, Leucaena leucocephala, offers
an example of the complexity of plant chemistry in relation to animal production. L.
leucocephala contains the toxic secondary compound mimosine in its leaves and
pods, at dry matter concentrations reported as 12% in growing tips and 3-5% in
young leaves (Monoj and Bandyopadhyay, 2007). For this reason, it is generally
recommended that L. leucocephala comprise no greater than 20-30% of ruminant
diet. Ruminant animals can be inoculated with microbes shown to be able to break

down mimosine to non-toxic compounds. This suggests the existence of other rumen
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organisms capable of degrading other phenolic compounds (Devendra, 1990). Due
to the multiple interactions between plants, chemistry and livestock it is difficult to
ascertain the value of a new species for forage value through chemical analysis
alone (El Hassan et al. 2000). Feeding trials may be considered the most
appropriate way of ascertaining the effect of forage on animal nutrition (Kumar,

1992).

Maasdorp et al. (1999) employed 20 cows in a feeding trial where amount of forage
consumed and milk production offered insights into the forage value of different trees
to ruminants. They found supplementary feeding of Leucaena leucocephala and
Acacia boliviana increased milk yields, but that Calliandra calothyrsus did not have a
significant effect. They reported a strong association between milk yield and the
organic matter degradability of tree forages. Forage content of ytterbium-precipitated
polyphenols and neutral detergent fiber were both negatively correlated with milk
yield. When measured via fodder intake trees exhibited different levels of palatability.
The palatability of Calliandra calothyrsus appeared to improve with time. The study
showed the effect of different tree legumes on cattle milk production. It also
highlighted the divergence between measurable chemical constituents and observed

livestock production.

An ongoing challenge of forage evaluation is to identify plant characteristics that can
be used to predict the value of a forage species for animal feed. Many farmers are
aware of potential forages for cattle, reflected in the common practice of allowing
cattle to graze on fallow lands and roadsides. Farmers may also exhibit preferences

towards some trees and remove others (Fujisaka et al., 2000). An improved
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understanding of native species management requirements and forage quality with
regard to livestock productivity may provide evidence necessary for practitioners to

demonstrate the efficacy of such systems over conventional management.

6. Summary and Rationale

The Amazon rain forest represents a vast natural capital that has been under-
evaluated and under-utilised in the context of livestock production. Many studies that
aim to develop agroforestry or silvopastoral systems have highlighted the importance
of evaluating native species adapted to the local environmental conditions to
increase chances of success. The current paradigm of livestock production in the
Amazon is essentially a consumptive land use that drives forest loss and reduces the
provision of ecosystem services. Silvopastoral systems represent an opportunity for

sustainable intensification while simultaneously rehabilitating ecosystem functions.

This thesis aims to develop a framework that could be used to assist the decision
making of how to integrate trees into agriculture to meet the needs of a given
landowner. It is envisaged that this framework would be transferrable between
locations and could outline some key questions that arise when attempting to
identify, at a given site, appropriate agroforestry or silvopastoral arrangements. The
framework could describe methods for the appropriate selection of species, planting
design and management of resources. This framework will be introduced in Chapter
I, in which the decision-making process for the design of the present study will be

outlined with a detailed description of the study site.
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This thesis aims to address the contextual limitations of previous research into
silvopastoral systems by developing a novel silvopastoral system that could be
adopted in the pasturelands of the Amazon. The objective of this silvopastoral
system is to increase the per hectare productivity of edible tree forage for cattle and
carbon sequestration potential per hectare when compared with conventional

pasture models in the region.

In order to achieve this, this thesis will need to address the lack of knowledge of
locally adapted forage plants in the Amazon. It is beyond the scope of this thesis to
provide an overview of all potential forage plants. Therefore, this thesis selects five
tree species that are native or locally adapted and have some positive reference to
palatability in the literature or in local knowledge. These five species will be planted
in an experimental trial in a pasture that is typical of the region. Chapter Il will
discuss the growth, biomass production and effects of these species on soll

chemistry and a commonly used pasture grass of the Amazon.

The most comprehensive assessment of carbon stocks is derived from the
destructive sampling and combustion of individual biomass components. A less
labour intensive method is to choose an easily measurable part of a tree that has
some relationship to total biomass (usually the diameter at breast height, measured
at 1.3 m above the ground) and develop allometric equations that relate this
measurement to total biomass, which in turn can be used to estimate carbon
sequestration. This approach can has also been used to estimate the forage
production of trees and shrubs. As both the sequestration of carbon and forage

production are objectives of this thesis, allometric equations are presented for each
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of the species that showed good adaptations to the pasture environment. The
allometric equations are calculated for each biomass component, and the fit of linear,
guadratic and log linear models for each of these components are compared in

Chapter IV.

Complex methodologies and resources that are beyond the reach of a farmer
support the current research into the forage potential of plants. Less work has
concentrated on how measurements can be taken before a plant is exposed to cattle
and repeated afterwards to measure the removal of biomass by cattle. Such an
approach could be a valuable on-farm tool for a preliminary assessment of the
forage potential of trees. Chapter V describes and compares four such
methodologies for estimating the removal of foliage by cattle and the impact of the
cattle on the trees. The total available biomass of tree and grass foliage per hectare

is estimated for each of the treatments.

Chapter VI concludes the present study, and summarises some of the major findings
and limitations of this study. The present work is considered in the context of the
existing literature. Finally, future research is described as both direct extensions of
the present work and the broader issues that need to be addressed to support the

transition of silvopastoral systems from theory to practice in the Amazon rainforest.
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CHAPTER Il

FRAMEWORK AND METHODOLOGY

1. Objective

The objective of this chapter is to outline a theoretical framework that can be used to
evaluate the potential of tree species for a purpose driven agroforestry system and
demonstrate how this framework can be employed in a practical setting. The chapter
will describe the establishment of a silvopastoral system based on the principles
presented in the framework and outline a practical example of how the decision
making process has been used in the design of a field experiment. The framework
consists of four interacting components: the purpose, the species, the site and the

planting design (Figure 1).
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Figure 1. Theoretical framework for the evaluation of candidate species for
agroforestry systems

The purpose can be described as the reason that necessitates the implementation of
an agroforestry system. The subsequent components of species, site and planting
design are independent and complex issues that must be overcome in order to
achieve the purpose. Sanchez (1995) assert that the biophysical determinant of
successful agroforestry systems is the appropriate management between trees and
crops for light, water and nutrient competition. Even if the purpose is the plantation of
a single tree species, consideration can be given to additional species that can
increase the benefits provided per hectare, such as ground cover leguminous plants
that may increase soil fertility or mychorrizae that may benefit the species of interest.
The next section aims to put these components into the context of the purpose of
designing a silvopastoral system for the increase in productivity per hectare of edible

biomass production for cattle in the southwestern Amazon.
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2. The Purpose

The purpose of this study was to identify native potential forage trees in the Amazon
that could increase the production per hectare of edible biomass for cattle. Systems
that manage tree or shrub and animal components are known as silvopastoral
systems. There is no minimum tree or shrub component of a silvopastoral systems,
which may be almost all pasture with a few trees for shade or timber and little
management, it may be a eucalyptus plantation where the manager sees cattle as a
useful byproduct that controls grass, or an intensive silvopastoral system that aims to
provide balanced nutrients to cattle using with strips of forage legumes and highly
productive African grasses, but without a major canopy element. In general, while
silvopastoral systems include both animal and plant elements, they may be managed
predominantly for the production of timber or livestock. The purpose of the current
study is an empirical evaluation of the potential of tree species to increase per
hectare productivity of edible biomass when compared to the status quo (no trees),
under the assumption that an increase in edible biomass can result in an increase in

stocking density and therefore an increase in livestock production per hectare.

3. The Site

In Figure 1,t h e refers tb thédbiotic and abiotic resources available, and can also
be described as the balance of inputs and available to the system and the
constraints placed upon the system. The conditions of the site will be either
advantageous or disadvantageous to the set of species of under consideration. In
order to design an optimal system it is important to understand how the site, the

species and the management of the species interact. This understanding can be
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gained via observation of landscapes, consultation with local ecological knowledge,
a review of the literature and the use of pilot studies. For the best chances of
success, agroforestry systems could include diverse species and arrangements and

be subject to adaptive management.

3.1 Site Description

The present study is situated in Madre de Dios, Peru (Figure 2). Madre de Dios is a
part of the Tropical Andes Biodiversity Hotspot and in the Southwestern Amazonian
Moist Forests Global 200 Ecoregion (Olson and Dinerstein, 2002; Myers, 2001). The
siteislocated8kmf r om t he regionds capital of

as the Cachuela.
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Figure 2. Location of the study site in Madre de Dios, Peru

The site was a cattle pasture from 1970-2000 and in 2000 the site was abandoned.
The Cachuela is an agricultural region prone to seasonal flooding, with a mosaic of
secondary forests, farms and cattle pastures. A total of 4 hectares of land was
available of which 2.7 was to establish an experimental silvopastoral system and 1.3
was to develop the tree seedling nurseries, cattle corrals and associated

infrastructure. In its entirety the plot was 100 x 400 m (Figure 3, Figure 4).
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Figure 3. Experimental site in 2002 with the future location of the plots projected
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Figure 4. Experimental site in 2015 with the future location of the plots projected.

3.2 Floristic Description of Site

The site was historically a cattle pasture that had been given to 15 years of natural
regeneration and species that had been propagated by the cattle dominated, notably
Psidium guajava and Genipa americana. Additional species at the site included
Ormosia coccinea, Cecropia spp., Attalea butyracea, Ficus spp., Moena alcanforada,

Apeiba membranacea, Ceiba spp. and Ochroma pyramidale.

The most eastern point of the site began approximately 150 m west of the river
Madre de Dios and extended 400 m away from the river. The site was on a mid to
high floodplain that may have formed during the Younger Dryas which continued

until approximately 3.7 ka BP (Nikitina et al., 2011). The site did not flood from the
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river but was prone to inundation from rainfall events. Floods from the adjacent river
were experienced less than 100 m from the site. On the northern edge of the site
there was a seasonal lake, fed by rainfall and seasonally connected to a network of

swamps and clear water streams.

3.3 Climatic Description of Site

From 1970-2000 the annual mean temperate at the site was 25.3 °C with a mean
diurnal range of 10.3 °C (Figure 5). The maximum temperature recorded in the
hottest month during this time period was 31.6 °C and the minimum temperature
recorded in the coldest month was 18.2 °C. On average, annual precipitation was
2122 mm, the highest level of precipitation in the wettest month was 319 mm and
that of the driest month was 55 mm (Figure 6). Solar irradiation on average was
14400 kJ m-2 day-1, with an annual maximum of 16081 kJ m-2 day-1 and a
minimum of 12946 kJ m-2 day-1 (Figure 7). All climate data was derived for the
years 1970-2000 for a 1 km2 resolution from the WorldClim dataset (Hijmans et al.,

2005).
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Figure 5. Average (solid line), maximum (dotted line), and minimum (dashed line)
monthly temperature (°C) from the period 1970-2000 for the study site derived from
the WorldClim dataset (Hijmans et al., 2005).
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Figure 6. Average monthly precipitation (mm) from the period 1970-2000 for the
study site derived from the WorldClim dataset (Hijmans et al., 2005).
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Figure 7. Average monthly level of solar irradiation (kJ m? day?) from the period
1970-2000 for the study site derived from the WorldClim dataset (Hijmans et al.,
2005).

3.4 Edaphic Description of Site

The sites physiography is a recent alluvium (Osher and Buol, 1998). The depth of
the water table varied from 0.5 - 1 m in the rainy season, to 7 - 10 m in the dry
season. The soil at the site could be described as a Gleysol or Fluvisol (FAO, 2015)
or Alfizol or Entisol (Eswaran et al., 2002). There were no clear distinctions of the soll
horizon, which was grey or red brown and dominated by clay particulates. This
resulted in low soil porosity and a slow infiltration rate. Frequent and high intensity
precipitation events combined with a history of cultivation could have contributed to
the highly weathered soils (Moreira et al., 2006). The pH of the site was acidic with a

site average of pH 5.5.
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3.5 Social and Economic History

Archeological evidence points to human habitation in the Madre de Dios region for

over 1,000 years (Mann, 2008). Petroglyphs found along the Palotoa, Shinkebenia

and Urubamba and in the Pongo de Mainique suggest these areas were important

forearly trade. The Incads were well aware of
of Amarumayo, as it was then known. Missionaries, botanists and those in search of
Paititi were the first o6éexplorersdé of the re
at the time. The first successful colonization occurred in 1902 as a result of the

rubber boom, when the first government of Madre de Dios was formed in the newly

founded town of Puerto Maldonado. The memory of the rubber trade continues in

modern indigenous memory, and the tribes who overthrew the slave masters and

fled to the forests continue to live in voluntary isolation in the headwaters of the Las

Piedras, Manu and Alto Purus rivers in Madre de Dios.

The first road connecting Cusco to Puerto Maldonado, the capital of Madre de Dios,

was a horse path in use si nhatwvasconstructed®006s, an
the region was in the 1199 théReruviah govetnment, per i od
led by Alan Garcia, introduced policy incentives to develop agricultural expansion in

the Amazon basin (Chavez Michaelsen et al., 2013). In the same period, the forests

of Madre de Dios became major sources of tropical timber. The practice of selective

logging for high value timber species continues to be a major driver of economic

activity. Other major non-timber economies in the region are the production of
approximately 10 percent asépopularadestinationfarés Br az
tourists who visit the rainforest (Duchelle et al., 2012; Kirkby et al., 2011). The road

that connects Puerto Maldonado to Cusco was continued on to the Brazilian and
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Bolivian frontiers and was paved in the

Initiative for the Integration of the Regional Infrastructure of South America (IIRSA)
project, also known as the Interoceanic highway, that was completed in 2011. Since
the early 20006s, Puerto Maldonado has
profitable and often illegal activity of the extraction of alluvial gold deposits (Scullion
et al., 2014). Property rights in the region continue to undergo reform (Perz et al.,
2016). This process is slow due to changing responsibility between different
government departments. An arson attack on the Ministry of Agriculture in 2002 and
on the Regional Government in 2008 destroyed many records of land ownership and

was a setback to the formalisation of property rights in the region.

3.6 Future of the Amazon

The climate in the Amazon is changing. 2016 was the hottest year since 1950 (0.9
°C + 0.3 °C) and this has been related to the burning and clearing of the forest and
pastures (Marengo et al., 2018; van der Werf et al., 2010). Soares et al. (2006) used

deforestation rates prior to 2004 to produce a businessiasiusual scenario that

estimated that 47% of the Brazilian Amazon would be deforested by 2050 (Soares-
Filho et al., 2006). Deforestation is known to reduce evapotranspiration and
precipitation. Consequently the frequency and duration of drought is increasing
(Panisset et al., 2017). Spracklen and Garcia-Carreras (2015) estimated that using
the pre-2004 rates of deforestation, as a business-as-usual scenario would lead to
an 8.1 £ 1.4% reduction in annual mean rainfall in the Amazon basin by 2050. Lima
et al. (2014) found that regional deforestation increases the length of the dry season

and the seasonal amplitude of water flow in the southwestern Amazon. Lawrence
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and Vandecar (2015) found that tropical deforestation results in a warmer and drier

climate at the local scale and predict that negative impacts could extend beyond the

tropics.Sci enti sts have consider ed ,whitkeis possi bil i
described as a critical threshold at which an irreversible drought occurs as a result

either of global warming or a 25% or 40% loss of the total forest area of the Amazon

(Lenton et al., 2008; Nobre et al., 2016; Lovejoy and Nobre, 2018). Authors who

have modelled climate scenarios for the Amazon using the CPTEC model suggest it

becomes drier as a result of reduced precipitation and that in place of tropical

rainforest there will be an increase in savannah ( Sampaio et al., 2007; Sampaio et
al.,2019).Whil e the future of the Amazonds respon
deforestation is unknown, it is known that this is a high-risk scenario. Authors have

attempted to calculate the value of the ecosystem services the Amazon contains and

the financial ramifications of losing the provision of these services. Rammig et al.

(2018) predict that the loss of the Amazon in Brasil will result in short term gains of

USD 576 to 2,880 billion and a long-term loss of USD 1,367 to 6,928 billion. It is not

possible to predict how future governments of Amazon nations will respond to what

is now viewed as a global environmental crisis. However, the demands of a

globalised economy increasingly transcend governments and can place unforeseen

demands on natural resources, such as a US-China trade war resulting in increased

demand for Brazilian soy that may result in a surge in deforestation (Fuchs et al.,

2019).

3.7 Site Preparation
The decision was taken to clear the site by hand to simulate a tradition a | 6sl ash an

bur no. The alternative would have been the u
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However, this would have disturbed the soils. Site clearing began in May 2016. All
undergrowth and small trees were removed by machete, and then the trees left
standing were felled with a chainsaw. All fallen organic material was dried in the sun
for three months. Prior to burning a 10 m fire break was cut around the perimeter of
the site and cylinders of water were positioned every 100 m or so to control any
unintended spread of fire. The site was burned in October 2016 (Figure 8). The fire
did not spread beyond the site. However, two weeks later an uncontrolled fire from a
farm 400 m away reached the edge of the site. Remaining fallen trunks were cut with
a chainsaw, piled and burned (Figure 9, Figure 10). A glyphosate herbicide was
applied across the site in December 2016 (Figure 11). Parcels were cleared of all
vegetation by raking and hoeing. Trunk stumps were cut to ground level with a

chainsaw prior to planting.
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Figure 8. Experimental site in October 2016 with the future plots projected.

Figure 9. A monumental task. All site clearance was carried out by hand to minimise
disturbance to the soils.
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