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13.1 Introduction

According to recent statistics, today the total agricultural land area in the Neotropics
amounts to about 500 million ha or nearly 30% of its territory, including crop and
pastures (FAO 2000). Pastures and agrosilvopastoral land represent 77% of the total
agricultural land, mostly on poor acid soils. Crops cover the remaining 23%, which
are mostly located on better quality soils. The Neotropics have a pasture/crop land
ratio of 3.4, higher than the world ratio of 2.3 (Amézquita et al. 2005).

Conversion of forests to crops and pastures has been the most important land–use
change in the Neotropics during the second half of the twentieth century (Kaimowitz
1996). Cattle and pastures replaced large amounts of tropical forests during the
decades of the 1960s, 1970s and 1980s, especially in Central America (Kaimowitz
1996, Harvey et al. 2005). A similar pattern has been reported over large areas of the
Neotropics such as in the Brazilian Amazon (Hetch 1993, Dias-Filho et al. 2001).

Among soil nutrients, phosphorus is generally most critical to pasture productiv-
ity. Soil phosphorus availability increases with each successive burning, but at lower
and lower levels. When pasture productivity declines significantly as a result of
degradation, the cattle are taken elsewhere or the activity is discontinued altogether.

It is estimated that about 30% of these pastures are degraded as a result of stock-
ing levels being higher than carrying capacity (Szott et al. 2000). Other sources give
estimates of degradation on more than 60% of the pasture area of the Neotropics
CIAT (1976–2000). Although pasture degradation in the Amazon basin has received
the most attention, the surface area affected by pasture degradation may be much
larger in the savannas of Bolivia, Brazil, Colombia, Guyana and Venezuela than in
the Amazon rainforest (Vera et al. 1998). Locally, the extent of pasture degradation
can be even higher: for example in the northern Caribbean zone of Costa Rica,
more than 70% of the pastures were at advanced stages of degradation in the late
1990s (Jansen et al. 1997, CATIE 2002). Differences in perception of the degree and
extent of degradation by farmers and technical personnel can account for significant
differences in these estimates (Holmann et al. 2004).

Pasture development has been ranked one of the least desirable land uses of trop-
ical forest regions because of land degradation caused by overgrazing. Formation of
gullies can be a clear symptom of overgrazing. Gullies may appear in the landscape
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in very humid regions following heavy rains due to lack of soil water infiltration
caused by compaction. Furthermore, land affected by gullies is very difficult to
restore.

In regions where natural grasses are used for cattle grazing, these grasses often
have low nutrient content and are not preferred by cattle. In such situations, pastures
are burnt periodically to encourage regrowth and also to increase nutrient levels in
soils. The tender regrowth of pastures is eaten by cattle, and pasture productivity
increases temporarily (Serrao and Toledo 1990, Nepstad et al. 1991a, Dias-Filho
et al. 2001).

Abandoned pastures can remain in a state of arrested succession due to a number
of factors that delay or impede their recovery (Uhl et al. 1988, Nepstad et al. 1991a,
1991b, Reiners et al. 1994, Aide et al. 1995, Dias-Filho et al. 2001). However, there
are strategies that can be used to successfully manage tropical pastures to increase
sustainability and avoid degradation. In cases where pastures have been abandoned
due to low productivity, there are also a number of strategies that can be used to
recover the land with the objectives of converting it back to forest and restoring
plant and animal diversity. This chapter examines some of the factors involved in
pasture degradation, and presents experiences used to increase pasture sustainability
and restore degraded pastures in the Neotropics.

13.2 Pasture Degradation and Regeneration
Following Abandonment

13.2.1 Factors Resulting in Pasture Degradation

The progressive displacement of cattle raising toward marginal areas of lower pro-
ductive capacity is a generalized phenomenon in the Neotropics (Holmann et al.
2004). The low availability of adapted forage materials of high productivity together
with the inadequate management of pastures has led to a rapid decrease of produc-
tivity and low revenues to livestock farmers, leading to pasture abandonment and/or
conversion to other land uses.

Pasture degradation is defined as the temporary or permanent decrease of the
soil productive capacity (Stocking and Murnaghan 2001). Pasture degradation can
result from the interaction of the following factors: (1) establishment of pastures on
fragile soils, e.g. on infertile soil or on steep slopes; (2) use of natural grasses of
low productivity, or sowing of poorly adapted species; (3) soil compaction (use of
soils that are shallow and prone to compaction, excess stocking, and improper man-
agement); (4) soil erosion (as result of compaction and establishment of pastures
on steep slopes); (5) decrease in soil fertility (especially P, N), without addition of
fertilizer; (6) uncontrolled and frequent burning; (7) overgrazing during the rainy
season due to excess stocking, and use of inadequate animals or breeds; and (8)
weed invasion (as result of the previously mentioned factors). The degradation of
pastures has serious consequences for the producer: first, it reduces milk and/or
beef yields and second, it increases production costs (Holmann et al. 2004).
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Even in pastures that have been established on adequate soil and with proper
management, changes in soil productivity may lead to pasture decline and even-
tual degradation unless other management techniques are introduced early enough
to reverse the process. Nitrogen deficiency is the first factor that destabilizes the
pasture, initiating the degradation process (Holmann et al. 2004). After nitrogen
deficiency takes place, the quality and vigor of the pasture begin to decline and
other nutrients, such as phosphorus and sulfur, can become deficient. When the
pasture begins to lose vigor, invasive weeds appear, increasing the severity of the
problem (Spain and Gualdrón 1991, Dias-Filho et al. 2001).

After a prolonged period of grazing, important changes in the physical structure
of the soil may appear, such as compaction, which increases water runoff, dimin-
ishes root development, and decreases the extraction of nutrients located deeper in
the soil. In addition, water runoff initiates the development of erosion and the pasture
enters a process of severe degradation (Hoyos et al. 1995).

13.2.2 Obstacles to Natural Forest Regeneration
in Abandoned Pastures

Following degradation and abandonment of pastures, the efforts needed to recover
the site for continued use as pasture, or to restore the previous forest cover, depend
on several factors. Some are related to specific site conditions prior to its use as pas-
ture, and others depend on length of use as pasture and on type of pasture manage-
ment. In general, the characteristics and rate of natural forest regeneration depend
on the intensity, duration and specific nature of previous land use. The factors lim-
iting tree regeneration can include scarcity of nutrients, soil compaction, lack of or
excess of soil humidity, high solar radiation, and intra- and inter-specific competi-
tion (Uhl et al. 1988, Nepstad et al. 1991a, 1991b, Aide et al. 1995, Dias-Filho et al.
2001).

13.2.3 Seed Dispersal and Seedling Establishment

Availability or arrival of seed from trees can be a limiting factor to tree regeneration,
especially in sites whose distance to seed sources may limit propagule dispersal
(Holl 1999, 2002, Wijdeven and Kuzee 2000). In areas that are artificially seeded or
that receive a natural seed input by seed dispersal agents or from nearby forests, still
other factors can impede or delay seed germination and seedling establishment and
growth following seed arrival. Seed and seedling mortality may occur as a result of
fungal diseases or seed predation. In addition, the specific microsite where a seed
falls may not fulfill the environmental requirements for seed germination, seedling
growth, and seedling survival (Nepstad et al. 1991a, 1991b).

Competition for space, nutrient and light resources by aggressive vegetation may
severely impede the regeneration of forest seedlings in abandoned pastures. For
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example, at La Selva Biological Station in the Caribbean lowlands of Costa Rica,
very few woody species were found in abandoned pastures left to natural regenera-
tion, in comparison to pasture areas planted with native trees (Figs 13.1 and 13.2).
High light availability in the open pastures favored the growth of heliophillous
species, such as grasses and ferns, impeding the growth of woody species (Cusack
and Montagnini 2004). This effect was more pronounced 3–4 years following pas-
ture abandonment (Guariguata et al. 1995), but dominance by grasses and ferns
still persisted at 10–14 years after abandonment (Carnevale and Montagnini 2002,
Cusack and Montagnini 2004, Orozco Zamora and Montagnini 2007a, 2007b). Fac-
tors that impeded the establishment of woody species in open pastures were a combi-
nation of lack of perches for seed dispersers and invasion by herbaceous vegetation
which out-competed the tree seedlings in their growth (Montagnini 2001, Cusack
and Montagnini 2004, Orozco Zamora and Montagnini 2006).

13.2.4 Intensity and Duration of Pasture Use

Intensity and duration of use are key factors influencing pasture recovery to forest.
Recovery to forest is considerably slower following disturbances that heavily impact
the soils as well as the aboveground vegetation. Activities such as bulldozing, heavy
or long-term grazing, and severe fires, often have long-lasting effects on species

Fig. 13.1 At La Selva Biological Station in the Caribbean lowlands of Costa Rica, very few woody
species were found in abandoned pastures left to natural regeneration, which were dominated by
grasses and ferns even after 15 years following pasture abandonment. A 15-year-old plantation of
Jacaranda copaia can be seen at the back. Photo: F. Montagnini
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Fig. 13.2 At La Selva Biological Station, abandoned pasture areas planted with native trees devel-
oped a diverse understory including several woody species. This mixed-species plot is composed
of Jacaranda copaia, Calophyllum brasiliense and Vochysia guatemalensis. The plantation was 15
years old. Photo: F. Montagnini

composition (Chazdon 2003). Several examples illustrate this point, often compar-
ing forest recovery following pastures and other previous land uses. For example,
Ferguson et al. (2003) compared forest recovery in El Petén, Guatemala, following
abandonment from agroforestry, shifting agriculture, and pastures. They found that
forest succession was much faster following use in agroforestry and shifting agri-
culture than following abandonment from pastures or from input-intensive monocul-
tures. Their results suggest that initial ground cover by herbs inhibited recruitment
by woody colonists, a result consistent with many other studies. In Puerto Rico,
Aide et al. (1995) and Aide et al. (2000) studied changes in vegetation in chronose-
quences ranging from 0 to 60 years after pasture abandonment, and found that
species richness, abundance and biomass were very low during the first 10 years.
They concluded that recovery in pastures was greatly delayed in comparison with
forest recovery following other types of human and natural disturbances. The suc-
cessional trajectory was quite different, with an absence of the more typical pioneer
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species that are more commonly found in other areas. The presence of grasses and
the rapid colonization and growth of ferns and herbaceous species in the abandoned
pastures appeared to be a major factor inhibiting the establishment of secondary
forest, and imparted a selective barrier on the colonizing woody species.

In a study conducted near Paragominas in the state of Para, eastern Amazon of
Brazil, recovery to forest following pasture abandonment was examined in sites
where pasture management intensity ranged from low to high, and duration of use
was 4–10 years (Buschbacher et al. 1987, Uhl et al. 1988). In the low-intensity
management (comprising about 20% of abandoned pastures in the region) following
forest cutting and burning the area was seeded to pasture grasses, but grasses failed
to establish due to environmental and management reasons, only few cattle were
grazed, and abandonment usually occurred within 4 years of pasture formation. In
the medium-intensity management (about 70% of pastures in the region), seeded
pastures grasses established well, the pasture was weeded with machetes when
needed, and was burnt every few years to eliminate woody seedlings and favor grass
species. Burning increased soil pH and improved availability of nutrients. Graz-
ing density was intermediate with about one animal per hectare, and abandonment
occurred 6–8 years after pasture establishment. In the high intensity management
(only about 10% of the cases), seeded pasture grasses also established well, and after
several cycles of weeding and burning, the area was cleared with heavy machinery
to remove woody species that had become established in spite of the weeding treat-
ments. Thereafter, the sites were mowed mechanically each year and then burned.
Grazing pressure was heavy with more than two heads of cattle per hectare, and
abandonment happened after 10 or more years of use (Buschbacher et al. 1987).

Results of evaluations of plant biomass and diversity in the three categories of
abandoned pastures showed that the abandoned low-intensity pasture sites were
progressing toward forest, in contrast to the high-intensity sites. In the low-intensity
management sites, recovery of one-fourth the original biomass in 8 years suggested
that a rapid structural recovery was occurring, with most of the biomass being com-
prised of trees, as opposed to herbs, shrubs and grasses. In the sites of medium-
intensity use, total biomass was less than in the low-intensity use site, and similarly
most of the biomass was in trees, again suggesting recovery to forest should be fast,
although not as rapid as in the low-intensity use site. In contrast, the high-intensity
management sites were almost completely dominated by shrubs, herbs and grasses,
with only 4% of total biomass in trees, therefore the potential for this site to recover
to forest appeared to be much less than in the two other cases.

13.2.5 Influence of Soil Fertility

Sites with inherently poor, acid soil may be less conducive to woody regeneration of
abandoned pastures than soils with more favorable conditions. For example, at our
study site at La Selva, Costa Rica, abandoned pastures were dominated by ferns and
grasses several years after abandonment, while in other abandoned pastures at La
Selva and nearby in locations with better microsite conditions, natural regeneration
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was abundant and diverse (Chazdon et al. 2005). In other sites at La Selva of ages
12–25 years following pasture abandonment there were more than 1,000 trees larger
than 5 cm diameter at breast height per hectare, and tree species density ranged from
64–121 species per hectare (Chazdon et al. 2005).

Other studies of vegetation and soil changes following conversion of forest to
pasture show that recovery to forest may be relatively fast following abandonment,
but soil properties may take a longer time to recover (Reiners et al. 1994). These
authors examined soil and vegetation characteristics in primary forest, actively
grazed pastures (10–36 years old), abandoned pastures (4–10 years following aban-
donment), and 10–20 year old secondary forest in the Atlantic zone of Costa Rica.
They found decreases in soil acidity, some increases in bases, increases in soil
compaction, decreases in porosity, and lower rates of nitrogen mineralization and
nitrification in the actively grazed pastures. Their data suggest that with pasture
abandonment and succession to secondary forests these changes can be reversible,
although they may take a long time. They emphasized that some of the soil changes
were positive, such as increases in soil pH, while some were negative such as lesser
availability of soil nitrogen and lower porosity which will lead to higher erosion
(Reiners et al. 1994).

13.2.6 Position of Pastures in the Landscape

In addition, the size and position of pastures in the landscape matrix will influ-
ence the speed and characteristics of natural regeneration following abandonment.
Different types of matrices have a large influence on the ecology of recovering
forests. Proximity of pastures to remnant forest patches promotes more rapid forest
recovery, which depends heavily on seed dispersal (Chazdon 2003). In the Amazon,
forest fragments surrounded by areas of natural regeneration 5–10 m in height had
fewer micro-climate changes and lower tree mortality than did forest fragments
surrounded by pastures (Didham and Lawton 1999). The fragments surrounded by
this low-stature secondary forest also had greater bird abundance than did those
surrounded by pastures. Certain types of matrices favor the fauna of tropical forests
more than others. In the Amazon, natural regeneration areas dominated by Cecropia
spp., which tend to grow tall and with a closed crown, are utilized more by birds,
frogs, and ants than areas of more open Vismia spp.-dominated regeneration. In
general, any type of natural regeneration that borders forest fragments favors fauna
more than pastures do (Williamson et al. 1998). These patterns are found in lowland
as well as in montane forest regions of the Neotropics (Sarmiento 1997).

A condition of interrupted or arrested succession may develop when several
interacting factors leading to pasture degradation operate together, either simulta-
neously or in a sequence. For example, long and high intensity of use may lead to
nutrient-depleted and/or compacted soil, over which and with high solar radiation,
invasion by aggressive or weed vegetation will occur (Buschbacher et al. 1987,
Nepstad et al. 1991b, Reiners et al. 1994, Dias-Filho et al. 2001). This may be
compounded by large size and long distance from sources of seed that can impede



272 F. Montagnini

or delay re-sprouting and seed arrival. In such situations, once the condition has
been identified along with its interacting causes, active measures are needed to
artificially encourage and favor forest regeneration. This may include seeding, soil
treatments, control of invasive vegetation, and planting appropriate tree species to
serve as perches for dispersal agents and to ameliorate soil and micro-environmental
conditions, as discussed in following sections.

13.3 Pasture Restoration

The purpose of pasture restoration may involve recovery of the former vegetation
(generally forest), which in turn has the compound objectives of increasing biodiver-
sity, recovering soils, and attaining vegetation structure and functional characteris-
tics as close as possible to the original forest. An alternative pathway, more properly
named rehabilitation, involves managing to recover productivity of degraded pas-
tures, which in turn involves delaying degradation, increasing and sustaining yields
in the long term. The overall objective in this case is to recover the land for continued
use in pasture.

13.4 Techniques for Restoration of Degraded Pastures:
Soils, Biodiversity, Forest Structure and Function

The presence of trees, either in plantation, in groups, in lines or in isolated form may
contribute to the recovery of environmental conditions favorable to tree regeneration
processes (Guariguata et al. 1995, Parrotta 1995). The establishment of plantations
may overcome some of the barriers to natural forest regeneration by attracting seed
dispersal agents into the landscape and by ameliorating local microclimatic condi-
tions within the area, and thereby accelerating the recovery of these lands (Parrotta
1995, Parrotta and Turnbull 1997, Powers et al. 1997, Lamb 1998). Strategies to
encourage natural regeneration of degraded pastures and fulfilling the objectives
named before (recovery of soils, biodiversity and forest structure and function) may
involve (1) reforestation, (2) care and management of remnant trees in pastures;
setting perches for birds; (3) planting individual trees/blocks/windbreaks.

13.4.1 Reforestation of Abandoned Pastures

13.4.1.1 Impacts on Soils and Nutrient Cycling

Some degraded pasture soils can be recovered through the use of fertilizers while
others that are badly eroded, or that are fully covered by invasive species such as
grasses or ferns, need more drastic rehabilitation techniques. There are also situa-
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tions of extreme degradation where soils cannot be recovered at all. The recovery
of the soil’s productive capacity is frequently very expensive, thus the techniques
involved must produce financial returns to ensure their adoptability by the local
farmers (Montagnini 2002). Reforestation can be such alternative as the established
plantations not only can contribute to recover soils and the land’s productive capac-
ity but they can also serve for cash income and long term savings to the owner.
Plantations can also serve other environmental services such as carbon sequestration
and recovery of biodiversity (Montagnini and Jordan 2005).

Abandoned pastures are often invaded by aggressive grass or ferns for the rea-
sons discussed previously. The competitive advantage of grasses, combined with
degraded soils and lack of nutrients, often prevents the germination and initiation of
tree seedlings. These grassland areas are also often maintained by fires which inhibit
natural colonization by tree species (Montagnini and Jordan 2005). In these cases,
if the area is left for natural regeneration to take place, it may stay in an arrested
stage of succession for many years. Often the best alternative to restore these areas
and convert them back to forest is planting fast-growing trees, sometimes even using
exotic species.

In many cases it is not feasible to plant tree seedlings without first removing the
invasive vegetation. In such cases the use of herbicides, fire or mechanical weeding
may be necessary to clear the area and allow tree seedlings to establish successfully.
In some cases treatments may involve tillage, or root removal of the invasive plants
(Montagnini and Jordan 2005).

In research to develop alternatives for the rehabilitation and use of abandoned
pastures in the Neotropics, soil chemistry and nutrient cycling parameters were
measured in sites planted with indigenous tree species and in abandoned pastures.
At La Selva Biological Station in the Caribbean lowlands of Costa Rica, in just 3
years soil conditions improved in the young, native tree plantations compared to
abandoned pasture. In the top 15 cm of soil, total nitrogen and organic matter were
higher under the trees than in the degraded pastures, with values close to those found
in adjacent 20-year-old forests. The highest values for soil organic matter, total N,
Ca, and P were found under Vochysia ferruginea, a species common in mature and
secondary forests in the region (Montagnini 2001, 2002). Subsequent measurements
revealed similar trends in the soil parameters in the following years (Montagnini
2007). Based on the standards determined by the Ministry of Agriculture of Costa
Rica for soil fertility assessments, the cation levels (Ca, Mg and K) under most of
the trees were at or above the critical values needed for conventional agriculture in
the region. In contrast, the cation levels in the adjacent abandoned pasture soils were
too low for the growth of the subsistence crops preferred in the region (rice, beans).
Soil organic matter also had positive influences on soil physical properties: soil bulk
density was lower (i.e., lower compaction) while soil moisture was higher under the
trees than in abandoned pastures.

Other research at La Selva Biological Station included mixed- and pure-species
plantations of indigenous trees as strategies to recover abandoned pastures (Mon-
tagnini et al. 1995b). Early results of this research showed that 5 years after planting,
there were decreases in the content of P, K, and Ca in the soil in pure plots of
fast-growing tree species, such as Jacaranda copaia and Vochysia guatemalensis
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(Montagnini 2007). However, in other cases there were beneficial effects upon the
soil: for example, increases in Ca in the soil under Terminalia amazonia and Virola
koschnyi, both species with a high content of Ca in their foliage and elevated rates
of annual litterfall. In a similar fashion, soils under Vochysia ferruginea had greater
concentrations of Ca, Mg, and organic matter in comparison to the other species.
This result is consistent with other studies that include this species (Montagnini
2001, 2007).

Measurements over a long period are necessary to determine the effects of tree
species on soils. When the plantations were 11–12 years old, results indicated that
while many of these trends continued, some new ones were observed. For example,
the soil under Vochysia guatemalensis had higher pH, less acidity, and greater Mg
than other treatments. On the contrary, the soils under Calophyllum brasiliense had
lower values for the same parameters. These results appear to be related to the high
capacity of Vochysia guatemalensis to recycle cations, given its high quantity and
rapid decomposition of leaf litter, while the opposite happens with Calophyllum
brasiliense. The value of soil pH in Vochysia guatemalensis (5.03) was higher than
in previous measurements; the values of soil Ca, Mg, K, organic matter, and N were
similar and the values of P were less (Montagnini 2007).

The mixed plots in this research had average values for the nutrients examined,
and even improved conditions for some soil nutrients, such as P (Montagnini 2007).
In some cases there were lower values for nutrients in mixed plantations than in
pure plantations, as was the case for Ca and Mg. This suggests that in mixed plots,
soils have a more balanced nutrient status as a result of the complementary effect
on nutrient cycling of the different species participating in the mixtures. In con-
trast, in pure-species plots, there were some decreases or increases of soil nutrients,
depending on the species.

In similar studies conducted in Bahia, Brazil, values of at least five soil parame-
ters under 15 out of the 20 species of the plantations were similar or higher to those
found under primary or secondary forest. Several species contributed to increased C
and N, including: Inga affinis, Parapiptadenia pterosperma, Plathymenia foliolosa
(leguminous, N-fixing species), Caesalpinia echinata, Copaifera luscens (legumi-
nous, non-N-fixing), Eschweilera ovata, Pradosia lactescens (of other families).
Others increased soil pH and/or some cations, such as Copaifera luscens, Eschweil-
era ovata, Lecythis pisonis and Licania hypoleuca (Montagnini et al. 1994, 1995a).
Most of the species identified in this research for their positive influence on soil
properties are currently being used as components in productive land use systems
such as commercial plantations and agroforestry in each region (Montagnini 2001).

Exotic tree species can also play an important role in the restoration of degraded
pastures, especially when conditions of extreme degradation persist, such as
extremely eroded, denuded soil. If there is not enough time or resources to test
the performance of local species, a well-known exotic species that can thrive in
highly adverse conditions can be planted initially and later serve as nurse or facil-
itator for the introduction of native species. For example, in southern Costa Rica,
Carpenter et al. (2004) recommended planting Pinus tecunumanii, an exotic tree,
on the most deeply eroded, bare areas of pasture to ameliorate hostile micro-sites
quickly. Two or more years after planting the pines, seedlings of shade-loving
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native species could be intermixed. In areas that have suffered less extreme erosion,
native species such as Vochysia guatemalensis, Terminalia amazonia, Calophyllum
brasiliense are preferred, according to results of long-term studies by the authors
in the region. The native trees were interplanted with cover crops or with edible
beans in controlled experiments, where these systems rapidly restored cover to
eroded pastures without fertilization (Nichols et al. 2001). These authors suggest a
system of rotations, planting pine as a rapidly growing, frequently harvested species,
and inter-planting more slow-growing but more valuable species (Carpenter et al.
2004). However, when using exotic species for restoration one has to be aware that
the qualities that make these species adaptable to harsh environmental conditions
can also allow them to become invasive. For example in Misiones, NE Argentina,
Leucaena leucocephala, a well-known N-fixing species broadly used in agroforestry
systems worldwide, has been introduced to improve degraded soils, and today this
species has expanded beyond the planted areas and in some case has become
a weed.

Reforestation can serve diverse economic, social, political and ecological func-
tions in the Neotropics. With considerably higher yields than managed native
forests, tropical and subtropical plantations can make substantial contributions to
world timber and pulp production (Montagnini and Jordan 2005). Tree plantations
can also be a source of cash, savings and insurance for individual farmers. In combi-
nation with subsistence and commercial crops (agroforestry) or cattle (agrosilvopas-
toral systems), plantations have been used as tools in rural development projects
worldwide. Plantations are often seen as alternatives to deforestation as they can
provide products that otherwise would be taken from natural forests. If plantation
species and management strategies are chosen with knowledge of their nutrient-use
efficiencies and recycling capacities, they can be highly productive and also serve a
function in ecological restoration projects.

13.4.1.2 Restoration of Biodiversity

Several authors have reported on the role of tree plantations as accelerators or
“catalysts” of natural succession in tropical and subtropical sites (Parrotta 1995,
Jussi et al. 1995, Parrotta and Turnbull 1997, Keenan et al. 1999, Parrotta 1999,
Otsamo 2000). For example, in Southeast Asia, Jussi et al. (1995) reported on
the spontaneous and fast growth of indigenous tree species under plantations
of exotic trees. On the other hand, in north Queensland, Australia, a greater
diversity of species was found in the understory of plantations of native species
than in plantations of exotic species (Keenan et al.1999). In Puerto Rico, in the
understory of plantations of the exotic Albizia lebbek, 22 species of trees and
shrubs were found, in comparison with just one species in control plots with-
out trees (Parrotta 1992). At La Selva Biological Station, Costa Rica, results
of some studies also suggest that tree plantations have a good potential for
accelerating the processes leading to recovery of biodiversity in degraded soils
(Guariguata et al. 1995, Powers et al. 1997, Carnevale and Montagnini 2002,
Cusack and Montagninin 2004, Montagnini et al. 2005). On the other hand,
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high establishment and maintenance costs are potential disadvantages of the
use of plantations for accelerating natural regeneration, given the intensive man-
agement that is needed especially during the first 2–3 years (Montagnini et al.
1995b).

Mixed plantations may offer a more favorable environment for natural regener-
ation than pure plantations due to their multi-strata architecture. Mixed plantations
may have a higher variety of microhabitats for seed dispersers and potentially cre-
ate a greater variety of ecological niches allowing for the establishment of diverse
regeneration. At La Selva Biological Station, mixed plantations with native tree
species had relatively high abundance and high numbers of regenerating species in
their understory in comparison with pure plantations (Carnevale and Montagnini
2002, Cusack and Montagnini 2004) (Table 13.1). Higher plant species richness
accumulated under Vochysia guatemalensis, Virola koschnyi, Terminalia amazonia,
Hyeronima alchorneoides and Vochysia ferruginea, all species commonly planted
by farmers in the region. Natural regeneration was higher in understories with low
or intermediate light availability.

Results of seed rain and seed dispersal studies showed that most of the seeds
entering the open pastures were wind-dispersed, while most seeds entering the
plantations were bird or bat-dispersed (Orozco Zamora and Montagnini 2007a)
(Table 13.2). In terms of seed rain abundance, plantation plots with either pure or
mixed species had greater abundance than the abandoned pasture plots left for nat-
ural regeneration. The pure species plantations that had greater seed rain abundance

Table 13.1 Abundance of woody seedlings and saplings in three plantations with native tree
species in pure plots, mixtures of thee species, and open pastures left for natural regeneration
at La Selva Biological Station. Plantations were 7 years old at time of sampling

Treatment No. Individuals/32 m2 No. Individuals/ha

Plantation 1

Vochysia guatemalensis 90 28,125
Calophyllum brasiliensis 78 24,375
Jacaranda copaia 57 17,812
Mixture of 3 species 88 27,500
Natural Regeneration 29 8,937

Plantation 2

Virola koschnyii 38 11,875
Dypterix panamensis 18 5,625
Terminalia amazonia 88 27,500
Mixture of 3 species 34 10,625
Natural Regeneration 14 4,375

Plantation 3

Vochysia ferruginea 18 5,703
Hyeronima alchorneoides 25 7,891
Balizia elegans 13 4,219
Mixture of 3 species 32 10,156
Natural Regeneration 2 703
Sources: Carnevale and Montagnini (2002); Cusack and Montagnini (2004).
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Table 13.2 Distribution of dispersal vectors by treatment in pure plantations, mixed plantations,
and open pastures left for natural regeneration at La Selva Biological Station. Plantations were
12–13 years old at the time of the sampling

Categories of dispersal vectors

Treatment
Birds
(%)

Mammals
(%)

Wind
(%)

Mammals
and birds
(%)

Mammals,
birds, and wind
(%)

Others
(%)

Total
(%)

J. copaia 0 2 8 70 14 6 100
C. brasiliense 12 – – 64 10 14 100
V. guatemalensis 94 – 1 – 3 2 100
Mixed 1 13 – – 80 – 7 100
Natural Regen. 1 79 1 – – 10 10 100
T. amazonia – – – 99 – 1 100
V. koschnyi – – – 98 1 1 100
D. panamensis 2 – – 98 – – 100
Mixed 2 5 – 3 88 2 2 100
Natural Regen. 2 – – 97.7 0.3 2 – 100
B. elegans – – – 100 – – 100
H. alchorneoides 44 – – 50 2 4 100
V. ferruginea 98 – – 1 – 1 100
Mixed 3 18 0 0 79 1 2 100
Natural Regen. 3 – – 100 – – – 100
(Source: Orozco Zamora and Montagnini 2007a,b)

were Balizia elegans, Dipteryx panamensis, and Jacaranda copaia. Apparently,
plantation trees in either mixed or pure plots are more effective in attracting birds
and other dispersal agents than the grass and other low-stature vegetation that pre-
dominates in the abandoned pastures left for natural regeneration. In terms of seed
species richness, the abandoned pastures ranked lower than both the pure and mixed
plantation plots, again suggesting that plantations provide a more attractive habitat
for seed dispersal agents than natural regeneration plots (Orozco Zamora and Mon-
tagnini 2007a, 2007b). The lower species richness of seeds found in the abandoned
pasture treatments, especially in those populated by grasses and ferns, suggests that
natural regeneration can be delayed by the absence of seeds and seed dispersal
agents. This suggests that plantations facilitate tree regeneration by attracting seed-
dispersing birds and bats into the area.

The different species of the plantations created different conditions of shade and
litter accumulation, which in turn affected forest regeneration (Carnevale and Mon-
tagnini 2002). Competition from grasses is a major factor influencing woody inva-
sion under these plantations. High accumulation of litter on the plantation floor may
help diminish grass growth and thus encourage the establishment of other woody
species under tree canopies; however, canopy shading apparently had a greater
influence on tree regeneration than litter depth (Carnevale and Montagnini 2002).
In addition, results of further studies in this site suggest that there was no significant
correlation between leaf litter in the plantation floor and abundance of regenera-
tion (Cusack and Montagnini 2004). Powers et al. (1997) and Parrotta (1995) found
litter depth to be negatively correlated with abundance and richness of understory
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regeneration. Parrotta (1995) suggested that high litter biomass suppresses regener-
ation of small-seeded species.

Although the results of several studies suggest that plantations can accelerate
or “catalyze” secondary forest succession, it is still unknown as to what extent
they can promote the establishment of species of more advanced stages of succes-
sion. In our research at La Selva, the majority of seeds collected under the mixed
and pure plantations were from heliophillous species, which are associated with
early secondary forests. (Orozco Zamora and Montagnini 2007a, 2007b). A total
of 35% of the species of the seeds collected in this research belonged to secondary
forests (Renealmia alpinia, Psychotria bracheata, Palicourea guianensis, among
others) (Fig. 13.3). A total of 20% of the collected species of seeds belonged to
a highly varied functional stage or location in the landscape as many species can
be found in abandoned fields, advanced secondary forests, riparian zones, open
areas, minimally altered forests, and other functional stages (e.g. Ficus spp., and
species of the Araceae and Cucurbitaceae families). Approximately 15% of the
species of the collected species were associated only with abandoned fields and
pastures (e.g. grass species, Poaceae family). The rest of the species (5–10%) are
found in one to three functional stages, all of which had secondary forests in
common (Fig. 13.3).

Recent studies suggest that there may be a limit on the use of plantations to
foster biodiversity at a particular site, although such plantations often catalyze
successional development in the plantation understory (Lamb et al. 2005). Subse-
quent studies can verify whether the forest species composition favored by planta-
tions approximates more mature stages of natural forest succession in the region.
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Fig. 13.3 Functional stage of ecological succession of seeds identified in seed rain studies in native
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In addition to considering the ecological factors influencing tree regeneration, the
socioeconomic feasibility of these plantations as practical systems for the recovery
of biodiversity in deforested landscapes in each region should be assessed.

13.4.2 The Value of Isolated Trees in Pastures for Restoration

13.4.2.1 Role in Favoring Tree Regeneration

In many tropical pastures there are isolated trees that can be remnants of the original
forest. They are conserved by farmers for their functions as shade for cows and
humans, and as sources of firewood, timber and fruit. Often the trees are left uncut
because they are too large or the farmer may not have the tools or labor available to
remove them. For example, isolated trees of Dipteryx panamensis, which has rela-
tively dense wood, are often present in many pastures in Central America, because
they are harder to cut than other forest trees.

Often the microenvironment below tree crowns is favorable for the establishment
of species that cannot grow in pastures. For example, in the lowlands of the Pacific
coast of Chiapas (Mexico), researchers found a total of 65 individual trees in surveys
done in a total of 15 pastures of 1 ha in size each, grazed with a cattle density of two
animals per ha (Otero Arnaiz et al. 1999). The trees belonged to 20 different species
in 11 families. The timber species were typically from the primary forests common
in the region. In addition, under the crown of the trees they found 134 species and
45 families of plants, predominantly herbs (62 species) followed by shrubs (32),
trees (31) and lianas (3). The authors recommended that future efforts to restore the
forest from isolated trees already present in the pastures should put emphasis on
maintaining a great diversity of tree species in the pasture fields.

In a similar study conducted on 24 dairy farms in Monteverde, Costa Rica, Har-
vey and Haber (1999) examined a total of 237 ha of pastures. They found a total
of 5,583 trees (25 trees/ ha on average). The total number of tree species was 190,
of which 57% belonged to primary forest of the region. They also examined the
farmers’ uses of the trees: 37% were used for timber, 36% for firewood, and 20%
for posts. About 90% of the trees also provided food for birds. The authors con-
cluded that although the tree densities were apparently high in the studied pasture
fields, the species diversity would probably decrease with time, since the farmers
were harvesting trees for the uses already mentioned. There should be incentives
for planting native trees in the pastures to replace those that were harvested or died
during previous years (Harvey and Haber 1999).

13.4.2.2 Influence on Seed Dispersal

Several species of native trees growing isolated in pastures can be effective as
perches to attract birds and aid in the establishment of other species of native forest.
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In a study conducted in “Las Alturas” biological station in southern Costa Rica, Holl
(1998) compared the effectiveness of Inga trees growing naturally in pastures, with
artificial posts set as perches. The artificial perches were cross-posts 6 m in height
with two attached 2 m length crossbars installed in abandoned pastures at different
distances from the border of the forest. In addition, dead branches of Inga were
used in the same manner, separated by 10 m between them. The quantity of seeds
dispersed by birds was greater beneath the branches than beneath the crosses or in
the pasture without perches. Nevertheless the number of plants of these species was
similar below perches and in the pasture. Despite the fact that the perches increased
the dispersion of seeds, they could not compensate for other barriers to the recuper-
ation of the tropical forest, such as the depredation of seeds, low germination rate
of seeds, and low survival of plants.

The type of seeds dispersed by the birds should also be considered. Were they
from species that could promote successional processes or that could be used by
local farmers? Plantations with tree species are the most expensive, but they can be
the most effective strategy for recuperating the forest (Holl 1998).

Crown size and shape, tree height and other characteristics may influence the
ability of trees to attract birds and facilitate tree regeneration in abandoned pas-
tures. In a seed rain study at finca La Suerte in the Caribbean region region of
Costa Rica, Slocum and Horvitz (2000) found 25 species of seeds from trees and
shrubs under trees that were producing fruit, with larger numbers than those found
in open pastures. These authors found larger abundance and species richness of
seeds under Ficus trees than under Cordia trees. They found a positive correlation
between height of trees and seed rain abundance and diversity, with larger seed input
under the taller trees. Apparently birds prefer taller trees as perches to have a better
view of the surroundings and to avert potential predators. In our study at La Selva,
trees of Jacaranda copia and Vochysia guatemalensis, which were the tallest, had
approximately twice as much seed rain abundance and seed species richness as the
shortest trees, Callophylum brasiliense and Dipteryx panamensis (Orozco Zamora
and Montagnini 2007a).

However, other characteristics of trees apart from height may be important
in their role as recruitment foci. For example, Slocum (2001) found that the
amount of shade cast was more important than the type of fruit produced (dry
or fleshy), with lower recruitment under the shadier canopies. In the same study
site, Slocum and Horvitz (2001) found that canopy architecture did not appear
to be a significant factor affecting seed arrival with no difference in seed input
beneath trees of dense canopy (Ficus and Pentaclethra) and those of sparse
canopy (Cordia and Cecropia). On the other hand, results of a recent study
in the Pacific region of Costa Rica suggested that crown diameter was more
important than height of trees in attracting birds (Francesconi 2006). Thus, a
combination of several characteristics may determine the role of each tree species
as recruitment foci. For example, at La Selva, Guariguata et al. (1995) suggested
that although Vochysia guatemalensis trees do not fruit early, this species looks
promising as an effective restoration tool because it appears to provide perch-
ing and roosting sites for frugivorous birds and bats while rapidly suppressing
grass cover.
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13.4.2.3 Influence on Soil Nutrients

In research on the role of isolated trees on soil nutrients in pastures in lower mon-
tane ecosystems in Ecuador, the density of trees was about 30 individuals/ha, of
which about 75% were species of the nitrogen-fixing Inga spp., and the rest were
guajava trees, Psidium guajaba (Rhoades et al. 1998). Below the trees there were
moderate air temperatures and intensity of light similar to that of the forest. The
concentration of nitrates in soils beneath Inga spp. trees was four times higher than
in the open pastures. There was also increased organic matter in the soil under the
Inga trees. In other work done in the same area it had been shown that the activity
of birds was 20 times higher in pastures containing trees than in pastures without
trees. As birds can be a source of seed, their activity can favor the establishment
and growth of timber species in the pastures (Rhoades et al. 1998). The number and
diversity of species of trees could be increased in order to accelerate regeneration
of forest in abandoned pastures. These results and recommendations are relevant
since the species found in these pastures are common to many tropical regions of
the Neotropics.

13.4.2.4 Use of Nurse-Trees and Artificial Protection

Addition of artificial structures can sometimes increase survival of regenerating
seedlings when used for protection against excess insolation, drought or frost. For
example, in abandoned pastures at high elevations in Hawaii, the aim of restoration
projects is to return the original mixed forest in order to serve as habitat for threat-
ened birds. In a study conducted in the Wildlife Refuge of Hakalon, on the island
Mauna Kea at 1,840 m elevation, with 2,000 mm of rain per year, the meadows that
remain after more than 100 years of human intervention (forest clearcut, pastures)
and conversion to grassland are generally dominated by exotic grasses (Scowcroft
et al. 2000). At high elevations, planted seedlings of native species can suffer frost
damage and desiccation when planted in the open. In their study site, Scowcroft et al.
(2000) transplanted seedlings of Metrosideros polymorpha (Myrtaceae), a native
tree of Hawaii from nearby woodlands. They planted the seedlings in the open and
within a corridor of 8-year-old, 4 m tall trees of the native species Acacia koa that
were sown earlier in order to serve as protection against frost for the Metrosiderus
trees. The use of Acacia koa trees or artificial mechanisms, such as protection with
cloth on the sides, increased the successful establishment of Metrosiderus polymor-
pha seedlings in these degraded, abandoned rangelands. The authors recommend
Acacia koa as a nurse tree because it is endemic to Hawaii, fixes nitrogen and is
capable of rapid growth, which allow it to quickly dominate a site when planted in
groves or corridors and enhance soil N availability. Within 2–3 years the trees should
be tall enough to be out of danger from frost, and if planted at 4–5 m intervals,
crowns should close after 10 years resulting in reduced herbaceous competition in
the understory. The improved temperature, nutrient content, and herbaceous compe-
tition regimes under canopy of Acacia koa may favor establishment of other, more
sensitive native species.
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13.4.2.5 Role of Windbreaks to Accelerate Succession in Pastures

In regions with large agricultural fields that are far from sources of propagules,
windbreaks in pastures and agricultural fields may be important reservoirs of
native tree species (Holl 1998, Harvey and Haber 1999, Harvey 2000). For
example, the effects of planted windbreaks on seed deposition patterns were
examined in dairy farms in Monteverde, Costa Rica by Harvey (2000). The
windbreaks were planted strips of trees about 5 m wide and 9 m tall and were
7–8 years old at the time of the study. Trees and rows within the windbreaks
were spaced at 1.5 m. The most common species were Cupressus lusitan-
ica, Croton niveus, Casuarina equisetifolia (all exotic species) and Montanoa
guatemalensis (native). Windbreaks were found to receive significantly greater
densities and species richness of seeds from tree and shrub species than open
pastures. Windbreaks received an average of 39 times as many tree seeds, and
67 times as many shrub seeds as pastures. The differences in the seeds entering
windbreaks versus pastures appeared to be due almost entirely to the enhanced
activity of birds in windbreaks. Bird-dispersed seeds occurred in greater densities
(about 100 times greater) and number of bird-dispersed species was three times
greater in windbreaks than in pastures. The high densities of bird-dispersed seeds
within windbreaks suggest that windbreaks increase forest seed recruitment by
serving as habitat and/or movement corridors for seed-dispersing birds (Har-
vey 2000).

Windbreaks may serve as sources of woody colonists if the agricultural lands are
later abandoned. Positioning of windbreaks within the landscape may affect seed
deposition patterns by influencing the movements of seed-dispersing birds. Tree
recruitment may be higher in windbreaks that are connected to forests. Windbreaks
could be made more attractive to birds by including native, fruit-producing trees, by
increasing their species and structural complexity, and by positioning them between
forest patches to facilitate bird movement (Harvey 2000).

13.5 Alternatives to Delay Pasture Degradation and Increase
Pasture Productivity

Pasture productivity and longevity in the Neotropics seem to be closely related to
soil fertility and efficient nutrient recycling. CIAT (International Center for Tropi-
cal Agriculture) in Cali, Colombia; EMBRAPA-CPATU (Agency for Agricultural
Research of Brazil, Center for Studies of the Humid Tropics); CATIE (Tropical
Agriculture Research and Higher Education Center) in Turrialba, Costa Rica; INTA
(National Institute for Agricultural Technology) in Misiones, Argentina and other
international and local agencies in countries of the Neotropics have developed rec-
ommendations based on long-term research carried at their stations and in local
farms. These strategies are intended to increase productivity and avoid or delay
degradation, and include the following:



13 Sustainability and Restoration of Degraded Pastures 283

1) Use of adequate stocking (animal type/breeds, weight, numbers per hectare)
2) Planting good pastures (palatable, nutritious), often including exotic pasture

species
3) Use of cover crops to protect against erosion especially on slopes
4) Use of mixed pasture species, intercropping with legumes
5) Rotational pastures (including use of electric fencing)
6) Fertilization as needed (especially N, P, K)
7) Use of agrosilvopastoral systems

13.5.1 Adequate Management Techniques to Ensure
Pasture Sustainability

13.5.1.1 Method of Land Clearing

The method of land clearing can have important and long-lasting consequences
for pasture productivity and longevity. Land clearing for pasture establishment on
forested areas of the Amazon basin generally involves cutting the forest with chain
saws, generally after extraction of the commercially valuable woody species (Serrao
and Toledo 1990, Dias-Filho et al. 2001). Mechanical clearing with bulldozers is
seldom practiced because of the high costs and the detrimental effects on soil prop-
erties, as was shown by studies done in the 1970s when clearing forest for pasture
in the Amazon first began.

For example, in a study in the Amazon forest of Peru, biomass production of
the pasture grass Panicum maximum was 68% higher in a pasture on land that had
been cleared manually (slash and burn method) in comparison with a pasture that
had been established on an area cleared with bulldozer (Seubert et al. 1977 cited
by Dias-Filho et al. 2001). Further studies have confirmed this assertion. The fire
employed in the manual clearing not only contributes to remove weeds but also
improves nutrient content of the pasture soils with inputs of nutrients in the ash.
However it should be noted that the combustion of vegetation also results in large
losses of nutrients such as nitrogen, sulfur and carbon (Dias-Filho et al. 2001),
with negative consequences to long-term pasture productivity, and air pollution as
well.

In addition, the initial input of nutrients to the soil following burning is generally
short-lived. The early claims from the 1970s that conversion to cattle pastures results
in improved soil fertility of once forested soils following clearing and burning were
refuted by Fearnside (1980). Fearnside reviewed the available evidence and con-
cluded that long-term sustainability of the pastures was not possible under those
conditions, evidence that was supported by this same author’s subsequent articles
as well as by many others. Improvement of soil pasture nutrient status must be
obtained through the use of N-fixing species and/or the addition of fertilizer (Serrao
and Toledo 1990, Dias-Filho et al. 2001).
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13.5.1.2 Use of Adequate Pasture Species Mixtures

Alternatives to delay pasture degradation and increase productivity developed
by EMBRAPA-CPATU in Brazil, by CIAT in Colombia and by CATIE in Cen-
tral America recommend intercropping leguminous herbs such as Centrosema
pubescens, C. macocarpus, C. acutifolium, Stylosantes guianensis, Arachis pintoi
and Desmodium ovalifolium with productive grasses such as Brachiaria brizantha,
B. dictyoneura, Andropugon gayanus, Panicum maximum (Serrao and Toledo 1990,
Vera et al. 1998, Bouman et al. 1999, CIAT 1997–2000, Amézquita et al. 2005).
In unfertile soils, N-fixing species are better competitors than grasses and they
tend to dominate the pasture. Thus, in these mixtures the appropriate proportion of
legumes/grasses has to be sown, and the timing of planting the legumes/grasses has
to be set to fulfill the objectives of producing a nutritious pasture and maintaining
or improving soil nutrients. To stimulate the early growth of the leguminous herbs,
they are inoculated with Rhyzobium bacteria to ensure the formation of root nodules
and increase rates of N fixation.

The species of pasture and leguminous herbs will vary according to the specific
region and the varieties and cultivars that have been developed by the corre-
sponding institutions in each region. For example, in the Andean hillsides of
Colombia improved pastures of Brachiaria decumbens are used, while in the
Atlantic humid region of Costa Rica mixtures of Brachiaria brizantha + Arachis
pintoi are more commonly used. In drier regions of the Neotropics, such as in
the Pacific region of Costa Rica Brachiaria decumbens is more common, among
other alternatives (Bouman et al. 1999, Amézquita et al. 2005). Brachiaria decum-
bens is also commonly used in the savanna regions of eastern Colombia (Vera
et al. 1998).

13.5.1.3 Management of Soil Nutrients

Fertilization with P, Ca, Mg and K is often recommended for sown pastures, how-
ever depending on the region and cost of fertilizer, these recommendations are sel-
dom followed, except for the application of P (Vera et al. 1998). Inputs of N to the
pasture are expected to be sufficient when using mixtures with leguminous herbs.
However the leguminous herbs also may need a “starter” fertilizer application with
N, P and K to stimulate their growth and to improve the efficiency of N fixation.

Soil phosphorus availability has been shown to be of particular importance in
maintaining pasture productivity, as this element is most limiting (Garcia-Montiel
et al. 2000, Dias-Filho et al. 2001). P can be in different forms in the soil and
some may be more or less available to plants. In a study describing changes in
total P and different soil P fractions that occurred after the conversion of forest to
pasture in the Brazilian Amazon state of Rondonia, Garcia-Montiel et al. (2000)
used chronosequences of forest and pasture of different ages to document patterns
of labile, occluded, and organic P pools using a sequential P-fractionation tech-
nique. These authors found that P released from the forest biomass left on the
ground substantially increased soil available P during the first 3 to 5 years following
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clearing and burning. Since large portions of P are released from the burned and
decomposing biomass, management could be directed to improve the distribution of
decomposing biomass on the site, and to adding other sources of organic P once the
residual biomass is gone.

Of the approximately 200 kg of P per hectare measured in soils of one pasture
in the eastern Amazon, less than 1% was thought to be available to plants (Dias-
Filho et al. 2001). Since fertilization is expensive, management techniques should
be geared towards effective P recycling and conservation. Much of the P taken up
by plants is returned to soils via animal manure, however cattle tend to deposit dung
in concentrated areas rather than uniformly across the pasture. Pasture creation also
impacts carbon and nitrogen cycles by reducing standing stocks and cycling of these
elements (Dias-Filho et al. 2001). C and N stocks may increase in pasture soils, but
such increases are unpredictable and dependent on native soil fertility, fertilization,
climate, fire frequency, and grazing intensity. Even when standing stocks increase,
research from the eastern and western Amazon shows that cycling rates of these
elements consistently decrease (Dias-Filho et al. 2001).

P supply to plants in pastures is strongly influenced by type of management. In
a study done in soils of pastures in Colombia, after little P fertilization and 15 years
of continuous growth of a grass alone (Brachiaria decumbens) and a grass/legume
(B. decumbers + Pueraria phaseoloides) pasture, it was found that reserves of
labile organic P fractions associated with humic and fulvic acids was higher in the
grass/legume pasture than in the grass alone (Guggenberger et al. 2000). Earthworm
casts were highly abundant in the grass/legume pasture, and the authors concluded
that earthworm activity improves the supply of P in the soils under tropical pastures
by creating an easily available organic P pool (Guggenberger et al. 2000).

13.5.1.4 Pasture Rotations

Leaving grazed fields or paddocks to fallow is key to slowing pasture degradation.
The length of the fallow period differs according to the region and the practices
used. For example, in surveys conducted in pastures located in the eastern savan-
nas of Colombia, a 3–4 week fallow period followed P fertilization, while a fallow
period following mechanical reclamation was 6–9 weeks depending on the spe-
cific site conditions (Vera et al. 1998). The fallow period has to be balanced by the
opportunity cost represented by the gain in weight or other productivity parameter
of the cattle that has to be taken to another grazing field. Use of electric fencing
often improves the feasibility of moving the cattle to nearby fields, especially when
relatively small grazing paddocks are used.

13.5.1.5 Animal Stocking

The choice of the right type of animal and its stocking is necessary to attain the
best productivity and sustainability of any cattle system. Much of the earlier dis-
cussion has referred to beef or dairy cattle of either European or Asian origin (Bos
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taurus and Bos indicus respectively). CATIE and many of the other institutions men-
tioned previously have promoted the use of mixed breeds that can combine greater
rusticity and adaptability to tropical conditions with higher productivity (beef and
dairy products).

In semiarid and sub-humid regions of the Neotropics, other animals are used
successfully for meat and dairy production, and wool in the case of sheep. In many
regions, goats and sheep are also used with success. In many cases these animals
are part of small-scale, self-subsistence systems. However, they are also used at
larger scales for commercial purposes. For example the pelibuey, a type of sheep
commonly raised in the Caribbean and Mexico, successfully replaces sheep and
goats of other breeds due to higher reproduction rates, better production of wool,
and greater adaptability and rusticity (Fig. 13.4).

13.5.2 Agrosilvopastoral Approaches to Sustain Pasture
Productivity and Avoid Degradation

Agrosilvopastoral systems—the combination of timber, fuelwood or fruit trees with
animals, and with or without crops—are practiced at many scales. A large scale
system may include timber plantations with grazing to control weeds and to obtain
a more immediate return from the sale of animal products. Cattle-raising can also

Fig. 13.4 In Atotonilco, in the state of Hidalgo, Mexico, mixed breeds of pelibuey are grown using
electric fencing for pasture rotations, on fields sown with African star grass (Cynodon nlemfluensis
and C. plectostachyus). The owner and other farmers in the region apparently consider this a suc-
cessful type of operation due to high productivity of the pelibuey and soil conservation. Photo: F.
Montagnini
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complement subsistence agriculture, with animals often integrated in home gar-
dens or in systems of fodder production to feed animals in stables (Montagnini
1992). In some regions, the incorporation of trees—especially multiple-purpose
trees (MPTS)—can change cattle raising from an inefficient use of land to a more
ecologically and economically feasible activity. The incorporation of trees can
improve system productivity either by increasing pasture yields through more effi-
cient nutrient recycling, or through the production of fodder from leaves and fruits.
The introduction of cattle in plantations, generally when the trees are big enough
so that cattle cannot damage them, can be a more efficient use of land than plan-
tations alone. Cattle can also help to control weeds and early economic returns
from cattle products help to pay for the costs of reforestation (Montagnini et al.
2003) (Fig. 13.5). In some cases young calves are preferred over adult cattle because
they cannot damage the trees as easily. The smaller animals also decrease soil com-
paction problems. Cattle prefer some tree species over others for browsing and can
also damage young trees when they scratch against them or strip their bark.

Fig. 13.5 Agrosilvopastoral system established to offset costs of reforestation: beef cattle (bulls)
grazing eucalypt plantations at CATIE in Turrialba, Costa Rica. Photo: F. Montagnini
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Generally, in agrosilvopastoral systems there are short and long-term benefits
from cattle and tree products. Economically, the system is favored through product
diversification. In semiarid ecosystems, fodder trees have the additional advantage
over grasses, of being able to reach deeper layers of soil thus remaining green for
longer periods and providing fodder at critical times.

Depending on the relative proportion of trees to cattle and the emphasis given
to the principal productive objective of the systems, three main types of agrosil-
vopastoral systems can be found: 1-Trees in pastures, 2-Cattle grazing plantations
or forest, and 3-Integrated agrosilvopastoral systems.

13.5.2.1 Trees in Pastures

In this type of agrosilvopastoral system, the principal objective is cattle production
(e.g., beef, milk) with timber, fruit or fuelwood as secondary products. Often the
trees in the pasture are remnants from the previous forest, or have regenerated in
the pasture and the farmers keep them to provide shade for the cattle, improve the
pasture grasses, and obtain tree products. For example guacimo (Guazuma ulmi-
folia) trees grow naturally in pastures in Hojancha, in the Pacific region of Costa
Rica. In pasture recovery projects in Hojancha, dense plantations of guacimo are
established to replace the old trees (personal observation). The examples cited in
previous sections (4.2.3) on isolated trees of Psidium guajaba and Inga spp. in
pastures in Ecuador, and on other species in Chiapas, Mexico, and in Monteverde,
Costa Rica (4.2.1), are also agrosilvopastoral systems of this category. In all these
cases the trees serve multiple functions in terms of soil improvement, shelter for
cattle, and also contribute to biodiversity as they are used as perches by birds.

Nitrogen-fixing trees are often planted in degraded pastures for the main pur-
pose of soil restoration, and also for their fodder. In degraded agricultural fields
near Guapiles, Costa Rica, researchers from CATIE use a restoration system they
call “Poró acostado” (“laid poró”). They plant stakes of an N-fixing tree, (“poró”),
Erythrina poeppigiana, laid horizontally in a trench to obtain rapid growth and
nitrogen inputs to the soil (personal observations). This tree can sprout quickly
from a horizontal stake giving multiple stems that will form clumps of young
trees in the pasture, where they can shelter the cattle, improve growth of native
or planted grasses and also their fodder can be harvested and fed to dairy or beef
cattle.

13.5.2.2 Cattle Grazing in Managed Forests and Tree Plantations

In these types of systems, the principal objective is to obtain tree products; cattle
serve to control weeds and to obtain an earlier financial return from the system.
Cattle are often used to complement reforestation projects in the Caribbean lowlands
of Costa Rica, such as calves used to graze plantations of native timber species
(Hyeronima alchorneoides) in Horquetas, Costa Rica; and beef cattle (bulls) grazing
eucalypt plantations at CATIE in Turrialba, Costa Rica (Fig. 13.5).
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Examples under forest include beef cattle grazing under natural forest that has
been exploited and later thinned to allow for pasture growth in Santiago de Liniers,
in the subtropical forest of Misiones, Argentina. Axonopus spp. (“pasto Jesuita”) is
a native grass that is shade-tolerant and thus can grow well and stand the grazing
when planted under the forest canopy. Cattle density is high with about 200 calves
(250–400 kg each) per hectare. At these high densities calves are kept grazing in
the forest for just half a day or a day at most, and electric fencing is used to allow
for pasture rotations (personal observations). In another location near the town of
Puerto Rico in the same region of subtropical forest, fully grown (about 20 years
old) Araucaria angustifolia plantations are also underplanted with Axonopus spp.
and grazed by beef calves (120–150 kg each). These calves are also fed a corn
supplement (personal observations). In this region, the araucaria trees, which are
native, take about 30–35 years to reach full size for timber harvest, and income
from the cattle contributes to make the plantations more profitable. In these forest
or plantation grazing systems, the forest or plantations are the principal manage-
ment objective of the farmer, and the cattle are only introduced after the planta-
tions are already established, or the forest has already been managed for timber
production.

13.5.2.3 Integrated Agrosilvopastoral Systems

These systems are designed with the purpose of having an integrated system from
the start, where cattle production is enhanced by planting pastures in association
with trees that can benefit the pastures and cattle and at the same time provide
important tree products. Tree planting distances, pasture species and cattle man-
agement are all carefully selected with these objectives in mind. Examples from
the subtropical region of Misiones, Argentina include plantations of Toona australis
(Australian cedar) planted at 9 m×3 m, a planting distance that gives enough room
between the lines of trees to allow plantations of a shade-intolerant grass for the
cattle. In this case the combination was with Brachiaria spp. grass to feed beef cattle
(personal observation). In this same region, close to the locality of Puerto Rico in
Misiones, Paulownia spp. trees (“kiri”), 9 years old, planted at 9 m ×6 m were
seen in combination with Brachiaria brizantha grass to feed beef cattle. Both the
Australian cedar and kiri trees (exotic) are highly profitable, and although neither of
the two species tends to increase yields of grass, they do provide shelter for the cattle
especially during the hot summer months. The trees, if grown in a pure plantation,
could be planted at higher densities and thus the owner would obtain higher profits
from selling a higher volume of timber at the end of the rotation. However, the
farmers prefer to sacrifice some of the timber profits that they would obtain only
at the end of a rotation in order to include the grasses and cattle and obtain earlier
returns on the investment.

In other examples of this same type of system, trees are planted to improve the
growth of grasses and not necessarily for timber or other products. For example, near
Guapiles in the Caribbean lowlands of Costa Rica, projects by CATIE researchers
for restoration of degraded pastures include plantations of Acacia mangium, an



290 F. Montagnini

N-fixing tree planted for soil erosion control. A. mangium is associated with
native or planted pasture species such as Ischaemum ciliare, Brachiaria brizan-
tha, and the herbaceous legume Arachis pintoi (Amézquita et al. 2005). Arachis
pintoi, a type of peanut, is often planted to control soil erosion because it
forms a dense carpet covering the soil, helps to recover soil nutrients, and also
improves pasture and cattle productivity (Jansen et al. 1997, Bouman et al. 1999)
(Fig. 13.6).

In the same region, Gliricidia sepium, an N-fixing tree that is an important fire-
wood species and a good soil improver, has been found to have excellent qualities
for fodder production and thus is often planted as a living fence. This is another
type of integrated agrosilvopastoral system where the trees are purposefully chosen
to serve their function as a fence and at the same time to improve soils, control
erosion and serve as fodder (often in a cut-and-carry system).

Still another type of integrated agrosilvopastoral system is the “forage bank” or
“fodder bank” generally composed of tree species with highly nutritious foliage for
cut-and-carry systems. The trees are planted very densely to encourage foliage pro-
duction. They are pruned periodically (often weekly), ground, occasionally mixed
with cut grasses and then fed to cattle. Examples of tree species that can sustain
high fodder productivity in this condition include Trichanthera gigantea, Morus
spp., Erythrina edulis, E. berteroana, E. fusca, Boehmeria nivea, which are used
with success in Colombia and in Costa Rica (CIAT 1976–2000, Amézquita et al.
2005).

Fig. 13.6 Arachis pintoi, a type of peanut, is often planted in the humid regions of Costa Rica to
control soil erosion because it forms a dense carpet covering the soil and contributes to soil nitrogen
and organic matter inputs. In other regions of Costa Rica and Colombia it is also intercropped with
trees or grasses to improve pasture and cattle productivity. Photo: F. Montagnini
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Agrosilvopastoral systems can also be conceived at a landscape scale, where the
trees are kept in a managed forest and cattle raising makes use of trees in a com-
plementary manner. For example, models of low-external input agrosilvopastoral
systems that incorporate farmer preferences, and use well-adapted grass-legume
pastures, rotational grazing and the management of natural forest regeneration have
been proposed for regions of the Amazon basin (Loker 1994). The systems pro-
vide farmers with the benefits of both annual crops and cattle raising, avoid land
degradation and effectively incorporate trees in the production system.

Agrosilvopastoral systems are important components of the economies of Tropi-
cal America’s countries (Amézquita et al. 2005). When improved and well managed,
they can become key land-use systems for the provision of environmental services,
particularly the recovery of degraded areas and carbon sequestration. In addition,
they have the capacity to provide viable economic alternatives to farmers.

13.6 Conclusions

In the Neotropics, pastures represent a high proportion of the total agricultural land,
and they are generally located on poor, acid soils. Conversion of forests to crops
and pastures has been a predominant land–use change in the Neotropics during the
second half of the twentieth century. Pasture development has been ranked one of
the least desirable land uses of tropical forest regions because of land degradation
caused by overgrazing and mismanagement. However, cattle ranching is important
for local and regional economies, therefore it is crucial to understand the factors
limiting pasture productivity, and to design ways of improving productivity and
sustainability.

Abandoned pastures can remain in a state of arrested succession due to a number
of factors that delay or impede their recovery. The factors limiting tree regeneration
in abandoned pastures can include scarcity of nutrients, soil compaction, lack of or
excess soil humidity, high solar radiation, and intra- and inter-specific competition.
To restore abandoned pastures, strategies have to consider these factors limiting
tree regeneration. Restoring abandoned pastures can involve planting trees in lines,
groups or blocks. Tree plantations can improve soil conditions, ameliorate micro-
climatic conditions and serve as perches for birds, bats and other seed dispersers.
Native tree species are preferred over exotics, except in cases where the performance
of native species is still not well known.

A number of strategies can be used to manage tropical pastures to increase sus-
tainability and avoid degradation. Several local and international research institu-
tions, such as EMBRAPA (Brazil), CIAT (Colombia), CATIE (Costa Rica) and
others, have designed pasture management strategies, mostly focusing on the use
of improved pasture grasses, grass and leguminous herb mixtures, and proper man-
agement techniques. The use of the right animal breed and size is also key to avoid
overgrazing and to sustain productivity. Agrosilvopastoral systems, or the combina-
tion of animals with trees in the landscape, offer many of the advantages of sound
management and provide environmental services, such as carbon sequestration and
conservation of biodiversity.
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