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Abstract

Tropical forests are being cleared at an alarming rate
although our understanding of their ecology is lim-
ited. It is therefore essential to design restoration ex-
periments that both further our basic knowledge of
tropical ecology and inform management strategies to
facilitate recovery of these ecosystems. Here we syn-
thesize the results of research on tropical montane for-
est recovery in abandoned pasture in Costa Rica to ad-
dress the following questions: (1) What factors limit
tropical forest recovery in abandoned pasture? and (2)
How can we use this information to design strategies
to facilitate ecosystem recovery? Our results indicate
that a number of factors impede tropical forest recov-
ery in abandoned pasture land. The most important
barriers are lack of dispersal of forest seeds and seed-
ling competition with pasture grasses. High seed pre-
dation, low seed germination, lack of nutrients, high
light intensity, and rabbit herbivory also affect re-
covery. Successful strategies to facilitate recovery in
abandoned pastures must simultaneously overcome
numerous obstacles. Our research shows that estab-
lishment of woody species, either native tree seed-
lings or early-successional shrubs, can be successful
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in facilitating recovery, by enhancing seed dispersal
and shading out pasture grasses. On the contrary, bird
perching structures alone are not an effective strategy,
because they only serve to enhance seed dispersal but
do not reduce grass cover. Remnant pasture trees can
serve as foci of natural recovery and may enhance
growth of planted seedlings. Our results highlight the
importance of: (1) understanding the basic biology of
an ecosystem to design effective restoration strategies;
(2) comparing results across a range of sites to deter-
mine which restoration strategies are most generally
useful; and (3) considering where best to allocate ef-
forts in large-scale restoration projects.

Key words: bird perching structures, grass competi-
tion, microclimate, reforestation, seed dispersal, seed
germination, seed predation, shrubs, soil nutrients.

Introduction

M ore than a decade ago, Bradshaw (1987) wrote
that “the successful restoration of a disturbed
ecosystem is the acid test of our understanding of that
ecosystem.” Although this quote has often been restated,
little research in restoration ecology has been rigorously
designed to test the complex interactions between abi-
otic and biotic factors that affect the rate and direction
of recovery. Nowhere is the need to take this approach
greater than in the tropics, where forests are being
cleared at an alarming rate although a thorough under-
standing of their ecology is lacking.

An estimated 8% of tropical forests were destroyed
during the 1980s alone (WRI 1997), and clearing has con-
tinued over the past decade at only a slightly lower rate
(FAO 1997). The primary cause of deforestation in Latin
America over the past few decades has been creation of
pastures for cattle grazing (Amelung & Diehl 1992;
Fearnside 1993); for example, Costa Rica, a country that
was once almost entirely forested, is now almost half
(46%) covered by pasture (WRI 1998). Clearly, conserva-
tion efforts in the tropics must focus on slowing defores-
tation and providing alternative sources of income to
people living in countries with tropical forests. At the
same time, there is a need to develop strategies to restore
degraded forests or, at minimum, to return the land to
more productive uses. Given that knowledge of tropical
forests, particularly highly disturbed tropical forests, is
sparse, it is necessary to do research that furthers our un-
derstanding of how tropical ecosystems work and simul-
taneously informs selection of restoration strategies.

Over the past five years, we have studied montane for-
est recovery in abandoned pasture in southern Costa
Rica. Given the complexity of tropical ecosystems, it is not
possible to reintroduce all of the myriad species. Rather, it
is necessary to design strategies to accelerate the natural
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recovery process. Therefore, our research has aimed to
answer two broad questions: (1) What factors limit tropi-
cal forest recovery in abandoned pasture? and (2) How
can we use this information to design strategies to facili-
tate ecosystem recovery? We have asked these questions
concurrently. Results from experiments to identify factors
impeding recovery have informed our selection of resto-
ration strategies. Likewise, testing these strategies has fur-
thered our understanding of the ecology. In this article,
we synthesize the results from both published and un-
published research at our study site; for those data that
are presented elsewhere, we refer readers to the appropri-
ate sources for the details of experimental design.

Study Area

The majority of this research was conducted in aban-
doned pasture adjacent to the Las Alturas Biological
Station in southern Costa Rica (8°57'N, 82°50'W, 1,500 m
elevation). Average annual rainfall is approximately
3,000 mm, more than 95% of which normally falls be-
tween April and December (Instituto Costarricense de
Electricidad, unpublished data). Average annual maxi-
mum and minimum temperatures are 24.6 and 13.2° C,
respectively (Instituto Costarricense de Electricidad,
unpublished data).

The pasture directly abuts primary, seasonal mon-
tane wet forest (Holdridge et al. 1971) creating an

abrupt forest/pasture edge. The primary forest is part
of the Las Tablas Protected Area (19,602 ha), which is
contiguous with La Amistad Biosphere Reserve. The
5 ha pasture where most of the research was conducted
(Fig. 1) is part of a mosaic of agricultural land uses cov-
ering approximately 2,500 ha. Some data on reforesta-
tion with native species were collected in other pastures
on this property. The focal study area was cleared 25
years ago using heavy machinery. The land was used
for 15 years for the cultivation of coffee and for the sub-
sequent 10 years for cattle grazing. Cattle were removed
from the pasture in February 1995. At that time, the pas-
ture vegetation consisted predominantly of non-native
grasses such as Axonopus scoparius (Fliigge) Kuhlm., Digi-
taria decumbens Stent, and Melinus minutiflora Beauv. Iso-
lated trees, primarily Inga edulis Mart. and Inga punctata
Willd. (Fabaceae), were scattered throughout the pas-
ture. Shrubs began to colonize the pasture soon after aban-
donment; common shrub species include Piper arboreum
Aublet (Piperaceae), Rubus urticaefolius Poir. (Rosaceae),
Solanum rudepannum Dunal (Solanaceae), Solanum umbel-
latum Willd. (Solanaceae), and Vernonia patens H. B. K.
(Asteraceae).

Obstacles to Forest Recovery

For forest to recover in abandoned pasture, a number of
processes must occur, including dispersal, avoidance of

Figure 1. Focal abandoned
pasture where the majority of
the research was conducted,
one year after abandonment.
Note crossbar perching struc-
ture on left and remnant trees
and recently established shrub
patches throughout pasture.

340

Restoration Ecology DECEMBER 2000



Tropical Montane Forest Restoration

predation, and germination of seeds, as well as survival
and growth of seedlings (Fig. 2). Each of these processes
is influenced by a number of factors (Fig. 2); for exam-
ple, seed germination is affected by light, temperature,
and moisture, which are in turn influenced by vegeta-
tive cover. Research at various neotropical sites demon-
strates that many factors may impede tropical forest
succession in areas of pasture land, including a lack of
soil nutrients, soil compaction, competition with pas-
ture grass, seasonal drought, low rates of seed coloniza-
tion, and high seed and seedling predation (e.g., Uhl
1987; Buschbacher et al. 1988; Nepstad et al. 1991; Aide
& Cavelier 1994; Reiners et al. 1994; Aide et al. 1995;
Fernandes & Sanford 1995; Nepstad et al. 1996). The rel-
ative importance of these factors often varies greatly
over small spatial and temporal scales. Few studies
have evaluated a number of factors at a single site,
which would allow for the possibility to prioritize those
factors most important in limiting recovery. Such infor-
mation is essential for designing effective restoration
strategies; therefore, we aimed to isolate the effect of
various biotic and abiotic factors on different processes
influencing seedling establishment.

Seed Availability—Dispersal and Predation

The first important question in studying recovery of any
ecosystem is whether propagules of target species are
present in the disturbed area. Recovery of tropical forest
in abandoned pasture is generally dependent on dis-
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Figure 2. Factors limiting pasture recovery. Processes that in-
fluence seedling establishment are in boxes with solid lines.
Factors affecting the magnitude of these processes are in
boxes with dashed lines.

persal of seeds of forest species, because many tropical
forest seeds have an extremely short duration of viabil-
ity and are, therefore, not present in the seed bank (Uhl
1987; Garwood 1989; Nepstad et al. 1996). We monitored
seed rain in seed traps at distances from 250 m into the
forest to 250 m into the pasture for a one year period, be-
ginning in May 1995. Seed rain was dramatically lower
in open pasture (no nearby trees) with an average of
1,670 seeds m~2 yr ~! falling in forest traps and 190
seeds m~2 yr ! (not including grasses) falling in open
pasture traps (Holl 1999). Dispersal of animal-dispersed
seeds was particularly low, only 3 seeds m~2 yr ~; seeds
of only one genus, Solanum, a widespread pasture shrub,
fell in pasture traps beyond 5 m of the forest edge (Holl
1999). This result is not surprising, given the minimal
movement of birds, one of the primary agents of seed
dispersal, between the forest and pasture at this site
(Sisk 1991). Several other studies have also indicated
that lack of seed dispersal, particularly of animal-dis-
persed seeds, is a primary factor limiting tropical forest
recovery in large disturbed areas (Kolb 1993; Aide &
Cavelier 1994; Gonzalez Montagut 1996; Nepstad et al.
1996; Hardwick et al. 1997; Zimmerman et al. 2000).

If seeds are dispersed into open areas, the question
arises as to whether they will survive until germination.
Although tropical forest seeds often germinate within a
few weeks of dispersal, our results suggest that seed pre-
dation can be high even over short time periods. Overall,
approximately two-thirds of seeds were removed from
seed depots within thirty days (Holl & Lulow 1997). Lev-
els of predation of the ten native forest species studied
were highly species specific, ranging from 0 to 87% of
seeds remaining in the pasture at the end of the study
(Holl & Lulow 1997), which may affect patterns of recov-
ery. Other studies have reported similarly high and spe-
cies-specific rates of seed predation in tropical pastures
(Uhl 1987; Aide & Cavelier 1994; Osunkoya 1994; Nep-
stad et al. 1996; Gonzélez Montagut 1996).

Seed Germination

For seedlings of forest species to establish, seeds dis-
persed into the pasture must be able to germinate. Pre-
viously, we measured germination rates of twelve
woody species in abandoned pasture and have com-
pared their germination rates with those of seeds in ei-
ther primary forest or under shrubs in pasture (Holl
1999; Holl, unpublished data). We have recorded a
wide range of germination rates, from 0 to 78%. In most
cases, germination rates were similar in abandoned
pasture with dense grasses, as compared to primary
forest or under pasture shrubs (Holl 1999; Holl, unpub-
lished data). Other studies have reported a comparable
range of germination rates in abandoned pastures, with
very high germination of some species and no germina-
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tion of other species (Aide & Cavelier 1994; Gonzalez
Montagut 1996; Hardwick et al. 1997). Our results, as
well as those of others (Aide & Cavelier 1994; Gonzélez
Montagut 1996; Hardwick et al. 1997; Zimmerman et al.
2000), indicate that germination of some species is
lower in areas cleared of pasture grasses where micro-
climatic conditions are more stressful. For most of the
species we studied, lack of germination did not appear
to be as important as lack of seed dispersal in limiting
recovery. Very low seed germination in a few species
may have been due to lack of appropriate triggers for
seed germination, such as passing through the guts of
birds (Lieberman & Lieberman 1986; Ellison et al. 1993)
or the required light quantity or quality (Vazquez-
Yanes & Orozco-Segovia 1993; Metcalfe 1996).

Seedling Survival and Growth

Clearly, seedling establishment in abandoned pastures
is limited foremost by lack of dispersal and secondarily
by high seed predation and low germination rates in
some species. If seedlings do become established, a
suite of abiotic and biotic factors may, subsequently, re-
duce seedling survival and growth (Fig. 2). These fac-
tors include competition with pasture grasses, stressful
microclimatic conditions, lack of soil nutrients, reduced
mycorrhizal inoculum, and herbivory. Our research in-
dicates that competition with pasture grasses is the pri-
mary factor impeding seedling survival, although the
other factors slow seedling growth to a lesser extent.

At our study site, pasture grasses commonly grow to
a height of 1.5 m and create a dense litter layer, approx-
imately 10 cm deep. We have studied the effects of pas-
ture grass on seedling survival in two ways. First, we
cleared areas of pasture grass and monitored vegetation
composition in cleared and uncleared areas after six
months. Species richness and cover of broadleaved spe-
cies was approximately five times higher in cleared
than in non-cleared quadrats (Table 1). Second, we trans-
planted recently germinated seedlings (1-4 cm tall) of
four early colonizing woody species, Cecropia polyphle-
bia Donn. Smith. (Moraceae), Hasseltia floribunda Kunth
(Flacourtiaceae), Heliocarpus appendiculatus Turcz. (Tili-
aceae), and Sorocea trophoides Burger (Moraceae), in ar-
eas of dense pasture grass (99% grass cover) and below
pasture shrubs (24% grass cover). After eighteen months,
seedling survival of three of the four species was signif-
icantly higher under shrubs; C. polyphlebia showed very
low survival in both habitats (Table 2). Together, these
results and those of other studies (Gonzalez Montagut
1996; Sun & Dickinson 1996; Posada et al. 2000) suggest
that pasture grasses play a major role in limiting sur-
vival of forest seedlings.

As with many previous studies, we have documented
higher soil and air temperatures, light levels, and vapor

Table 1. Mean cover and species richness for seedlings of
broadleaved species in areas cleared of grasses and areas not
cleared of grasses, before clearing and six months following
clearing. Values are means = 1 SE. n = 6.

Cover (%)
Cleared Not Cleared

Species Richness
Cleared  Not Cleared

Time of Sampling

Before clearing 7.7 =9.27 102 1227 22 +2.0722 * 217
6 months 69.5 + 18.17 12.5 + 18.3? 82 *+1.9715 = 1.9¢

Note: Means with the same letter are not significantly different across treatment
using a t-test.

pressure deficit in areas of pasture cleared of grass com-
pared to areas in the forest (Holl 1999). Pasture grasses,
however, reduce soil temperature and light intensity at
the soil surface to levels similar to those in the forest
(Holl 1999). We have measured soil and plant water po-
tential during the dry season in a number of years; the
results suggest that soil moisture at our site rarely
drops to a level sufficiently low to be stressful to plants
(Holl 1999; Loik & Holl, unpublished data). In contrast,
Nepstad and colleagues (1996) report high levels of wa-
ter stress for seedlings planted in pasture in Amazonia;
this difference in results is likely due to the compara-
tively longer dry season at their research site. It is also
important to note that our study site is at a much higher
elevation than most previous research on tropical for-
est recovery; accordingly, maximum temperatures are
lower than those reported from lowland tropical pas-
tures (Vieira et al. 1994; Gonzalez Montagut 1996). Our
research has demonstrated that light intensity in the
open pasture is in excess of that needed for maximal
photosynthesis, which can be stressful for seedlings of
certain species once they reach a sufficient height to
overtop the grasses (Loik & Holl 1999).

Research at other sites suggests that soil compaction
(Reiners et al. 1994; Sun et al. 1995) and lack of nutrients
(Aide & Cavelier 1994; Vieira et al. 1994) may reduce

Table 2. Mean percent survival after 18 months! of early-
successional tree seedlings planted in areas of dense pasture
grass and below pasture shrubs. Values are means = 1 SE. n =
8 plots with 16 seedlings in each plot.

Percent Survival

Species Grass Shrub
Cecropia polyphlebia 1+12 2+14
Hasseltia floribunda 1=+1e 36 £ 1?
Heliocarpus appendiculatus 0x07 10 = 3b
Sorocea trophoides 2+ a 318

'Due to phenological differences, S. trophoides was planted three months later than
the other species, so survival rates for S. trophoides are reported after 15 months.
Note: Means with the same letter are not significantly different across habitat
type using a t-test.
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seedling growth in abandoned agricultural land. We
have documented much higher soil compaction in the
pasture compared to forest (Holl 1999), although we
have not tested the effects of soil compaction on seed-
ling growth directly. Our research also indicates that
phosphorus levels are extremely low in both the forest
and pasture at our site (Holl 1999). To test whether
these levels limited seedling growth, we fertilized seed-
lings of three commercially valuable tree seedlings with
50 g of 10:30:10 NPK fertilizer when the seedlings were
planted in the field and before the start of the following
rainy season. Seedlings were planted in three mixed-
species blocks on a 3 X 3 m grid in the pasture; six fertil-
ized and six unfertilized seedlings were planted in each
block. Seedling height and cover increased significantly
more for fertilized seedlings, indicating that seedling
growth was slowed by available nutrients (Fig. 3).
Janos (1996) has suggested that lack of mycorrhizal
inocula may slow recovery in degraded areas in the
tropics. We measured percent root infection with arbus-
cular mycorrhizae (AM) of seedlings of four native for-
est tree species (Calophyllum brasiliense Camb. (Clusi-
aceae), Ocotea glaucosericea Rohwer (Lauraceae), Ocotea
whitei Woodson (Lauraceae), and Sideroxylon portori-
cense Urb. (Sapotaceae)) planted in forest, in open pas-
ture, and in pasture below remnant trees. All four spe-
cies were infected with AM; percent root infection
ranged from 10-90% (Lin 1999). Both of the species for
which sample sizes were sufficient to make quantitative
comparisons (C. brasiliense and S. portoricense) had simi-
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Figure 3. Height increase of fertilized and unfertilized native
tree seedlings (Calophyllum brasiliense, Prunus annularis Koehne
(Rosaceae), and Quercus oocarpa Liebm. (Fagaceae)) between
June 1996 and June 1997. Seedlings were fertilized with 50 g of
10:30:10 NPK fertilizer in June 1996 and February 1997. n =
12-18 for each species fertilization treatment. Error bars repre-
sent 1 SE. * = p < 0.05, ** = p < 0.01 using a t-test.

lar percent infection in forest and open pasture; percent
infection of C. brasiliense was higher under remnant
trees (Table 3). The higher infection rate below trees
may reflect differences in spore numbers or composi-
tion (not measured) and/or differences in other factors,
such as nutrient availability or microclimatic conditions
(discussed later). A number of other studies have re-
ported similar or higher levels of mycorrhizal spores
and/or mycorrhizal infection of roots in tropical pas-
tures compared to forests (Fischer et al. 1994; Johnson &
Wedin 1997; Allen et al. 1998). Some studies, however,
have found different species composition of mycor-
rhizal spores in highly degraded pastures compared to
primary or secondary forest (Allen et al. 1998; L. Car-
penter 1999, personal communication).

A final factor that reduces seedling survival and
growth at our site is rabbit herbivory. In a trial using na-
tive tree species for reforestation, 64% of seedlings (0.1-
0.5 m tall) were cut by rabbits within 2 years (Holl &
Quiros Nietzen 1999). Although some seedlings survived
cutting by rabbits and resprouted, survival and growth
were greatly reduced in cut seedlings (Holl & Quiros
Nietzen 1999). Whereas herbivory due to leaf cutter ants
(Atta spp.) has been reported in abandoned tropical pas-
tures (Butterfield 1995; Nepstad et al. 1996; L. Carpenter
1995, personal communication), our research is the first
to document the importance of rabbit herbivory. This re-
sult has strong implications for the potential of tropical
reforestation programs in the region of our study.

Strategies for Facilitating Recovery

In summary, our research, as well as that of others, sug-
gests that multiple factors retard recovery in aban-
doned tropical pastures. Some problems seem to be
widespread (e.g., lack of seed dispersal and nutrient
limitation), and others tend to be more site-specific

Table 3. Percent arbuscular mycorrhizal infection of roots of
two-year-old seedlings of Calophyllum brasiliense and three-
year-old seedlings of Sideroxylon portoricense planted in open
pasture, under trees in pasture, and in primary forest. Roots
were stained with Trypan Blue (Lin 1999). Values are means +
1 SE for n = 6 seedlings. Arcsine transformed infection rates
were analyzed using a one-way ANOVA for each species and
Tukey’s LSD mean comparison procedures.

Percent Infection

Species C. brasiliense S. portoricense
Open pasture 42.6 £ 247 20.3 +£9.37
Under tree 62.4 = 4.8b 36.8 + 10.0¢
Forest 30.4 = 6.9° 26.0 £ 5.17

Note: Means with the same letter are not significantly different across habitat
type using Tukey’s LSD.
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(e.g., water stress and herbivory). At the site of our re-
search, the primary factors inhibiting recovery are lack
of forest seeds and competition with pasture grasses,
whereas other factors, such as nutrient availability and
herbivory, also influence recovery. These results sug-
gest that the most effective restoration strategies will si-
multaneously overcome a range of obstacles to regener-
ation. Our research on strategies to facilitate recovery
confirms this point. We have tested a number of strate-
gies for facilitating the early stages of recovery in aban-
doned pasture, including bird perching structures, es-
tablishing native seedlings and shrubs, and retaining
pasture trees. This research has helped to further our
understanding of both natural successional processes in
abandoned pastures, and our ability to recommend
management strategies.

Bird Perching Structures

One potential method for increasing seed dispersal, and
thereby facilitating recovery, is the use of artificial bird
perching structures. Increased vertical structure may at-
tract birds farther into the pasture and enhance seed
dispersal. Artificial perching structures have success-
fully encouraged seed dispersal into disturbed temper-
ate ecosystems (McDonnell 1986; McClanahan & Wolfe
1987, 1993), but have received little study in tropical
rain forest ecosystems. Perches would seem to be par-
ticularly useful in tropical forests where the seeds of 50—
90% of canopy trees and nearly 100% of shrubs and sub-
canopy trees have adaptations for animal dispersal
(Howe & Smallwood 1982).

To test this strategy, we monitored bird activity, seed
dispersal, and seedling establishment below two types
of perches: (1) crossbar perches consisting of 5-m tall
posts with 2.2 m crossbars attached perpendicularly at
the top and (2) branch perches consisting of 5-m tall
branches of Inga spp. We found that branch perches
served to increase dispersal of some forest species (Holl
1998b). Seedling establishment, however, was not higher
below branch perches than in open pasture (Holl 1998b).
This result is not surprising, given the fact that perches
serve only to increase seed dispersal and do not help to
overcome other obstacles to recovery, in particular com-
petition with pasture grasses. These results highlight
the importance of using seedling establishment, rather
than seed rain alone, as a measure of success. Combin-
ing the use of bird perching structures with efforts to re-
duce pasture grasses through clipping or herbicides
may help to facilitate recovery (Ferguson 1995; Miriti
1998) but has not been tested on a large scale. More
promising seem to be efforts to establish woody species
that simultaneously overcome a number of obstacles to
recovery.

Planting Native Tree Seedlings

Seedlings of native and exotic tree species can help to
increase seed dispersal, shade out pasture grasses, ame-
liorate stressful microclimatic conditions, and improve
soil structure and soil nutrient availability, which all
lead to higher understory diversity (Montagnini & San-
cho 1990; Prinsley 1991; Parrotta 1992; Montagnini et al.
1995; Haggar et al. 1997; Parrotta et al. 1997). Trees can
also provide income to land owners from future log-
ging. In recent years, efforts have increasingly focused
on planting native tree species to restore degraded ar-
eas in the tropics. Our research demonstrates that some
native tree species grow quickly in abandoned pas-
tures. We measured seedling height of three species of
trees that were planted by the land owner on an ap-
proximately 3 X 3 m mixed-species grid at a site located
approximately 5 km from the primary study site. Seven
years after planting, surviving seedlings were an aver-
age of 7-11 m tall (Fig. 4). A number of other studies
have also demonstrated that some native species show
growth rates in disturbed areas in the tropics similar to
those of more commonly used exotic species (Kartawi-
nata 1994; Alfaro Bonilla & Barrantes Arias 1995; But-
terfield 1995; Ashton et al. 1997; Stanley & Montagnini
1999) and may serve to facilitate forest regeneration.
Our research also shows that the success of efforts to
reforest with native tree species may be highly variable.
As discussed previously, in localized areas we found
high rabbit herbivory on native seedlings. Fencing the
seedlings tripled the cost of planting, which would
likely be cost prohibitive for large-scale planting efforts
(Holl & Quiros Nietzen 1999). Similarly, we have re-
corded highly variable growth rates for the same spe-
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Figure 4. Heights of three native tree seedlings (Calophyllum
brasiliense, Ocotea glaucosericea, and Tapirira mexicana March-
and (Anacardiaceae)) seven years after planting in abandoned
pastures. n = 50 for each species. Error bars represent 1 SE.
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cies at different locations within the 10,000 ha landhold-
ing where we work. For example, Ocotea glaucosericea
planted by the land owner grew nearly two meters per
year over a period of 7 years (Fig. 4), whereas the seed-
lings we planted of the same species grew 0.36 meters
per year over a 2-year period (Loik & Holl 1999). Like-
wise, other projects in Costa Rica focused on testing na-
tive tree species for reforestation have recorded highly
variable growth rates at different sites (Butterfield &
Espinoza 1995; Alfaro Bonilla & Barrantes Arias 1995).
Variable growth would be expected with differences in
soil type, climate, degree of land degradation, and exist-
ing vegetation. These results suggest that planting na-
tive tree seedlings may be useful as a strategy for accel-
erating forest recovery at many disturbed sites in the
tropics and highlight the importance of testing any res-
toration strategy on a small scale at each site to evaluate
appropriate species.

Seeding Shrubs

Increasingly, it is being recognized that naturally colo-
nizing shrubs and trees may play a critical role in amelio-
rating adverse conditions and facilitating succession in
abandoned tropical pastures (Vieira et al. 1994; Aide et
al. 1995). Many shrub species attract birds, thereby in-
creasing dispersal of forest seeds (Willson & Crome 1989;
Vieira et al. 1994; Saab & Petit 1992; Cardoso da Silva et
al. 1996; Nepstad et al. 1996). As with tree seedlings,
shrubs may help to overcome other obstacles to recovery
such as ameliorating stressful microclimatic conditions,
increasing soil nutrients, and shading out pasture grasses
(Vieira et al. 1994; Holl 1998a). In contrast, some research
in the tropics suggests that shrubs may inhibit recovery
(Anaya Lang 1976; Zahawi & Augspurger 1999).

In February 1996 and February 1998, 1 and 3 years af-
ter abandonment, respectively, we surveyed shrub cover
in 4 ha of the focal study area that had not been dis-
turbed by experiments. Our results indicated that shrub
cover increased from 2.4 to 6.1% during this time period,
but large areas were still covered by dense grass with no
establishment of shrubs or tree seedlings. The shrub
patches measured in both years increased an average of
6.9 = 11.0 m? in cover between sampling periods, indi-
cating that, once established, patches spread at a rapid,
but highly variable, rate. The vast majority of seedlings
of animal-dispersed forest trees established below rem-
nant trees, shrubs, or both (Table 4). Clearly, shrubs may
compete with forest seedlings (Holl 1998a), but these re-
sults suggest that, overall, shrubs and remnant trees fa-
cilitate the establishment of woody seedlings.

Seeding early-successional shrubs may be an inex-
pensive strategy to facilitate recovery, as many shrubs
produce copious seeds year round, and are easily col-
lected. We tested this strategy by seeding each of nine

Table 4. Distribution of tree seedlings in 4 ha of abandoned
pasture in February 1996 and 1998.

Variable 1996 1998
Number of tree seedlings! 100 80
Number of animal-dispersed forest tree

seedlings? 37 31

Percent of seedlings of animal-dispersed
forest species below:

Shrubs only 32% 23%
Trees only 24% 29%
Shrub and trees 16% 26%
Open pasture 27% 23%

IThis number includes tree seedlings greater than 0.5 m and less than 5 m. For
1996 all seedlings are reported. For 1998 all seedlings established since 1996 are
reported.

2This number excludes wind-dispersed species (primarily Cedrela tonduzii and
Heliocarpus appendiculatus) and species for which fruiting individuals were pre-
dominantly located in the pasture (primarily Inga edulis and I. punctata).

common shrub (900 seeds/m?) or early successional tree
species (100 seeds/m?), in 3 X 3 m plots in abandoned
pasture in August 1997; the species include Cecropia
polyphlebia Donn. Smith., Heliocarpus appendiculatus Turcz.,
Miconia dodecandra (Desr.) Cogn. (Melastomataceae), Piper
arboreum, Salvia tiliaefolin Vahl (Lamiaceae), Saurauia mon-
tanoa Seem. (Actinidiaceae), Solanum umbellatum, Tourne-
fortia glabra L. (Boraginaceae), and Vernonia patens. We
seeded five paired areas that either had dense grass cover,
or where grasses had been cleared. After one year, no
shrub seedlings established in control areas (dense grass
with no seeding), and few shrub seedlings established
in areas that were seeded but not cleared. Shrub cover
was much higher in plots that were cleared and seeded

Percent cover of shrubs

2 a

Not seeded Seeded

Cleared and
seeded

Figure 5. Cover of shrubs one year after seeding in areas that
were not seeded with shrubs, were seeded with shrubs, and
were seeded with shrubs and cleared of existing vegetation
immediately prior to seeding. Error bars represent 1 SE. n = 5
for each treatment. Means with the same letter are not signifi-
cantly different across habitat type using Tukey’s LSD.
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(Fig. 5). An average of only 3.8 seedlings/m? estab-
lished in seeded and cleared plots, indicating that a low
percentage of seeds became established. This result is
not surprising, given the high rates of predation and
variable germination recorded in previous experiments.
Regardless, these seedlings have the potential to cover a
substantial area, given their rapid growth rates. This re-
sult, combined with our surveys of natural shrub distri-
bution in the pasture, suggests that a relatively small
amount of effort could be invested in seeding shrubs in
areas far from existing patches to accelerate the process
of nucleation (Yarranton & Morrison 1974). Clearly, ad-
ditional monitoring is needed to determine whether
shrubs facilitate recovery over the long term.

Remnant Trees

Much previous work has focused on the critical role
remnant pasture trees play in natural forest recovery by
increasing seed dispersal, ameliorating microclimatic
conditions, and increasing soil nutrients (Janzen 1988;
Belsky et al. 1989; Guevara & Laborde 1993; Sarmiento
1997; Rhoades et al. 1998; Otero-Arnaiz et al. 1999). Our
results confirm the importance of remnant pasture trees
in facilitating forest recovery in abandoned pasture.
Twenty-seven species of frugivorous birds were re-
corded perching in pasture trees (Samuels 1998). Ac-
cordingly, the number of animal-dispersed seeds falling
under remnant pasture trees was similar to that in the
forest and two orders of magnitude higher than in open
pasture (Table 5). Consequently, the majority of seed-
lings of animal-dispersed species established under
remnant trees (Table 4). Likewise, a large portion of
shrub cover (36% in 1996 and 38% in 1998) was located
below trees, despite the fact that there were few trees
(5.5 trees/ha) in the pasture.

Our results also show that planting seedlings under
remnant trees compared to open pasture enhances seed-
ling growth. As discussed previously, we planted seed-
lings of four native forest tree species (Calophyllum brasil-

Table 5. Number of animal- and wind-dispersed seeds falling
in open pasture, below remnant pasture trees, and in forest.
Seeds were collected between 1 May 1995 and 30 April 1996.
Values are means = 1 SE for nn = 6 sites, which are averages of
three seed traps at each site.

Seeds m=2 yr ~1

Wind-
Habitat Animal-Dispersed Dispersed
Open pasture 31=x1.1° 114.0 = 65.9°
Remnant pasture tree 956.7 = 461.7° 422 *+9.37
Forest 1150.5 * 665.2° 292.9 + 25.0b

Note: Means with different letters are significantly different across habitat type
using Tukey’s LSD on log-transformed values.

iense, Ocotea glaucosericea, Ocotea whitei, and Sideroxylon
portoricense) in open pasture, under remnant trees in the
pasture, and in primary forest. After two years, all spe-
cies but one (S. portoricense) showed higher growth rates
under remnant pasture trees than in either of the other
two habitats (Lin 1999; Loik & Holl 1999). We have stud-
ied three potential mechanisms to explain this enhanced
growth. First, litterfall under trees was 20 times that in
open pasture (6.7 vs. 0.4 mg ha~! yr~!) and was compa-
rable to that for many tropical forests (Vitousek 1984).
Second, mycorrhizal infection was slightly higher for
seedlings planted under remnant pasture trees com-
pared to open pasture or forest (Table 3; Lin 1999).
Third, the light levels under remnant trees were more
favorable for seedling growth compared to the higher
light levels in open pasture and very low light levels in
the forest (Loik & Holl 1999). Clearly, these factors inter-
act, and separating the relative importance of each
would require more experimentation. Regardless, these
results suggest that remnant trees may serve to enhance
seedling growth through a number of interacting mech-
anisms. As a result, given limited resources for refores-
tation efforts, one strategy may be to plant seedlings at
the edge of the canopy of remnant trees.

Conclusions and Recommendations for Future Research

A number of general conclusions stem from our research
and other studies on tropical forest recovery and restora-
tion. First, numerous factors limit forest recovery in
abandoned pastures. Therefore, successful strategies to
facilitate recovery will need to overcome multiple factors
simultaneously. The most promising strategies appear to
be establishing woody species, either through retaining
some remnant pasture trees when possible or through
seeding or planting shrubs or native tree seedlings.

Second, the most effective combination of these strat-
egies and species will be site-specific. Restoration would
be much easier if general prescriptions could be made.
But, given the varying site conditions and high species
turnover between sites, general strategies will need to
be tailored to specific situations. Our work highlights
the importance of doing small-scale experiments to
learn more about the ecology of specific sites, before im-
plementing restoration strategies over a larger scale.
For example, reforesting a large area with native tree
seedlings that were subsequently cut by rabbits would
result in a significant financial loss to a landowner. Our
review also illustrates the importance of comparing re-
sults across a range of sites to identify which factors
seem to be important most consistently and which strat-
egies have a high probability of success.

Third, in scaling up from small-scale studies like
ours, it is important to consider how to allocate restora-
tion efforts most efficiently over a large scale. Given
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limited resources, it is unlikely that most land owners
will be able to replant or reseed the large areas of de-
graded pastures in Latin America. Therefore, it may be
most efficient to restore small islands of native seed-
lings or shrubs that will increase in size with little sub-
sequent input (Kolb 1993). More research is needed on a
larger scale to evaluate how best to allocate the limited
resources available for restoration.

Finally, our research demonstrates how difficult restor-
ing tropical forests will be. It is too early to know whether
we can truly restore tropical forests to a semblance of pre-
disturbance condition. It is unlikely that the numerous
species present before disturbance will all recolonize.
Therefore, we should view tropical forest restoration as a
necessary activity given existing land uses, and must, si-
multaneously, focus efforts on conserving existing forest.
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