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Abstract

Tropical dry forests are the most threatened tropical ter-
restrial ecosystem. However, few studies have been con-
ducted on the natural regeneration necessary to restore
these forests. We reviewed the ecology of regeneration of
tropical dry forests as a tool to restore disturbed lands.
Dry forests are characterized by a relatively high number
of tree species with small, dry, wind-dispersed seeds. Over
small scales, wind-dispersed seeds are better able to colo-
nize degraded areas than vertebrate-dispersed plants.
Small seeds and those with low water content are less sus-
ceptible to desiccation, which is a major barrier for estab-
lishment in open areas. Seeds are available in the soil in
the early rainy season to maximize the time to grow.
However, highly variable precipitation and frequent dry
spells are important sources of mortality in seeds and
seedlings. Collecting seeds at the end of the dry season
and planting them when soil has sufficient moisture may
increase seedling establishment and reduce the time they

are exposed to seed predators. Germination and early
establishment in the field are favored in shaded sites,
which have milder environment and moister soil than
open sites during low rainfall periods. Growth of estab-
lished seedlings, however, is favored in open areas. There-
fore, clipping plants around established seedlings may be
a good management option to improve growth and sur-
vival. Although dry forests have species either resistant to
fire or that benefit from it, frequent fires simplify commu-
nity species composition. Resprouting ability is a notice-
able mechanism of regeneration in dry forests and must
be considered for restoration. The approach to dry-forest
restoration should be tailored to this ecosystem instead
of merely following approaches developed for moister
forests.

Key words: assisting natural regeneration, coppice, sea-
sonal forests, sprouting, tropical deciduous forests, tropi-
cal semideciduous forests.

Introduction

There are three reasons to review the ecology of natural
regeneration in seasonally dry tropical forests (SDTFs).
First, SDTFs, which originally represented 42% of the
tropical vegetation worldwide (Murphy & Lugo 1995),
are the most threatened tropical terrestrial ecosystem, due
to the conversion of these areas into agricultural land
(Janzen 1988; Mooney et al. 1995; Khurana & Singh 2001;
Sanchez-Azofeifa et al. 2005). Thus, scientific knowledge,
specifically regarding regeneration pathways, is crucial to
the restoration of these forests. Second, there have been
insufficient studies of SDTFs to date (Mooney et al. 1995;
Khurana & Singh 2001; Sanchez-Azofeifa et al. 2005). We
found four to five times more studies on the natural regen-
eration of tropical rainforests than on the natural regener-
ation of dry forests, and only 3% of the literature on
tropical forest restoration focuses on dry forests (Meli
2003). Third, SDTFs have particular natural regeneration

! Pés-Graduagio em Ecologia, Universidade de Brasilia, Caixa Postal 04457.
70919-970, Brasilia, DF, Brazil.

% Laboratério de Ecologia e Conservagio, Embrapa—Recursos Genéticos

e Biotecnologia, Caixa Postal 02372, 70770-900, Brasilia, DF, Brazil.

3 Address correspondence to D. L. M. Vieira, e-mail dvieira@cenargen.embrapa.br
#United Nations Development Programme, SCN quadra 2, bloco A, Ed.
Corporate Financial Center, 7° andar, CEP 70712-901 Brasilia, DF, Brazil.

© 2006 Society for Ecological Restoration International

attributes that need to be clarified. Although these regen-
eration characteristics can be limiting in certain situations,
they can also be used to assist in the recovery of these
forests. If these characteristics are not well understood, we
risk using inappropriate strategies based on studies from
moister tropical forests, where most of the studies on
forest recovery are being developed (Meli 2003; but see
Janzen 2002). For instance, treefall gaps, which are focal
regeneration sites in moister tropical forests, can decrease
the seedling survival in SDTFs even for light-demanding
trees because of the extreme temperatures and low
humidity (Gerhardt 1996a; Mclaren & McDonald 20034,
2003b). Resprouting after injury, on the other hand, is
a widespread occurrence in SDTFs (Ewel 1980; Kamme-
sheidt 1999; Kennard et al. 2002), which may be useful for
restoration but has been poorly studied in tropical forests.

Several aspects of the ecology of SDTFs have been
reviewed previously. A comprehensive review of SDTFs
can be found in the book Seasonally Dry Tropical Forests
(Bullock et al. 1995); distribution patterns and ecological
characteristics are discussed by Murphy and Lugo (1986);
and seed and seedling ecology in SDTF species are exten-
sively reviewed by Khurana and Singh (2001). The aim of
our study is to review the ecology of natural regeneration
of SDTFs, focusing on how the available information
can be used to facilitate the recovery of these forests in
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disturbed areas. Throughout this article, we compare dry
forests to well-studied tropical moist or wet forests.
Instead of exhaustively reviewing life histories and ecolog-
ical processes, we focus on the traits of SDTF most rele-
vant for restoration.

Description of Seasonally Tropical Dry Forests

SDTFs occur in tropical regions with several months of
severe or absolute drought (Mooney et al. 1995). Tropical
and subtropical dry forests (sensu Holdridge 1967; used by
Murphy & Lugo 1986) occur in frost-free areas where the
mean annual biotemperature is above 17°C, annual mean
precipitation ranges from 250 to 2,000 mm, and potential
evaporation is greater than precipitation for a significant
part of the year. They encompass everything from tall,
semideciduous forests to scrubland vegetation dominated
by cactus (Menaut et al. 1995; Murphy & Lugo 1995;
Sampaio 1995) and have been referred to by many differ-
ent names in the literature (Murphy & Lugo 1995). These
forests are frequently connected to savannas because they
occur under the same climatic conditions, although dry
forests are often found in soils of higher fertility (Mooney
et al. 1995; Pennington et al. 2000). Hence, generalizations
about SDTFs are rare (Murphy & Lugo 1986). Instead,
they are most frequently included in broad discussions of
tropical forests or savannas.

Tropical dry forests have 30-90 tree species (based
on surveys of 1-3 ha), 1040 m of canopy height, and
17-40 m?/ha of basal area (which represents 50% of wet
forests), although there is a great variation among sites
(Murphy & Lugo 1986). Tropical dry forests have 50-75%
of the net primary productivity of wet forests, because,
even though both forests grow similarly in the wet season,
dry forests decrease in growth or even stop growing
during the dry season (Ewel 1980; Murphy & Lugo 1986).
Although SDTFs grow slower than wet forests, they can
recover their relatively simple mature structure after dis-
turbance more rapidly than wet forests, which have a more
complex structure (Ewel 1980; Murphy & Lugo 1986;
Kennard 2002).

Phenology

The timing of seed dispersal is very predictable for
SDTFs. Fleshy-fruit maturation is concentrated in the
rainy season and wind-dispersed and gravity-dispersed fruits
mature mostly in the dry season (Janzen 1967; Singh &
Singh 1992; Bullock 1995; Justiniano & Fredericksen 2000;
Griz & Machado 2001). Although the dispersal of animal-
dispersed species occurs during the rainy season, most of
these seeds remain dormant until the beginning of the
next rainy season in seasonal forests (Frankie et al. 1974;
Garwood 1983). Thus, there has been selection for early
rainy season germination in seasonal forests (Garwood
1983; Marod et al. 2002) because it maximizes the length
of the first rainy season for the seedling, potentially

increasing growth and the probability of survival (see
Garwood 1983 for a full discussion). However, highly vari-
able precipitation and frequent dry spells are the major
traits in SDTF regions (Blain & Kellman 1991; Murphy &
Lugo 1995; Sampaio 1995). The arrival of consistent rain-
fall is unpredictable, and at the beginning of the rainy sea-
son there may be dry spells that last for as long as 2 weeks
(see Blain & Kellman 1991). Delays in the first rains and
dry spells are strong sources of mortality by desiccation in
seeds and recently germinated seedlings in SDTFs (Ray &
Brown 1995; Vieira 2002; McLaren & McDonald 20035;
but see Blain & Kellman 1991).

Collecting seeds at the end of the dry season and plant-
ing them when the soil has sufficient moisture in the rainy
season may increase seedling establishment. These same
guidelines must be considered when planting nursery-
grown seedlings. Some studies simulated the absence of
dry spells in dry forests by supplementing water to seeds
and seedlings (Blain & Kellman 1991; Gerhardt 1996b;
McLaren & McDonald 2003b). These studies were con-
ducted including three, one, and four species respectively,
and only one study found a positive relationship between
water addition and seed germination and seedling survival
(McLaren & McDonald 2003b). However, seeding after
the beginning of consistent rain during the rainy season is
an experiment of applicable value for restoration that still
has to be validated. Although this procedure may increase
seed germination, seedlings will have less time to grow by
the end of the rainy season. This method should be partic-
ularly important for restoring open areas, where seed and
seedling desiccation are higher (Ray & Brown 1995;
Vieira 2002; McLaren & McDonald 2003b). Furthermore,
delaying artificial seed dispersal reduces the time that
seeds are available to seed predators, which is another sig-
nificant obstacle to seed germination and consequently to
forest recovery (Nepstad et al. 1996; Holl & Lulow 1997).
If direct seeding proves successful for SDTF restoration,
it would provide a relatively simple method because it
demands only a few trips to collect a representative num-
ber of species, because seed dispersal is concentrated in
the middle and end of the dry season, although understory
and fleshy-fruit species disperse mostly in the rainy season.
Additionally, most SDTF species produce dormant seeds
(Baskin & Baskin 1998), which facilitate seed storage ex
situ. In contrast, most rainforest species do not have seed
dormancy and are viable for only a few days (Baskin &
Baskin 1998).

Seed Types, Seed Dispersal, and Seed Banks

The higher proportion of wind-dispersed species is another
feature that differentiates dry forests from moister forests
(Gentry 1995). Within SDTFs, wind dispersal is found
in 63% of canopy tree species in Bolivia (Justiniano &
Fredericksen 2000), 45% of tree species in Central Brazil
(Figueiredo 2002), 33% of species in northeast Brazil
(Griz & Machado 2001), and 30% of tree species in Costa
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Rica (Frankie et al. 1974). In contrast, the tree assem-
blage in tropical wet and moist forests is dominated by
vertebrate-dispersed species, and wind dispersal occurs in
only 0-16% of tree species (Frankie et al. 1974; Howe &
Smallwood 1982; Morellato et al. 2000). Dry fruits with
small, low—water content seeds are often associated with
wind dispersal and thereby are also characteristics of SDTF
species (Bullock 1995; Griz & Machado 2001; Figueiredo
2002).

Small, wind-dispersed seeds, in contrast with animal-
dispersed seeds, are not strongly affected by fragmentation
or hunting (Gillespie 1999; Janzen 2002). Wind-dispersed
seeds arrive in higher density than vertebrate-dispersed
seeds up to a few hundred meters from the source of pro-
pagules (Willson & Crome 1989; Zimmerman et al. 2000;
Cubina & Aide 2001). For instance, anemochoric seeds
are 47 times more frequent than animal-dispersed seeds
(3 vs. 141 seeds m ™2 year ') in open pastures up to 250 m
from the adjacent forest (Holl 1999). Thus, the lack of
seed arrival in open areas, a major limitation for forest
regeneration, is overcome at some level by wind-dispersed
seeds. This high capacity of colonization has contributed
to an over-representation of wind-dispersed species in some
tropical pastures (Posada et al. 2000) and in some tropical
and subtropical secondary forests (Finegan & Delgado
2000; Marcano-Vega et al. 2002). On the other hand,
trees or shrubs present in abandoned agricultural areas
provide perches for birds and bats, increasing the number
of vertebrate-dispersed seeds up to one hundred times rel-
ative to open areas (Willson & Crome 1989; da Silva et al.
1996; Nepstad et al. 1996; Slocum & Horvitz 2000). In addi-
tion, some species successfully colonize pastures by cattle or
horse dispersal (Janzen 1981; Aide et al. 2000), whereas
others do not colonize areas even after decades of second-
ary succession due to extinction or population reduction
of seed dispersers (Aide et al. 2000; Marcano-Vega et al.
2002).

Small and low-water content seeds are less susceptible
to desiccation in open areas, which is another major bar-
rier for the survival of fleshy-fruit seeds, which generally
have high water content, soft seed coats, and have low ger-
mination percentages in abandoned pastures (Holl 1999;
Vieira 2002).

Although SDTFs have a high proportion of dry, wind-
dispersed fruits compared to moister tropical forests,
they still have many fleshy-fruited species (Gentry 1995;
Justiniano & Fredericksen 2000; Griz & Machado 2001).
Also, SDTFs have some large-seeded species, wind or ani-
mal dispersed (Figueiredo 2002), which generally have
more limited dispersal (Westoby et al. 1996; Eriksson &
Jakobsson 1999; Henery & Westoby 2001; Westoby et al.
2002). For these species, the obstacles to conservation and
restoration known in rainforests remain important. How-
ever, even forest recovery based on a small pool of wind-
dispersed species will likely facilitate colonization by other
species (Toh et al. 1999; Otsamo 2000; Engel & Parrotta
2001; Feyera et al. 2002; Fensham & Butler 2004; but see

Parrotta 1995 and Kanowski et al. 2003, 2005 for a detailed
analysis on the variability of the efficiency of nurse tree
species on catalyzing forest regeneration).

Few species have seed banks in tropical forests in gen-
eral (Garwood 1989; Skoglund 1992; Vazquez-Yanes &
Orozco-Segovia 1993) and in SDTFs in particular (Skoglund
1992; Teketay & Ganstrom 1995; Cabin et al. 2002). Hence,
autochthonous seed banks will rarely contribute to the
regeneration of deforested tropical dry forest areas
(Teketay & Ganstrom 1995; Cabin et al. 2002; Janzen
2002). However, there is a high seed availability in the soil
at the end of the dry season (see section on Phenology).
Therefore, collecting this transient seed bank (i.e., litter
and soil) from forested areas at the end of the dry season
and disposing it onto degraded areas seems to be a promis-
ing strategy for dry forest restoration (Sampaio & Scariot,
unpublished data).

Seed Predation

For many tropical tree species, most of the seeds are
preyed upon after dispersal (e.g., Osunkoya 1994; Asquith
et al. 1997; Guariguata et al. 2000). Although pertinent lit-
erature is scarce, predation seems to prevent germination
in SDTFs just as much as in moister forests (Hammond
1995; Vieira 2002). Some patterns on seed predation can
be established from tropical moist and wet forest litera-
ture. The intensity of seed predation is highly dependent
on the seed species (Osunkoya 1994; Holl & Lullow 1997).
Medium-sized seeds (0.2—4 g) are generally more suscepti-
ble to rodents because they are easier to find than very
small seeds and are easier to manipulate than larger seeds
(Price & Jenkins 1986; Nepstad et al. 1990; Osunkoya
1994; but see Hammond 1995; Holl & Lulow 1997 for dif-
ferent results). Small seeds are eaten mainly by insects,
such as ants (Nepstad et al. 1990; Osunkoya 1994; Nepstad
et al. 1996).

Seed predation is also affected by land use (secondary
succession, Hammond 1995; logging, Forget et al. 2001;
and pasture, Holl & Lulow 1997). Less rodent abundance
in pastures may result in less medium-sized seed predation
than in forests (Jones et al. 2003; Meiners & LoGiudice
2003). Seed predation by ants, on the other hand, results
in higher predation of small seeds in pastures (Nepstad
et al. 1990; Nepstad et al. 1996; Duncan & Duncan 2000;
Jones et al. 2003). In early successional sites, dense shrub
cover and liana tangles provide habitats for rodents and
can increase seed predation (Pena-Claros & De Boo 2002).

Available literature only provides sufficient background
to roughly predict the amount of seeds lost to predation
because predation rates are highly variable among species,
sites, and faunal assemblage. Restoration based on direct
seeding could use this information by selecting seed types
less susceptible to predation. Highly susceptible seeds can
be buried or planted as seedlings or stem cuttings, rather
than being disposed on the soil surface. In direct seed-
ing experiments in a dry forest in Thailand, buried seeds
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were less predated by ants and suffered less desiccation
than unburied seeds (Woods & Elliott 2004). Also, if seed
predators (mostly rodents) can be satiated by large seed
quantities (Donaldson 1993; Forget et al. 1999; Curran &
Leighton 2000; Chauvet et al. 2004; Xiao et al. 2005), it
may be possible to artificially satiate them using alternate
(nongerminable) food sources such as peanuts together
with direct seeding, to minimize their impact.

Seed Germination and Seedling Establishment

Seed germination and early seedling establishment are highly
limited by water in dry tropical forests (Lieberman & Li
1992; Marod et al. 2002; McLaren & McDonald 2003a,
2003b). Shaded sites become safe sites because the shade
counteracts the water limitation in low rainfall periods
and reduces seed and seedling desiccation (Lieberman & Li
1992; Ray & Brown 1995; McLaren & McDonald 2003b).
Although many SDTF tree species need large canopy gaps
to regenerate (Pinard et al. 1999; Dickinson et al. 2000),
seed germination and early seedling establishment are
constrained in open areas, even for light demanding
species (Vieira et al., unpublished data; Gerhardt 1994;
Ray & Brown 1995; McLaren & McDonald 2003b; Woods
& Elliot 2004). Grass cover in abandoned pastures
enhanced the percentage of germination for six of the nine
species that showed some germination in an SDTF of Cen-
tral Brazil (Guarino 2004). Similarly, a study in dry forests
of Jamaica found that the proportion of seeds that germi-
nated in partially shaded (37% full light) or heavily shaded
(6% full light) plots was double than that in open plots
(86% full light) (McLaren & McDonald 2003b). In the
same experiment, seedling survival was enhanced three
to four times in the shaded plots. However, the success of
early seedling establishment decreases in extreme shading
conditions in SDTFs (Fetene & Feleke 2001; Marod et al.
2004), as happens in moister forests (Augspurger 1984;
Osunkoya et al. 1992; Souza & Valio 2001).

Plant cover can also enhance seed germination for spe-
cies of tropical moister forests in abandoned pastures
(Holl 1999), but it is very significant, even essential, for
germination and initial seedling establishment in more
seasonal environments. In wet regions, moisture is high re-
gardless of the canopy openness, whereas in dry regions
light availability and moisture conditions are negatively
correlated (Belsky et al. 1993; Callaway & Walker 1997,
Holmgren et al. 1997). For instance, in the Amazonian
rainforest, seed germination and seedling survival were
higher in bare soil than in pasture, secondary, or mature
forest for 5 out of 11 species and lower in bare soil than pas-
ture only for one (Camargo et al. 2002). In an Australian
rainforest, direct seeding of a pioneer tree species resulted
in higher germination, seedling survival, and growth when
grass and weeds were eliminated (Sun et al. 1995; Sun &
Dickinson 1996). However, interaction between precipita-
tion, soil depth, and dominant species cover determines
the facilitative or competitive role of plant cover (Aide &

Cavelier 1994). In harsh habitats, plant cover successfully
facilitates recruitment and growth (Belsky et al. 1993;
Duncan & Chapman 2003).

Whereas seed germination is higher under plant cover,
seedling growth is reduced in these areas when compared
to open areas during the rainy season or with supplemen-
tal water (Vieira et al., unpublished data; Rincon & Huante
1993; Hammond 1995; Gerhardt 1996a). Seedlings growing
in open areas reach the canopy faster and can develop into
saplings and adults that will shade undesirable species, such
as grasses in abandoned pastures or liana tangles in gaps
generated by logging. Different requirements for germina-
tion, survival, and growth make management difficult. If
germination and early establishment are favored by shade,
and established seedlings are favored in open areas, the rec-
ommended management would be clipping undesired
plants around established seedlings and saplings. Studies
conducted in an SDTF in Ghana, for instance, found high
tree-seedling density and diversity under pure stands of an
aggressive pioneer shrub, and those seedlings had higher
growth and survival rates after the shrubs were removed
(Honu & Dang 2000, 2002). This management strategy
could be applicable to any type of plant cover, such as
grasses and forbs in abandoned agricultural areas and lia-
nas in felling gaps. Weeding around established seedlings
is not an expensive management tool when compared to
the total costs of common practices used to restore tropi-
cal forests, which frequently include seedling production,
planting, and weeding (e.g., Parrotta & Knowles 1999), or
even the use of tree guards (Lai & Wong 2005) or seedling
fences (Holl & Quiros-Nietzen 1999). Herbicide applica-
tion together with manual weeding, for example,
accounted for 20% of all implantation costs in a restora-
tion project based on direct seeding in semideciduous for-
ests of southeast Brazil (Engel & Parrotta 2001). The cost
of enriching (i.e., planting seedlings) forest fragments in
southeast Brazil comes to U.S. $1,050.00/ha and of con-
trolling vines (i.e., clipping whole plots) totals U.S. $94.50/
ha (Viana et al. 1997). Liberating commercial tree saplings
from competition in felling gaps using manual clipping or
herbicides costs U.S. $1.00-2.30/gap (Pariona et al. 2003).

Fire Resistance

Fire is not a frequent natural disturbance in SDTFs (Janzen
2002; Eriksson et al. 2003). A high incidence of fire can con-
vert dry forests to savanna-like formations (Rundel & Boon-
pragob 1995; Menaut et al. 1995; Fensham et al. 2003). Many
savanna, woodland, and open forest areas are a consequence
of crop cultivation followed by fire in originally seasonally
dry forests in Africa (Hopkins 1992; Swaine 1992), South-
east Asia (Blasco 1983), southwest and the seasonal south-
eastern coastal planes of Papua New Guinea (Gillison
1983), and most likely northern Australia mediated by Abo-
rigines (Gillison 1983). Fire eliminates species that are com-
mon in undisturbed environments and favors fire-resistant
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dry forest species (Goldammer 1993; Gillespie et al. 2000)
and fire-tolerant trees that come from adjacent savannas
(Hopkins 1992), both capable of regeneration by vegetative
means (Blasco 1983; Goldammer 1993; Fensham et al.
2003; Saha & Howe 2003). Grasses benefit by recurrent
fires (D’Antonio & Vitousek 1992; Hopkins 1992) and out-
compete tree seedlings (Blasco 1983). Dry forests can natu-
rally regenerate only by preventing fire in abandoned
pastures (Janzen 2002) or anthropogenic savanna forma-
tions (Hopkins 1992).

These statements are confirmed by a few surveys and
experimental studies of natural regeneration. Seed banks
decreased by 93% in seed density and 81% in richness
one day after a fire at a slash-and-burn site in a tropical
deciduous forest in Mexico (Miller 1999). Nearly all (94%)
of the viable seeds died after high intensity burn treat-
ments in Bolivian deciduous forests (Kennard et al. 2002).
Experimental low-intensity fires over 2 years decreased
seedling diversity by 30% in burned plots (Saha & Howe
2003). In Thailand, a single fire event killed all seedlings
from two out of six tree seedling species and resulted in
variable resprouting of the others (Marod et al. 2004).

However, dry forests experience fires because they are
often adjacent to savannas. There is a considerable over-
lap of species between savannas and dry forests, which
grants the SDTF a certain fire resistance because savanna
species are adapted to fire (Eriksson et al. 2003). Also, be-
cause agriculture, especially pastureland with exotic grasses,
is expanding and interacting with SDTFs, fires have in-
creased in frequency over the last centuries (D’Antonio &
Vitousek 1992; Khurana & Singh 2001). Some species
emerge quickly after fires (Marod et al. 2002) or even
require fire to break dormancy (reviewed in Khurana &
Singh 2001). Although relative resistance to fire is helpful,
because anthropogenic fires are one of the concerns of
tropical forest conservation, frequent fire will ultimately
simplify community composition to include only species
resistant to it. Seedling survival following fire is discussed
in the next section.

Resprouting after Disturbance

Many studies have indicated that seed dispersal, seed pre-
dation, seed desiccation, and seedling survival (reviewed
in Holl 2002) are strong bottlenecks that prevent tropical
forest recovery in abandoned agricultural areas. Resprout-
ing after disturbances, such as slash and burn, is a shortcut
for forest recovery because it eliminates the most vulner-
able life stages, starting as a vigorous shoot (Miller &
Kauffman 1998; Kammesheidt 1999; Bond & Midgley
2001; Kennard et al. 2002). However, species lose re-
sprouting ability after sequential cutting, fire, and inten-
sive tractor use (Uhl et al. 1988; de Rouw 1993; Sampaio
et al. 1993; Nepstad et al. 1996). Moreover, some species
are weak sprouters or do not sprout at all (Bond &
Midgley 2001; Vesk & Westoby 2004).

There is a perception that sprouting ability is more
common and more important as a mechanism of regenera-
tion in SDTFs than in rainforests (Ewel 1980; Murphy &
Lugo 1986; Russell-Smith 1996; Kennard 2002; McLaren &
McDonald 2003c). In a recent attempt to compare re-
sprouting ability across various vegetation types following
heavy disturbance (i.e., fires resulting in stem kill), Vesk
and Westoby (2004) found a higher percentage of non-
sprouters in rainforests (data from one study) than in
deciduous plus semideciduous forests (three studies).
The reasons for the greater importance of resprouting in
SDTFs than in moister forests are not certain. Ewel
(1980) argues that seeds have a lower probability of estab-
lishment and that trunk bases are less subjected to decay.
Another possibility is that SDTF plants are adapted for
aboveground mortality or drought (Sampaio et al. 1993;
Bond & Midgley 2001).

Some studies have demonstrated the amazing
resprouting ability after disturbance of SDTF species
(McLaren & McDonald 2003c¢, in Jamaica; Kennard
et al. 2002, in Bolivia; Vieira et al. in press, in Brazil).
McLaren and McDonald (2003¢) cut stems >2 cm (diame-
ter at breast height [dbh]) at 50 cm in height, and 14
months later they verified coppice shoots in 48 of the 51
sampled species (81% average). In gaps managed by high-
intensity fire, 60% of individuals greater than 2.5 m tall
after 18 months originated from sprouts, whereas in the
control gap, plant removal treatment, and low-intensity
burn treatment, sprouting contributed to 90% of all sam-
pled individuals (Kennard et al. 2002). Recently plowed
pastures that had been managed for up to 25 years in cen-
tral Brazil held 42 + 15 tree stems/100 m” (mean + SD)
and 11.8 + 2.5 root sucker species/100 m? (total = 39 spe-
cies in 0.3 ha) (Vieira et al. in press). The richness of
root suckers is 20% lower than that of the tree species
(stems > 5 cm dbh) in adjacent intact forests (Scariot &
Sevilha 2000).

Although these are optimistic results, a multitude of
factors influence the percentage of species that sprout and
the relative contribution of sprouting to forest recovery,
such as intensity, frequency, and type of disturbance. Re-
sprouting ability varies among tree species (Sampaio et al.
1993; Kammasheidt 1999; McLaren & McDonald 2003c),
and it is currently impossible to generate models to pre-
dict the amount of species and individuals able to resprout
(Bond & Midgley 2001; Vesk & Westoby 2004). Most
clades have both strong sprouter and nonsprouter species,
and this trait is not preserved along phylogenetic lineages
(Vesk & Westoby 2004). Vieira et al. (in press) maintain
that hardwood species are better sprouters because their
roots and stems have slower decay than softwood species.
The slow decay rate was also a reason given for greater
resprouting in dry forests than in rainforests (Ewel 1980).
Species with high root starch concentrations, specifically
carbohydrates, and species with high root to shoot ratios
are also strong resprouters (Bond & Midgley 2001). There
is still much speculation on this topic, but it is essential for
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understanding the traits or identities of strong sprouters
to be able to (1) use branch cuttings of these species as
nurse trees in restoration plans; (2) invest in restoration of
weak or nonsprouter species in early successional forests
dominated by resprouters; and (3) help understand pres-
ent and future community composition (Kennard 2002;
Saha & Howe 2003).

Considering that sprouting ability is positively related
to branch cutting success (Itoh et al. 2002), using branch
cuttings to improve SDTF recovery would be recommen-
ded (see also Sabogal 1992). The rooting ability of branch
cuttings was tested, with relative success, for tropical rain-
forests in Malaysia (Itoh et al. 2002). Stems of live fence
species 200 cm in height are being successfully tested to
restore rainforests in Honduras (Zahawi 2005). Root cut-
tings taken from fallen trees of deforestation areas should
also be tested for SDTF restoration because planting them
is equivalent to root suckering after plowing (Vieira et al.
in press). We also suggest evaluating the use of plowing to
restore forests in pastures, which could temporarily elimi-
nate grasses and permit the resprouting of tree roots
(Vieira et al. in press).

Conclusions and Recommendations

This article showed that the procedures for seasonal dry
tropical forest restoration have to be tailored to this
ecosystem, instead of following a formula developed for
moister forests. The high proportion of small seeded,
wind-dispersed species, the high ability of sprouting after
disturbance, and the relatively simple community diversity
and structure all confer a high potential for SDTFs recov-
ery (Table1). The guidelines proposed here are based on
the ecology of natural regeneration and have not been
fully tested as tools for management. Each site in each
region will have its own set of suitable management strate-
gies. Available budget and other logistic limitations must
also be taken into account to select the best tools to
restore each forest. Because of economic limitations for
the conservation of tropical forests, assisting natural
regeneration seems the most reliable option (Hardwick
et al. 1997; Honu & Dang 2002).

Future research should focus on developing and testing
methods of vegetative propagation for SDTF restoration.
Studies testing different types of plant cover on seed ger-
mination and early seedling development in the field are

Table 1. Natural regeneration characteristics of seasonally dry tropical forests, their contrasts with rainforests and restoration strategies,

and/or aspects to consider in restoration planning.

Natural

Regeneration Restoration Strategies/Aspects
Aspects Dry Forests Contrast with Rainforests to Consider in Restoration Planning
Structure Height, 10-40 m; basal area, Twice the height, basal area, Relatively quick recovery into

and richness

17-40 m?/ha; richness,
30-90 tree species”

and tree species richness
(but highly variable)®

Phenology Dispersal of dry seeds concentrated Seed dispersal not strongly
at the end of the dry season, seasonal®*
fleshy fruits in the wet season,
with germination at the beginning
of the next rainy season®”’
Seed types, Relatively high proportion of dry Mostly fleshy fruits and
dispersal, and fruits and seeds, and ) recalcitrant seeds>*">°
seed banks wind-dispersed dormant seedss "

Seed predation

Scarce literature. Likely to be
dependent on seed type and
vegetation structure®™

Germination Plant cover facilitates germination
and seedling and seedling establishment®“*
establishment

Fire resistance

Resprouting
ability

High seedlin§ growth in open
areas.” "

Fire is not a natural frequent
disturbance. Some species

ah—aj

regenerate after fire

High proportion of strong
resprouter species’ "

Supposedly not different from
dry forests™

Wet forests have less water
limitation but have high
light limitation®“™*¢

Species less resistant to fire™®

Apparently lower proportion
of resprouter species™”

structurally mature ecosystem“™

Seeds can be collected and kept
until better moisture conditions

Wind-borne seeds disperse easily
into adjacent open areas””"

Potential for storage of dormant seeds”

Still have a high proportion of
vertebrate-dispersed seeds that
need to be considered

Bury seeds, select species less
susceptible to predation, and plant
seedlings or cuttings

Weeding around established
seedlings and saplings

Protection from fire helps forest
succession”

Consider resprouting in restoration
strategies
Test the use of cuttings

See text for details and statement limitations.
“Murphy & Lugo (1986); b Ewel (1980); “Kennard (2002); 4Janzen (1966); ¢Singh & Singh (1992); /Bullock (1995); & Justiniano & Fredericksen (2000); /' Griz &
Machado (2001); ‘Frankie et al. (1974); /Garwood (1983); *Morellato et al. (2000); ‘Gentry (1995); " Figueiredo (2002); "Baskin & Baskin (1998); °Howe &
Smallwood (1982); ” Willson & Crome (1989); YZimmerman et al. (2000); "Cubifia & Aide (2001); *Osunkoya (1994); ‘Holl & Lulow (1997); “Jones et al. (2003);
YMeiners & LoGiudice (2003); " Pefia-Claros & De Boo (2002); *Hammond (1995); * Vieira (2002); “Ray & Brown (1995); “*McLaren & McDonald (2003b);
ab Woods & Elliot (2004); ““Rincon & Huante (1993); 4 Gerhardt (1996a); “Holmgren et al. (1997); / Callaway & Walker (1997); * Camargo et al. (2002); “ Hopkins
(1992); “Blasco (1983); “ Gillison (1983); *¥ Goldammer (1993); “/ Janzen (2002); " McLaren & McDonald (2003¢); " Vesk & Westoby (2004).
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necessary to accomplish restoration goals. Most studies
are carried out in nursery conditions, testing water supple-
mentation in two or three very contrasting light levels.
Most management strategies recommended in this study
are applicable only for part of the community; each spe-
cies should thus be evaluated for the suitability of the
proposed management. Species that are not expected to
benefit from existing management strategies deserve spe-
cial attention.

This study is a first attempt to fulfill the demand for
research into dry forest restoration (Sanchez-Azofeifa et al.
2005). Before long, we expect that more studies will be
available and that future research regarding this highly
variable ecosystem will develop. Deciduousness, biomass,
and other structural parameters, as well as abiotic aspects
such as soil fertility, total precipitation, size and strength
of the dry season, and its interactions with temperature,
could be used to narrow the scope of a future review,
which would generate more definitive and useful recom-
mendations for restoration.
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