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The Role of Disturbance in Seasonally
Dry Tropical Forest Landscapes

Virginia H. Dale

isturbance can be defined as “any relatively discrete event in time that dis-
rupts ecosystem, community, or population structure and changes resources,
substrate availability, or the physical environment” (White and Pickett 1985).
his definition requires that the spatial and temporal scales of the system and distur-
ance be determined. Disturbances are typically characterized by their size, spatial
istribution, frequency or return time, predictability, and magnitude (which includes
oth intensity and severity; White and Pickett 1985). These disturbance attributes set
the parameters for the suite of species, both plant and animal, that can persist within
given system. As such, an understanding of seasonally dry tropical forests in Asia
quires an understanding of disturbance within the region. However, disturbances are
latively poorly understood in dry topical forests, partly because of the weak seasonal-
ity in temperature and high tree species diversity of these forests relative to most forest
stems of the world (Huete et al. 2008).

Miles et al. (2006) report that there are about 1,048,700 km? of dry tropical for-
est worldwide and that only 3 percent of this land is in conservation status. In other
words, 97 percent of the world’s seasonally dry tropical forest is at risk of human
disturbance. About half of this forest occurs in South America, where most of the con-
servation lands are located. Satellite imagery based on MODIS (Moderate Resolution
Imaging Spectroradiometer) data shows that only about 3.8 percent of the world’s dry
tropical forests are in Australia and Southeast Asia (Miles et al. 2006). The susceptibil-
ity of these forests to human disturbances is of great concern and is largely unstudied.
Because natural disturbance regimes shape the ecosystem structure and are in many
~ Wways integral to these forest systems, it is critical to know how natural disturbance af-
fects dry forest in order to understand the effects of human activities on these forests.
Even basic information about disturbances in dry tropical forests is only recently avail-
able. Therefore this chapter brings together much of the available information from
-~ dry tropical forest throughout the world with the goal of developing an understanding
of the role of disturbance in Asian dry forests. :

Most ecologists now recognize that disturbances, rather than being catastrophic
agents of destruction, are a normal, perhaps even an integral, part of long-term system
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dynamics (Weatherhead 1986; Lugo et al. 2006; Imbert and Portecop 2008). The com-
position, structure, organization, and developmental and trophic dynamics of most
forest systems are the products of disturbances (Denslow 1980; Leach and Givnish
1996; Lugo and Scatena 1996; Wootton et al. 1996; Werneck and Franceschinelli
2004; Kennard and Putz 200S5; Otterstrom et al. 2006; Chazdon et al. 2007; Urquiza-
Haas et al. 2007; Alvarez-Yepiz et al. 2008; Arredondo-Leon et al. 2008; Sahu et al.
2008; Mehta et al. 2008a, 2008b; Poorter et al. 2008; Anitha et al. 2009; Sapkota et al.
2009; Zimmer and P. Baker 2009). For example, Anitha et al. (2009) compared forest
composition for two disturbances in the Anaikatty Hills of Western Ghats, where the
low disturbance was from past logging followed by cutting and illicit felling and graz-
ing and the high disturbance was due to human presence, past logging, and fuelwood
collection. They found higher species richness and Shannon-Wiener diversity index for
the low-disturbance forest (98 and 3.9, respectively) compared to the high-disturbance
stand (45 and 2.71, respectively) as well as significant differences in mean basal area
of trees, density of seedlings, number of species, density and diversity of shrubs, and
number of species and diversity of herbs.

Some ecological systems contain species that have evolved in response to distur-
bances. Adaptations typical of dry tropical forest plants are drought tolerance, seed
dispersal mechanisms, and the ability to sprout subsequent to disturbance (see Ko-
zlowski and Pallardy 2002; Otterstrom et al. 2006). In contrast, Farwig et al. (2008)
found evidence that human disturbance in Kakamega Forest of western Kenya has sig-
nificantly reduced allelic richness and heterozygosity, increased inbreeding, and slightly
reduced gene flow in Prunus africana in the past century.

DISTURBANCE SCALE, DISTRIBUTION,
FREQUENCY, AND MAGNITUDE

The scale of disturbance can vary from those disturbances larger than typical manage-
ment activities (e.g., large-scale fires or hurricanes) to those at the microscale (e.g.,
collection of firewood in a locale). Martini et al. (2008) studied patterns of tree mor-
tality and damage in an old-growth, semi-deciduous seasonal forest at the Caetetus
Ecological Station, southeastern Brazil. Of the 743 disturbance events recorded, 650
involved the demise of entire trees (33 percent uprooted, 28 percent dead-standing,
26.5 percent snapped, 10.5 percent inclined, and 2 percent complex events) while 93
involved only parts of trees (60.2 percent branch-falls and 39.8 percent stem-fall from
multi-stemmed trees). The most abundant trees in the area experienced much resprout-
ing, suggesting that this ability increases the competitive potential of these species,
especially in forests with high disturbance rates.

Sapkota et al. (2009) found that the spatial distribution, advanced regeneration,
and stand structure of Shorea robusta—dominated forests in five seasonally dry decidu-
ous sal forests in the Nawalparansi district of Nepal were influenced by disturbance
intensity. The most disturbed forest plots had less tree species richness in the more-
disturbed plots, greater density of saplings (trees with less than 1.5 cm diameter at
breast height [dbh]), and no significant difference in stem basal area. The overall stand
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density changed quadratically across the disturbance gradient, with moderate distur-
bance intensity not only ensuring high stand density but also enhancing the advanced
regeneration of socioeconomically important tree species and affecting their disper-
sion patterns. The study recorded 67 tree species in the forest plots, with 41 species
in the least disturbed forests and only 10 species in the most heavily disturbed forests.
Ten species varied in their dispersion patterns across the disturbance gradient, and
yet most of the socioeconomically important tree species considered had little or no
regeneration in both the least and most heavily disturbed forests. In addition, select
species had unique responses to disturbance ranging from “tolerant” (Shorea robusta,
Lagerstroemia parviflora, and Symplocos spp.) to “sensitive” (Trewia nudiflora, Adina
cardifolia, and Terminalia alata).

Sahu et al. (2008) also documented that tree density, diversity, and structure at
forty-two sites in the Achanakmar-Amarkantak Biosphere Reserve of central India
responded to anthropogenic disturbance. The number of species and indices of spe-
cies diversity were positively associated with copicing and also with total disturbance
(which included foot trails and dung piles as evidence of livestock grazing).

Even though epiphytic assemblages are a notable part of these ecosystems, existing
information on how epiphytes are affected by different degrees of human disturbance,
and what drives their recovery, is limited or region-specific. Yet a recent study by Wer-
ner and Gradstein (2009) in northern Ecuador focused on how sensitive these plants,
especially bryophytes, are to changes in relative humidity, which are often associated
with disturbance events. They found that the density of bryophytes species was signifi-
cantly lower in edge habitat and on isolated trees than in closed forest, in contrast to
species of vascular epiphytes, which did not change between habitat types.

The intensity of disturbances can be large enough to set the system back to an
earlier stage in its developmental sequence or to initiate a different seral pathway.
However, very intense disturbances are rare (Turner et al. 1997). Other disturbances
may be so small in intensity, or common in time or space (or both), that some manag-
ers may consider them to be a part of the natural functioning of the system (see Werner
and Gradstein 2009).

Disturbance magnitude has two attributes: intensity, which refers to the physical
force of the event on a per area basis, and severity, which refers to the impact on an
organism, community, or ecosystem. Severity measures the extent to which the pre-
disturbance vegetation is damaged and ecosystem properties are disrupted. Vegetation
at a site will often reestablish more slowly after a severe disturbance than after a mild
disturbance (Turner et al. 1998). Human activities, the landscape context, and site
fertility typically greatly influence vegetation reestablishment after a disturbance to dry
topical forests (as Velazquez and Gomez-Sal [2008] documented subsequent to a land-
slide in Nicaragua). However, severity can also be measured as an effect on ecosystem
function. A disturbance may affect soil properties and long-term nutrient dynamics. In
one such case, Bormann and Likens (1979) found that a severe disturbance resulted in
such substantial erosion and nutrient losses that the ecosystem might require decades
to recover its key properties.

Both spatial and temporal regimes of disturbances can vary greatly (Tilman 1989),
and direct measurement of the effects of broad-scale disturbances on these forests are



78 CHAPTER 4

quite difficult and rarely done (but see P. Baker et al., 2005). Yet Vieira and de Cary-
alho (2008) found that high genetic diversity of Protium spruceanum correlates with
the diversity of the forest fragments that occurs in the vegetation corridors that con-
nect small remnants of undisturbed primary forest in the Lavras landscape in Brazil.
Furthermore, evidence of recent bottlenecks by anthropogenic disturbance was also
detected in these fragments. Thus Vieira and de Carvalho found high levels of gene
diversity in the vegetation corridors and absence of any inbreeding. Given that they
also found bottlenecks in landscape patterns, these corridors provide a high potential
for in situ genetic conservation and for seed collection destined to restore degraded
areas. These results suggest that landscape management strategies should both create
new vegetation corridors and manage the protection of existing ones.

TYPES OF DISTURBANCE

Fire

The frequency, size, intensity, seasonality, and type of fires depend on weather and cli-
mate in addition to forest structure and composition. Fires are stich an integral part of
many seasonally dry tropical forest systems that some managers do not consider them
a disturbance at all. Fire initiation and spread depend on the amount and frequency
of precipitation, the presence of ignition agents, and conditions (e.g., lightning, fuel
availability, forest distribution, topography, temperature, relative humidity, and wind
velocity; Janssens 2000).

Fire effects on dry tropical forests include acceleration of nutrient cycling, mortality of
individual trees, shifts in successional direction, induced seed germination, loss of soil seed
bank, increased landscape heterogeneity, alteration of surface-soil organic layers, changes
in underground plant-root and reproductive tissues, and volatilization of soil nutrients
(Whelan 1995). Erosion can occur where soil disturbance accompanies fire (e.g., during
fire fighting or timber salvage operations). Fire affects forest value for wildlife habitat, tim-
ber, and recreation; and through smoke, it affects human health (Moreno 2006).

The spatial and temporal heterogeneity created by fire is important to ungulates
that occupy these forests (McShea and Baker, this volume). Although fires are not the
prime cause of local extirpation of any plant species, the spatial heterogeneity created
by fires in dry tropical forests over time is critical to providing habitat for the diverse
animals that occur in these dry tropical forests (e.g., elephants and tigers; Fernando
and Leimgruber, this volume; Smith et al., this volume).

Fire was found to have a strong effect on bamboo distribution in the tropical
seasonal mixed deciduous forest of the Mae Klong Watershed Research Station in
Kanchanaburi Province of western Thailand (Marod et al. 1999). Mortality was size
dependent, with middle-sized trees (30-50 cm) having the lowest mortality and small-
est trees (5-10 cm) having the highest mortality. Tree recruitment was mostly in the
area where dieback of undergrowth bamboo occurred. Hence “both the fire distur-
bance regime and bamboo life-cycle greatly influence the structure and dynamics of
this seasonal tropical forest” (Marod et al. 1999).
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The rapid response of fire regimes to changes in climate (Flannigan et al. 1998,
2000; Stocks et al. 1998) can potentially overshadow the direct effects of climate
change on species distribution and migration. Modeling results predict great variation
in future fire-weather patterns. Some fire-history studies suggest that the frequency of
fire might decrease despite warmer temperatures because of increased precipitation
(see Bergeron and Archambault 1993). In a study of northeastern Cambodia, Maxwell
(2004) determined that the greatest fire activity ended about 8,000 years ago, and the
subsequent period experienced low levels of fire and a strong summer monsoon. There
was then an increase in forest disturbance, and fire activity increased, commencing
about 5,500 years ago. A small change in the record occurred about 3,500 years ago,
and more marked change occurred about 2,500 years ago when fire frequency, and
maybe human control over fire, became more important. It is difficult to extrapolate
for all of Asia using this one study or to determine the long-term human impacts from
burning. Nevertheless, Maxwell (2004) found that current charcoal input from fire
activity is one of the lowest of the past 9,300 years. He suggests that “anthropogenic
fire is an adaptation to the monsoonal environment.”

Because fire is a frequent disturbance in the seasonally dry tropical forests of Cen-
tral America, Otterstrom et al. (2006) conducted an experimental burn in a tropical
dry forest of western Nicaragua to evaluate plant survivorship and recruitment. They
found that the most common dry forest species are fire tolerant, for these species had
high survivor rates or used seeding or sprouting as an alternative for persistence in
the forest system. This phenomenon also occurs in Jamaica (McLaren et al. 2005).
In addition, mechanisms for seed dispersal, particularly via wind, were important for
recruitment success after the fire.

Aguilar-Fernandez et al. (2009) report that rates of land conversion from forest to
cultivated land by slash-and-burn practices are higher in tropical dry forest than in any
other neotropical forest type. The short-term consequences of the slash-and-burn pro-
cess on arbuscular mycorrhizal fungi were that infective propagules were reduced in
pasture plots during the first year after slash-and-burn, whereas spore abundance and
intraradical colonization remained similar in forest and pasture plots over two years
(Aguilar-Fernandez et al. 2009). These results suggest that forest conversion via slash-
and-burn, followed by cultivation, resulted in few immediate changes in the arbuscular
mycorrhizal fungi communities, likely because of the low heat conductivity of the soil
and rapid combustion of plant residues (Aguilar-Fernandez et al. 2009).

Kennard and Putz (2005) monitored tree establishment and growth response
to canopy opening, aboveground biomass removal, and experimental burns of low
and high intensities in a lowland dry forest in Bolivia. Shade-intolerant species rees-
tablished mostly from seed and had the highest survival and growth rates following
high-intensity burns. Shade-tolerant species were abundant in gap control and plant
removal treatments and showed little difference between the treatments in height
growth. Trees with the ability to sprout roots were most abundant following plant
removal and low-intensity burn treatments. This variety of regeneration strategies
likely facilitates recovery from the diversity of disturbances to which these forests can
be exposed.
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Drought

Droughts occur in nearly all forest ecosystems. Extreme drought effects are influenced
by soil texture and depth, exposure, species present, life stage, and the frequency,

limited; and in areas of forest disturbance, carbon fluxes respond more to seasonal
water availability than to availability of sunlight (Huete et al. 2008). The primary
immediate response of forests to drought is to reduce net primary production (NPP)
and water use; both reductions are driven by reduced soil moisture and stomatal
conductance. Under severe conditions, plants die. Small plants, such as seedlings and
saplings, are usually the first to die and can succumb under moderate conditions, Deep
rooting and stored carbohydrates and nutrients make large trees susceptible only to
severe droughts. Secondary effects also occur. When reductions in NPP are extreme or
sustained over multiple growing seasons, increased susceptibility to insects or disease
is possible, especially in dense stands (see Negron 1998). Drought can also reduce
decomposition processes and thus slow down the nutrient cycling process. However,
reduced decomposition can also lead to a buildup of organic matter on the forest floor
that may increase fire frequency or intensity, which thereby enhances nutrient cycling.
Brandeis and Woodall (2008) found that forest litter decreased from wetter to drier
forest life zones in tropical forests of Puerto Rico and the U.S. Virgin Islands. In addi-
tion, when compared to continental tropical forests, the island forests had fewer coarse
woody fuels (2.91 Mg/ha) and relatively greater quantities of smaller-sized fine woody
fuels (10.18 Mg/ha and 10.82 Mg/ha for duff and litter, respectively). These data sug-
gest that continued decomposition of coarse woody debris from a previous hurricane
is balanced by increasing inputs of fine woody debris from recovering and maturing
secondary forest (Brandeis and Woodall 2008).

The consequences of drought depend on annual and seasonal climate changes and
whether the current drought adaptations offer resistance and resilience to new condi-
tions (Hanson and Weltzin 2000). Forests tend to grow to a level of maximum leaf
area that almost fully uses soil water during the growing season (Neilson and Drapek
1998). A small increase in growing-season temperature could increase evaporative
demand, triggering moisture stress.

Diversity in the lowland mixed dipterocarp forest at Lambir Hills National Park in
Sarawak, East Malaysia, may have been enhanced by the 1998 drought (Potts 2003).
The Lambir Hills forest is likely one of the richest forests in terms of tree species di-
versity left in the Old World. This is an area that experiences droughts almost every
year, but the severity of the 1998 drought was on the order of once in every century
(Nakagawa et al. 2000). Stem mortality was higher during this severe drought when
compared to the pre-drought period, regardless of tree size or soil type. Smaller trees
and large common trees experienced higher mortality, whereas the mortality of large
rare trees did not differ significantly from other years (because of the small sample size;
Potts 2003). Some species are more drought-mortality prone at maturity than others.
In the middle of the Lambir forest, frequent slight droughts on deep sandy soils are as-
sociated with a diffuse but highly structured canopy supporting abundant but clumped
emergent trees less than 70 m tall (Ashton and Hall 1992). Potts (2003) postulates that
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extreme droughts enhance diversity via greater mortality of large trees and taxonomic
differences in rates of mortality.

Windstorms

Scale and frequency of disturbance have profound impacts on the dynamics and com-
position of flora and fauna in wet tropical forests (Ashton and Hall 1992), but their
role in seasonally dry forests is unknown outside of the Caribbean and Central Amer-
ica. In a study subsequent to Hurricane George’s striking Puerto Rico, Van Bloem et
al. (2005) found that hurricane-induced mortality of large trees was significant enough
that the low, dense structure of Caribbean dry forest could be maintained by hurricane
damage to larger stems. Furthermore, the dry forest trees of the Caribbean sprout near
the base following hurricane disturbance even if the trees have not incurred structural
damage (Van Bloem et al. 2006). Even though the density and proportion of surviving
stems decreased over the ensuing seven-year period, the sprouting rate was still three
times higher and the proportion of sprouting stems five times higher than before the
hurricane (Van Bloem et al. 2007). Mortality of sprouting and non-sprouting stems
was similar (13.9 percent and 15.4 percent) after seven years. These results demon-
strate that, despite some thinning, hurricane-induced sprouts survive to influence the
structural characteristics of Caribbean dry forests long after the hurrlcane disturbance
(Van Bloem et al. 2007).

Forest structure itself is often a result of wind disturbance in these seasonally dry
tropical systems. Lugo et al. (2006) report that the low floristic diversity and stature
and high density of small- and medium-sized trees of Antillean dry forests are a result
of periodic hurricanes, anthropogenic disturbance, and the fact that most of these
forests occur on limestone substrate, which induces water stress and nutrient limita-
tions. A great diversity of life forms, high resistance to wind, a high proportion of
root biomass, high soil carbon and nutrient accumulation below ground, the ability of
most tree species to resprout, and their high nutrient-use efficiency allow the plants to
survive the stressful environment (Lugo et al. 2006). These attributes also make them
resilient to disturbance (Lugo et al. 2006). On the other hand, the forests become less
resilient and species invasion occurs subsequent to opening the canopy, eroding the
soil, and removing root biomass (Lugo et al. 2006).

EFFECTS OF FOREST DISTURBANCES ON ANIMALS

Studies are limited (but see McShea and Baker, this volume; Bhumpakphan and Mec-
Shea, this volume), but there is compelling evidence that animals respond strongly
to disturbances in seasonally dry tropical forests. Sanchez et al. (2007) report a low
abundance of bats in Patia, Columbia, compared to nearby dry tropical forest, which
the authors relate to human disturbance. Also, two ground-dwelling sympatric couas
species that occupy the dry forest of Madagascar are insectivores that feed at ground
level but differ in size, and logging affects their foraging via changing their ability to
climb in the vegetation (Chouteau 2009). Furthermore, the two species responded
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differentially to burning, likely because of changes in microhabitat variables relating to
the foraging sites of the two species as related to stem density, understory vegetation,
cover, and prey detectability (Choutaeu 2007).

Andresen (2005) documented the effects of both rainfall seasonality and forest
structure on the dung beetle community of a Mexican tropical dry forest. This study sup-
ports the concept idea that dung beetle communities are useful bioindicators of habitat
disturbance for dry tropical forest, as already has been observed in tropical rain forests.
il Zelikova and Breed (2008) measured how ant communities affect seed remov-
| als and seed dispersal distances for Acacia collinsii and papaya seeds in tropical dry
I forests of Guanacaste Province, Costa Rica, to determine if habitat disturbance affects
ant community composition and associated interactions between ants and seeds. The
forests differed with regard to land-use and disturbance history. Habitat disturbance
affected the ant community and the relative abundance of key seed-dispersing ant spe-
cies, with consequential effects on seed removals and seed dispersal distances.

Furthermore, Achury et al. (2008) found that disturbance increases the probability
of dominance by the little fire ant, Wasmannia auropunctata (Formicidae: Myrmici-
nae), an indicator species of low-diversity ant communities in tropical dry forest frag-
ments of the Cauca River Valley, Colombia. At each of four locations, three biotopes
were distinguished: forest interior, forest margin, and the surrounding matrices (sugar
cane or pasture). Competition ability indices were calculated for the 66 ant species in
30 genera that were attracted to bait traps. Ant species composition was found to be
primarily influenced by disturbance conditions. ;

Suaz-Ortuno et al. (2008) documented impacts of forest conversion to agricultural
mosaic on 18 anuran, 18 lizard, 23 snake, and 3 turtle species assemblages of neo-
tropical dry forests. The assemblages each responded differently to disturbance. The
species richness, diversity, and abundance of lizards were higher in disturbed forests.
Anuran diversity and species richness were lower in disturbed forest, and abundance
was similar in both disturbance types. The diversity, richness, and abundance of turtles
were lower in disturbed forests, whereas the structure and composition of snake' as-
semblages did not differ between forest conditions.

I Finally, Suaz-Ortuno et al. (2007) examined the diet of the marbled toad (Bufo
i marmoreus) in conserved and disturbed tropical dry forest on the coast of Jalisco,
Mexico. During 2000 and 2001, toads in the conserved area consumed greater propor-
tions of ants (36.7 percent by volume), whereas toads in disturbed forest consumed
i greater proportions of beetles (53.1 percent by volume). Furthermore, the diversity of
i diet was significantly lower in the disturbed area. However, prey availability was not
i affected by disturbance because the abundance, size, and weight of the toads were
similar in both areas.

EFFECTS OF DISTURBANCE ON ECOSYSTEMS
Disturbances, both human-induced and natural, shape forest systems by influencing

their composition, structure, and functional processes. Indeed, forests throughout the
world are molded by their land-use and disturbance history. Natural disturbances
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having the greatest effects on forests include fire, drought, introduced species, insect
and pathogen outbreaks, hurricanes and monsoons and other wind storms, landslides,
and volcanoes (Dale et al. 1998). Each disturbance affects forests differently. Large
disturbances such as hurricanes can result in massive tree mortality (see Van Bloem
et al. 2005; Imbert and Portecop 2008), and most disturbances to dry tropical forests
affect tree-size distribution (see Poorter et al. 2008; Chazdon et al. 2007).

Forest disturbance in seasonally dry tropical forests can lead to changes in ecosys-
tem properties. In areas of forest disturbance of monsoon Asia, carbon fluxes closely
track seasonal water availability (Huete et al. 2008). In addition, dipterocarp rain
forest in southwest China, which has a species composition similar to that of forests
in tropical Asia, has higher seed storage subsequent to intense disturbance and forest
fragmentation (Tang et al. 2006). As another example, Sagar and Singh (2005) studied
the impact of disturbance on the diversity patterns, forest structure, and regeneration
of tree species in the Vindhyan dry tropical forests of India based on more than 1,500
quadrats spread over five sites that varied in disturbance level. Alpha diversity in-
creased with decreasing disturbance intensity. Both the level of disturbance and the na-
ture of the species strongly affect regeneration (as revealed in the regression analysis).

Forest disturbances influence how much carbon is stored in trees, dead wood, and
soils. Abril et al. (2005) examined soil balance (CO, production as affected by soil and
litter organic carbon) in areas under varying degrees of disturbance by overgrazing
and fire in the Dry Chaco woodland, Argentina. Under undisturbed conditions, soil
carbon was relatively constant throughout the year (range: 23-24 g/kg), whereas both
burned and grazed sites experienced carbon values fluctuating markedly (range: 21-31
g/kg). In non-grazed, burned areas, soil carbon content increased 16 percent, whereas
at burned and overgrazed sites, it decreased 38 percent. Hence overgrazing has a more-
significant, adverse effect on soil carbon balance than does fire when both factors act
separately. The apparent reason for this pattern is that burned but non-grazed areas
appear to slowly recover their initial carbon balance, whereas in chronically over-
grazed sites there is a tendency to permanent carbon loss.

Human disturbance of dry tropical forests can be intense. Between 1880 and 1980,
the area of cultivated land increased by 106 M ha in South and Southeast Asia (Rich-
ards and Flint 1994). Human population density and livestock density in these forest
systems have also tripled in the past century (Table 1). Yet because of the uncertainty
of estimating carbon storage and forest density both in 1880 and for recent times, the
exact magnitude of these changes is not entirely apparent (Table 2). Even so, there have
been strong declines in carbon storage over thirteen countries in South and Southeast
Asia (Flint and Richards 1994) during the past century. Combined with natural dis-
turbances, these human-induced changes have greatly altered the ecosystem services
provided by seasonally dry tropical forests in Asia. Furthermore, the changes in human
population over recent decades have been even greater than in the past (Table 1), but
their effects on livestock density, forest area, and carbon content are not recorded in a
way that allows comparisons to estimates over the past century. Even so, the decline in
forest carbon content and forest area is undoubtedly increasing—Tlikely at a steep rate.

A critical effect of disturbances in dry tropical forest is change in water flow.
Bruijnzeel (2004) found that in Southeast Asia the effects of forest disturbance and
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Table I. Estimated human and livestock densities and total populations for 13 South Asian nations
(India, Bangladesh, Sri Lanka, Myanmar, Thailand, Cambodia, Laos, Vietnam, Malaysia, Brunei, Singapore,
Indonesia, and the Philippines). Countries have a total area of 791.3 million ha.

Year
Attribute 1880 1920 1950 1980 2008
Human population density (millions/ha) 0.39 0.50 0.74 1.44 4.93
Livestock density in natural vegetation (millions/ha) 0.37 0.47 0.66 1.04 2.56
Total human population (millions) 3104 397.3 589.3  1,140.5 3,908.2
Total livestock population (in natural vegetation, 221.1 271.1 360.4 507.9 731.9

millions)
Source: Richards and Flint (1994) for 1880-1980; United Nations estimates for 2008,

Table 2. Carbon in the vegetation and soils of seasonally dry tropical forests,

Attribute Value
Area of forest? (ha; in millions) 31

Carbon in vegetation® (tC/ha)

High estimate 60
Low estimate 40
Carbon in soils® (tC/ha) 50

Estimated biomass density for undisturbed seasonally dry forests of tropical Asia® (Mg/ha)
Ecologically based estimates from global land-use models:

Potential biomass , 120

Model projections for 1880 97

Model projection for 1980 84
Geographic information system—based estimates:

Potential biomass 215

Model projections for 1880 150

Model projection for 1980 80

Note: Based on information in Houghton and Hackler (1994).

*Houghton et al, 1985, 1987; Paim et al. 1986,

®Food and Agriculture Organization / United Nations Environment Programme 1981,
“Dale et al. 1994,

bance, most increases in water yield occurs at times of low flows, and if groundwater
reserves are not replenished during the wet season, declines in dry-season flows may
be extreme. Bruijnzeel’s survey (2004) of more than sixty catchment sediment yield
studies from Southeast Asia demonstrates the significant effects of common forest dis-
turbances, such as selective logging and clearing for agriculture, plantation creation,
urbanization, mining, and road construction. He finds that the “low-flow problem”
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is a critical watershed issue that requires further research to address the time delay
between upland soil conservation measures and potential changes in downstream sedi-
ment yield, particularly at increasing distances from the disturbance. The net effect
on forests of changes in water storage include the potential for vegetation dieback
and species shifts, although the high diversity in these tropical dry forests means that
disturbances are not a key factor in maintaining alpha diversity (Leigh et al. 2004).

In contrast, however, sal (Shorea robusta Gaertn. f.) forest occurs in Nepal as part
of dry deciduous systems typical at elevations of less than 1,000 m. Webb and Sah
(2003) found that the disturbance associated with forest management and regeneration
of the sal forest in Nepal resulted in a severe decline in botanical diversity and robust
regeneration of Shorea. Even though total tree density was high, all species except
S. robusta declined in abundance in managed forest after twenty years of protected
regeneration. Although successional sal forest recovered most of its species richness
in twenty years, most tree species were in lower abundances. Thus Webb and Sah
(2003) call for a full analysis of forest “value” to establish optimal land-use practices.
It should be noted that rainfall and past disturbances (fire and anthropogenic use) are
mainly responsible for different community types of sal forest in lowland Nepal.

Virtually all dry tropical forests, whether at stand or regional scale, are in some
state of seral succession because of more or less occasional landscape-scale catastro-
phes (Ashton 1993). Sagar et al. (2003) found that the disturbance gradient explained
both tree diversity and density in a dry tropical forest in India. They compared com-
munity composition and species diversity of the understory vegetation among five dry
tropical forest sites in northern India using data from 1,500 quadrats distributed over
15 one-ha permanent plots differing in degree of disturbance. Both human disturbance
intensity as well overall disturbance regimes combined with the soil’s water-holding
capacity to explain understory composition and organization. Understory species
diversity decreased with increasing human disturbance intensity, reflecting utilization
pressure and decreased soil fertility. The high correlation between overstory and un-
derstory tree diversity suggests that understory trees may soon replace the overstory.

Most landscapes are a mosaic of historical catastrophic events, which create a
diversity of tree ages and species and follow the intermediate disturbance hypothesis
that local species diversity is at a maximum at an intermediate level of disturbance
(Connell 1979). Bongers et al. (2009) tested this hypothesis in tropical forests using
data from 2,504 one-ha plots and found that it explains more variation in the diversity
of seasonally dry rather than wet tropical forests because early-successional species
diversity increases with disturbance, shade-tolerant species decrease in number, and
intermediate species diversity does not change. In summary, Connell (1979) is right:
intermediate disturbance (toward but not at the low end) favors tree species diversity
and, therefore, insect, microorganism, and overall biodiversity.

CLIMATE INFLUENCES ON FOREST DISTURBANCES

Forest disturbances are influenced by climate and in some cases might be exacerbated
by climate change. The effects on each type of disturbance are partly tempered by prior

R R A
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adaptations. The species present in a dry tropical forest often reflect past disturbances.
Drought-prone sites typically support species that surviye well under dry conditions

extent, frequency, or intensity of any of these disturbances, large impacts (such as
loss of species regeneration) could be expected. The effects on species or communities
already at the margin of their range may be particularly severe. For example, a syner-
gistic convergence of climatic, technological, and socioeconomic factors explains the
loss of the dry tropical Chaco forests of central Argentina (Zak et al. 2008). During the
past three decades of the twentieth century, about 80 percent of an area that was origi-
nally undisturbed forest became occupied by crops, pastures, and secondary scrub,

As another example, Poorter et al. (2008) compared size distribution of tree spe-
cies in forty-four Ghanaian tropical forest communities based on data from 880 one-ha
plots and more than 118,000 trees of 210 species. The variation in the size distribu-
tion of these forest species is continuous and log-normal and related to both rainfall
and disturbance. Size distributions in dry forests were more skewed than those in wet
forests, with more tall species and a wider height range.

Finally, analysis of palaeoecological records for the Amazon by Mayle and Power
(2008) suggests the forests in most of Amazonia appear to have been resilient to clj-
matic conditions that were significantly drier than they are today, even though there is

prone conditions, stomata tend to close, reducing the effects of high ozone exposure.

Zimmer and P. Baker (2009) found statistical evidence of synchronous recruitment
at stand and site scale, but not at 3 regional scale, for seasonal tropical pine forests of
northern Thailand. Recruitment success was often related to favorable climatic condi-
tions, such as multiyear periods of cool and wet dry seasons. Nevertheless, there are
clearly complex interactions among local disturbance history, regional climate vari-
ability, and pine recruitment (Zimmer and P. Baker 2009).

When ecosystems experience more than one disturbance, the compounded effects
can lead to new ecological states (Paine et al. 1998). A new ecological state s entered
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when the system has not recovered from the first disturbance before a second perturba-
tion occurs, leading the system to a new long-term condition. For instance, a combina-
tion of climatically driven wildfires, fragmentation caused by agricultural settlement,
and logging often results in significant and unprecedented changes in forest composi-
tion (see Weir 1996). Invasive nonnative species are sometimes able to modify existing
disturbance regimes or introduce entirely new disturbances (Mack and D’Antonio
1998). Under climate change, these compounded interactions may be unprecedented
and unpredictable. They are likely to appear slowly and be difficult to detect because
trees live for so long.

Some disturbances can be a function of both natural and human conditions. On
the slopes of the Javan volcanoes of Indonesia, where disturbances are endemic, people
opportunistically grow crops in response to volcanic activity and El Nifio-related for-
est fires or longer climatic anomalies, while land degradation from state-organized de-
forestation is often buried by new volcanic activity (Lavigne and Gunnell 2006). Such
responses are also seen in Latin American dry forests that lie in the shadow of volcanoes.

At the current time, a human disturbance to dry tropical forests that appears to be
on the rise is the establishment of bioenergy crops in areas that were previously forests
(Lim 2001). It is not clear from remote-sensing studies how much forest degradation
or clearing occurred prior to the establishment of the bioenergy crops. In some cases it
may be that establishment of commercial perennial bioenergy crops on land that had
previously been used for slash-and-burn agriculture may actually provide a sustain-
able lifestyle that effectively reduces pressure for deforestation (Kline and Dale 2008).
Developing policies that reduce pressure for forest degradation or clearing requires a
broad-scale perspective and consideration of the role of the diversity of human activi-
ties and forest-ecosystem benefits. As an example, Urquiza-Haas et al. (2007) assessed
the effects of combined disturbances on forest basal area, stand-level wood specific
gravity, and aboveground biomass of forests of the Yucatan, where the predominant
land use is still slash-and-burn agriculture. Intensive logging and fire reduced above-
ground biomass in late-successional plots (30-50 years) by 36 percent and 37 percent,
respectively.

In addition, Imbert and Portecop (2008) studied forest recovery in old-growth
dry forest subsequent to Hurricane Hugo on the calcareous island of Grande-Terre,
Guadeloupe, which has experienced several centuries of anthropogenic disturbances,
as well as natural, catastrophic disturbances such as hurricanes. The authors measured
floristic composition, litterfall, stem density, basal area, and tree growth for trees 2 10
cm dbh in a set of 2,400 m? permanent inventory plots from 1987 to 1998. The hurri-
cane disturbance in these dry forests affected the forest structure on a longer time-scale
than the functioning of the forest ecosystem.

The effects of livestock grazing, fuelwood extraction, and burning on vegetation in
Bandipur National Park in southern India were analyzed using data from two hundred
sites in four watersheds spanning a degradation gradient (Mehta et al. 2008). Vegeta-
tion plot height, canopy cover, and tree diameter were negatively correlated with field
disturbance, resulting in stunted forest stature in degraded sites. Vegetation composi-
tion in degraded watersheds was dominated by small-stature woody tree species and a
greater diversity of shrub species.
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Laurance et al. (2006) report that even moderate hunting pressure can markedly al-
ter the structure of mammal communities in central Africa, based on the authors’ studies
in southern Gabon. Roads also reduced the abundance of some species, with avoidance
of roads being stronger where hunting was permitted outside wildlife reserves.

MANAGEMENT NEEDS RELATED TO DISTURBANCES

Management plans need to include the potential for disturbances, Infrequent dis-
turbances may not be included in planning because people’s perceptions are most
influenced by what has occurred during their lifetimes (Christensen et al. 1989).
Management goals typically do not consider what aims are appropriate in the face of
disturbance, but they should identify the components, time frame, and spatial resolu-
tion needed to achieve specific goals (Rogers 1997).

The realization of the integral nature of disturbance alters the way we consider
management of disturbance-prone systems in that both disturbances and their manage-
ment are often part of the overall management system rather than a result and response
subsequent to a particular disturbance. Sagar and Singh (2006) documented the rela-
tionships between forest basal area and diversity components (number of species and
evenness) for a disturbed dry tropical forest of northern India. Recurring disturbances
concentrated biomass or stems in only a few strong competitors. The conservation ac-
tivities the authors deemed to be important were management of fuelwood plantations
near human settlements, deferred grazing, and canopy enrichment through multispe-
cies plantations of desirable species within the forest patches of low basal area. As
might be expected, small, frequent disturbances are easier to study, understand, and

Aspects of silviculture are designed to replicate small disturbances in forests, yet large
disturbances are seldom a part of forest management plans (W. Baker 1992).

When disturbances do occur, they may trigger large departures from average
events, and these changes can result in an outcry from the media and the public for
immediate and costly action to quickly return the situation to seemingly normal condi-
tions (Schullery 1989). Yet the costs and benefits of management actions are assessed
at relatively small temporal and spatial scales. Planning for response to disturbances

naturally (Dale et al. 1998).

For management purposes, the conditions that lead to or result from disturbances
need to be understood so that alternatives for manipulation can be developed when
possible. Our poor understanding of some disturbances emphasizes the need for
simultaneous programs of System management and research. Ideally, active adaptive-
management efforts (Walters and Hilborn 1978) could be focused on systems where a
large disturbance is either imminent or recent. Such a focus would allow evaluation of

‘immediately after the disturbance, or the recovery process. Sabogol (1992) found that
management strategies for natural forests in the tropical dry zones of Nicaragua could




DISTURBANCE IN SEASONALLY DRY TROPICAL FOREST LANDSCAPES 89

focus on encouragement of advanced growth of desirable tree species, inducement of
natural regeneration, coppice management, and compensatory planting as a way to
avoid the disturbance created by traditional utilization.

In managing the system prior to disturbance, actions should be designed so that
the system responds to disturbances in ways that do not compromise management
goals. Therefore, it is useful to think of potential management options in view of a
conceptual framework for management of potential disturbance to a system (Figure 1).
The seasonally dry tropical forest system can be manipulated to alter its vulnerability,
its resistance, or its response to a disturbance. An example of changing a system’s vul-
nerability is the alteration of fuel loads in a forest so that fire is more or less intense
when it occurs. Resistance can be increased at the location in the system where the
agent first exerts the disturbing force (e.g., through fire breaks, spraying for insects, or
planting windbreaks). Then the disturbing force can still occur, but the system will not
be altered to the extent it would have been without management intervention. Max-
well (2004) argues for consideration of the importance of indigenous land-use customs
as a part of forest management and biological conservation.

The disturbance itself can be managed in one of two ways: no action, or preven-
tion and thus some control of the disturbance. Action should not be taken when noth-
ing can be done about preventing the disturbance (as in the case of many volcanoes and
hurricanes), or when one can accept the consequences of the event. Prevention is usu-
ally motivated by the desire to satisfy or protect a human concern. Managers attempt
to prevent disturbance when the costs of such efforts are perceived to be balanced or
exceeded by the anticipated benefits. As examples, dams, levees, reservoirs, and coastal
barriers are implemented to prevent disturbances caused by water action.

Managing the system after the disturbance requires recognition of the potential for
natural processes of recovery. Sometimes management actions have been both costly
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of natural succession processes increases the likelihood that the management plan wil]
be achievable (see Luken 1990). The first Step in managing fecovery is evaluating the

In developing recovery plans for seasonally dry tropical forests, managers should
focus on critical stages of the successional process (MacMahon 1987; Luken 1990):
migration, establishment, biotic Interactions (such as competition, predation, and
mutualism), and the reaction of the systems to the changes that occur over succes-
sional time. For each successional stage, a management prescription can be developed

the propagules, or remove the dispersal agent of undesirable seeds.

Successional trajectories after 3 disturbance event can follow a variety of direc-
tions (McCune and Alleg 1985), but in many cases they appear to culminate in func-
tional communities similar In structure and composition to the original ones. Alter-
natively, the successiona] trajectory can involve novel or unfamiliar sera] communities

the immobilization of nutrients released by the disturbance and in the reestablishment
of forest conditions (Scatena et al. 1996). Thus, while not always predictable, succes-
sion events after a disturbance often shape the reestablishment process.

CONCLUSIONS




DISTURBANCE IN SEASONALLY DRY TROPICAL FOREST LANDSCAPES 9l

human influences on these forests. A key research need identified by Bruijnzeel (2004)
is including the role of underlying geological controls of catchment hydrological
behavior when analyzing the effect of land-use change on (low) flows or sediment
production. Baker et al. (2005) emphasize the importance of understanding the role of
legacies from prior disturbances in changes to these dry tropical forests. Clearly, the
interactions of human activities with forest disturbances and changes thereafter will
continue to be a critical part of understanding and managing seasonally dry tropical
forests. There is also a need to characterize disturbance rates, intensities, and extents.
Much of the current theory on how forest systems respond to disturbances was de-
veloped in temperate systems; there needs to be more testing and data collection to
examine how these theories play out in seasonally dry tropical forests.
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