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Abstract
Castro-Marín, G. 2005. Stand dynamics and regeneration of tropical dry forests in Nicaragua.
Doctor’s dissertation.
ISSN 1652-6880, ISBN 91-576-6958-9
Tropical dry forests are one of the most degraded and threatened forest ecosystems in
Central America. The thesis summarises results from four separate studies in the dry forests
of Nicaragua with the aim to gain knowledge that will support future restoration
endeavours. In the first study, aspects of stand dynamics in dry deciduous and gallery
forests were investigated over a 7-year period. The result shows that stem density and basal
area decreased by 13% and 8%, respectively for the dry deciduous forest. The changes in
stem density and basal area for the gallery forest were negligibly low. The mortality and
recruitment rates for the deciduous forest were 4.5 and 2.5 % year-1, respectively, and the
corresponding values were 4.2 and 4.0% year-1 for the gallery forest. The causes of
mortality could be anthropogenic and natural disturbances. In the second study, the natural
regeneration of three dry forest species (Lonchocarpus minimiflorus, Tabebuia ochracea
and Lysiloma divaricatum) in relation to slope of the terrain and crown exposure to direct
sunlight was investigated over three years. The density of recruits varied significantly
among species and over time. L. minimiflorus and T. ochracea had the highest densities
compared with L. divaricatum, and the net change in population density was slightly
positive for T. ochracea only. Regeneration was more abundant in the gentle and steep
slopes under partial exposure of the crown to sunlight, thus resulting in aggregated pattern of
distribution, especially for L. minimiflorus and T. ochracea. The third study dealt with
recovery of woody vegetation after 4, 9 and 14 years of abandonment of agriculture. The
floristic, structural and diversity measures increased with age of abandoned fields. In the
fourth study, seed germination responses of four dry forest species: Bombacopsis quinata,
L. divaricatum, Cordia alliodora and Tabebuia rosea, to different constant and alternating
temperature regimes under continuous light or darkness in the laboratory, and the effect of
canopy cover on seedling survival of B. quinata, C. alliodora and T. rosea in the field were
investigated. The optimal temperature for germination was between 20 and 25°C for all
species. The alternating temperature regimes tested in the present study did not bring
beneficial effect on germination compared with the constant temperature regimes, although
its effect was modulated by light condition for some of the species. Survival of C. alliodora
seedlings was higher in open and partially-open sites than in the understory. B. quinata had
the lowest survival, and survival of T. rosea was higher on open site. It can be concluded
that restoration of degraded forests in the future should involve local people, natural
regeneration alone is not sufficient, management plans for secondary forests derived from
abandoned fields should be prepared and further screening of candidate framework species
should be carried out.
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Introduction
Tropical dry forests in Latin America
Over 40% of earth’s tropical and subtropical landmass is dominated by open or
closed forest, of which 42% is dry forest (Murphy & Lugo, 1986). Tropical dry
forest includes vegetation types such as dry deciduous forest, thickets, open
woodlands and savannas (Bellefontaine, Gasto & Petruci, 2000). They occur in
frost-free areas where mean annual temperature is above 17oC , a potential
evapotranspiration to precipitation ratio greater than one, and 250-2000 mm of
precipitation a year with 4-6 month of little or no precipitation (Murphy & Lugo,
1995). Tropical dry deciduous forests are closed stands, with no substantial
opening in the crown cover (above 80%), there are 1-2 stories which are relatively
poor in species, the trees are approximately 15-20 m in height and they lose their
leaves, with few exceptions, during part of the year. The understory comprises
sparse and scattered evergreen or deciduous shrubs with few grass tufts
(Lamprectht, 1990; Bellefontaine, Gasto & Petruci, 2000). Two important
characteristics of the dry deciduous forests are increasing trend of species richness
when they are farthest from equator (Gentry, 1988) and have high floristic
endemism. Gentry (1995) estimated endemism to be as high as 73% in South
America.
In Latin America, tropical dry deciduous forests are situated to the north and
south of tropical evergreen rainforests in South America, on the Pacific side of
Central America, and on islands in the Caribbean Sea (Baskin & Baskin, 1998).
Of the total forested area, dry forests account for 50% and 22% in Central and
South America, respectively. Dry forests in Central America are located along the
Pacific coast, extending from Guatemala to Panama (Sabogal, 1992; Sabogal &
Valerio, 1998). Estimates put the size of dry forests in Central America as 3.4
million ha, representing less than 0.1% of its original superficies (Janzen, 1988;
Sabogal & Valerio, 1998; Gillespie, 1999). Nicaragua is the largest country in
Central America with a land surface of 13 million ha and population of ca. 5.5
million inhabitants (Roldan, 2001). Nicaragua has ca. 400,000 ha of natural pine
forest and 4 million ha of broad- leaved forests of which 100,000 ha are dry forest
located mainly in the Pacific coast, where 60% of the human population is
concentrated due to favourable climatic conditions and good infrastructure
facilities (Alves-Milho, 1996; Faurby & Barahona, 1998; Roldan, 2001).
Similar to other tropical dry forests, Nicaraguan dry forests have been
intensively exploited and have traditionally provided firewood, charcoal and
timber for the domestic market and for export, for instance, Swietenia humilis,
Cedrela odorata, Bombacopsis quinata, Dalbergia retusa, Guaicum sanctum
(Sabogal, 1992; Roldan, 2001). The deforestation rate (in all forest types in the
country) for the period 1983 – 2000 is estimated as ca. 120,000 ha per year
(Anon., 2004). The main reasons for this deforestation are the conversion of
forests to agricultural lands, illegal cutting and fire (Roldan, 2001; Anon., 2004;
Castro-Marín et al., 2005). Secondary forests developing on abandoned
agricultural fields are the main forest resources in the Pacific region (Sabogal,
7

1992; Alves-Milho, 1996). For instance, ca. 88% of the firewood consumption of
the Pacific region is taken from dry secondary stands (Sabogal, 1992). The
remaining mature forests are located generally in less accessible areas and often
conserved due to the fact that the forest areas have been declared as natural
reserves as well as of the owners’ particular interest (Sabogal & Valerio, 1998).
However, these conservation areas often contain extensively degraded forests,
which require immediate restoration attention. There are few studies available
about the country’s dry forest resources and little information on species ecology,
biology and silviculture (Sabogal & Valerio, 1998; Gillespie, Grijalva & Farris,
2000).

Dynamics of tropical dry forest
The description of any forest includes attributes such as floristic composition and
structure. An understanding of the structure and floristic composition is important
to develop guidelines for sustainable management. Floristic composition is related
with species richness, absolute and relative abundances of species and species
diversity (Louman, Valerio & Jiménez, 2001). Dry forests are less diverse than
wet or moist forest, although they are more diverse than some subtropical moist
forest types. On average, Neotropical dry forests have around 50-70 species
(individual > 2.5 cm dbh) in 0.1 ha (Gentry, 1995; Gillespie, Grijalva & Farris,
2000). Forest structure includes attributes such as abundance and basal area per
diameter classes and individual height among the different layers in the forest.
Murphy & Lugo (1995) have reported canopy height between 10-40 m, basal area
from 17 to 40 m2 ha-1 in dry deciduous forest. According to Gillespie, Grijalva &
Farris (2000), the average basal area and abundance of tropical dry forest in
Central America are 22.03 m2 ha-1 and 147 individuals per 0.1 ha (trees and shrubs
≥ 2.5 cm dbh).
Generally, studies of forest stand dynamics include measurement of recruitment,
mortality and growth rates (Loumam, Mejía & Jiménez, 2001). Recruitment is the
number of new individuals that come into to the forest during a period of time, and
mortality is the number of individuals that have died in a given period of time.
Tree growth is a biological phenomenon of increase in size with time. Increment is
the quantitative increase in size in a specified time interval due to growth (Valerio,
1997). Studies on forest stand dynamics are carried out in permanent sample plots
of different sizes according to the forest type (Manokaran & Kochummen, 1987;
Finegan & Camacho, 1999, Elzinga et al., 2001; Louman, Valerio & Jiménez,
2001). Recruitment, mortality and growth rates provide useful insights to analyze
factors affecting population dynamics.

Natural regeneration of tropical dry forest
Natural regeneration refers to the natural process by which plants replace or reestablish themselves by means of self-sown seed or vegetative recovery (sprouting
from stumps, rhizomes or roots) (Bueso, 1997; Petrie, 1999). The natural
regeneration dynamics of the dry forest is an extremely complex process that
depend on environmental factors such as distribution of rainfall, topographic,
8

edaphic and light conditions (Gerhardt & Hytteborn, 1992; Bekele, 2000;
McLaren & McDonal, 2003) and also factors such as seed viability and dormancy,
seed predation and herbivory (Khurana & Singh, 2001). Enoki & Abe (2004)
point out that topography affects the soil characteristics and plays a critical role in
the variation of stand structure and floristic composition of the forests by causing
drainage, moisture, and nutrients to vary from ridge top to valley bottom. Light
availability is an important factor that influences the development of individuals
and their spatial distribution (Khurana & Singh, 2001; Enoki & Abe, 2004).
Studies on natural regeneration dynamics and spatial patterns in dry deciduous
forest are relevant for rehabilitation and conservation purposes (Teketay, 1996;
Bekele, 2000).

Colonization of abandoned fields
Conversion of tropical dry forests to agriculture and pasture has been occurring for
years or century, and entails nearly total destruction of forest structure and
composition, and disruption of ecosystem functions (Maass, 1995). Much of these
lands are in frontier areas where human poverty is high, and soils are not suitable
for sustained arable agriculture. In the past few decades, vast forest areas that had
been converted to agricultural fields have been abandoned due to shift in the
economic interest, industrialization and urbanization processes (Thomlinson et al.,
1996). Evidences indicate that abandoned agricultural fields have been rapidly
recolonized by plants through secondary succession, depending on the severity of
land use intensity prior to abandonment (Guariguata & Ostertag, 2001). Tropical
secondary forests are important sources of timber and non-timber forest products
(Finegan, 1992; Chazdon & Coe, 1999), and provide environmental services such
as protection of soil erosion and sequestration of atmospheric carbon dioxide
(Silver, Ostertag & Lugo, 2000). In addition, they are important templates for
forest ecosystem restoration and refuge of biodiversity in fragmented landscapes
(Lugo, 1992; Lamb et al., 1997). Thus, the study of colonization and vegetation
dynamics after abandonment of agriculture plays an important role in shaping our
understanding of secondary succession (Peterson & Haines, 2000) and enables us
to design successful restoration strategies (Aide et al., 2000). Nonetheless, most of
the studies on Neotropical secondary forest succession have been made in wet or
humid tropical forests (Brown & Lugo, 1990; Finegan, 1996; Guariguata et al.,
1997; Guariguata & Ostergad, 2001; Peñas-Claros, 2003), and little is known
about dry forests.

Seed germination and seedling establishment
Seed germination and early seedling establishment are demographically critical
phases in the regeneration of plants from seeds. Germination and early
establishment of seedlings in dry areas are mainly dependent upon moisture
availability (Gerhardt, 1996a, b; McLaren & McDonald, 2003). However, seeds of
the majority of dry tropical species mature during the dry season and are dispersed
at the beginning of the rainy season when sufficient moisture is available for
germination and seedling growth (Singh & Singh, 1992). Seed germination is the
9

emergence of the radicle through the seed coat and occurs when seed dormancy has
been broken and conditions favourable to germination are met (Copeland &
McDonald, 2001). Provided that sufficient aeration and moisture are available, light
and temperature are two important factors affecting seed germination (Pons, 2000).
Light is an important environmental factor that breaks dormancy in seeds of some
species. Seeds of species with a strict light requirement will remain ungerminated if
covered by litter or soil. Thus, germination in darkness can explain the absence of a
persistent soil seed bank (Pons, 1991). Germination, survival and seedling growth
responses to light intensity vary among tropical dry forest species (Khurana & Singh,
2001). Ray & Brown (1995) reported that most species in a secondary dry forest
germinated well in shaded than un-shaded sites. Light availability is important for
seedling establishment during the rainy season in dry forest but high insolation during
the dry season will lower survival significantly for some species by causing
exacerbated desiccation of seedling (Gerhardt, 1996b). Tree seedling showed
increased growth rates with increasing light in a Mexican deciduous dry forest
(Rincon & Huante, 1993).
Temperature is the most important environmental variable responsible for the
synchronization of germination with conditions suitable for seedling establishment
(Probert, 2000). It acts to regulate germination in three ways: a) by determining
the capacity and rate of germination, b) by removing primary and/or secondary
dormancy, and c) by inducing secondary dormancy (Bewley & Black, 1994).
Thus, for any non-dormant seed population germination occurs within well
defined temperature limits, and three cardinal temperatures can be recognized over
the short period: minimum, optimum and maximum. The response to temperature
depends on a number of factors, including the species, variety, growing region, quality
of the seed, and duration of time from harvest (Copeland & McDonald, 2001).
Evidences indicate that germination responses depend on the interactive effect of light
and temperature; however, it is not possible to reduce these to a unified picture
(Baskin & Baskin, 1998). Kigel (1995) pointed out that interaction between light and
temperature may also determine the timing of germination in light-sensitive seeds.
Seeds may be light-requiring at one temperature but unaffected by light at other
temperatures. Knowledge of germination and seedling establishment requirements is
of pivotal importance for understanding such community processes as plant
recruitment, succession and for the management of plant populations (Khurana &
Singh, 2001).

Objectives
The thesis is based on four separate studies covering aspects of stand dynamics,
natural regeneration of selected dry forest species; recovery of woody vegetation
on abandoned agricultural fields and seed germination of important tree species in
Nicaragua. The general objective was to gain knowledge that support restoration
of degraded dry forests in Nicaragua. The specific objectives were the following:
(1) to asses the dynamics and growth of dry forests over a 7-year period (study-I);
(2) to examine the temporal variation in population density of recruits of three dry
forest species and analyzing heterogeneity of natural regeneration (study-II);
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(3) to describe the floristic composition, structure, diversity and similarity of
secondary forests derived from abandoned agricultural fields in a chronosequence
(study-III);
(4) to investigate the germination responses of seeds of four species to different
regimes of temperature and light conditions in the laboratory and evaluate survival
and growth of transplanted seedlings of three species under different canopy cover
(study-IV).

Material and Methods
Study sites
The first, second and part of the fourth studies were conducted in Chacocente
Wildlife Reserve (11o 36’ N - 11o30’N and 86008’ – 86015’W) located on the
Pacific Coast, in the department of Carazo (fig 1). The total area of the wildlife
reserve is ca. 4650 ha of which two third is dry deciduous forest type and one
tenth is gallery forest type. The remaining area is scrubs, pasture and agriculture
land (Anon., 2002). The altitude varies from sea level to ca. 300 m.a.s.l (Sabogal,
1992). Soils in the deciduous dry forest type are classified as Vertic and Ferric
Luvisol (FAO system) (Sabogal & Valerio, 1998). The gallery forest type is
located along a semi-permanent watercourse – the Río Escalante, and is
distinguished from the deciduous forest by a species composition dominated by
evergreen or semi-deciduous trees (Tercero & Urrutia, 1994). Soils in the gallery
forest are classified as Eutric fluvisol (FAO system). Currently, the land
ownership in the reserve is private, and 50% of the reserve belongs to three large
estate owners, and the rest of the lands are distributed among 82 small local
owners (Anon., 2002). The local communities make their living from subsistence
agriculture, fishing, and gathering wood and non-wood products (Sabogal &
Valerio, 1998). In addition, their main source of income is gathering eggs of sea
turtles, Lepydochelis olivacea (Anon., 2002).
The third study was carried out in Nandarola dry forest in the community “La
Chipopa- Rio Medina” (11° 42’ 30” N and 86°05’ 30” W), which located about 7
km south of the city of Nandaime in the province of Granada (fig 1). The natural
vegetation in the area is classified as dry deciduous formation. The altitude varies
from 92 to 167 m.a.s.l. Soils of this area are mainly Vertisols (black soils) and
Alfisols (brown soils), originated of volcanic materials and basic rocks from the
Tertiary (Rodríguez, Aguirre & Mendoza, 2003). In the sixties, most of the forests
were clear cut and used for production of agricultural crops (beans, maize, and
rice) and animal grazing. Recently, agricultural and grazing areas have been
abandoned. For the present study, three abandoned patches were located with the
assistance of key informants. The three sites were abandoned 4, 9 and 14 years
ago and the sizes are 1, 3.7 and 4 hectares respectively (Mario Soza & Carlos
Soza, Nandarola; pers. comm.).
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Figure 1. A map showing distribution of the dry forest in Nicaragua and the location of
the study areas.

The meteorological station located at Nandaime was used to estimate the climate
data of the two experimental sites. This meteorological station is located 10 and 20
km away from the community of La Chipopa- Rio Medina and the Chacocente
Wildlife Reserve, respectively. During the period 1984 to 2003, total mean annual
rainfall was 1440.52± 370.7 mm and ranged from 1000 to 2300 mm (fig 2).
Normally, the rainy season starts in May and ends in November. Mean monthly
rainfall exceeded 200 mm in four months of the year during the period from 1984
to 2004 (fig 3). Mean annual temperature was 26.6 ± 0.34°C, and monthly mean
temperature fluctuated within a very narrow range of 25.9 to 28.4°C (fig 3).
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Figure 2. Total annual precipitation for 1984 – 2003 from Nandaime station 20 km to
Chacocente Wildlife Reserve and 10 km to the Chipopa-Rio Medina Community
(Nandaime).

Month

Figure 3. Average total monthly precipitation and monthly temperature from Nandaime
station 20 km to Chacocente Wildlife Reserve and 10 km to the Chipopa-Rio Medina
Community (Nandaime)
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Methods
Study I
In 1993 girths of all trees with at least one stem ≥10 cm dbh were measured,
identified by species and tagged on four permanent sample plots, two in the dry
deciduous forest and two in the gallery forest. Each plot was 1.0 ha in size and
divided into 25 subplots of 20 x 20 m. Girths were measured with a tape and the
point of measurement was marked on each tree with paint, as was the code
identifying each individual. In year 2000 the girth of all tagged stems was remeasured and all new recruited stems ≥ 10 cm dbh were measured and identified
by species.
Stand structure in terms of number of trees per hectare (N ha-1) and basal area
(m² ha-1) and their distribution in 10 cm diameter classes were quantified for year
1993 and 2000 for the deciduous forest and the gallery forest. The annual rates of
mortality (m), recruitment (r), loss (l), gain (g) and ingrowth (i) were estimated
using a logarithmic model (Lieberman & Lieberman, 1987; Sheil, Burslem &
Alder, 1995; Hoshino, Nishimura & Yamamoto, 2002). A comparison of stem
density and basal area during the study period for each of the two forest types was
made with a Student’s t-test.
All species were classified into four groups according to their main uses based
on previous ethno-botanical studies (Morales & Rueda, 1989; Sabogal, 1992;
Carrillo, 1993) as
(1) Timber (TW): species used mainly for rural construction, furniture and sawn
wood;
(2) Firewood (FW): species used mainly for firewood;
(3) Non-timber forest products (NT): species used mainly for other uses different
from timber and firewood (medicine, tannin)
(4) Uses not known locally (UN): species not used by the local population.
Study II
The natural regeneration of three species was investigated in this study:
Lonchocarpus minimiflorus, Tabebuia ochracea ssp neochrysantha and Lysiloma
divaricatum. The study species were selected based on their economic and
ornamental values for the people that live around the forest.
Permanent sample plots were established in 2001 following a systematic design
in which 200 plots of 100 m2 (20 m × 5 m) were located continuously along 4
transects. The length of each transect was 1 km and the distance between two
adjacent transects was 800 m. The sample plots covered the variation in
environmental gradients, especially topography and incidence of light. All
individuals between 10 cm height and 9.9 cm dbh were recorded for three
consecutive years from 2001 to 2003. The natural regeneration was classified as
seedling (0.1-1.0 m height); sapling (1.0 m height and ≤ 4.9 cm dbh) and pole (5 –
9.9 cm dbh). For each individual, the degree of crown exposure to direct sunlight
was visually determined as overshadowed, partially exposed and fully exposed
(Hawthorne, 1993). The percent slope of each plot was determined, and a slope
class was constructed as follows: flat or nearly flat (0-2%); gentle slope (2-13%)
14

and steep slope (>13%) (FAO, 1977; Faniran & Areola, 1978; Bosworth & Foster,
1982).
The annual rate of population change was estimated using a logarithmic model
for each species (Lieberman & Lieberman, 1987; Condit, Hubbell & Foster,
1996). In order to determine the spatial pattern of regeneration of each species, the
Standardized Morisita’s Index was calculated using the mean density across the
census years (Krebs, 1999). Chi-square analysis was performed to examine
temporal variation in density of seedlings and saplings. The density of poles was
not included in the analysis because it was very low and only one species had
individuals in pole size. The chi-square analysis was also employed to examine
whether the total density of naturally regenerated individuals vary between the
different slope classes and crown exposure to direct sunlight.
Study III
An inventory of secondary forests derived from abandoned fields after 4, 9 and 14
years was carried out. On each site, 70 plots of 100 m² (10 m × 10 m) were
established following a systematic design. Each plot (10 m × 10 m) was composed
of nested quadrats, with smaller quadrats situated within larger ones (Sáenz &
Finegan, 2000; Louman, Valerio & Nuñez, 2002). In each 10 × 10 m plot, one 5 ×
5 m subplot was established randomly. Within 5 × 5 m plot, one 2 × 2 m subplot
was established randomly in one of the corners. In all 10 × 10 m plots, we
identified and measured all living woody stems ≥ 10 cm dbh. Within each 5 × 5 m
plot all the woody individuals from 1.5 m height to 9.9 cm dbh were recorded. In
each 2 × 2 m plots all woody individuals from 0.3 m to 1.5 m height were
registered. The woody vegetation was classified according to their size as
seedlings (individuals with 0.3-1.5 m height); sapling (1.5 height and ≤4.9 cm
dbh); pole (5 – 9.9 cm dbh); trees (10 – 20 cm dbh) and remnant trees (> 20 cm
dbh) (Sáenz & Finegan, 2000).
Shannon diversity index and Jaccard’s similarity coefficient were calculated in
order to estimate the diversity and floristic similarity among the different
successional stages (Magurran, 1988). Stand structure in terms of number of trees
per hectare (N ha-1) and basal area (m² ha-1) and their distribution in 10 cm
diameter classes were presented for each successional stage. The species
importance value index was calculated for all individuals with dbh ≥1cm (Curtis &
McIntosh, 1950).
Study IV
In this study the seed germination responses of four dry forest species,
Bombacopsis quinata, Lysiloma divaricatum, Cordia alliodora and Tabebuia
rosea, to different constant and alternating temperature regimes under continuous
light or darkness in the laboratory, and the effect of canopy cover on survival of B.
quinata, C. alliodora and T. rosea seedlings over one year were investigated. L.
divaricatum was not included in the seedling survival study due to scarcity of
seeds during the time of seedling production in the nursery. The study species
were selected based on their economic and ornamental values for the people who
live around the forest.
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Seeds were purchased from a tree seed company in Nicaragua. A 2 × 7 factorial
experiment was set-up to investigate the effect of light and temperature on seed
germination of the study species. The temperature regime had seven levels; five
constant temperature regimes (15, 20, 25, 30 and 35°C) and two alternating
temperatures (15-20°C and 15-25°C). Two levels of light condition, exposure to
continuous light from fluorescent lamp F40 w/33 RS cool white light (light
intensity = 20 µEm-2s-1) and incubation in the dark, were used for examining the
light requirement for germination. For all study species, a total 100 seeds, four
replicates of 25 seeds each, was used in each treatment. The germination test was
run for 21 day. The germination process was monitored every day for seeds
incubated in continuous light and germinated seeds were counted when the radicle
reached 2 mm and had normal appearance. For dark incubated seeds, the final
germination count was made after 21 days. The germination capacity (GC) and
mean germination time (MGT) of the seeds were computed for each species and
treatments. Germination percentages were arcsine transformed to improve
normality and Two-Way ANOVA was used to test significance differences among
temperature regimes and light conditions for each species separately. The mean
germination time was considered for species and treatments that showed some
germination in all the replicates and One-Way ANOVA was used to detect
significant difference. Means that showed significant differences were compared
using Tukey’s test at the 5% level of significance.
Six-month-old seedlings of the study species were transplanted in August 2003
under three different canopy covers, open, partially open and closed canopy, in
Chacocente Wildlife Reserve. The canopy cover was determined using the
spherical densiometer as 0% for open, 50% for partially-open and 100% for
closed canopy. For each species, a total of 20 seedlings per canopy cover were
transplanted at a spacing of 1 × 1 m. Each individual seedling was tagged, and the
height and root collar diameter were measured at the time of planting (table I,
paper IV). A second measurement was carried out in August 2004 to evaluated
survival, height and root collar diameter growth. A Chi-square analysis of 3 × 3
contingency table was performed to test the null hypothesis that seedling survival
is independent of canopy cover. This was followed by a separate Chi-square
goodness-of-fit test to examine whether survival of planted seedlings vary among
species as well as canopy cover. The current annual increment (CAI) in root collar
diameter was computed for C. alliodora, as survival of the other two species was
extremely low. One-way ANOVA with unequal number of replication was
performed to examine differences in CAI among canopy cover using each
individual seedling as replicate. CAI in height was not computed for any of the
species, as the majority of individual seedlings were clipped by herbivores,
resulting in negative height growth rate.
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Results and discussion
Stand dynamics
The dry deciduous forest decreased significantly both in density and basal area
over the 7-year period. Stem density was reduced by 13% (from 519 to 450 stems
per ha) and basal area by 8% (from 17.00 to 16.62 m2 ha-1) during the study
period. The mortality, recruitment and loss in basal area were 4.5% yr-1, 2.5% yr-1
and 4.2 yr-1, respectively. For the gallery forest, the changes in stand density and
basal area were not significant during the study period (Paper I). The stand density
recorded in year 2000 was 1% less than in 1993 (from 311 to 308 stem per ha).
The basal area increased by 2% over the 7-year period (from 22.68 to 23.14 m2 per
ha). The annual mortality, recruitment and loss in basal area were 4.2%, 4.0% and
2.7%, respectively. This high annual mortality rate might be due to anthropogenic
influence from villagers surrounding the wildlife reserve in terms of recurrent
fires, grazing, collection of firewood and poles as well as harvesting of non-timber
products (Gillespie, Grijalva & Farris, 2000; Anon., 2002). The annual mortality
rates calculated in this study were considerably higher than those reported in other
studies in tropical forest (Lieberman & Lieberman, 1987; Swaine, Lieberman &
Hall, 1990). The stem density and basal area estimated in this study were lower
than those reported in other studies in Neotropical dry forest (Murphy & Lugo,
1986; Lamprecht, 1990; Gentry, 1995). It is important to point out that in
Chacocente selective timber harvesting has been going on since the beginning of
the last century until 1983 when the forest was declared as Wildlife Reserve
prohibiting legal cutting (Sabogal, 1992). This means that there might be historical
reasons for the present low density and basal area.
Both forest types had reversed J-shape diameter distributions and 88% of the
stems had less than 30 cm dbh (fig 1, paper I). In the deciduous forest, small stems
contributed to more than half of the basal area whereas in the gallery forest large
stems (> 70 cm dbh) contributed to almost half the basal area (fig 1, paper I). No
clear pattern could be found in mortality linked to diameter classes and the
variation was large among the four largest classes due to few stems in these
classes (fig 2, paper I). This finding is consistent with the data reported by
Lieberman et al. (1985) and Finegan & Camacho (1999) who point out that there
is no evidence that annual mortality rate is dependent on tree size in most tropical
forests.
Among the five most common species in each forest type, only Tabebuia
ochracea and Capparis pachaca had a positive annual balance between
recruitment and mortality rate (table 2, paper I). This might be due to the fact that
C. pachaca is not currently under any use by the local people. For T. ochracea, a
timber species, 92% of its individuals were found in the smallest diameter class
and the people mainly use the wood of this species for constructions with diameter
higher than 30 cm. In deciduous forest, three of the five most common species
had mortality rates above 9% yr-1, which means more than twice the overall
average for the deciduous forest. The estimated median diameter (dbh) increment
was 0.14 cm year-1 for the deciduous forest and 0.24 cm year-1 for the gallery
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forest. The surviving trees grew 2.2% and 2.4% year-1 in basal area in deciduous
and gallery forests, respectively over a 7-year period. As a whole, the median
diameter increment and basal area growth of surviving stems in gallery forest were
higher than in deciduous forest. This may be attributed to better soil and moisture
condition (Tercero & Urrutia, 1994; Navarrete & Téllez, 1996) and the history of
the disturbance in the forest (Sabogal & Valerio, 1998).
The median of the annual diameter increment recorded in this study was in the
same order of magnitude as in other studies of tropical dry forests (Murphy &
Lugo, 1986; Swaine, Lieberman & Hall, 1990). Analysis of increments of the most
abundance tree species indicated variation among individual species. In deciduous
forest, Caesalpinia exostema and Gyrocarpus americanus had the highest median
increments (0.26 cm yr-1 and 0.24 cm yr-1) with about twice the average (0.14 cm
yr-1) of all species included, and T. ochracea and Lonchocarpus minimiflorus had
the lowest (0.04 cm yr-1 and 0.04 cm yr-1). In the gallery forest, C. pachaca had the
highest (0.28 cm yr-1) whereas Stemmadenia obovata and Trichilia hirta had the
lowest (0.16 cm yr-1) of overall growth rates. The different diameter median
increment rates by individual species have important implication for silviculture
(Sabogal & Valerio, 1998).

Natural regeneration of selected species
The results show that the density of naturally regenerated individuals varied
significantly among species. Lonchocarpus minimiflorus and Tabebuaia ochracea
had the highest mean population densities (averaged over the three census years)
compared to Lysiloma divaricatum (fig 1, paper II). The low density of naturally
regenerated individuals of L. divaricatum could be related to seed dispersal
limitation and low seed viability. In addition, seeds of L. minimiflorus and T.
ochracea were not encountered in the soil seed bank assessment (Uasuf, 2004);
indicating that seedling bank could possibly be the recruitment strategy of these
two species.
The density of naturally regenerated individuals varied significantly across the
census period. For, L. minimiflorus, the total density and the density of seedlings
varied significantly over time while no significant difference was observed in
density of saplings across the census period. For T. ochracea and L. divaricatum,
no significant difference was found in total density as well as in the density of
each size class over time (fig 1, paper II).
As a whole, over the two-year period, the net annual change in total population
density was slightly positive for T. ochracea (5%) whereas that of L. minimiflorus
and L. divaricatum were negative (-13 and -14% respectively) (table 1, paper II).
Furthermore, the annualized rate of change varied considerably for each size class
of the studied species (table 1, paper II). The density of seedlings, saplings and
poles of T. ochracea increased by 18%, 0.4% and 46%, respectively. The density
of L. minimiflorus seedlings decreased by 54%, while the density of saplings
increased by 2%. For L. divaricatum, there was a 69% loss of saplings compared
to a slight increase in the density of seedlings (11%). Although the causes of
mortality were not investigated in this study, anthropogenic disturbances, such as
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cattle grazing and mowing are very common in this forest, and possibly contribute
to the decline in population density of the study species (Sabogal & Valerio, 1998;
Gillespie, Grijalva & Ferris, 200; pers. obs.). Gerhardt (1998) pointed out that
young seedlings are vulnerable to several biotic and abiotic factors. Predation,
herbivory and pathogens are the major biotic factors that affect seedling survival
and seedling population densities (Hubbell, 1979; Terborgh & Wright, 1994;
Hanley, Fenner & Edwards, 1995; Thomson et al., 1996; Green, O’Down & Lake,
1997; Sherman, 2002; Packer & Clay, 2003; Hood, Swaine & Mason, 2004).
Among the abiotic factors, drought is the main cause of seedling mortality in
tropical dry forests as well as aseasonal rain forest experiencing an unusual severe
drought (Gerhardt, 1996b; Delissio & Primack, 2003).
The mean population density (averaged over the three census years) of seedlings
and saplings of the study species differed significantly in relation to slope of the
terrain and crown exposure to sunlight. For all species, the mean total density
(seedlings plus saplings) was much lower in the flat than in either the gentle or
steep slope (fig 2, paper II). The low regeneration in flat area is probably due to
flooding that might create anaerobic condition thereby preventing germination and
seedling growth. The annualized rate of population change for L. minimiflorus
showed a slight increase in the flat (4%), but decreased by 12% and 17% in the
gentle and steep slopes, respectively over the census years (table 2, paper II). For
T. ochracea, there was an increase in population by 17%, 7% and 3% in flat,
gentle and steep slopes, respectively. The population of L. divaricatum has
decreased by 80% and 14% in the gentle and steep slopes over the census years.
Partially exposed individuals of L. minimiflorus and T. ochracea had the largest
density compared with fully exposed and overshadowed individuals (fig 3, paper
II). The density of L. divaricatum recruits was generally low irrespective of crown
exposure to direct sunlight. The fact that partially shaded recruits were relatively
abundant compared with fully exposed ones could be one survival strategy to
avoid the detrimental effect of damagingly high leaf temperature that can not be
ameliorated by cooling through transpiration. Ray & Brown (1995) have shown
that medium shade increases survival of Caribbean dry forest species due to its
interactive effect with drought tolerance. The annualized rate of population change
for L. minimiflorus showed a 7% increase for fully exposed recruits, but decreased
by 21% and 2% for partially exposed and completely overshadowed, respectively
(table 2, paper II). While the population of partially exposed recruits of T.
ochracea decreased by 1.7%, there was an 11% and 19% increases in population
of fully exposed and completely overshadowed recruits, respectively. Although
the population of fully exposed recruits of L. divaricatum remained unchanged,
there was a 9% decrease in the population of partially exposed individuals.
Seedling and sapling populations of L. minimiflorus and T. ochracea displayed a
clumped spatial distribution while both seedling and sapling populations of L.
divaricatum exhibited a uniform pattern (table 3, paper II). Clumped or aggregated
spatial pattern is very common among species in tropical forests (Hubbell, 1979;
Condit et al., 2000). Poor dispersal of propagules and recruitment limitations (soil
nutrient, light, moisture, etc) may lead to such pattern (Bunyavejchewin et al.,
2003; Hardy & Sonké, 2004; Palmiotto et al., 2004). Basnet (1992) and Enoki &
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Abe (2004) also pointed out that the distribution pattern of trees is affected by
numerous biotic and abiotic factors and their interaction, but topography is a major
physical factor which affects the composition, growth, and distribution of tropical
forest.

Secondary forest succession
Floristic composition
A total of 12, 29 and 22 families and subfamilies represented by 17, 48 and 44
species were registered in 4, 9 and 14 year-old stands, respectively (table 1, paper
III). There was a shift in the dominant families and subfamilies through the
different successional stages. Fabaceae-papilionoideae was dominant in the 4-year
old stand while Fabaceae-caesalpinioideae and Flacourtiaceae were dominant in 9and 14-year old stands, respectively. The most important species by vegetation
size class differed across the different successional stages (tables 3-5, paper III).
For the seedling class, Jacquinia aurantiaca was the most abundance species in 4year old stand and Acacia costaricensis was in 9- and 14-year-old stands. In the 4year old stand, Lonchocarpus acuminatus was the most important species in the
sapling class and Hippocratea rosea in the pole class. In the 9-year old stand,
Myrospermum frutescens was the most important species in the sapling class,
Guazuma ulmifolia in the pole and tree classes and Cordia alliodora in remnant
trees class. In the 14-year old stand, the most important species were Caesaeria
corymbosa in the sapling class, Muntingia calabura in the pole class, Gliricidia
sepium in the tree class, and Tabebuia rosea in the remnant tree class. The shift in
the dominant species through the different successional stages indicates that
species achieve their highest dominance at different time during the succession
process. This is in line with the general pattern of floristic and structural recovery
following abandonment. During the early stage of colonization, the vegetation is
dominated by grasses, forbs and shrubs, which are eventually shaded out by shortlived, light demanding pioneer tree species, such as H. rosea and J. aurantiaca in
the present study. After this period, the canopy is dominated by long-lived, tallstatured, light demanding tree species (e.g. Diphysa robinioidies and Gliricidia
sepium in our study), and finally the canopy of these secondary stands will be
replaced by other shade tolerant species (Guariguata & Ostertag, 2001).
Structure
The total stem density increased from 5011 to 9629 individuals per ha as the age
of abandonment increased from 4 to 14 years (table 1, paper III). A similar
increasing pattern of stem density was observed for seedlings, poles and trees
classes (table 2, paper III). In the 4-year old stand, neither tree size individuals nor
remnant trees were encountered during the census. Significant difference in stem
density was found among stands in a chronosequence for seedling, sapling and
pole size classes. Also, the density of tree-size and remnant trees was significantly
different between 9- and 14-year old stands. The total basal area of individuals ≥
1cm dbh also increased with the age of abandonment (table 1, paper III). The
consistent increase in density of seedlings with increasing age of abandonment
suggests that the advancement of succession created favourable conditions for
seed dispersal and seedling establishment and growth, which otherwise are known
to be the major barriers for recovery of secondary forests on abandoned fields
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(Zimmerman, Pascarella & Aide, 2000; Wijdeven & Kuzee, 2000; Slocum, 2000).
The density of saplings significantly declined as the age of abandonment
increased. This could be related to canopy closure, which in turn increases the
disappearance of light-demanding species due to shading (Finegan, 1996;
Whitmore, 1998). It should be noted that the number of individuals occupying the
canopy (poles and trees) was higher in the 14-year old stand than the 9-year old
stand.
Both 9- and 14-year old stands had a reversed J-shape diameter distribution and
more than 55% of the individuals had less than 5cm dbh. In 9-year old stand, small
individuals (1 to 5 cm dbh) contributed to more than half of the basal area whereas
in 14-year old stand individuals between 5 and 9.9 cm dbh contributed to half the
basal area. These results suggest that oldest stands have an uneven-aged structure
and natural regeneration is abundant.
Diversity and similarity
The species-abundance patterns of secondary forests derived from abandoned
fields displayed an inverse J-distribution or the log series distribution (fig 4, paper
III). The majority of the species in all stands in a chronosequence were
represented by few individuals while few species were represented by many
individuals. This is a characteristic typical of many old-growth forests in the
tropics (Huang et al., 2003; Pitman et al., 1999). In general, the species diversity
was found to be the greatest in the 9-year-old-stand followed by 14- and 4-year
old stands. Several studies have shown that species diversity increases with age of
succession (Perkulis, Ramos-Prado & Jiménez-Osornio, 1997; Kennard, 2002;
Peña-Claros, 2003; Kalacska et al., 2004). When examining the diversity for each
size class, the Shannon-Wiener’s diversity index for seedling class was higher in
the 9- and 14-year old stands than the 4-year old stand. For saplings and poles,
diversity was higher in the 9-year old stand compared with the 14- and 4-year old
stands (table 6, paper III). This is because a single species (L. acuminatus)
represented 46% of the total number of individuals in the 4-year old stand while
seven species accounted for 50% of the total number of individuals in the 9- and
14-years old stands.
Pooling all vegetation size together, the Jaccard’s similarity coefficient found
the greatest similarity (57%) between the 9- and 14-year old stands. The
coefficient dropped to 24.5% when comparing the floristic similarity between the
4- and 14-year-old stands and decreased to 22% between 4- and 9- year old stands
(table 7, paper III). The low species similarity between 4-year old stand and the
other two stands provide further evidence about change in species composition as
succession advances.

Seed germination
The species tested in the present study responded differently to temperature
regimes and light conditions and their interaction. Seeds of L. divaricatum
germinated rapidly and to a large extent at all constant temperature regimes (1535°C) in light or darkness. This species exhibited high degree of thermo-plasticity.
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The speed of germination was significantly faster for seeds incubated at 25-30°C,
which suggest this range is the optimal temperature for seed germination of this
species. This range is similar to the natural habitat of this species (Steven et al., 2001;
Cordero et al., 2004).
The germination capacity of C. alliodora, B. quinata and T. rosea seeds declined
when they were incubated at 15°C in continuous light as well as in darkness. This
could be due to induction of secondary dormancy, as seeds remaining ungerminated
were still intact. For C. alliodora and B. quinata seeds the optimal temperature
appeared to be between 20 and 25°C. This range is characteristic for many tropical
species (Teketay, 1996, Teketay & Tigabu, 1996; Teketay & Granström, 1997;
Tigabu & Odén, 2001; Yirdaw & Leinonen, 2002; Delachiave & De Pinho, 2003;
Zida et al., 2005). The optimal temperature for T. rosea could not be determined
due to lack of distinct differences in germination capacity and speed of
germination among constant temperature regimes from 20°C to 35°C. This could
be attributed to the inherent quality of the seed lot used in the present study. In
another study made by Gómez & Rojas (2004), 92% germination was found for T.
rosea seeds incubated at 30°C in a photoperiod of 12 hr light and 12 hr dark.
The germination capacity declined significantly when the seeds were incubated in
alternating temperatures compared to the constant temperature. In this study,
germination of L. divaricatum and C. alliodora seeds decreased with increasing
amplitude while B. quinata and T. rosea seeds did not germinated at all. This
suggests that sensitivity to alternating temperature is species-specific, in the one
hand, and each species has optimum amplitude for germination, on the other.
Teketay (2002) pointed out that higher amplitude may be associated with high
evapotranspiration, thereby creating rapid desiccation of the germination substrate.
The species tested in the present study showed differential germination responses to
light and dark conditions. L. divaricatum and T. rosea seeds germinated well both in
light and in darkness; suggesting that germination in these species in not lightdependent (neutrally photoblastic). B. quinata seeds had higher germination in light
than in darkness at constant temperatures. However, B. quinata seeds had a
considerably higher germination when incubated at 20°C in darkness, suggesting that
light is not an absolute requirement for germination of this species, but its effect is
temperature-dependent.

Seedling survival and growth
Seedling survival varied significantly among species. C. alliodora had the highest
survival compared with T. rosea and B. quinata. Variation in seedling survival
among species depends on the size and age of seedlings (Kitajima & Fenner,
2000), and for dry forest species a positive correlation between survival and initial
seedling size has been documented (Gerhardt, 1996b). The large size of C.
alliodora seedlings at the time of transplanting may partly explain their high
survival rate compared with the other two species. Seedling survival of the studied
species was strongly dependent on the degree of canopy cover. For all species
combined, survival was significantly higher for seedlings planted on open site,
followed by partially-open site. This finding is consistent with previous studies.
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For example, Guariguata (2000) reported a drastic decline in survival of
transplanted C. alliodora seedlings under the forest canopy after one year, and
Piotto et al. (2004) reported 73% and 41% survival for C. alliodora and B.
quinata, respectively after three years in pure plantations in Nicaragua. Poor
survival under closed canopy is a direct consequence of low light intensity and
poor spectral quality (red to far-red ratio). Shading has also been shown to
increase seedling mortality indirectly by exacerbating fungal attack through
increased humidity or by providing concealment for rodents, molluscs and land
crabs that predate on seedlings (Augspurger, 1984; Hanley, Fenner & Edwards,
1995; Sherman, 2002).
Seedlings of B. quinata had extremely low survival in open and partially-open
sites and did not survive at all under closed canopy while T. rosea seedlings did
not survive at all in partially-open site and under closed canopy. Consequently,
CAI in root collar diameter was reported for C. alliodora seedlings only. It was
not possible to compute CAI in height due to severe clipping incurred by
herbivores. Growth of seedlings was favoured in open than closed canopy, as
evidenced from the significantly higher current annual increment in root collar
diameter of C. alliodora seedlings in the present study. This could be related to
reduction in competition for one or more resources in the open or partially-open
sites, particularly light and soil moisture (Gerhardt, 1996b; Bullock, 2000). In a
study made on other Cordia species (C. africana), Abebe (2003) has reported a
significantly higher collar diameter increment for seedlings grown under full
exposure to light than either 50% or 25% of the light intensity in the open area.

Conclusions and Implications
The findings in this thesis have several implications for managing the remaining
fragmented dry forests, as well as restoration of dry forests. Depletion of tropical
forests and the associated effects on timber production, biodiversity and global
environment are well recognized today. Tropical forest area is decreasing at the
rate of 13.5 million ha/year, mainly due to clearing for agriculture and shifting
cultivation (FAO, 1997; Sandewall et al., 2001). The underlying causes for these
clearing rates are population increases, inappropriate land utilization and conflicts
between forestry and agriculture. It is generally agreed that restoration of degraded
forests and abandoned lands is an urgent matter from the view point of
compensation or enrichment of ecosystems and sustainable use of degraded areas
on regional and global scales (Forestry Agency & ITTO, 1991). Basically there
are two approaches to restoration of degraded ecosystems – passive and active.
The passive approach entails protection of the degraded forest ecosystem from
further disturbance and let nature to take its course while active restoration
involves all sorts of facilitation to assist the natural processes; such as direct
seeding, enrichment planting, artificial seed dispersal facilities, site manipulations
etc (Holl et al., 2000).
In the past, establishment of protected areas has been the major approach for
protection of tropical forests in many parts of the tropics. Over the past 15 years,
raising interest in the protection and conservation of forest has led to proliferation
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of protected area in Nicaragua, and Chacocente Wildlife Reserve is one of the 76
protected areas in the country (Sabogal, 1992; McCrary et al., 2004). In recent
years, several countries, notably in East and South Asia, initiated a major program
to restore degraded forest ecosystems, mainly through reforestation. However,
restoration success is very minimal in many cases due to failure to negotiate with
all concerned stakeholders and to recognize and resolve trade-off between local
economic and global environmental benefits (McCrary et al., 2004; Sayer,
Chokkalingam & Poulsen, 2004). The result from the present study also provides
evidence that establishment of reserves without involving local communities both
in management and benefit sharing and strict follow-up fails to curve the
continuing deforestation. In Chacocente Wildlife Reserve, the annual mortality
rates in deciduous and gallery forests are considerably higher compared with other
tropical dry forests. The reason for this high mortality could be attributed mainly
to anthropogenic influence, as evidenced from a high mortality rate of
economically valuable and useful species.
The problem of passive restoration of degraded forests is further exacerbated by
the dynamics of natural regeneration processes. The natural regeneration dynamics
of dry forest is an extremely complex process that depends on environmental
factors such as distribution of rainfall, topographic, edaphic and light conditions
and also factors such as seed viability and dormancy, predation and herbivory
(Khurana & Singh, 2001). Equally important is the spatial distribution of the
regenerated individuals (Condit et al., 2000), as natural regeneration is often
heterogeneous on a landscape due to the effects of biotic and abiotic factors. In
one of the studies in this thesis (study-II), the natural regeneration of selected dry
forest species; notably Lysiloma divaricatum and Lonchocarpus minimiflorus,
showed a declining trend, which suggest that the process of natural regeneration
without intervention is not sufficient to maintain the population of the studied
species in Chacocente; and hence accentuates the need for active restoration
measures to assist the natural regeneration process, such as enrichment planting,
direct seeding, and/or site manipulation to increase the population of threatened
species.
Land use conflict, especially between forestry and agriculture, as well as lack of
economic incentives (e.g. market for wood products) and tenure issues are shown
to be the major factors hindering tree planting (Sayer, Chokkalingam & Poulsen,
2004). In this context, abandoned agricultural fields, which gained attention in
recent years, provide excellent opportunities to promote forest restoration for
environmental and/or production purposes. The finding in this thesis illustrates
that the recovery of woody vegetation on abandoned fields is promising in terms
of floristics, structure and diversity. At the moment, the management objectives of
these stands are not defined, the end use of the secondary forests is not set and no
active silvicultural interventions are implemented to put these lands either into
production or conservation purposes. Therefore, these issues need to be worked
out with the assistance of the concerned governmental and non-governmental
organizations actively involved in natural resources management in the country
and the private owners. At the same time further research should be carried out to
develop restoration techniques including identification of suitable framework
species. Investigations made on seed germination behaviour and seedling
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establishment of selected species in one of the studies in the thesis (study-IV)
show that seeds of Bombacopsis quinata, Cordia alliodora, Lysiloma divaricatum
and Tabebuia rosea germinate rapidly, thus direct seeding of such pioneer species
could be made in future restoration of abandoned agricultural fields. Seeds should
be sown at a lower depth or should be covered with mulches if sown at the surface
to avoid desiccation, as diurnal temperature fluctuates much in open sites than
under the forest canopy. Based on the survival and growth study, C. alliodora and
T. rosea could serve as framework species for reforestation of abandoned sites.
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