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In this study, we determined the effects of selective logging on the abundance of the last remnant populations of two tropical timber species with
a restricted distribution, Caryocar costaricense and Peltogyne purpurea. We conducted a census of adult tree densities for these species on 94
selectively logged sites located in a tropical rain forest on the Osa Peninsula, Costa Rica. We compared the abundance of juveniles and seedlings for
both tree species on 11 logged and unlogged sites. In addition, we analyzed the growth and mortality rates of adult trees of P. purpurea (>10 cm
dbh) in a 4 ha permanent plot that was selectively logged once in 1992. Both species presented a heterogeneous density distribution over the Osa
Peninsula (166,668 ha) and the highest density of both species is located in the region of the highest logging activity. For C. costaricense, seedling
(height < 50 cm) and juvenile (height > 50 cm, dbh < 2 cm) abundance was greater in unlogged areas, while trees 2–10 cm dbh were more
abundant in logged areas. For P. purpurea, seedlings were more abundant in unlogged areas, but small and large juvenile abundance did not differ
between selectively logged treatments. The density of P. purpurea adult trees remained constant 15 years after selective logging but the density of
trees 10–30 cm dbh decreased in the same period. We predict that recurrent 15 year cutting cycles of 50% of timber trees with restricted
distribution, as it is practiced by conventional logging in Costa Rica, may lead a significant reduction of the main reproductive individuals,
decreasing the regeneration of the populations subjected to exploitation and fragmentation.
# 2007 Elsevier B.V. All rights reserved.
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Selective logging has been denoted as the practice of
harvesting the most important timber species in natural forests,
allowing the remaining forest to naturally regenerate over time
(Bawa and Seidler, 1998). The term selective logging has been
used to describe different forest management techniques that
range from large-scale mechanized tree extraction over large
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tracts of forest to local small-scale extraction using animal
traction (Bawa and Seidler, 1998; Asner et al., 2005). Selective
logging has been proposed as a possible strategy for timber
extraction from tropical rain forests without the destructive
nature of clear-cutting techniques (World Resources Institute,
1985). Nonetheless, because of the heavy machinery and
techniques used by large-scale selective logging, its impact
could be important in terms of biodiversity loss, commercial
extinction of species, and vegetation and soil physical damage
(Nepstad et al., 1999; Asner et al., 2005; Dauber et al., 2005).
There is evidence that selective logging can damage the
remaining trees in natural forests, compact soils and can alter
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The objectives of this study are: (1) to determine the
abundance of one of the last remnant populations of two
important timber species currently used for selective logging
along their geographical range, C. costaricense and P. purpurea
in Osa Peninsula, Costa Rica, (2) to determine the effects of
selective logging on seedling and sapling abundance for these
two species 4–5 years after timber extraction, (3) to reveal
short-term (15 years) population growth and demographic
structure of the adult stage of a managed population of P.
purpurea.

2.1. Study site
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2. Methods
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This study was conducted in a tropical rain forest at Golfo
Dulce Forestry Reserve (61,702 ha), Osa Peninsula, southwestern Costa Rica (88250 –88500 N, 838150 –838450 W) which is
connected by a natural corridor with Corcovado National Park
(42,469 ha). The Golfo Dulce Forestry Reserve is a group of
properties privately owned by approximately 450 peasant
landholders; land use within each property is regulated by the
Costa Rican Government (Claudine et al., 2003). The size of
each property ranges from 5 to 400 ha. Although Golfo Dulce
Forestry Reserve was created under a Government Decree in
1978, during the years 1980–1995, deforestation within the
Reserve was approximately 1000 ha year1 and more than
65,000 m3 of timber were extracted during 1996–1999
(Barrantes et al., 1999; Rosero-Bixby et al., 2002). Osa
Peninsula has an extension of approximately 166,668 ha, where
108,049 ha were mature forest in 1995. Average annual rainfall
ranges from 3500 to 5000 mm and the mean temperature is
27 8C. Soils at Osa Peninsula are predominantly ultisols with
few areas of entisols on the north side of the Reserve
(Weissenhofer and Huber, 2001). Seventy percent of the
topography at Osa Peninsula is dominated by steep slopes with
a maximum altitude of 782 m, 23% of moderate slopes and 7%
of lowland plains near the ocean.
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potential habitats for regeneration (Uhl and Guimarães-Vieira,
1989). Regardless of the extraction technique, two main
variables in selective logging include the proportion of adult
trees extracted per species per area, and the frequency of
extraction over time (i.e. cutting cycles). The regeneration of
timber species after logging has been evaluated at the
community level on the germination, survival and growth rate
of juvenile and adult stages in logging gaps (Cannon et al.,
1998; Costa and Magnusson, 2003). However, few studies have
followed the demographic dynamics of timber species in
remnant populations after logging (Guariguata and Sáenz,
2001). In addition, other aspects rarely considered in studies
that evaluate the impact of selective logging include the degree
of endemism of exploited species, fragmentation of remnant
populations and the existence of genetic reservoirs other than
the exploited populations.
Selective logging is a timber harvesting practice implemented in several tropical countries and it has been proposed as
a successful alternative method for the sustainable exploitation
of these complex natural communities (Bawa and Seidler,
1998). An example is Costa Rica, where a national forestry law
allows selective logging of natural forests and receive a special
payment for environmental services through the government.
According to this law, private landowners are compensated for
the environmental services provided by the management of
natural forests. An analysis of this policy states that this
program is designed to stimulate the exploitation of natural
forests outside protected areas by investing the funds obtained
for conservation in economic incentives for deforestation
(Quesada and Stoner, 2004). This type of management typically
eliminates about 50% of commercially viable trees with
densities above 0.3 individuals ha1. The number of extracted
trees varies greatly with the density of commercially important
timber species, which is dependent upon the botanical
composition of the forest, current value of timber and the
methods of exploitation. In Costa Rica, between the years 1997
and 2001, a total of 116,250 trees were extracted under
management plans (Varela, personal communication). In
southern Costa Rica, many of the commercial timber species
are endemic or restricted to southern Central America, and
southwestern Colombia (Quesada et al., 1997). The forest cover
in these regions had been dramatically reduced in the last 50
years (Maldonado, 1998), and the commercial exploitation of
these species may threaten their demographic and reproductive
future. Osa Peninsula in southwestern Costa Rica is one of the
few remnants of rain forest along the Pacific slope of
Mesoamerica and many of the tree species found in this
region belong to northern South American taxonomic groups
(Quesada et al., 1997). The timber species evaluated in this
study, Caryocar costaricense Donn. Sm. and Peltogyne
purpurea Pittier, are part of this taxonomic group. On the
Osa Peninsula, the logging activity on these species has been
focused on the largest individuals within local populations
(Barrantes et al., 1999). Therefore, the study of the logging
impact on these species provides important information for the
conservation and maintenance of the logged species of southern
Central America.
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2.2. Study species
C. costaricense Donn. Sm. (Caryocaceae) is a Neotropical
emergent tree with a distribution restricted to Costa Rica and
Panama (Prance, 1976). In Costa Rica, C. costaricense is found
in very moist forests along the Pacific coast from Herradura,
Nicoya Gulf, to Osa Peninsula; the latter being the most
important refuge of this species throughout its distribution
(Quesada et al., 1997; IUCN, 2006). C. costaricense is
generally found in well-drained hills and mountains with slopes
between 15 and 30% (Jiménez, 1999). Flowering occurs
between January and February and flowers are believed to be
bat pollinated. The fruits are drupes with one seed averaging
4 cm diameter average size. Fruiting occurs between March and
May, there is no information regarding seed dispersal.
P. purpurea Pittier (Caesalpinaceae) is a Neotropical timber
tree, endemic to Costa Rica and Panama. In Costa Rica, P.
purpurea is mainly found in the south pacific coast between
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Carara National Park and the Osa Peninsula, the latter being the
location with the highest density of this species (Jiménez,
1993). This species grows in well-drained hills and slopes with
steepness between 40 and 80%. Flowering occurs between
August and December, and fruiting is restricted to the driest
months of the year (Quesada et al., 1997). Fruits are single
seeded wind-dispersed, dehiscent legumes which explode when
dry. P. purpurea grows in red clay soils impoverished by
weathering (Weissenhofer and Huber, 2001).

in most of the management plans. Between 1997 and 1999, 165
forestry management plans were officially approved by the
Government of Costa Rica in the Osa Peninsula, allowing legal
extraction of 14,346 trees with a total volume of 65,000 m3.
2.4. Analysis to estimate natural abundance and density of
C. costaricense and P. purpurea
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2.3. Current legal practices of selective logging in Costa
Rica
Commercial logging in Costa Rica is accomplished within
the legal framework of ‘‘Forestry Management Plans’’
(Forestry Law 7575). There are three major components to
develop a management plan. First, a forestry inventory of all
trees (>10 cm dbh) within the managed property is conducted,
commonly using 10,100-m  30-m plots. Local densities are
estimated with the forestry inventory data. Second, the
establishment of an area for absolute protection that includes
sections of the property 50 m away from rivers and streams, and
slopes over 30%. Third, selection of trees for commercial
extraction outside of the area dedicated for absolute protection;
the selection includes 50% of the individuals with >50 cm dbh,
pertaining to species with local densities greater than
0.3 individuals ha1. A cutting cycle of 15 years is established

Regional densities of C. costaricense and P. purpurea
throughout the Osa Peninsula were estimated using the forestry
inventories of 94 selected forest management plans that were
conducted during years 1997–2001. The selection of forest
management plans was based upon the taxonomic accuracy of
species identification, the information related to the dbh, and
the geographic coverage that most likely match our study
species range within Osa Peninsula. We included as much
variation possible in a topographic and altitudinal gradient
within the Peninsula to assure the widest coverage of
environmental variables that might be related to density and
abundance of our study species. This in turn, provided more
power of predictability to the kriging interpolation method
(Surfer1, Golden Software, Inc. 2002) used to estimate the
density of each tree species throughout Osa Peninsula (see
below) (Fig. 1). Forestry inventories were conducted on 5–20ha areas, and the density of each tree species were estimated for
individuals >50 cm dbh. The location of the 94 forest managed
areas and the three permanent plots within Corcovado National

Fig. 1. Localization of the 94 farms used to estimate local density of C. costaricense and P. purpurea in Osa Peninsula, Costa Rica. Each asterisk represents a farm
with a forest management plan where trees >50 cm dbh from both species were counted. Area in gray represents forest cover in 1996.
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Fig. 2. Density curves of C. costaricense (a) and P. purpurea (b) in the Forestry Reserve of Golfo Dulce extrapolated from the density data points used in Fig. 1.
Numbers over the lines represent the number of individuals/hectare of >50 cm dbh.
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juveniles, and large juveniles were compared between managed
and protected areas to determine the effect of selective logging
on these stages. The abundance of each size category in logged
and unlogged plots was compared by a generalized linear
model, with the number of individuals per transect as the
dependent variable, and logging category as main effect. A
Poisson distribution of residuals and a log-link function was
used in the analysis. Significance of managed category effect
was determined by a Type I Likelihood Ratio Test (Stokes et al.,
2000), which follows a Chi-square distribution with one degree
of freedom. To present local seedling and juvenile densities in
logged and unlogged plots, we classified the plots as high and
low-density areas (Table 2). For C. costaricense, high-density
plots were those located in the Southern area of Osa Peninsula.
For P. purpurea, high-density plots were those located in the
Northern area of Osa Peninsula.

2.5. Selective logging and tree abundance
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Park that were previously monitored for demographic data,
were geo-positioned using a Garmin 76 GPS. With the regional
tree densities and the geographic coordinates we generated a
database that was used to estimate the density of each tree
species throughout Osa Peninsula using the kriging interpolation method (Surfer1, Golden Software, Inc. 2002). This
analysis generates a raster map with tree density curves that
increase by 0.5 individual ha1 units. ANOVA was used to
evaluate the fit of interpolated data with the observed densities.
Density maps of P. purpurea and C. costaricense were overlaid
on forest cover maps (Fig. 2a and b) to compare the local tree
species density against the forest area, allowing estimation of
local abundance of each species.
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During June 2002 we conducted a census on seedlings and
juveniles of C. costaricense and P. purpurea on 11 of the 94
farms with forest management plans used on the previous
section. The census was used to determine the effects of
selective logging on the abundance and demographic structure
of these size categories. The forest area inside these farms was
logged in 1997–1998; therefore the census was conducted 4–5
years after logging was conducted. We established six 100m  30-m plots within each farm, three in absolute-protection
areas and three in managed areas. Plots in selectively logged
forests were set at the edge of timber loading areas, avoiding
sides of skidding or extraction roads. Plots in absoluteprotection areas were set randomly inside the mature forest
area, separated from each other by at least 100 m. Individuals
from P. purpurea and C. costaricense were classified by size as
seedlings (<50 cm tall), small juveniles (>50 cm high, <2 cm
dbh) and large juveniles (2 cm > dbh > 10 cm). All small and
large juveniles of P. purpurea and C. costaricense, as well as
seedlings of C. costaricense inside each plot, were mapped,
tagged, and measured for height (to tallest meristem) and
diameter (dbh or above ground). Seedlings from P. purpurea
were counted on a 10-m wide transect placed in the middle of
the 100-m  30-m plot. The abundance of seedlings, small

2.6. Demography
Short-term effects of selective logging on population
dynamics of P. purpurea in Osa Peninsula were studied in
logged plots located in the high-density area of this species
(Mogos, Northern Osa Peninsula). The plots were established
by the Instituto Tecnologico de Costa Rica (ITCR) in 1990. In
Mogos, the ITCR plots are four 1.0-ha plots where all timber
species >10 cm dbh are tagged and mapped and their fate and
dbh have been determined every 2 years for the last 15 years.
The plots were logged in January 1992, when approximately 5–
6 trees ha1 from 10 timber species were cut using different
methods for the extraction (bulldozer, ox carts or both). Thirty
percent of P. purpurea trees >50 cm dbh were extracted. This
logging intensity is lower than the currently practiced in official
forestry management plans. Therefore, it is expected that the
regeneration capacity showed by this species under logging
practices, with extractions of 50% of the largest individuals,
will be less than the regeneration rate observed in the ITCR
plots. For P. purpurea trees, measurements after logging were
made on 54 trees 10–50 cm dbh and 24 trees >50 cm dbh. Trees
with <30 cm dbh were measured since 1992.

J. Lobo et al. / Forest Ecology and Management 245 (2007) 88–95
Table 1
Annual mortality and growth rates for P. purpurea, based on observations
performed in the Instituto Tecnológico de Costa Rica permanent plots for the
years 1990–2005

Mortality rates and diameter growing rates was calculated
for size classes 10–30 cm dbh, 30–50 cm dbh and >50 cm dbh.
Annual mortality rates (M) for each class was estimated as:
M¼

ln N 0  ln N 15
15

Stage

where N0 is the number of individuals for each diameter class in
1990, and N15 is the number of individuals alive 15 years after
2005, corresponding to a cutting cycle lapse. Sample in N0 does
not include the trees cut during 1992.

No. of
trees

10–30 dbh
30–50 dbh
>50 dbh

28
11
23

Annual mortality
rate (%)

1.5
0.0
1.0

3. Results

Median

Minimum

Maximum

3.58
7.19
0.83

0.0
0.4
0.0

12.4
10.5
6.1

co

unlogged plots (Table 2, X2 = 5.56, p < 0.05). Nonetheless, the
number of juveniles between 2 and 10 cm dbh are more
frequent in logged plots than in unlogged plots (Table 2,
X2 = 4.19, p < 0.05).
In the case of P. purpurea, the number of seedlings is also
significantly greater in unlogged than in logged plots (Table 2,
X2 = 176.4, p < 0.01). However, the number of small and large
juveniles was not significantly different between unlogged and
logged plots (Table 2, X2 = 0.93, p > 0.05, X2 = 0.15, p > 0.05,
for small and large juveniles data, respectively).
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3.1. Analysis of distribution and local density

3.3. Demography

Table 1 shows mortality rates and diameter growing rates
for P. purpurea trees within the logged plots. Mortality rates
in the sample of P. purpurea trees do not differ between
lower and higher diameter classes (X2 = 2.76, d.f. = 2,
p > 0.05). Fig. 3 shows the number of trees in four diameter
classes during a 15-year interval before and after logging in
1992. After a drastic reduction in the number of trees
>80 cm dbh after logging, the number of trees in this size
class, as well as the number of trees in the 50–80 and 30–
50 cm dbh size classes, have experienced only small changes.
However, the 10–30 cm dbh size class shows a reduction
after logging, changing from 30 to 25 trees in the 4-ha plot in
15 years (Fig. 3).
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Fig. 2a shows the estimated density curves for C.
costaricense. This map shows that the highest densities of
this tree species occurred in the southern part of Osa Peninsula.
An analysis of variance indicates that the extrapolation used to
create the maps explained 26% of the observed variation in
adult densities, and the proportion of the explained variation is
highly significant (F 2,89 = 15.474, p < 0.01, R2 = 0.258).
The density curves calculated for P. purpurea are shown in
Fig. 2b. In contrast to C. costaricense, P. purpurea is mainly
distributed in the northern part of the peninsula, with an east–
west density gradient. The highest densities are near the Mogos
region and to the northwest of this site. The populations of this
species are restricted to areas with slopes greater than 30%. The
density curves explained 30% of the variation of the observed
densities and the model is highly significant (F 2,89 = 18.27,
p < 0.01, R2 = 0.290).
The density curves show that, for both species, the sites
with the highest densities have experienced a considerable
reduction in their original forest cover (Fig. 2a and b). This
suggests that a large proportion of populations with high
densities of C. costaricense and P. purpurea have been lost
with deforestation. In these areas of high density, floristic
surveys conducted by foresters on the hilltops – areas with
remaining forest cover – show that the original abundance of
both species was large (>5 individuals ha1). Nonetheless,
these areas have experienced severe deforestation, reaching
50% of the original forested coverage. It is important to notice
that the highest density areas of both species are not included
in the Corcovado National Park, located in the SW side of the
Osa Peninsula. The most unprotected populations are those of
P. purpurea; this species has a low density where the National
Park is located. The patterns of distribution of species
densities within specific subregions inside the Osa Peninsula
inferred from the density curves match the observed plant
inventories that had been conducted in this area (Quesada
et al., 1997.

Diameter growth
(mm year1)

py
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3.2. Logging effects on seedlings and juveniles abundance
The abundance of seedlings of C. costaricense was higher in
unlogged than in logged plots (Table 2, X2 = 8.92, p < 0.01).
The number of small juveniles was also significantly greater in

Fig. 3. Number of individuals of P. purpurea in different diameter classes in a
4-ha plot in Mogos, Osa Peninsula. Logging occurred a month before the 01–92
density measure.
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Table 2
Number of individuals per hectare of seedlings (height <50 cm), small juveniles (>50 cm dbh, <2 cm dbh), and large juveniles (2–10 cm dbh) of P. purpurea and C.
costaricense in logged and unlogged transects in the Osa Peninsula, Costa Rica

C. costaricense

High

Size category

Unlogged
Logged
Unlogged
Logged
Unlogged
Logged
Unlogged
Logged

Low
P. purpurea

Management category

High
Low

Seedlings

<2 cm dbh

2–10 cm dbh

4.5
3.1
3.9
0.3
511.2
208.8
0.8
0.0

8.0
5.2
2.7
1.1
3.1
2.2
0.4
0.2

2.4
4.3
0.2
1.0
2.2
2.6
0.3
0.3

Observations are classified in high or low local density classes for each species.
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The most important remnant populations of C. costaricense
and P. purpurea throughout their distribution are located in
Peninsula de Osa, Costa Rica (Jiménez, 1993, 1999). Our
results indicate that the areas of greater density of these species
within the Osa Peninsula have lost 50% of forest cover and
occur in forest fragments. Based on the analysis of 94 forestry
management plans in Osa, selective logging of these species
has concentrated in these areas (Fig. 1). Extrapolation of the
density curves of both species to actual deforested areas showed
that most of the original populations have disappeared as a
consequence of the high deforestation rates that have affected
the Golfo Dulce Forestry Reserve in the last 20 years.
Therefore, the exploitation of C. costaricense and P. purpurea
is taking place in the last reservoirs of seed and genetic diversity
sources of these species. These reservoirs are located outside
the Corcovado National Park, where absolute protection would
be guaranteed.
Our results indicated that selective logging negatively
affects the abundance of seedlings of C. costaricense and P.
purpurea in areas subject to forest management and the effect is
still noticeable 4–5 years after logging was conducted. Three
possible explanations, which are not mutually exclusive, can be
given for these results. First, mechanical damage caused by the
logging practices may have reduced the number of seedlings
and small sapling populations. Many seedlings and juveniles in
managed plots may be damaged by logging operations (skidder
trails, tree fall, etc.), including plants in areas outside of logging
roads. Soil compaction and the removal of top soil have been
shown to occur during mechanized logging (Uhl and
Guimarães-Vieira, 1989; Fredericksen and Pariona, 2002).
However, good germination and growing of several commercial
tree species in skidder trails have been reported (Fredericksen
and Pariona, 2002). Second, logging gaps can promote the
establishment of pioneer tree species, lianas, shrubs and herbs,
which can affect the regeneration of commercial tree seedlings,
especially shade-tolerant species (Costa et al., 2002; Pariona
et al., 2003). Third, the extraction of the largest reproductive
trees may reduce the number of seeds recruited into the seed
bank with a subsequent reduction in the cohort of seedlings.
Although evaluations of logging effects on fruit production and

seed rain of timber species are scarce in the literature, there is
evidence that logging practices can reduce over time the
incorporation of seeds and recruitment of seedlings from
extracted species. Chapman and Chapman (1997) reported that
the number of fruits of most timber species decreased in logged
areas in Uganda. Curran et al. (1999) showed a significant
reduction in seed production and seedling regeneration after
logging in a Dipterocarp tropical forest in Borneo. Grogan and
Galvão (2006) report that fruit production in Swietennia
macrophylla depended on a few individuals of the largest
diameter categories on certain years; this in turn, made the
regeneration after logging very limited. In Quercus costarricensis, Guariguata and Sáenz (2001) showed for a mast-fruiting
year that acorn production within logged plots was higher than
in adjacent, unlogged plots, but acorn germination and seedling
establishment did not vary among plot types.
In contrast to the comparisons of seedling densities between
logged and unlogged plots, individuals between 2 and 10 cm
dbh of C. costaricense are significantly more frequent in
managed than protected areas, but these trees became
established before logging occurred. Higher growth rates of
juveniles, caused by the extraction of adult trees and
consequent opening of the canopy, can explain this result
(Saenz and Guariguata, 2001). In the case of C. costaricense
and P. purpurea on the Osa Peninsula, it can be concluded that
different forces affecting survival and growth of timber tree
seedlings and juveniles in logged habitats have resulted in the
reduction of the densities of these size classes. The detection of
this trend might be favored by the experimental design used in
this study, where control plots were established in areas
adjacent to logged plots, in a pair wise design. In other studies,
control plots are located in a limited area frequently distant to
logged plots, increasing the effect of environmental heterogeneity in the error term of the model (Bennett and Adams,
2004).
Growth rates of P. purpurea are within the range observed
for slow growing, shade-tolerant tropical trees in diameter
classes >50 cm dbh (Clark and Clark, 1992). Estimates of
mortality rates for this species are compatible with those from
forestry plots for trees of higher diameter classes (Condit et al.,
1995). In our experimental plot, 15 years after logging of 30%
of the adult trees, the population of P. purpurea is far from
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4. Discussion
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was correlated with species wood density. Therefore, many
timber tree species are expected to show slow regeneration rates
after selective extraction of reproductive trees, as it was
observed in P. purpurea, a hardwood timber tree. More studies
are necessary to establish ecologically sound policies of
selective logging that are species-specific.
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Económica y Ambiental del Área de Conservación Osa. Dirección
de Sociedad Civil, Ministerio del Ambiente y Energı́a, San José, Costa
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recovering of the density levels before logging. The growth of
intermediate size classes (7.19 mm year1 for trees 30–50 cm
dbh) predict that trees in this class diameter will spend 28 years
in this diameter class. Assuming a uniform distribution of
individuals in this size class (11 trees in the plot), recruitment of
trees to harvesting size classes can be just one tree every 2.6
years, after correction for natural mortality (Caswell, 2001).
For the 15 years of data in the experimental plots (ITCR plots),
six individuals passed from 30–50 cm to >50 cm dbh size class,
but during the same period five individuals from class >50 cm
dbh died from natural causes. This result is expected with a
1.5% mortality rate. Recruitment from class 50–80 to >80 cm
dbh was zero in the same period.
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State of Pará. Biotropica 21, 98–106.
Weissenhofer, A., Huber, W., 2001. Basic geographical and climatic features of
the Golfo Dulce Region. In: Weber, A. (Ed.), An Introductory Field Guide
to the Flowering Plants of the Golfo Dulce Rainforests, Costa Rica.
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