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Abstract

In the last three decades, Amazon tropical forests have experienced high rates of deforestation, both by clearing for agriculture and by logging.
In this study, we use computer simulations to examine the potential effects of forest logging on genetic diversity and demographic recovery (basal
area development) of four neotropical tree species over a time frame reflecting multiple logging events. The study species, Bagassa guianensis
Aubl., Hymenaea courbaril L., Manilkara huberi (Ducke) Chevalier, and Symphonia globulifera L.f., are all taxa which are commonly exploited
for timber in the Brazilian Amazon. The simulations were parameterized using empirical data from field studies in the Tapaj6s National Forest,
Para State, Brazil, including genotypes at microsatellite loci, demography, ecology and growth for each species. Eight scenarios, combining two
different cutting cycles and two minimum cutting diameters, were examined for each of the four species. The scenarios represent the actual forest
practices used in Brazil and French Guiana (cutting diameter 45 and 60 cm, and cutting cycle of 30 and 65 years, respectively). Logging scenarios
were applied for six cutting cycles, and final genetic and demographic data were compared to baseline data from corresponding control scenarios.
At the end of the simulated period the basal area was strongly reduced under all conditions in B. guianensis, H. courbaril, and M. huberi. In only
two scenarios was a species able to recover its basal area following logging (S. globulifera with both 45- and 60-cm cutting diameters under a 65-
year cutting cycle). In the logging scenarios, all species showed a loss of alleles and genotypes and an increased genetic distance (calculated
between each population at the start and the end of the simulations). These effects were higher under the most intensive logging cycles (30 years,
45 cm). However, effective number of alleles, expected and observed heterozygosities, and the fixation index were little affected by the logging
simulations. Over all, we conclude that, even under very optimistic conditions for growth and recruitment, current logging practices are not
sustainable in terms of basal area. Our simulations show that different species respond differently to logging, both demographically and genetically.
No single set of logging parameters can be applied to the forest as a whole. Rather, forest management practices must be species-specific, taking
into account not only growth parameters but also ecological and reproductive variables, in order to move toward long-term forest sustainability.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past three decades, the Amazon tropical forest has
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forest clearing for tropical tree species is obvious; populations
in these sites are lost, and populations of species in adjacent,
undamaged forest are more or less isolated into fragments of
varying sizes. Selective logging is the primary timber
production system in mixed tropical forest (Sist et al.,
2003). Although forest cover remains after such logging
practices, the selective removal of economically valuable trees
and their genes may alter the genetic structure of the residual
population, as well as affecting population density and
diameter distribution, stand productivity, and ecosystem
stability (Hawley et al., 2005). Genetic diversity provides
the evolutionary potential for sustaining forest health in the
face of biotic challenges and environmental changes (Mosseler
et al., 2003). Therefore, conserving population structure and
genetic diversity of tree species is crucial in protecting forested
ecosystems (Mosseler et al., 2003; Rajora and Pluhar, 2003).
Tree populations with reduced genetic diversity are more
susceptible to environmental or disease-related reductions in
productivity, fitness and health (Bergmann et al., 1990).
Genetic structure can be altered by logging as a result of
changes in gene frequency in the remaining individuals or
disruptions of the mating system within populations atreduced,
post-harvest densities (Rajoraetal.,2000; Hawley et al., 2005).
The genetic consequences of selective logging on genetic
diversity and mating systems of forest tree species have been
documented by both experimental and simulation studies
(Murawski etal., 1994; Rajora and Pluhar, 2003; Glaubitzet al.,
2003; Hawley et al., 2005; Degen et al., 2006). Understanding
the ways in which species biology and logging practices
interact is thus critical in making appropriate decisions about
tropical forest management which will best contribute to long-
term forest sustainability.

In general terms, selective cutting can have two principal
effects on populations of tropical tree species: (a) reduction in
the total number of reproductive individuals and (b) spatial
isolation of remaining individuals. These effects can result in
loss of alleles, reduction in heterozygosity (Young and Boyle,
2000), increase in selfing rate (Murawski et al., 1994; Obayashi
etal., 2002; Ledig et al., 2005), correlated matings (Ledig et al.,
2005), inbreeding and relatedness, alterations in the pollination
neighbourhood area (Aldrich and Hamrick, 1998), and
reduction in the effective size of the remaining population.

In general, most studies which have examined the effects of
harvesting on genetic diversity have compared existing,
unlogged populations with nearby, recently logged ones. This
method has flaws, however, since it assumes that the two
populations were initially identical. Comparisons of several
logged populations with several unlogged population would
make such studies more robust. But even so, such studies
document the results of a particular logging event, and not the
probable effects of logging processes over many successive
cutting cycles. They provide measures of short-term effects,
generally soon after a single cutting episode. However, most of
the effects of forest logging are likely to be cumulative and
complex, potentially generating progressive changes as logging
continues. These effects are impossible to detect simply by
comparing unlogged with recently logged populations,

especially in Amazon forests where, in most cases, only a
single cutting cycle has so far been done.

The paradigm for sustainable logging in the neotropics (and
elsewhere) assumes that forests will be harvested repeatedly, on
a pre-determined (and often economically driven) cycle. The
underlying assumption is that forests and their component
species will be resilient to these logging events, recovering in
each interval to permit long-term, sustainable harvest of target
species, although there are reasons to suspect that this will not
be so. Such effects cannot be measured in real time, since the
requisite systems do not exist. In order to infer the long-term
impacts of logging or other land use changes, simulation
models are required.

Eco-Gene was developed to study the short- and long-term
effects of forest logging on genetic diversity and the
demography of tree species (Degen et al., 1996, 2006). The
model combines elements of population genetics, demographic
dynamics, tree growth and forest management. Empirical data
on the genotypes of individual trees, their spatial position and
their diameter are used to initiate the simulations. This model
has already been used to study the effects of air pollution, forest
logging, and fragmentation on the genetic diversity of tree
species (Degen and Scholz, 1998; Degen et al., 2002, 2006).

Here, we studied the long-term effects of forest logging on
genetic diversity and demography of four tropical tree species
[Bagassa guianensis Aubl. (Moraceae), Hymenaea courbaril
L. (Leguminoseae), Manilkara huberi (Ducke) A. Chev.
(Sapotaceae), and Symphonia globulifera L.f. (Clusiaceae)]
occurring in the Tapajos National Forest, Para State, Brazil. The
scenarios were selected to allow a comparison of current forest
management methods used or proposed for use in Brazil and
French Guiana.

2. Materials and methods
2.1. Study area

The data on the species used for our simulations were
collected by the Dendrogene project (EMBRAPA/DFID) in a
500 ha experimental plot in the Tapajos National Forest
(55°00'W, 2°45’S), 83 km south of Santarem, in the State of
Para, Brazil (Kanashiro et al., 2002). The Tapajos Forest is a
typical ferra firme rain forest. The area has a humid tropical
climate (Ami under the Koppen system), with an annual rainfall
of 1900-2110 mm, a rainy season from December to May, and
mean monthly temperatures between 24 and 26 °C throughout
the year.

2.2. Study species

All four species are common elements of ferra firme forests,
some reaching heights of 40 m or more, and all are exploited for
timber production in the Brazilian Amazon. They differ in their
densities in the Tapajos forest, however. Manilkara is the most
common of the four species, with a density in the study area of
3.35 trees > 10 cm dbh/ha. Symphonia and Hymenaea are
intermediate in density (0.83 and 0.54 trees, respectively,
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Table 1
Parameters used in the scenarios for the four species: Bagassa guianensis (Bg), Hymenaea courbaril (Hc), Manilkara huberi (Mh) and Symphonia globulifera (Sg)
No. Parameter Bg Hc Mh Sg
Growth
P1 Mean growth rate (cm/year)® 0.35 0.40 0.37 0.42
P2 Standard deviation growth (cm/year) 0.31 0.33 0.25 0.28
P3 Temporal autocorrelation growth 0.43 0.55 0.61 0.53
P4 Maximum diameter at the 95-percentile (cm) 139 154 140 80
Demography
P5 Density diameter class 0—10 (N/ha) 0.08 0.20 7.13 0.65
P6 Density diameter class 10-20 (N/ha) 0.08 0.20 0.81 0.50
P7 Density diameter class 20-30 (N/ha) 0.02 0.09 0.56 0.20
P8 Density diameter class 30-40 (N/ha) 0.02 0.09 0.35 0.16
P9 Density diameter class 40-50 (N/ha) 0.02 0.07 0.34 0.05
P10 Density diameter class 50-60 (N/ha) 0.02 0.07 0.32 0.03
P11 Density diameter class 60-70 (N/ha) 0.02 0.07 0.21 0.01
P12 Density diameter class 70-100 (N/ha) 0.06 0.07 0.57 0.01
P13 Density diameter class 100-150 (N/ha) 0.05 0.06 0.19 -
Phenology
P14 Percentage of flowering adults—minimum 80 48 10 84
P15 Percentage of flowering adults—maximum 95 90 85 94
P16 Minimum diameter of flowering trees (cm) 42 49 35 20
P17 Flowering rhythm (years/years) 171 171 1/4 171
Pollination
P18 Self-incompatibility—minimum 1.0 0.9 0.85 0.85
P19 Self-incompatibility—maximum 1.0 1.0 1.0 1.0
P20 Flight distance pollinator—maximum (m) 2500 2500 800 800
P21 Distance of random pollination (m) 100 100 50 50
Seed dispersal
P22 Proportion of wind dispersal 0 0 0.7 0.1
P23 Exponent for wind dispersal 0 0 5 5
P24 Proportion dispersal by small birds or bats 1 0.3 0.3 0.4
P25 Distance for random seed dispersal (m) 2000 200 1000 400
P26 Proportion of dispersal by large bats (roosts) 0 0.7 - 0.5
P27 Maximum flight distance to roosts (m) 0 2500 - 2500

# Silva et al. (1995, 1996) and Phillips et al. (2004).

>10 cm dbh/ha). The least common species is Bagassa, a long-
lived pioneer with only 0.20 trees > 10 cm dbh/ha in the
Tapajos region. In addition, Bagassa is dioecious, which further
reduces its effective density, from the perspective of pollen
movement. Thus, Bagassa is completely outcrossed, while
there is the potential for self-pollination in the other three,
hermaphroditic species.

All four species are visited by insects, but some also have
vertebrates as likely pollinators. Manilkara is probably
completely insect-pollinated; visitors include Ornidia obesa,
Eristalis sp., Apis mellifera, Mellipona malanoventer, Melli-
pona compressipes, Paratetrapedia spp., and Augochloropsis
spp- (Maues, 2006). In addition to insect-pollination, Hyme-
naea is also reported as being bat-pollinated, and bats
(Glossophaga soricina, Carollia perspicilata, Phyllostomus
discolor, and Artibeus spp.; Maues, 2006) are floral visitors.
Symphonia has been reported to have a diverse set of pollinators
throughout its neotropical range. Lepidopterans were cited as
its primary pollinator in Costa Rica (Pascarella, 1992), while
perching birds (in French Guiana, Gill et al., 1998) and
hummingbirds (in central Amazonia, Bittrich and Amaral,
1996) are reported to be the main pollinators. At our site,
Symphonia is largely hummingbird-pollinated (Maues, 2001).

Although its floral morphology suggests that Bagassa is bat-
pollinated, detailed investigations in our study area (Silva,
2005) show that thrips are also common on the flowers. In fact,
pollination in Bagassa is probably wind, associated with thrips
(Maues, 2006). The reproductive parameters in our model
scenarios (Table 1) are chosen to reflect these different floral
biologies and pollination syndromes.

All four species produce propagules adapted for animal
dispersal. Hymenaea has large, few-seeded pods with an edible
seed matrix, and may sometimes be dispersed long distances
by vertebrates. However, most fruits are likely to fall beneath
the tree, and to be taken only short distances by scatter-
hoarding vertebrates. Thus, we modelled its seed dispersal as a
mixture of patterns, with 30% of seeds dispersed locally, in a
random pattern within a radius of 200 m, and 70% of fruits
moving longer distances to clustered distributions (as to
feeding roosts) up to 2500 m from the maternal tree. The other
three species all produce smaller, fleshy or pulpy fruits, and for
these species, dispersal was simulated as a combination of
“wind” dispersal (local, negative exponential), small bird/bat
dispersal (random), and dispersal to far-away roosts or
defecation areas, as is typical of larger bats and birds (see
Table 1 for details).
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2.3. Sample size

All individuals with dbh > 20 cm within the 500 ha study
plot were mapped, measured for dbh and height, and genotyped
at microsatellite loci. Additionally, a subplot of 100 ha was
established for M. huberi and S. globulifera where individuals
>10 cm were also mapped and genotyped. Ecological studies
on flowering phenology, seedling recruitment and seed
dispersal in unlogged forest were made for each species over
a period of 2 years (Kanashiro et al., 2002).

Because of differences in density between species, the
number of genotyped adult trees ranged from 92 (B. guianensis)
to 300 (M. huberi). Genotypes at five to nine microsatellite loci
were screened. The data were analyzed to estimate allele
frequencies, fixation indices and spatial genetic structure
among adults (Kanashiro et al., 2002). To estimate gene flow
and mating systems, progeny arrays were collected from
reproductive individuals. About 20-30 seeds were collected

Initialisation

Parameter configuration

® demography/mortalities
growth
fertilities
flowering phenology
pollen and seed dispersal
logging

Reading input data (trees of a stand)
®  x,-y-position of trees
® diameter of trees
®  genotypes of trees

from 18 to 30 maternal individuals of each species in at least 1
year. Genetic analysis of progeny was used to measure
outcrossing rates under a mixed mating system model (Ritland
and Jain, 1981). Pollen dispersal distances were calculated for
all species using TwoGener analysis (Smouse et al., 2001) and
additionally for Bagassa, Hymenaea and Symphonia using
paternity analysis (Marshall et al., 1998).

2.4. Simulation model

At the beginning of the simulation, input data and
parameters are defined (Table 1). The dynamics of each
species population is then simulated over a specified interval.
Each simulated year include steps in which tree growth occurs,
logging may or may not take place, adult individuals flower and
are pollinated, seed genotypes are generated, seeds are
dispersed, and individuals then experience mortality based
on parameters defined in the model. Fig. 1 shows a flow chart of

— > Tree growth
Yes
Logging this year? —_— Logging
Yes
Reproduction this yera? . Mating
Seed dispersal
Mortality
No Yes
Exit simulation
i ?
All years simulated? I Oigint ek

Fig. 1. Processes and factors integrated in Eco-Gene.
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the different steps and integrated processes of the simulations.
For a detailed description of the model see Degen et al. (2006).

2.5. Dataset

The dataset used for the simulations was generated by a
two-step process. The goal was to create a starting population
for each species that accurately reflected its genetic and
demographic characteristics at the study site in Tapajos. The
original field inventories provided density and size class
distributions for trees above 10 cm dbh, as well as an
aggregation index, specifying the spatial clumping of
individuals. The genetic information (allele frequencies,
fixation index, and spatial autocorrelation at each locus) also
came from the Tapajés populations. However, the inventories
did not include juveniles (<10 cm dbh), which are required to
simulate a real population over time. In addition, the
differences in density among the four study species meant
that population sizes within the study site (500 ha) were very
different. To address these issues, we used a subprogram, the
Data Generation Engine (Dendrobase), which takes aggregate
descriptors, like those listed above, and generates a model
population of a given size which matches the demographic and
genetic parameters from the field. We used this to produce a
model population of 300 adult (reproductive-sized) individuals
for each species, in order to equalize population sizes and make
final simulation results comparable among the species.
Because of the differences in density, the simulated populations
for each species occupied very different areas. For Bagassa, an
area of 1869 ha was required to include 300 reproductive
individuals. Corresponding areas for the other three species
were 1296 ha for Symphonia, 1225 ha for Hymenaea, and
217 ha for Manilkara.

To generate the juvenile age classes, we entered this adult
population into the Eco-Gene model, and ran it for 500 years
(1300 years for Manilkara), with flowering, reproduction, and
seed dispersal as parameterized from field data, until the
population achieved a steady size. We determined the density
and mortality parameters for juveniles from field data in the
Tapajos, using transects to measure seedlings, samplings, and
young tree densities. After 500 (1300) years, we then had a
population in which all size classes were represented at
densities which corresponded to field observations for this
forest site. At that point, we calculated genetic parameters
(fixation index, gene frequencies, and spatial autocorrelation
patterns) and compared them to baseline field data. If they did
not correspond to requisite parameters, we re-ran the model
until the final population matched all the demographic and
genetic descriptors of these species in the field site. These final
composite populations were then used at the starting point for
the logging scenario simulations (Table 2).

For Bagassa we used data from five microsatellite loci
(Silva, 2005), for Hymenaea nine microsatellite loci (Lacerda,
pers. commun.), for Manilkara data from eight microsatellite
loci (Azevedo et al., 2005) and for Symphonia data on six
microsatellite loci (Degen et al., 2004; Vison et al., 2005;
Carneiro et al., 2007).

Table 2

Demographic and genetic parameters of the initial populations for the control
and logging simulation scenarios of the four study species: B. guianensis (Bg),
H. courbaril (Hc), M. huberi (Mh) and S. globulifera (Sg)

Parameter Bg Hc Mh Sg

Population size 490 525 963 599

Basal area (m*/ha) 0.066 0.135 0.755 0.035

Number of alleles, A 32 183 122 141

Effective number 2.49 3.59 6.43 9.61
of alleles, A,

Observed 0.643 0.563 0.731 0.807
heterozygosity, H,

Fixation index, F —0.069 0.220 0.134 0.098

Number of single-locus 88 829 675 843
genotypes, NG

2.6. Tree growth/tree densities

In the initial runs and in the simulations, each species was
assigned a species-specific growth function (Table 1) derived
from measurements in a series of unlogged experimental plots
at Jari Cellulose and in the Tapajos National Forest areas over a
16-year period (Silva et al., 1995, 1996; Phillips et al., 2004).

2.7. Reproduction

Reproduction within the Eco-Gene simulation model
includes parameters controlling the flowering phenology,
differences in male and female fertilities, measures of
incompatibility, and pollen and seed dispersal. Observations
on flowering phenology in the Tapajos forest showed that
populations of Bagassa, Hymenaea and Synphonia flower
annually, while Manilkara flowers once every 3-5 years
(Table 1). The proportion of plants flowering within a
population varies between years and trees must reach a certain
diameter to begin flowering. Collectively, these parameters
define the overlap in flowering within the female and male
flowering phase in each individual and among different
individuals of a population. Hymenaea, Manilkara and
Symphonia are hermaphroditic, and thus we assumed identical
periods of male and female flowering within each tree.
However, Bagassa is a dioecious species, so we modelled the
occurrence of female and male trees by defining an additional
locus controlling the sex of each tree (male genotype 11, female
genotype 12). In the Tapajos plot, the sex ratio (M:F) of
Bagassa adult trees was about 1:1 (Silva, 2005).

2.8. Pollen dispersal and fertilities

Based on experimental data, we set self-incompatibility
rates at relatively high values (90% for Hymenaea, 80% for
Manilkara and Symphonia). Self-incompatibility was 100% for
the dioecious Bagassa. For outcrossing events within the
model, only trees with overlapping flowering periods can give
rise to fruit set. Simulated pollinator flights that do not result in
inter-tree pollen dispersal are eliminated based on pre-defined
levels of self-incompatibility (Table 1). Seed production was
simulated taking into account possible variation in male and
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female fertility among trees. Trees with higher female or male
fertility have a proportionately higher probability of contribut-
ing their ovules or pollen to seeds. Each flowering tree was
assigned a relative value for its fertility proportional to its dbh,
and variation in individual and in gender-based fertility was
simulated based on a normal distribution.

2.9. Recruitment and mortality

Recruitment of juveniles from seed was simulated based on
the density and size class distribution for each species in
unlogged forest in the Tapajos region. This observed diameter
and frequency distribution was considered the absolute
“target” for regeneration and for seedling and juvenile
mortality. Based on this set of parameters, if there is sufficient
reproduction in the post-logged population, it will return to this
target diameter distribution. The model Eco-Gene calculates
the probability of mortality from the ratio of actual densities (at
the end of each reproduction and dispersal event) and these
target densities.

2.10. Scenarios

In the logging scenarios, we examined two elements of
logging practices: minimum cutting diameter and proposed
cutting cycle. Our logging scenarios were chosen to represent
combinations of the more intensive logging practices in the
Brazilian Amazon (minimum cutting diameter of 45 cm dbh
and proposed cutting cycle of 30 years) and the more moderate
logging practices in French Guiana (cutting diameter of 60 cm
and a hypothetical cutting cycle of 65 years). For Hymenaea,
however, our simulations used a minimum cutting diameter
of 55 cm rather than 45 cm, since our field data indicate that
this species starts flowering only when it reaches a dbh of
about 49 cm. Thus, our simulations for logging of Hymenaea
are more optimistic than is the usual case in the Amazon.
Actual logging practice applies a 45 cm minimum cutting
diameter for all logged species. Based on our observations of
age at first reproduction, simulations run with a 45-cm cutting
diameter would have resulted in reproductive failure for this
species.

It is important to note that, at this time, cutting cycles have
not actually been implemented in harvesting neotropical
forests, since timber exploitation, at least in the Amazon,
has so far involved exploration of new, uncut forest rather than
return cutting at previously harvested locations. Models of
““sustainable forest extraction” propose such cutting cycles to
generate continuous timber yields from these forests. Our
simulations thus attempt to predict the potential long-term
outcomes of extended cutting practices on the demographic and
genetic makeup of species populations, using species-specific
ecological traits and what, for the majority of species, are
steady-state assumptions about species regeneration after
logging. Harvesting rules attempt to mitigate the pressure of
selective logging by requiring that 10% of harvestable trees are
retained as seed trees and that hollow trees which are still
reproductively active are left behind as seed sources.

For each of the four species, we simulated the long-term
effects of pre-defined logging scenarios over six sequential
cutting cycles. Starting populations grew and reproduced for 2
years before the first logging episode. Thereafter, populations
were logged at specified intervals (30 or 65 years). In each
case, the population was allowed to grow and recover for one
more cutting interval after the sixth logging episode, and
genetic and demographic parameters were then measured on
that final population. Thus, for scenarios with a 30-year
cutting cycle, the final parameters were measured after 182
years (2 + (6 x 30) years); a 65-year cutting cycle resulted in
scenarios of 392 years (2 + (6 x 65) years). Within each
cutting cycle, we simulated minimum cutting diameters of
either 45 cm (55 for Hymenaea) or 60 cm. Logging outcomes
were compared to a corresponding unlogged control scenario
run for the same total duration and with the same growth
rate.

The model implements post-logging mortality in the year
after each logging episode. In the simulation we assumed
values for post-logging mortality based on estimates from
Gourlet-Fleury et al. (2004). Mortality for trees from O to
10 cm dbh was 0.20; for trees 10-20 and 20—45 cm dbh, the
corresponding values were 0.15 and 0.10. Logging removed
90% of all trees above either 45 (55) cm dbh or above 60 cm
dbh. In scenarios with a 60-cm cutting limit, trees from 45 to
60 cm did not experience an elevated post-logging mortality.
These harvesting mortalities were applied only in the year after
logging, after which default mortalities were re-instituted until
the next cut.

The Eco-Gene model has stochastic elements which come
into play in the various life stages in each year and over the
course of each run. Thus, every scenario was run 50 times in
order to estimate the mean values and standard deviation of the
output parameters. As output parameters we calculated the total

number of individuals (N), total basal area in m>:

BA — Z{ 7(dbh;) }

mean number of alleles over all loci:

where k is the number of alleles in locus i, mean expected
heterozygosity:

=i (1-X )

where p, is the frequency of the & allele in the locus i and / is the
number of loci, effective number of alleles:
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where H,;, is the expected heterozygosity in the locus i, mean
observed heterozygosity:

I
Z(l — Pii),

where P;; is the frequency of homozygous genotypes in the
locus /, mean fixation index:

- ()
F=-S"[1-(=22)],
[Z He(i)

i=1

H, =

o~ —

where H,;, is the observed heterozygosity in the locus i.
Gregorius genetic distance between the initial population (year
1) and the population at the end of the simulations:

1 i n
DGregorius = 72 I:OSZ“)U(X) - pl](Y)|:| )
=1 i1

where p; is the frequency of the allele i at locus j, in the
population at time X (year 1) and time Y (last year of simula-
tion); n the number of alleles; / the number of loci; and NG is
the number of single-locus genotypes at all loci. We used the
genetic distance of Gregorius instead of Fgr statistics to
quantify the difference between initial and final genetic com-
position of the populations because F gt has been proven to be a
weak measure of genetic differences especially for highly
variable microsatellites (Gregorius et al., 2007; Hedrick, 2005).

Table 3

3. Results
3.1. Demographic parameters

The control populations (without logging) maintained a
stable population size relative to the initial population
throughout the simulation period (Tables 2 and 3). Equilibrium
population sizes (including juveniles) were roughly similar
(about 500 individuals) for Bagassa, Hymenaea, and Sympho-
nia, but Manilkara maintained larger control population sizes.
However, of the four study species, only Symphonia was able to
recover its population size under a cutting cycle of 65 years for
both 45- and 60-cm cutting diameters (Table 3). In addition, in
one case, Manilkara recovered numbers (under 65/60). For
Bagassa, Hymenaea, and Manilkara, short cutting cycles
resulted in smaller post-logging population sizes. For each of
the two cutting diameters, the shorter cycle yielded smaller
populations (larger proportional decrease in N) after six
cumulative logging cycles. Within each of the two different
cutting cycles, however, a larger cutting diameter permitted the
logged population to recover more of its initial population size.

Bagassa showed the largest reduction in population sizes
under all the cutting regimes (Table 3). With a short cycle and
small cutting diameter (30/45), its final population after six cuts
was only 47% of the initial population size. Manilkara was
intermediate in its population size decrement after logging
(except under the lightest logging pressure), but, like Bagassa,
was more strongly affected by shorter cutting cycles. For
Hymenaea there was no difference in population recovery

Means (£95% standard error) of demographic parameters for the species B. guianensis (Bg), H. courbaril (Hc), M. huberi (Mh) and S. globulifera (Sg), measured
after 182 and 392 simulated years in scenarios without logging (Control), cutting cycles of 30 and 65 years and cutting diameter of 45 cm (55 ¢cm for He) and 60 cm

Scenarios N N % change BA BA % change
Bg_182_Control 478 £2.8 0.054 £ 0.001

Bg_182_30_45 224+19 —53.1 0.005 £ 0.000 —90.7
Bg_182_30_60 262 +£25 —45.2 0.011 £ 0.000 —79.6
Bg_392_Control 439 £33 0.054 £ 0.001

Bg_392_65_45 311+£25 —29.2 0.024 £ 0.001 —55.6
Bg_392_65_60 345+2.8 —21.4 0.038 £ 0.001 —29.6
Hc_182_Control 538 £33 0.132 £ 0.002

Hc_182_30_55 466 + 1.7 —13.4 0.042 £ 0.001 —68.2
Hc_182_30_60 482 £ 1.7 —10.4 0.049 £ 0.001 —62.9
Hc_392_Control 555 £3.0 0.132 £ 0.002

Hc_392_65_55 478 £2.5 —139 0.050 £ 0.001 —62.1
Hc_392_65_60 494 £ 1.7 —11.0 0.057 £ 0.001 —56.8
Mh_182_Control 992+ 1.5 0.750 £ 0.002

Mh_182_30_45 689 £ 1.5 -30.6 0.185 £ 0.001 —75.3
Mh_182_30_60 794+ 1.5 —-19.9 0.307 £ 0.002 —59.1
Mh_392_Control 918 £ 1.5 0.751 £ 0.003

Mh_392_65_45 818 £ 1.6 -10.9 0.355 £ 0.002 —52.7
Mh_392_65_60 956 £ 1.6 +4.6 0.491 £ 0.003 —34.7
SG_182_Control 569 £5.8 0.035 £ 0.001

SG_182_30_45 576 £33 +1.2 0.025 £ 0.000 —28.6
SG_182_30_60 555+42 -2.5 0.028 £ 0.000 —20.0
SG_392_Control 551 +£6.9 0.034 £ 0.001

SG_392_65_45 646 £ 5.5 +14.7 0.034 £ 0.000 0.0
SG_392_65_60 623 £5.0 +11.6 0.034 £ 0.000 0.0

N = number of individuals; BA = basal area in m® ha~'. Percent change is the proportional difference of each outcome from the corresponding control scenario.
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between 30- and 65-year cycles. There was an effect of cutting
cycle on population size, but because the cutting diameter
between the treatments (55 cm vs. 60 cm) differed only slightly,
differential effects of cutting diameter were small. Population
size in Symphonia, however was virtually unaffected by the
logging scenarios. Although its final population size was
reduced, on average, 2.5% with a cycle of 30 years and a cutting
diameter of 60 cm, this is virtually undistinguishable from
results in the corresponding control runs. Thus, only Symphonia
showed consistent numerical recovery from logging scenarios.
As was true for population sizes, the control simulations
were effective in maintaining initial basal areas over the period
of our models (upper, dotted lines, Fig. 2). Thus, logging effects
on demographic variables measured against control values are
essentially the same as effects measured against starting
conditions. However, equilibrium basal areas varied widely,
with Symphonia and Bagassa maintaining much smaller
standing basal areas than the other two species. In almost
every case, logging had a much stronger impact on basal area
than on population size (Table 3); proportional reductions in
basal area were close to double that of population size. Only
Symphonia was able to recover its starting basal area after
logging, and only under a long (65-year) cutting cycle.
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As with population size, Bagassa showed the largest
proportional effects on basal area under strong, long-term
logging pressure. With logging parameters currently in use in
Brazil (30 years, 45 cm dbh), the basal area of Bagassa
after six cutting cycles was reduced to only 9% of its starting
size. Hymenaea lost almost 70% of its basal area under strong
logging pressure, and 57% under the most liberal of logging
scenarios. Manilkara was also strongly affected by short
cycles and lower cutting diameters, recovering only 65% of its
basal area under the most relaxed cutting regimes. Even
Symphonia showed a loss of 20-30% of its basal area after
logging under short (30-year) cutting cycles, although under
65-year cutting scenarios it was able to recover its standing
basal area.

Fig. 2 shows the comparative effects of cutting cycle and
cutting diameter on basal area in all four species. In this figure,
only Symphonia achieves nominal sustainability in our
scenarios, and only with cutting cycles almost double that
currently in use in the Amazon. No other scenarios predict basal
area recovery between logging episodes, even under the longest
cutting intervals and largest cutting diameters. For Hymenaea,
the small difference in cutting diameters (55 cm vs. 60 cm)
clearly has a minimal effect on basal area recovery. Longer
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Fig. 2. Changes in basal area (m> ha~") under the controls and various logging scenarios. Panel (A) shows basal area under a 30-year cutting cycle; panel (B) shows
65-year cycles. Separate graphs are shown for each species: Bagassa guianensis, Hymenaea courbaril, Manilkara huberi and Symphonia globulifera. The upper,
dotted line shows the control scenario; bold line represents a 60-cm cutting diameter, and fine line is a 45-cm cutting diameter (55 cm for Hymenaea). Note large
differences in the scale on the y-axis. Graphs represent results for a single, randomly chosen simulation for each species. The first number in parentheses represents the
number of logged trees with a minimum cutting dbh of 45 cm and the second, the number under a minimum cutting dbh of 60 cm in each cutting event.
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cutting cycles permit the population to recover slightly more
basal area between logging events, but the potential harvest is
permanently reduced to only 30% of its initial volume.
Manilkara shows a similar permanent reduction in basal area,
although the effects of cutting diameter are more pronounced
for this species. Although it shows complete recovery in
numbers of individuals under a relatively light, 65-year/60-cm
logging cycle (Table 3), those individuals comprise only 65% of
the initial basal area. From the perspective of basal area,
Manilkara clearly is unsustainable under even this light-
logging regime.

Of the four species, Bagassa shows the biggest difference in
the impact of logging cycle on basal area regrowth. Under short
cutting cycles, Bagassa continues to lose basal area with each
additional cutting regime. However, with 65-year cutting
cycles, its basal area rebounds to slightly higher, although still
unsustainable, levels between cuts.

3.2. Genetic variables

Basic population genetics theory demonstrates the important
effects of population size (and therefore, genetic drift) on
measures of genetic variability. Thus, we examined the Pearson
correlation coefficient between final population size (N) and
genetic variables (A, A, H,, Gp, and NG) using Proc CORR
(SAS Institute, 1999). Population size is significantly correlated
with all the genetic variables except genetic distance (Table 4).
However, final population sizes in the logging scenarios

Table 5

Table 4
Estimates of the Pearson correlation between population size (N) and various
genetic parameters

Parameter 7 Probability
Number of alleles, A 0.44 0.030
Effective number of alleles, A, 0.51 0.010
Observed heterozygosity, H, 0.63 0.001
Gregorius genetic distance, Dgregorius 0.11 0.622
Number of single-locus genotypes, NG 0.51 0.012

differed widely as a result of ecological differences among the
four study species, and so our models can provide useful
generalizations about the predicted effects of long-term logging
processes on genetic parameters.

Even in the control scenarios, all four species experienced a
loss of alleles (A) and a decline in the number of effective
alleles per locus (A.) relative to the starting populations
(Table 5). These losses are larger for the 392-year simulations
than for the corresponding 182-year runs, implying that genetic
drift, even in these relatively large populations, was eliminating
alleles from the population over these time frames. As with the
demographic variables, Symphonia showed only small losses in
total allelic richness under short cutting cycles, and no such
losses (and, in fact, a slight gain, relative to the control) with
longer cutting intervals. However, for the other three species,
logging scenarios resulted in some loss of alleles. In general,
the most stringent logging parameters (30 years, 45/55 cm dbh)
produced the largest allelic losses over the control scenarios; for

Means (£S.D.) of genetic parameters for the species B. guianensis (Bg), H. courbaril (Hc), M. huberi (Mh) and S. globulifera (Sg), measured after 182 and 392
simulated years in scenarios without logging (Control), cutting cycles of 30 and 65 years and cutting diameter of 45 cm and 60 cm

Scenarios A Ae H, F Dgregorius Dg % change NG NG % change
Bg_182_Control 31.94+0.00 247+£0.00 0.618+0.000 —0.039 4+ 0.001 0.025 £ 0.000 84.5+0.1
Bg_182_30_45 30.0+£0.03 244+0.00 0.599 £+ 0.001 —0.018 £ 0.001 0.083 £ 0.001 +232.0 66.6 + 0.2 —-21.2
Bg_182_30_60 30.7+0.03 246+£0.00 0.607 +0.001 —0.021 £ 0.001 0.052 £+ 0.001 +108.0 72.7+0.2 —14.0
Bg_392_Control 31.6 £0.03 246+0.00 0.597 +0.000 —0.007 &+ 0.001 0.037 £ 0.000 823+ 0.1
Bg_392_65_45 29.0+0.05 241+£0.00 0.584 4+ 0.001 0.001 £ 0.001 0.081 £ 0.001 +118.9 69.7 +0.2 —15.3
Bg_392_65_60 30.1 £0.05 2.45+0.00 0.588 +0.001 0.005 + 0.001 0.062 £ 0.001 +67.6 74.6 +0.2 -94
Hc_182_Control 1705+ 0.69 3.59+0.02 0.618 + 0.002 0.146 + 0.003 0.063 £ 0.002 846.3 + 8.4
Hc_182_30_55 147.6 £ 141 354 4+0.04 0.622 £+ 0.004 0.139 + 0.005 0.101 £ 0.002 +60.3 7522+ 7.6 —11.1
Hc_182_30_60 1499 £ 1.11 3.55+0.04 0.620 £ 0.004 0.140 + 0.004  0.091 + 0.002 +44.4 7723 +£5.8 —8.7
Hc_392_Control 164.3 £ 0.83 3.574+0.02  0.630 £+ 0.002 0.126 £ 0.003 0.083 £ 0.002 819.7 +6.2
Hc_392_65_55 1489 +1.19 346+0.04 0.627 + 0.003 0.117 £ 0.004  0.135 + 0.003 +62.7 689. 6 £10.2 —15.9
Hc_392_65_60 153.3 £ 1.03 347 £0.04  0.626 £+ 0.004 0.121 £0.004  0.117 £ 0.003 +41.0 7209 + 8.5 —12.1
Mh_182_Control 119.7 £ 0.2 6.38 +0.02  0.729 £+ 0.001 0.136 + 0.001 0.053 £ 0.001 669.4 + 1.5
Mh_182_30_45 1140+ 0.2 6.24 +£0.03  0.734 £+ 0.001 0.125 £ 0.002  0.088 + 0.001 +66.0 581.0+ 1.7 —13.2
Mh_182_30_60 116.3 £ 0.3 6.34 +£0.02  0.735 £ 0.002 0.127 £0.002  0.070 £ 0.001 +32.1 616.5+2.0 -7.9
Mh_392_Control 116.8 £ 0.2 6.33+0.03  0.726 4 0.001 0.1374 0.002  0.073 £ 0.001 639.6 + 2.1
Mh_392_65_45 109.0 £ 0.3 6.15+0.03 0.727 £ 0.001 0.132 £0.002  0.120 + 0.001 +64.4 570.8 + 3.0 —10.8
Mh_392_65_60 112.6 £ 0.2 6.28 +£0.03  0.731 £ 0.001 0.130 £ 0.002  0.091 £ 0.001 +24.7 6193 +25 -3.2
SG_182_Control 1383 +044 9.68+£0.09  0.792 + 0.003 0.116 £ 0.004  0.078 + 0.002 859.6 + 7.3
SG_182_30_45 136.7+0.50 9.45+0.10 0.787 + 0.002 0.120 + 0.003 0.088 + 0.002 +12.8 8419+ 59 —2.1
SG_182_30_60 136.7+£0.53  9.51 £0.09  0.789 + 0.003 0.118 + 0.003 0.085 £ 0.002 +9.0 836.8 +5.3 2.7
SG_392_Control 132.1£0.64 939+0.12  0.780 £ 0.003 0.126 £ 0.003 0.116 £ 0.002 803.2 + 8.1
SG_392_65_45 133.3+£0.64 944 +0.12  0.780 £ 0.004 0.127 £0.004  0.112 +0.002 —34 855.6 +7.7 +6.1
SG_392_65_60 133.5+0.58 9.39+0.11 0.779 + 0.003 0.128 £ 0.003 0.110 £ 0.002 -52 8447+ 7.2 +4.9

A = mean number of alleles; A. = mean effective number of alleles; H, = mean observed heterozygosity; F' = mean fixation index; Dgregorius = Gregorius genetic
distance; NG = number of single-locus genotypes produced. Percent change is the proportional difference of each outcome from the corresponding control scenario.
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Hymenaea, this was 13.4%, and for Manilkara, 4.8%. Bagassa,
however, lost the most alleles (8.2%) under a logging scenario
with a 65-year cycle and a 45-cm cutting diameter. Effective
numbers of alleles per locus showed generally similar patterns.

Values of H, and F' showed only very small changes as a
result of logging scenarios, and the patterns of change for each
of the species generally followed results for other variables
(Table 5). In Hymenaea and Manilkara, fixation indices
declined slightly in the logging scenarios. Symphonia showed
no consistent changes in fixation in the logging models, and in
Bagassa, the slight heterozygote excess of the control scenarios
became marginally less pronounced after six cycles of logging.

Gregorius genetic distance (Gp) was the variable which
differed most between control and logging scenarios (Table 5).
For all four species, the effect was strongest under a short cycle
and a small cutting diameter. Relative to corresponding control
scenarios, almost all logging scenarios showed sizeable
increases in Gregorius genetic distance at the end of the
simulation periods. The exception was, again, in Symphonia.
With a short (30-year) cutting cycle, genetic distance after
logging in Symphonia was, in fact, very slightly higher than in
the control (probably simply a result of stochastic elements in
the modelling process). However, with a longer cutting interval,
the logged population actually diverged less from the starting
population than did the control scenarios. Genetic distance in
Symphonia is thus little impacted by logging in our simulations,
especially under long cutting cycles.

For Bagassa, the effects of shorter cutting cycle were
stronger than the effects of lower cutting diameter in increasing
genetic divergence in logged populations. However, within
each of the two-modelled cutting cycles, logging of smaller
trees accentuated the genetic divergence of the logged
population from its starting point. In Bagassa, the strongest
logging treatment caused a 232% increase in genetic distance in
the final population from analogous measures in the control
population. Overall effects were also sizable for Manilkara and
Hymenaea. But genetic distances in these two species were
most affected by minimum cutting diameter, and not by length
of the cutting cycle. Increases in genetic distance after logging
were almost identical between the two contrasting cutting
diameters, regardless of the cutting cycle.

The number of single-locus genotypes being produced in a
population is a function of the number of loci analyzed, the
allelic diversity at these loci, and the mating system by which
gametes are brought together. Thus, we cannot directly
compare changes in genotypes among species. However,
Table 5 shows that proportional reductions in numbers of
genotypes between species follow patterns similar to those of
other genetic parameters. Loss in the number of single-locus
genotypes was greatest in Bagassa, which had the lowest level
of genetic diversity and the smallest post-logging population
size. Genotypic diversity in Symphonia was little affected by
logging. In the other two species, genetic variability was more
strongly affected by short cutting cycles. Under 65-year cycles,
Manilkara maintained 90% or more of its genotypic diversity.
Hymenaea showed similar proportional changes in numbers of
genotypes, regardless of logging patterns. The 5-cm difference

in minimum cutting diameter in Hymenaea produced a
reduction in numbers of genotypes roughly equal to the
reductions also caused by longer cutting cycles (and thus, also,
a longer time-course over which drift could operate).

4. Discussion
4.1. Realism of the model

A central goal of this simulation study was to explore how
species with different ecological and life-history traits might be
affected by logging. To that end, we created initial populations
that conformed to field data in both demographic and genetic
respects. Size class distributions, juvenile and adult densities,
fixation indices, allele frequencies, and spatial genetic
structures for each starting population were equivalent to those
observed in our real populations (Table 2). In addition, we used
field data to parameterize the yearly processes of growth,
mating, seed production, and recruitment based on measure-
ments from real populations (Table 1). Growth rates and
diameter distribution categories were species-specific, as were
phenological patterns, pollinator movements, and seed dis-
persal properties. Thus, we have used the best available data to
construct realistic scenarios that encapsulate critical ecological
differences between these four species. Control populations
were demographically stable over the 182- and 392-year
simulations, maintaining both initial population sizes and
starting basal areas. This indicates that the ecological
parameters used for running the model were not only realistic,
but were appropriate to generate the age and size structure of
the four species populations actually measured in the Tapajos
National Forest.

4.2. Population size and basal area

Logged populations decreased in size and in basal area after
each logging episode and, growing according to species-
specific growth rates, were highly variable in their ability to
regain population size between logging episodes. Among the
study species, Symphonia had the lowest standing basal area, as
well as the smallest total basal area removed, even in the first
cut. It was also the least affected, demographically, by logging.
Under different combinations of cutting cycles and cutting
diameters, Symphonia was able, or nearly able, to recoup its
pre-logging population size and basal area. This can be
explained by its relatively high densities in juvenile size
classes, its fast growth rate (Table 1) and its low stand basal area
in unlogged forest. After each cut, the population of Symphonia
consisted of many smaller trees which showed rapid ingrowth
into larger diameter classes. Its small size (20 cm) at
reproductive maturity ensured that, even after logging, many
reproductive individuals remained. A large fraction of these
reproductive individuals reproduced annually, so seedling
establishment and sapling growth kept the population large,
even after logging. In addition, the maximum diameter (95th
percentile) for survivorship in Symphonia was only 80 cm,
producing rapid population turnover. In the most relaxed
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logging scenarios, with 65 years between harvests, even trees
below a 45-cm cutting limit could grow almost to their
maximum size before the next harvest event. As a result,
Symphonia was demographically much more resilient than the
other three species. While it did not recover its basal area in the
short (30-year) logging cycles, a 65-year cutting interval could,
all other things being equal, permit harvesting of Symphonia
basal area at a sustainable level.

In contrast, the other three species all showed dramatic and
negative post-logging population dynamics (Fig. 2). While
there were important differences in their responses to logging,
none of these species — all of them important timber trees in
Amazonia — could recover even 1/3 of their initial basal areas
under current Brazilian logging practices, even after a single
cut. All three of these species are large, canopy members of
uncut forests, reaching diameters of up to 150 cm at maturity.
Thus, their standing basal area, before logging, is mostly
housed in a few, very large individuals. Even under relatively
rapid growth, a logged population will not be able to recover
the largest diameter classes by ingrowth between logging
intervals, even under a long cutting cycle. Despite these
similarities, the species do, however, behave differently in our
simulations. Thus, it appears that a complex of ecological and
demographic variables affect how species will respond to
harvest pressures.

4.3. Genetic variables

All four of our species showed a slight reduction in the
number of alleles (A) and the number of effective alleles (A.)
under most logging scenarios, and a corresponding loss in the
number of single-locus genotypes (Table 5), a variable highly
correlated (P < 0.0001) with allelic diversity. Reduction in the
population size after a logging episode creates a bottleneck
effect in trees above the cutting diameter (individuals most
likely to be reproductive). However, the loss of alleles will
depend on the magnitude of the bottleneck, the time over which
it persists, and the frequency of alleles at a locus (Nei, 1975).
Rare alleles will be the first to be lost. Loss of alleles after
logging has been documented in several studies comparing
managed and natural populations (Rajora et al., 2000; Degen
et al., 2002, 2006; Glaubitz et al., 2003; Lowe et al., 2005).

Despite the fact that population sizes in our study species
declined after each logging episode, a large population of
smaller trees always remained. Except for a single year of
higher post-logging mortality, juveniles in our model continued
to grow into larger diameter classes and then to reproduce at
size-specific rates equivalent to those before logging. Thus,
under the conditions of our scenario, there was never a severe
bottleneck, and few alleles were lost, even after six logging
cycles. Although allele frequencies may change between
generations (Frankel and Soulé, 1981; Ericksson, 1996),
populations of more than 100 individuals are unlikely to lose
common alleles (Krusche and Geburek, 1991). It is these
common alleles which are generally expected to be adaptively
important for the fitness of the population (Gregorius, 1991).
Although the SSR loci we used are expected to be neutral gene

markers, the same processes which result in their loss will also
affect coding portions of the genome. And the loss of even rare
alleles should not be discounted as unimportant. It is these rare
alleles, not favored by current conditions, which are thought to
provide genetic variation that permits a population to adapt to
future environmental or biotic conditions, such as parasites,
predators, or changes in climate (Krusche and Geburek, 1991;
Mosseler et al., 2003; Rajora and Pluhar, 2003; Hawley et al.,
2005).

That heterozygosity and allelic diversity did not show large
declines in our simulations suggests that these genetic
parameters are less sensitive to potential negative impacts of
forest logging. In their review of 31 studies on the genetic
impacts of degradation and fragmentation on tropical forests,
Lowe et al. (2005) also noted that, over all, measurements of
genetic diversity were less sensitive to the consequences of
disturbance than measures of reproductive output or fitness. A
similar pattern of sensitive and less sensitive genetic parameters
was observed by Degen et al. (2006) in their Eco-Gene
simulation studies of the effects of forest logging on genetic
diversity of the tropical tree species Sexonia rubra, Symphonia
globulifera, Vouacapoua americana and Dicorynia guianensis
in French Guiana. Buchert et al. (1997) compared pre-harvest
and post-harvest gene pools of two adjacent old-growth stands
of Pinus strobus in central Ontario (Canada) using allozymes.
They detected a reduction of 25% in the number of alleles after
logging. This included the loss of about 40% of alleles with low
frequencies (0.25 <p >0.01) and 80% of rare alleles
(p < 0.01). In our logging scenarios, the effective number of
alleles per locus and the heterozygosity were only little
affected, indicating that it was rare alleles being lost.
Heterozygosity is depleted by drift very slowly, at the rate
of 1/2N, per generation (Savolainen and Karkkéinen, 1992).
Thus population genetic theory concurs that these output
parameters should not be affected except by very severe
reductions in population size, beyond the levels typically found
in a logging operation.

Empirical studies like those cited above measure the
immediate effects of selective logging on a population, and
thus document short-term impacts of logging on genetic
diversity. In addition, however, they often evaluate H, based on
adults in the post-logged sites, ignoring the potential genetic
contributions which may eventually come from the juveniles in
the logged site. In contrast, our simulations measured
cumulative, long-term genetic changes after six logging cycles.
Thus, our logging scenarios included repeated, cyclic losses of
large individuals, with gradual regrowth from the unlogged
population. Assuming that logging is random in its removal of
adult genotypes and that the advance regeneration reflects the
genetic makeup of the larger trees, then juveniles serve as a
reservoir of allelic diversity. Thus, our measures of gene
diversity and allele richness are more conservative than those of
at least some empirical studies, because they include the genetic
memory that is housed in the large population of young trees in
the post-logged forest.

Fixation index (F) also changed relatively little, in our
scenarios, even under strong logging pressure. The fixation
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index is generally considered a measure of inbreeding, but is
better thought of, in this case, as a measure of heterozygote
deficiency. Although the initial population of Bagassa had no
strong spatial genetic structure, the other three species did show
evidence of such structure. For example, in Symphonia the
average coancestry coefficient for the distance class from O to
50 m between trees (éxy =0.119; p < 0.05) was about that
expected in half-sibs (Carneiro et al., 2007). Thus, with such
strong population substructuring, the high fixation indexes
detected in Hymenaea, Manilkara, and Symphonia could be due
to a Wahlund effect.

Genetic distance (D,) and single-locus genotypic diversity
(NG) showed larger changes than other genetic variables, in our
simulations. Like A, A, and H,, NG is strongly correlated with
population size. As was true for demographic parameters, the
largest reductions in NG came in Bagassa, and the smallest, in
Symphonia, with Manilkara and Hymenaea intermediate in
their responses. Ecological factors which maintain larger
population sizes — such as recruitment and juvenile population
density — will keep alleles in the population, thus permitting
them to be expressed in genotypes. In addition, factors such as
density of reproductive individuals and flowering frequency
will enhance gene movement among individuals, thus creating
larger numbers of genotypic permutations. However, forest
logging can affect the mating system of the species by
increasing the distance between conspecifics and reducing the
density of reproductive individuals in the population (Mur-
awski et al., 1994; Obayashi et al., 2002; Ledig et al., 2005).
Thus, the behavior of pollinators and their ability to move long
distances will be a determining factor in mating patterns after
disturbance. Reduction in the number of adult trees available
for mating could also be a factor in reducing numbers of
genotypic combinations in the post-logged forest.

Genetic distance shows the most dramatic impacts of
logging scenarios in our study. The three large canopy species
all showed large increases in the degree to which they diverged
from their initial genetic makeup under repeated logging.
Since Gpisnotcorrelated to NV, it cannot be explained simply as
a byproduct of demographic differences among the species.
Instead, it integrates the joint effects of allelic loss by
genetic drift and changes in gene frequencies which arise
from non-random mating. It is compounded by pre-existing
local genetic structure, changes in that structure over the time
of the simulation, variations in individual contributions to the
seed arrays, and patterns of gene flow among flowering
individuals.

Symphonia showed small increases in genetic distance under
short logging cycles, and no effects under long ones. Even a 45-
cm cutting diameter removed a relatively small fraction of the
population, and the species recovered quickly. Thus, logging of
Symphonia produced only a minor impact on genetic distance,
relative to the control populations.

Hymenaea and Manilkara showed intermediate levels of
change in genetic distance, and in both species, cutting
diameter was more important than the length of the cutting
cycle in producing these changes (Table 5). A small minimum
cutting diameter (45 or 55 cm) produced a larger proportional

change in genetic distance than a larger cutting size (60 cm),
relative to the controls. Increases in genetic distance for each of
the cutting diameters were almost identical, regardless of the
cutting cycles in which they were imbedded. This is because
proportional changes in Gp were calculated relative to the
corresponding controls, all modelled for the appropriate
number of years. Since Gp measures the cumulative effects
of genetic drift and changes in mating patterns in a population,
increasing the cutting cycle simply increased the time period
over which both the control and the corresponding logged
scenarios changed from their starting genetic makeup.
Calculating changes in Gp as proportional deviations from
controls essentially normalized the effects of cutting cycle.
There was an effect of the logging, but it was due principally to
diameter at harvest. At the same time, the magnitudes of these
changes were relatively similar between Hymenaea and
Manilkara, despite their rather different demographic and
reproductive traits.

Bagassa, on the other hand, showed a very different pattern
than the other two large, canopy species in how its Gp
responded to logging. For this species, both cutting diameter
and cutting cycle contributed progressively in increasing the
effect of logging on population genetic makeup. While longer
cutting cycles produced less dramatic deviations in genetic
makeup, their effect was not normalized away by comparison
with the controls, as was the case for Hymenaea and Manilkara.
And though its juvenile densities were somewhat lower than
Hymenaea, overall life-history traits alone would not seem to
account for this very different response in genetic makeup.
There must be some ecological characteristic of Bagassa which
causes it to respond to the length of the cutting cycles, giving
short cycles an especially large impact how the genetics of the
populations are altered under logging.

The trait which sets Bagassa apart from the other three
species is the fact that it, alone, is dioecious. In unlogged,
control scenarios, Bagassa should retain the 1:1 sex ratio
present in the starting population. But when populations are
logged, the few remaining individuals above reproductive size
(42 cm) are very likely to show deviations from a 1:1 ratio, and
skewed sex ratios have a strong negative impact on effective
population size. Six logging cycles thus have the potential to
generate highly unequal male and female frequencies in the
reproducing population, especially under short cutting cycles.
Thus, unequal genetic contributions to the seed pool
progressively accentuate changes in allele frequencies, genetic
drift, and genetic distance in Bagassa above those experienced
in the other, hermaphroditic species.

4.4. Limits to the model

Although the mortality and growth parameters we used
produced a steady-state population (essentially constant N and
BA) in all eight control scenarios, this does not, in itself,
guarantee that the ecological characteristics we used are those
that either gave rise to the existing forest, or would be
continuously operating in that forest over periods of hundreds
of years. The snapshot of forest structure for which we have
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field data is not, in itself, likely to be a steady state. It is much
more likely that a complicated history of forest growth
combined to produce the Tapajos Forest in 2002. Nonetheless,
the ecological parameters we used do reflect the densities and
the dynamics of forests currently under logging pressure, and
thus represent a reasonable approximation to existing forest
dynamics.

We used growth and recruitment parameters which would
maintain that forest in perpetuity. However, the actual mortality
and recruitment, growth rates and turnover which this forest
would experience, in the absence of logging or disturbance,
could in fact be more variable than the parameters by which we
simulated population persistence in our models, even given the
stochasticity inherent in the Eco-Gene program. The SIM-
FLORA model of van Gardingen et al. (2006) predicted
replacement of currently harvested, slow-growing canopy
species (such as those in our models) with faster-growing,
pioneer species and then fast-growing species of the upper
canopy. Like our study, they found that current extraction in the
Brazilian Amazon (30-year cycles, with current extracted
volumes of 35m’ha!) were unsustainable. We used
ecological and genetic data to provide a best, data-based
picture of the null hypothesis—that of continuous, stable
population structure in the current forest exposed to repeated
logging pressure. Therefore, our results predict what would
happen, if the existing Tapajos forest site were repeatedly cut
over 30- or 65-year intervals. If, as van Gardingen et al. (2006)
suggest, the species we are modelling will, in fact, disappear
from the future forest after logging, the demographic and
genetic impacts on these species will be far more pronounced
than those we demonstrate. What we can say is that, all other
things being equal, logging under our scenarios will produce
outcomes for these four species at least as problematic as those
suggested in our results.
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4.5. Implications for timber harvest in tropical forests

The results of our study make it clear that planned logging
under current, intensive conditions (above 45 cm dbh, with a
30-year cycle and up to 90% of individuals harvested) is
unsustainable for all four of the species we modelled. While
more relaxed logging parameters resulted in less severe
negative effects, even a cutting cycle of 65 years and a
minimum size of 60 cm dbh could be sustainable only for
Symphonia, a species which accounts for only a small extracted
basal area in these forests. While our study modelled the long-
term effects of six, repeated logging cycles on these
populations, the demographic responses of these species did
not show cumulative negative impacts with each successive
logging. Instead, the regrowth of each species was essentially
identical between logging events, as our steady-state ecological
parameters would predict. Assuming that there is sufficient
recruitment in each inter-logging period, the critical variables
for basal area recovery appear to be the rate at which
individuals below the cutting diameter grow into larger
diameter classes, and also the actual magnitude of standing
basal area each species has in the baseline population. This is
shown in Fig. 3, which shows the basal area increment of these
four species if they are allowed to grow according to our
parameters (Table 1) without a second logging event.
Symphonia, with the fastest growth rate and the smallest
standing basal area, recovers its basal area in 40 years. Bagassa
has the slowest growth, but, like Symphonia, a relatively small
basal area in the Tapajos forest; it requires 121 years to replace
standing basal area. Manilkara and Hymenaea show basal area
rebound after 146 and 143 years, respectively.

From a genetic perspective, Bagassa was clearly the species
most susceptible to repeated logging. It showed substantial
genetic impacts, even under 65-year cutting intervals and with a
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Fig. 3. Basal area (m” ha™') recovery for the four study species after a single episode of logging, with 90% of individuals above 45 cm (55 cm for Hymenaea)
extracted. The horizontal line represents standing basal area in the starting population. Numbers in parentheses show the years for each species to recoup standing

basal area. Note the difference scales on the y-axis.
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60-cm cutting diameter. Hymenaea and Manilkara showed
similar proportional changes in their genetic parameters under
the four scenarios, although Manilkara was less affected than
Hymenaea under the most relaxed logging parameters.
Symphonia showed relatively small shifts in genetic makeup
with a 30-year cycle but, as was true for its demography, no
negative genetic impacts with a cutting cycle of 65 years. This
ranking of species is similar, but not identical to, the relative
densities of the species in the Tapajos study plot (Bagas-
sa < Hymenaea < Symphonia < Manilkara). The ranking is,
however, exactly the same as the intrinsic levels of genetic
diversity found in these four populations (Bagas-
sa < Hymenaea < Manilkara < Symphonia). The question
arises, then, whether changes in genetic makeup are simply
a byproduct of differing levels of genetic variation within
tropical tree populations. Does low genetic variation predispose
a species to more severe genetic consequences under logging?
Or are there more complicated factors contributing to the way
species respond after cutting?

In fact, species with high genetic diversity should, we believe,
show more dramatic shifts after logging. Loci with multiple
alleles should also contain a larger proportion of rare alleles,
which are most readily lost when population sizes drop. Thus, we
do not think that underlying low genetic diversity would, in itself,
predispose a species to strong effects of logging. At the same
time, the inherent ecological processes which might produce low
levels of genetic diversity within a species might also make it
susceptible to logging. Populations of species which are at low
density, which recruit mostly in infrequent large gaps, and which
flower only at large size may, as a result, show lower levels of
variation than smaller, faster-growing species. Thus, ecological
traits which seem to make species more vulnerable to logging
may also drive their inherent levels of genetic variation.

Using a forest growth model, van Gardingen et al. (2006)
concluded that logging practices currently used in the Brazilian
Amazon (30-year cycles, 45-cm cutting diameters, and 90% of
individuals removed) are unsustainable. They recommended
strong reductions in logging intensity, linked to changes in
cutting cycles. A study by Schulze et al. (2005) modelling
populations of H. courbaril, M. huberi and Tabebuia impet-
iginosa recommended an increase in the cutting cycle (to 60
years) and reductions in logging intensity. Our results
corroborate these recommendations. Modifications in cutting
cycle, cutting diameter, and harvest intensity represent interact-
ing elements of logging practice which must be adjusted to
permit post-logging population recovery. In particular, our study
shows the importance of increasing the minimum cutting
diameter to 60 cm dbh or more, especially for those species
which reach reproductive maturity only at very large sizes.

More importantly, our results suggest that we need to
fundamentally rethink how logging parameters are applied in
the Amazon forest. Each of the four timber species in our
models responded differently, both demographically and
genetically, to the logging scenarios we used. This suggests
that to move beyond simple Reduced Impact Logging (RIL) to
actual Sustained Timber Yield (STY) will require harvesting
parameters that are species-specific, taking into account the

detailed ecological and life-history traits of different timber
species. Forest management based on species sustainability is a
necessary reflection of the real biological diversity and
complexity of the tropical rainforest. From a practical
standpoint, this may still involve species groupings, but the
categories used should more accurately reflect all the ecological
qualities important for species recovery. This approach seems
to us to be the next important step in tropical forest
management, one which is essential to maintaining, conserving,
and effectively using humid tropical forests in the Amazon.

Finally, we need more subtle and complicated simulations
which will help us to better understand the long-term effects of
cutting parameters on how particular species respond to logging.
New models should incorporate more than one species,
simulating the ecological complexity of the post-logged forest,
and should focus on larger spatial scales to estimate the impact of
forest fragmentation, in addition to logging effects. Many
tropical tree species have long distance gene flow by pollen and
seeds. Thus, in many cases the impacts of logging on genetic
diversity can only be estimated and understood if we address the
scale of the meta-population. And, as is always true for
modelling, results should be tested and confirmed by field studies
to the degree possible, to verify and interpret simulation results
and to link them to observed biological processes.
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