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A B S T R A C T

Tree populations in regions undergoing restoration are generally made up of few individuals, isolated from
neighboring populations, and are found within a matrix of inhospitable human-modified landscapes. Resulting
negative genetic consequences such as inbreeding depression and genetic drift require mitigation strategies to
maintain sufficient genetic diversity in restoration areas. Such strategies often involve seed sampling from many
source trees with different provenances. However, the efficacy of these approaches has not been validated. We
present an individual-based spatial simulation model to evaluate the effects of: 1) differing levels of initial
genetic diversity; and 2) different area sizes on short (tens of years) and mid-term (hundreds of years) restored
population viability. We demonstrate this approach and the use of our model with case study of Centrolobium
tomentosum, a tropical tree species widely used in restoration projects in the Atlantic Forest of Brazil. Our model
and analysis framework can be applied in studies of tree species with different characteristics, from tropical and
temperate forests, to assess population persistence in restoration sites as a function of genetic diversity and
population size. This knowledge can support planning of both restoration projects and management actions,
increasing the probability of restoration success while also reducing associated costs.

1. Introduction

Ecological restoration endeavors to recover and improve ecological
processes to attain functional and resilient communities that can adapt to
changing conditions (Alexander et al., 2011). Restoration is now acknowl-
edged as a global environmental priority and many international initiatives
are aiming to restore millions of hectares around the world (Suding et al.,
2015; Holl, 2017). Broad scale re-conversion of pasturelands and agri-
cultural fields to native forest ecosystems is seen as necessary to mitigate
future extinctions in regions with high levels of habitat loss and fragmen-
tation (Banks-Leite et al., 2014; Newmark et al., 2017). The goal of such
restoration is to support conservation, re-establish plant populations with
sufficient genetic diversity to persist overtime, and to increase landscape
connectivity to facilitate plant and animal gene flow in human-modified
landscapes (Chazdon et al., 2015; Brancalion et al., 2018).

Despite the myriad of benefits that restoration may provide, the
probability of population persistence following forest restoration
planting is uncertain, and can be affected by multiple factors including
micro-site limitations for recruitment (Bertacchi et al., 2016), compe-
tition with invasive species (D’Antonio and Meyerson, 2002), pollina-
tion and dispersal limitation (Dixon, 2009), climate change (Harris
et al., 2006), and genetic-mediated processes, such as inbreeding de-
pression (Thomas et al., 2014). Improving our understanding of the
conditions under which persistence is more likely is critical to suc-
cessful restoration and effective conservation (Suding et al., 2015).

The use of computer models is one potential solution for this pro-
blem (Epperson et al., 2010). The process through which data and
models of populations are evaluated to estimate likelihoods of popu-
lation persistence over an arbitrary amount of time is called population
viability analysis (PVA; Boyce, 1992). Some research groups developed
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forest models with varied applications, such as to predict succession
dynamics of forest communities (Pacala et al., 1996), understand in-
dividual tree growth (Hauhs et al., 1995) and community dynamics
(Bugmann, 2001), and evaluate the interaction of trees with environ-
mental factors (Seidl et al., 2012). Also, an increasing number of forest
landscape simulation models are available, as reviewed by Scheller and
Mladenoff (2007). However, there is an unfortunate lack of simulation
programs that combine population dynamics and spatial and temporal
genetic variation of tree species, which have long life spans, and
overlapping generations. Also, most PVAs assessments ignore or in-
adequately model genetic factors as the effect of inbreeding depression
on total fitness (Frankham et al., 2014).

Mid- and long-term persistence of restored tree populations depends
on the capacity of species and populations to evolve in response to
environmental changes. This capacity in turn depends on intra-specific
population levels of genetic diversity (Booy et al., 2000). Populations
with reduced genetic diversity tend to show reduced fitness, limited
potential for adaptation (Reed and Frankham, 2003), and have a higher
probability of extinction due to diseases or environmental stochasticity
(Mills, 2012). Thus, using seeds with high genetic diversity in restora-
tion projects is one of the main strategies for effective restoration and
successful conservation in the face of environmental change (Zucchi
et al., 2018). However, our understanding of how to use genetic data in
restoration projects remains incomplete (Thomas et al., 2014; Basey
et al., 2015).

Efforts to include genetic diversity in forest restoration often involve
the selection of specific source populations and a diversity of trees from
which seeds are collected for sapling production (mother trees) for seed
harvesting (Bozzano et al., 2014; Basey et al., 2015). Restoration
practitioners typically aim to ensure the long-term persistence of re-
introduced populations by using seeds from local populations, which
increases the probability that individuals will be adapted to local en-
vironmental conditions. Practitioners also aim to maximize the genetic
diversity of the founding population through the selection of many
different mother trees (Hufford and Mazer, 2003; McKay et al., 2005).

Restoration projects that aim to increase genetic diversity and local
adaptation in seedling populations nonetheless face significant chal-
lenges when implemented at small geographic scales, because small
areas comprise small populations. Because of their relatively low ef-
fective population size, these populations are at risk of loss of genetic
diversity similar to populations negatively affected by habitat loss and
fragmentation (Sezen et al., 2007; Chazdon, 2014). The loss of genetic
diversity can be observed as a reduction in heterozygosity and allelic
diversity through time. The smaller the population, the faster the
manifestation of the negative effects of drift on genetic diversity is
expected (Mills, 2012). The loss of genetic diversity in these popula-
tions due to inbreeding depression further increases the risk of local
extinction (Frankham, 2005) and, consequently, restoration failure.

To address this issue, researchers and practitioners have provided
different recommendations for the minimum population size necessary
to avoid the negative effects of genetic drift and inbreeding depression
in the context of restoration in both the short-term (5 generations) and
long-term (> 100 years). It has been suggested as a general rule that
seeds should be sampled from at least 30 (Vencovsky, 1986) or 50 trees
(Basey et al., 2015) to recover sufficient genetic diversity in tree po-
pulations with an effective population size (Ne) ≥100. However, there
is a lack of studies validating or testing the efficacy and feasibility of
these recommendations due to constraints in both ecological (limited
number of mother trees of low density species in fragmented land-
scapes) and financial terms (time and resources spent to find numerous
mother trees and collect their seeds) (Brancalion et al., 2012). For ex-
ample, in tropical forest restoration efforts, where over 100 native tree
species have been reintroduced in restoration plantations (Rodrigues
et al., 2011), reaching the targeted number of mother trees per species
(i.e., 30–50) can be difficult. Also, as the current recommendations for

forest restoration is to plant 20 in/ha, in small restoration areas
(< 5 ha), up to two or three seedling from each mother tree would be
planted if the general rule is followed. Improved evaluation of the
probability of success of restoration approaches that vary in the number
of mother trees used and the effective population size targeted is
needed to effectively deploy limited restoration resources.

In this study we present a novel individual-based model to simulate
the spatio-temporal genetic and population dynamics of trees in re-
storation plantations in response to different restoration strategies and
over long time scales. Using this model, we specifically examine how
different levels of initial genetic diversity and population size influence
long-term restoration success, defined as short and mid-term population
persistence. Currently, there are few programs that simulate the po-
pulation dynamics of tree species, which have long life spans, and
overlapping generations, and that also model spatial and temporal ge-
netic variation. Also, most of these models ignore or inadequately
capture genetic factors such as the effect of inbreeding depression on
total fitness (Frankham et al., 2014). In our expository treatment of our
newly developed model, we present a case study application based on
restoration of a tropical tree in the Atlantic Forest of Brazil.

2. The model

The description of our model follows the ODD (Overview, Design
concepts, Detail) protocol of Grimm et al. (2006, 2010).

This model was designed to investigate the influence of initial ge-
netic diversity and area size on population persistence. Initial genetic
diversity within a restoration plantation is represented by the minimum
number of mother trees from which seeds were collected. In addition to
initial area size, this is one of the parameters over which management
agencies have the greatest control when designing and implementing
restoration strategies. In this context, we set out to address the fol-
lowing two specific questions: 1) How does are size and initial genetic
diversity affect the loss of genetic diversity of restored tree populations?
And, 2) what is the minimum number of mother trees from which seeds
should be collected for a restoration forest plantation to ensure sus-
tainable levels of genetic diversity in the restored population?

2.1. Entities, state variables, and scales

The entities of this model are individual trees. Each individual is
characterized by the following three state variables: 1) spatial location;
2) age; and 3) multi-locus genotype. Spatial location describes the
geographic (x and y) coordinates on a two dimensional lattice. Tree age
varies from zero to a maximum species age and increases by one unit
(i.e., year) per time step. Simulations begin with all individuals at three
years old, as in a recent plantation. Seeds have age of zero, and ger-
minated seedlings have age of one. Individuals are considered juveniles
before they reach reproductive age and adults are reproductive until the
end of life with the same reproduction rate (Fig. S1). Each genotype is
composed of multiple independent multi-allelic co-dominant loci with
no linkage disequilibrium (Fig. S2). Alleles are represented by a pair of
integer numbers each of which can take a value between one to the
maximum number of alleles initially defined.

The time step in the model is one year. The spatial extent of the
simulated area consists of a single isolated rectangular forest fragment
(patch) undergoing restoration. The area shape, always a narrow rec-
tangle, was designed to simulate narrow riparian forests, where there is
no light limitation, and that have received special attention over the
past 30 years, due to their importance to river protection (Rodrigues
et al., 2009). These forests patches are typically long and narrow and
are intensively affected by edge effects (Didham and Lawton, 1999;
Davies-Colley et al., 2000) and tend to retain the characteristics of
early-successional systems as they age (Tabarelli et al., 2008).
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2.2. Process overview

The model starts by defining initial conditions, including age, spa-
tial location, and genotypes of individual trees in the initial planted
population. The following model parameters are also specified: simu-
lation duration (time); number of simulation repetitions (rep); number
of loci in the input dataset; lattice dimensions (xDim, yDim); pollen
(dPollen) and seed (dSeed) dispersal distances; number of seeds pro-
duced by each tree (avSeed); maximum age an individual can reach
(maxAge); at what age the individual becomes an adult (adultAge);
maximum number of pollen donors for each offspring (maxFathers);
germination probability (germ); selection factor (selection); and the time
steps when output files should be saved (output_years).

Each cycle starts with the determination of each individual’s sur-
vival rate, as a function of age. This model consider hermaphrodite tree
species, so all individuals can be either mother or father of an offspring,
and self-fertilization is possible. The reproduction step starts by de-
fining for each mature tree (i.e., mother), which mature trees (i.e.,
potential fathers) are present within the pollen dispersal range. If the
number of potential mates is fewer than the maxFathers, all mates
contribute to pollination. Otherwise, a number of potential mates
equivalent to maxFathers are randomly selected to be pollen donors. By
default, potential mates as sampled with a uniform probability dis-
tribution, but other probability distributions may be implemented.
Alleles are inherited following Mendelian inheritance.

Seed location is defined by the seed dispersal range and a randomly
selected dispersal direction. If a seed falls at the same location of an
existing adult or out of the study area, it does not survive. Otherwise,
each seed has the predefined initial probability of germination, which
can be decreased as a function of its inbreeding coefficient (Richards,
2000). In species that produce a large number of seeds from which only
a few germinate and survive to juvenile phase, genetic drift tends to
have a stronger effect than selection. Thus, selection on germination
and survival is not strong enough to purge deleterious alleles efficiently
(Keller and Walter, 2002). In these situations, inbreeding depression
can affect seed and seedling viability (Naito et al., 2005), germination
success (Richards, 2000), and survival rates (Ishida, 2006). The as-
sumptions for estimating the inbreeding effects on fitness in this model
are: (1) an increase in inbreeding by 10% leads to a reduction in fitness
components of 5–10% (Frankel and Soulé, 1981); (2) a large number of
loci are affected by inbreeding depression (Ayroles et al., 2009; Chaves
et al., 2011); and (3) a sample of loci allows us to infer the inbreeding
coefficient of a population (Chaves et al., 2011).

When a new seed successfully germinates it is added to the tracking
list of active individuals with an age of one. Probability of survival to
the next year for both juveniles and reproductive individuals is assessed
in each time step as an increasing function of tree age (Fig. S1). Dead
individuals are removed from the tracking list and hence the popula-
tion.

At the end of the simulation, a table summarizing information on
the location, genotype, age, and survival probability for all living in-
dividuals is produced. Genotypic output data are converted to the
FSTAT (Goudet, 1995) format and genetic summary statistics are cal-
culated for all individuals with age ≥ 1, using the software Hierfstat
(Goudet, 2005). Summary statistics calculated include: number of in-
dividuals, total number of alleles, allelic richness, observed and ex-
pected heterozygosity under Hardy-Weinberg Equilibrium (HWE), and
the inbreeding coefficient with confidence interval.

2.3. Design concepts

2.3.1. Basic concepts
The basic principles of this model are that the population is isolated

from others (no migration), mutation rates are negligible, individuals
only mate with others within the pollen dispersal range (i.e., the

population is not panmictic), and germination probability is influenced
by the inbreeding coefficient of each seed. Mortality in all other life-
stages is age dependent (Fig. S1).

2.3.2. Emergence
Population size is the total number of individuals with minimum

age of 1 year old and is a consequence of mating rules (see below),
survival probabilities, and the amount of space available. This means
that population size is an emergent property of the simulation. The
frequency and number of alleles vary as a result of genetic drift, which
is random although influenced by the assumptions of dispersal and
overall model spatial scale. Thus allele frequencies and their spatial
distribution are an emergent property.

2.3.3. Stochasticity
Randomness in the model operates through mating and survival.

Mates are sampled at random from the adults available within the
pollen dispersal range. Other than distance from the mother tree, there
are no other rules for mating preference. Seed genotypes are the result
of random sampling of the parents’ genotypes. Each seed's location is
defined in the seed dispersal range from the mother tree, according to
the rules described in the seed dispersal sub-model, which includes
randomness in dispersal direction. Death is probabilistic and depends
on the age of the individual (Fig. S1).

2.4. Initialization

At the beginning of each simulation, the parameters of the initial
population planted in the area must be defined. The initial population
consists of saplings, all the same age, that may descend from different
number of mother trees. Their genotypes are drawn depending on the
number of mother trees from which they descended and may vary from
a pool of individuals in HWE to a full sibling pool. The saplings can be
planted uniformly, randomly, or aggregated in one or more clusters, as
defined by the user.

2.5. Input

The input dataset consists of a tab-delimited data table comprised of
desired initial individual locations (x, y), genotypes, and age (Fig. S2).
There is no limitation on number of individuals and the size of the
restoration area, except for those imposed by the memory limitations of
each user’s computer system.

2.6. Sub-models

The model contains four sub-models: 1) reproduction; 2) seed dis-
persal; 3) seed germination; and 4) age-specific mortality.

2.6.1. Reproduction
This sub-model simulates sexual reproduction among individuals in

the pollen dispersal distance range. The model does not simulate
asexual reproduction or gene flow from other, non-explicitly simulated
populations. Reproduction occurs once per annual time-step. All adult
individuals are considered to be reproductive and all have the same
potential for pollen and seed production. We assume that there is no
pollen limitation. Pollen donors are randomly sampled from the pool of
individuals in the pollen dispersal distance range. We assumed
Mendelian inheritance of alleles, as the model’s loci represent in-
dependent nuclear genetic marker loci (i.e., no linkage). Selfing was
allowed in the simulations, as the mother tree is included in the pollen
donors.

2.6.2. Seed dispersal
We assumed isotropy (no preferential direction for dispersal), so the
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seed location is defined by the dispersal distance function and a random
value from one to 2π radians for the direction. All seeds produced in a
year germinate or die; we do not consider soil seed bank formation.

2.6.3. Seed germination
We modelled the probability of seed germination as a function of

inbreeding. Thus, in this sub-model, the probability of germination is
estimated using all neutral loci, wherein if the inbreeding coefficient
(FIS) is greater than zero, an increase in inbreeding leads to a reduction
of germination rate in the scale defined by the selection factor (gRate =
g*(1- selection*FIS)), where g is the probability of germination with no
inbreeding. So, a selection factor of 0.5 means that an increase in in-
breeding by 10% leads to a reduction of 5% in germination rate
(Frankel and Soulé, 1981). If inbreeding coefficient is zero or negative,
it has no effect on germination rate.

2.6.4. Survival
The probability of mortality increased as a function of age (Table 1)

up until the maximum age for that species, at which point all in-
dividuals die. To determine whether an individual dies at each time
step, a random number is sampled from a uniform distribution between
zero and one. If the number is larger than the survival probability
(sRate) associated with the individual’s age, then the individual dies.

2.7. Model development

We wrote the program script in the scientific computing language R
(R Core Team, 2015). General model schematic is described in Fig. 1
and the program script can be found in supplementary material and also
at GitHub (https://github.com/sujiips/Restoration_PVA.git).

2.8. Sensitivity analysis

Sensitivity analyses were performed to quantify the relative im-
portance of each model process on simulation results and to assess how
uncertainty in parameter values affects simulation dynamics. All si-
mulations for sensitivity analysis used a restoration area of five hectares
with a presumed seed source of a large population and using reference
parameter values from Centrolobium tomentosum (Fabaceae), a tree
species from an intermediate stage of ecological succession from a
tropical forest. Each simulation was run for 500 time steps and each
scenario for a unique set of parameters was replicated 250 times. This
number of replicates was found to capture sufficient variation in system
dynamics (i.e., CV < 0.05; Fig. S3).

We performed a local sensitivity analysis (Railsback and Grimm,
2011), which involved varying parameter values one at a time. Para-
meter values were varied between +5% and - 5% (Railsback and

Grimm, 2011), except for some parameters (e.g., adult age and max-
imum pollen dispersal distance), for which a 5% variation was too small
to produce noticeable response. In these situations, a higher percentage
of variation was selected (Table 2).

3. Model application

We demonstrate application of our model using a simulated re-
storation experiment using C. tomentosum (Fabaceae) in the tropical
Atlantic Forest of Brazil. This species was selected because it is widely
used in restoration projects in Brazil and because demographic and
genetic data are readily available. C. tomentosum is frequently used for
forest restoration because it is a common gap-colonizing species, re-
produces once a year, grows quickly, produce high-quality timber, and
has symbiotic associations with nitrogen fixation microorganisms
which facilitate its rapid colonization (Carvalho, 2005; Pagano, 2008).
This species has a wide distribution over the Atlantic Forest and some
parts of Cerrado, two of the most threatened global hotspots for bio-
diversity conservation. We investigated the consequences of varying
three experimental factors on genetic diversity and short and mid-terms
population viability in forest patches that have undergone restoration
planting. These factors were: 1) initial population size; 2) size of the

Table 1
Parameters and values of the model.

Parameter Value/ Distribution Reference

Reproduction
Sexual maturity age age = 10 years Brancalion (comunication)
Maximum pollen dispersal

distance
Dpollen ≤ 1,000 m Pasquet et al., 2008; Hagen et al., 2011

Pollen donors n ≤ 20 Sujii, 2015.
Seed dispersal
Maximum seed dispersal distance Dseed ≤ 100 m Sujii, 2015.
Seed dispersal function Weibull distribution (k = 0.6942; λ = 81.4807) Sujii, 2015.
Germination
Germination probability function FIS ≤ 0, g = 0.7 FIS > 0, g = 0.7*(1 – 0.5*FIS) Carvalho, 2005; Frankel and Soulé, 1981;

Richards, 2000
Mortality
Maximum age age = 89 years Laurance et al., 2004; Silva, 2013
Survival rate age = 1, sRate = 0.1 1 > age ≤ 5 years, sRate = 0.2*age – 0.3 age > 5 years,

sRate = Weibull function (k = 0.7631, λ = 7.8216) age > 89, sRate = 0

Fig. 1. Model flow chart.
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restoration area, and 3) initial genetic composition (number of alleles
and genotypic frequencies). Initial genetic composition was determined
by the number of mother trees from which seeds were collected. We
estimated mean number of alleles, effective number of alleles, allelic
richness, inbreeding coefficient and probability of extinction to eval-
uate the effects of the experimental factors on each population.

For the purposes of this experiment, simulated forest patches re-
present riparian areas (long and narrow), with a fixed 30 m width, as
are many restoration plantations (Rodrigues et al., 2009). Simulations
were run over 500 years and output files were saved at 30, 50, 100, 250
and 500 years. We simulated patch areas of 5 ha, 10 ha, and 20 ha.
Initial population size varied with patch area because the current re-
commendations for forest restoration is to plant 20 in/ha.

The tree spatial distribution in the forest patch, the mean number of
alleles per locus, the inbreeding coefficient, and the seed dispersal
pattern used to produce the initial population were based on data ob-
tained from real populations in well-established (27 and 57 years old)
restoration plantations (Sujii, 2015; Sujii et al., 2017). To produce the
input datasets, we first created a simulated a large initial population
(N = 1000), with all loci in Hardy-Weinberg Equilibrium (HWE), and
the same number of loci and alleles per locus that would be used in the
simulations (10 loci, 5 alleles per locus). Initial populations were
composed of seedlings all of the same age, as in a restoration plantation.
Seedlings in the input dataset were the result of simulated reproduction
events between seed sources and pollen donors from the original po-
pulation. Therefore, the input dataset represents a sample of seeds
collected from a large population, as is typically the case in applied
restoration projects.

The genetic composition of each initial population was determined
by the number of seed sources and pollen donors. In some initial po-
pulations, seedlings were all the result of self-fertilization, as the off-
spring of one isolated tree. In other initial populations, different
number of seed sources and pollen donors contributed with alleles for
the offspring (seed sources = 1, 5, 10 or 30 individuals; pollen do-
nors = 5, 10 or 20 in.ividuals). Initial populations created with larger
number of seed sources and pollen donors had higher initial genetic
diversity. For simulations with saplings from one mother tree and five
pollen donors, we sampled one individual from the original population
to be the mother and five individuals to be the pollen donors. This
mother was the source of the first allele of each locus of each sapling
used in the plantation. The second allele of each locus was randomly

sampled from the five pollen donors. For the simulations with saplings
from more than one mother tree, we applied the same procedure as for
one mother, but using additional sampled individuals as mothers.

The assumed maximum tree age is 89 years based on mean growth
rate functions for both canopy and emergent trees (Laurance et al.,
2004). Growth rates for C. tomentosum was estimated using diameter
measures of trees from nine restoration areas with different known ages
(6–96 years; Silva, 2013). The probability of surviving to the next time
step was estimated using a demographic study of adult individuals from
a natural remnant forest fragment (Barreto, 2009; Silva, 2013) and
follows a Weibull distribution. As there were no available data for
seedlings and sapling survival rates, a linear function was used such
that for each year of increase in age between one and six, survival rate
increases by 0.2. After the age of six we use empirical data on survival
(Barreto, 2009; Silva, 2013; Fig. S1).

As C. tomentosum is a hermaphrodite species and all individuals can
be either mother or father of an offspring, self-fertilization is also pos-
sible. The main pollinators are large bees with long distance flight ca-
pacity. The maximum distance of pollen flow (1000 m) was based on
information on flight patterns and mean maximum flight distances of
large bees, which are the main pollinators of C. tomentosum (Pasquet
et al., 2008; Hagen et al., 2011). The pollen donors are randomly
sampled from the pool of individuals in the pollen dispersal distance
range, following the pollinators' foraging behaviour (Keasar et al.,
1996). The species has a mixed mating system, and the maximum
number of pollen donors for each mother tree was selected to be 20
trees.

C. tomentosum has one or two seeds enclosed in a large (˜ 9 g each)
thorny samara (winged fruit), that does not remain in permanent seed
banks and are dispersed by wind for short distances (at most 100 m
away from the mother tree, following a Weibull distribution), so most
seeds fall under the canopy of the mother tree (Cavalho 2005; Aidar and
Joly, 2003; Sujii, 2015). The germination probability is 0.7 (Carvalho,
2005). A summary of all parameter values can be found in Table 1.

4. Results

4.1. Sensitivity analysis

We found that our model is not overly sensitive to any of the
parameters tested given the range of values we examined (Table 2).

Table 2
Values for number of alleles (A), inbreeding coefficient (FIS) and proportion of extinct populations estimates in the local sensitivity analysis and the sensitivity
coefficient (S).

A FIS Proportion of extinct pulations

Variable Value Variation value S value S value S

Reference condition * 1.83 0.396 0.480
Adult age 5 yrs −50% 2.52 1.37 0.204 −0.383 0.388 −0.184
Adult age 15 yrs + 50% 1.66 −0.35 0.473 0.155 0.676 0.392
Pollen dispersal 500 m −50% 1.79 −0.08 0.458 0.125 0.560 0.160
Pollen dispersal 1500 m + 50% 2.00 0.33 0.354 −0.084 0.532 0.104
Maximum number of pollen donors 15 −25% 1.88 0.18 0.362 −0.136 0.484 0.016
Maximum number of pollen donors 25 + 25% 1.95 0.48 0.347 −0.194 0.528 0.192
Seed dispersal 50 m −50% 2.98 2.30 0.097 −0.597 0.136 −0.688
Seed dispersal 150 m + 50% 1.55 −0.56 0.531 0.271 0.676 0.392
Germination rate 0.6 −14% 1.50 −2.37 0.592 1.376 0.752 1.904
Germination rate 0.8 + 14% 2.52 4.80 0.168 −1.594 0.260 −1.540
Selection pressure value 0.475 −5% 1.93 2.01 0.358 −0.751 0.448 −0.640
Selection pressure value 0.525 + 5% 2.01 3.62 0.321 −1.502 0.520 0.800
Maximum age 85 yrs −5% 1.71 −2.81 0.424 0.641 0.592 2.492
Maximum age 93 yrs + 5% 2.14 6.86 0.272 −2.758 0.440 −0.890
Average number of seeds per tree 74 −5% 2.04 3.58 0.346 −0.878 0.436 −0.770
Average number of seeds per tree 67 + 5% 1.595 −5.549 0.512 2.723 0.576 2.240

Reference values: Adult age = 10 years; Pollen dispersal = 1000 m, Maximum number of pollen donors = 20, Seed dispersal = 100 m, Germination rate = 0.7,
Selection pressure = 0.5, Maximum age = 89 years, Average number of seeds per tree = 70.
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Each parameter had different effects on the mean number of alleles (A),
the inbreeding coefficient (FIS), and the proportion of extinct popula-
tions. The parameters with the strongest effect were maximum age that
a tree can reach, germination rate, selection pressure value, and
average number of seeds produced by each tree on the number of alleles
(Table 2).

4.2. Model application

Complete output files from the simulated restoration experiment are
available at Github (https://github.com/sujiips/Restoration_PVA).
Both initial population size and initial genetic composition affected
population viability and long-term maintenance of genetic diversity
(Table 3). As expected, larger populations resulted in smaller effects of
genetic drift, measured here as loss of total number of alleles (Fig. 2a).
In populations from small areas, all simulated scenarios lead to allele
loss and an increase in inbreeding coefficient.

Regarding genetic diversity, if planted saplings were produced from
seeds of a single isolated tree, initial genetic diversity was already low
and the number of alleles tended to one in all simulation conditions

(Fig. 2). An increase either in the number of mother trees or pollen
donors resulted in greater initial genetic diversity, and reduced the rate
allele loss, especially in larger initial populations (200 and 400 in-
dividuals). Results of simulations with five or more mother trees were
similar in mid-term. In the short term (< 250 years), initial populations
generated with seeds from five mother trees had a relatively reduced
number of alleles. There was no difference in allelic diversity, effective
number of alleles and allelic richness between 10 and 20 pollen donors
(Fig. 2, Fig. S4).

Initial genetic composition had a strong effect on the inbreeding
coefficient in populations from the small areas. Sampling seeds from
only one isolated tree resulted in a larger increase in inbreeding and in
stronger bottleneck effects than sampling seeds that were result of
outcrossing (Fig. 2). Selection against overall homozygosity at the
germination phase kept the inbreeding coefficient small or moderate,
even with fixation of alleles at some loci (Fig. 2). The probability of
extinction was greater in populations from smaller areas. Also, popu-
lations founded by seeds from only one isolated mother tree had higher
proportion of extinct populations. Populations initiated with seeds from
30 seed sources also had high proportion of extinct populations,

Table 3
ANOVA table summarizing the effects of and interactions between initial genetic diversity and patch area on the total number of alleles and
inbreeding coefficient in the population.

total number of alleles inbreeding coefficient

Factor Df MS F value Pr(> F) MS F value Pr(> F)

mothers 1 193.7 150.356 0.000** 1.001 57.069 0.000**

fathers 1 864.6 671.093 0.000** 3.681 209.769 0.000**

area 1 1696.7 1316.988 0.000** 0.232 13.203 0.000**

mothers: fathers 1 72.5 56.274 0.000** 1.376 78.432 0.000**

mothers: area 1 168.1 130.517 0.000** 0.275 2.089 0.000**

fathers: area 1 76.9 59.653 0.000** 0.082 4.654 0.031*

mothers: fathers: area 1 5.8 4.476 0.0344* 115 6.533 0.0106*

Residuals 7492 1.3 0.018

Df: degrees of freedom; MS: mean square.
** p < 0.001.
* p < 0.5.

Fig. 2. Effects of initial genetic diversity and initial population size on mean number of alleles observed in each population after different time spans for each
treatment; mean inbreeding coefficient (FIS) observed in each population after different time spans for each treatment; and proportion of populations that became
extinct after each time span for each treatment.
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although the mean number of alleles and the mean Fis were similar to
simulations with five and 10 seed sources (Fig. 2).

5. Discussion

5.1. Model development

The model we present is a tool for understanding the effects of in-
itial genetic diversity and population size on the long-term viability of
tree populations in forest restoration projects. It can be applied in
studies of tree species with different characteristics, from tropical and
temperate forests. This model is particularly useful when rare and
threatened species are reintroduced in restoration sites to support their
conservation, which relies on the potential of reintroduced populations
to persist overtime (Duquesnel et al., 2017). Restoration practitioners
can associate their current knowledge and new field data with the re-
sults from simulations of varied scenarios, which may comprise species
with different characteristics, and a more comprehensive range of area
sizes in order to guide planning and implementation of new restoration
areas.

The use of spatially explicit stochastic space–time simulations has
many advantages over spatial mathematical models including the ca-
pacity to include biological complexity such as stochasticity, individual-
level variation, adaptive traits, as well as spatial processes (e.g., dis-
persal) that are difficult to reliably model using purely mathematical
approaches (Epperson et al., 2010). Individual-based models are par-
ticularly useful for planning reintroduction and conservation of en-
dangered species in restoration areas (Covington et al., 2001; Bruford
et al., 2010), especially if restoration and conservation practitioners
and modellers work together (Wood et al., 2015).

Habitat loss and population disruption by fragmentation are two of
the main causes of species extinction (Fahrig, 1997). Forest restoration
is a relevant complement to species conservation plans because it en-
ables the increase in forest area and the reintroduction of endangered
species. Nevertheless, endangered species are usually found in small
population sizes and in low densities, which hampers seed sampling
both for ex-situ and in-situ conservation. The model we have presented
is a valuable tool for decision-making as it can be used to help design
seed sampling strategies for effective and genetically informed re-
storation efforts. It is important to note that for many tree species, some
of the parameters required by our model are not readily available; one
of the unfortunate paradoxes of working with endangered, and hence
rare, species. Nonetheless, data on threatened species autoecology and
population structure are becoming increasingly available (Kattge et al.,
2011; Sousa-Baena et al., 2014; Canhos et al., 2014; de Lima et al.,
2015). Information can also be extrapolated from species with similar
ecological and demographic characteristics and simulations covering
the uncertainty range of the parameter can be performed.

This model accounts for overlapping generations and effects of in-
breeding depression, which are present in many tree species (Angeloni
et al., 2011). The effects of inbreeding depression were summarized in
this model in the germination process, that is when the negative effects
of inbreeding are strong and were more carefully measured (Ishida,
2006; Naito et al., 2005; Chaves et al., 2011). Although there is evi-
dence that inbreeding may reduce survival and reproduction in dif-
ferent life stages (Hufford and Hamrick, 2003; Naito et al., 2005), there
is a lack of studies testing the magnitude of the effect on later life
stages. Further investigation into the effects of inbreeding depression on
different life stages is required.

This model was designed for simulations of populations in the short
and mid-term (tens of generations), because it does not account for
mutation and for changes in selective pressures over time. It focuses on
only one isolated population, but it is possible to evaluate effects of
inter-population gene flow when a migration parameter is included.
These limitations may be overcome using the results obtained from our

model as input or assumptions for other simulation programs that ac-
count for mutation, migration and natural selection in changing en-
vironments.

5.2. Model application

Restoration projects must consider both the spatial attributes of the
restoration area and the initial effective population size to reduce the
risk of genetic bottlenecks and to increase the probability of long-term
population persistence (Allendorf et al., 2013). In general, smaller re-
storation areas contain smaller populations. Thus, in long narrow ri-
parian restoration areas such as those targeted for C. tomentosum, high
initial genetic composition (i.e., diversity) of the seed pool is necessary
to maintain such diversity and assure long-term population viability.
The results from our case study indicate that increasing the number of
seed sources from one to five can be enough to reduce the bottleneck
effect, and sampling seeds from trees that can receive pollen from at
least five other trees avoids the fixation of alleles in the medium term.
Given our results, for C. tomentosum and species with similar re-
productive characteristics we recommend for forest managers to avoid
sampling seeds from isolated trees and to use more than five trees from
large, well preserved populations as seed sources.

In all sizes of restoration area, planting seeds from only one isolated
tree results in a very strong bottleneck effect, higher extinction rate and
genetic diversity loss. Increasing either the number of mother trees or
the number of pollen donors increase the initial levels of genetic di-
versity, which is beneficial for slowing down the loss of alleles over
time. Higher initial genetic diversity also resulted in lower levels of
inbreeding in a mid-term.

We found that restoration projects using C. tomentosum, or using
other species with similar life-history traits, should use seeds taken
from at least ten mother trees to ensure successful restoration. Beyond
this number (e.g., up to 30) we did not identify any additional long-
term benefits in terms of the maintenance of genetic diversity and re-
duction in inbreeding. The higher proportion of extinct populations
observed in simulations with seeds from 30 mother trees may be a result
of the random sample of a few seeds from each tree. More simulations
with defined seed sampling designs are required to explain this result.
Our finding of a minimum of 10 trees is lower than current re-
commendations in the literature, where greater than 30 trees are re-
commended (Vencovsky, 1986; Basey et al., 2015). The recommenda-
tion for > 30 trees aims to conserve a minimum effective population
size of 100, which was not addressed in our study. Instead, we focused
on how the different levels of initial genetic diversity influenced long-
term maintenance of genetic diversity in restoration populations
without explicit consideration of effective population size. We show
that under situations where conservation resources are limited, and
management objectives involve identifying suitable trade-offs between
population viability and minimizing costs, seeds taken from ten trees
will be sufficient. This is a preliminary study, with only one species, and
a limited number of simulated scenarios to exemplify one application of
the model. The overall pattern observed here should not be used iso-
lated to support forest restoration and management actions. More ex-
tensive studies, however, may help to improve the use of the proposed
model in ecological restoration programs.

In addition, as all simulated areas showed reduction in genetic di-
versity and increase in inbreeding coefficient estimates, to ensure long-
term sustainability, restoration programs should emphasize con-
nectivity among newly restored patches and existing forest patches
(Rudnick et al., 2012; FAO, 2015). Connectivity among forest fragments
is essential to gene flow among remnant and other restoration areas
increase metapopulation size and reduce the negative effects of small
population sizes observed in our simulations (Frankham, 2015). Al-
though we did not explicitly examine this question in this study, future
work in this area should examine the interactions between initial
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genetic diversity and spatial connectivity in fragmented landscape at
different spatial scales and over varying conservation planning hor-
izons.

6. Final remarks

Simulation approaches have been used previously in forest re-
storation to assess the impact of ecophysiological parameters on species
resilience of forest stands (Pietsch and Hasenauer, 2002); to understand
the influence of management on forest structure over time (Covington
et al., 2001); and to predict habitat quality in restoration plantations
(Pausas et al., 1997). Simulations are a useful tool for evaluating re-
storation success when empirical manipulation of the system is either
too costly or limited by the rarity and conservation status of the taxa
being examined. Nonetheless, integration of simulation and empirical
studies will further serve to inform decision making processes and ul-
timately improve the probability of success and long term persistence of
restoration efforts. To our knowledge, this is the first model to simulate
restored population persistence using a combined population biology
and population genetics approach. As a novel approach, it will require
further adaptations and development to address other specific restora-
tion projects. This model, and the approach on which it is based, have
great potential to support seed collection, to guide restoration im-
plementation, and to increase the probability of long term persistence
of restoration plantations.

Author’s contributions

PSS, PMAJ, MIZ and PHSB worked on the study conception and
design. PSS and MEN wrote the simulation program. PSS analyzed,
interpreted data and drafted the manuscript. All authors participated in
critical revision of the manuscript.

Conflicts of interest

None.

Acknowledgements

This research was developed at the Université de Montréal, during
an internship to PSS funded by the FAPESP: São Paulo Research
Foundation. National Council for Scientific and Technological
Development, (FAPESP - 2014/01364-9; BIOTA 2011/50296-8). The
authors declare that they have no conflict of interest. PHSB thanks the
National Council for Scientific and Technological Development (CNPq;
grant #304817/2015-5).

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.ecolmodel.2019.04.
014.

References

Aidar, M.P., Joly, C.A., 2003. Dinâmica da produção e decomposição da serapilheira do
araribá (Centrolobium tomentosum Guill. ex Benth.–Fabaceae) em uma mata ciliar,
Rio Jacaré-Pepira, São Paulo. Rev. Bras. Bot. 26, 193–202.

Alexander, S., Nelson, C.R., Aronson, J., Lamb, D., Cliquet, A., Erwin, K.L., Finlayson,
C.M., De Groot, R.S., Harris, J.A., Higgs, E.S., Hobbs, R.J., 2011. Opportunities and
challenges for ecological restoration within REDD+. Restor. Ecol. 19 (6), 683–689.
https://doi.org/10.1111/j.1526-100X.2011.00822.x.

Allendorf, F.W., Luikart, G., Aitken, S.N., 2013. Conservation and the Genetics of
Populations. Willey-Blacwell, West Sussex. UK.

Angeloni, F., Ouborg, N.J., Leimu, R., 2011. Meta-analysis on the association of popu-
lation size and life history with inbreeding depression in plants. Biol. Conserv. 144,
35–43. https://doi.org/10.1016/j.biocon.2010.08.016.

Ayroles, J.F., Hughes, K.A., Rowe, K.C., Reedy, M.M., Rodriguez-Zaz, S.L., Drnevich, J.M.,
Cáceres, C.E., Paige, K.N., 2009. A genomewide assessment of inbreeding depression:

gene number, function, and mode of action. Conserv. Biol. 23, 920–930. https://doi.
org/10.1111/j.1523-1739.2009.01186.x.

Banks-Leite, C., Pardini, R., Tambosi, L.R., 2014. Using ecological thresholds to evaluate
the costs and benefits of set-asides in a biodiversity hotspot. Science 345, 1041–1045.
https://doi.org/10.1126/science.1255768.

Barreto, T.E., 2009. Dinâmica de 10,24 ha de um trecho de floresta estacional semi-
decidual, Galia, Alvilandia, SP, Brasil. Dissertation. Graduate Program of Plant
Biology. Universidade Estadual de Campinas.

Basey, A.C., Fant, J.B., Kramer, A.T., 2015. Producing native plant materials for re-
storation: 10 rules to collect and maintain genetic diversity. Native Plants J. 16,
37–53. https://doi.org/10.3368/npj.16.1.37.

Bertacchi, M.I.F., Amazonas, N.T., Brancalion, P.H., Brondani, G.E., Oliveira, A., Pascoa,
M.A., Rodrigues, R.R., 2016. Establishment of tree seedlings in the understory of
restoration plantations: natural regeneration and enrichment plantings. Restor. Ecol.
24, 100–108. https://doi.org/10.1111/rec.12290.

Booy, G., Hendriks, R.J.J., Smulders, M.J.M., Van Groenendael, J.M., Vosman, B., 2000.
Genetic diversity and the survival of populations. Plant Biol. 2, 379–395. https://doi.
org/10.1055/s-2000-5958.

Boyce, M.S., 1992. Population viability analysis. Annu. Rev. Ecol. Syst. 23 (1), 481–497.
https://doi.org/10.1146/annurev.es.23.110192.002405.

Bozzano, M., Jalonen, R., Thomas, E., Boshier, D., Gallo, L., Cavers, S., Bordács, S., Smith,
P., Loo, J., 2014. Genetic Considerations in Ecosystem Restoration Using Native Tree
Species. State of the World’s Forest Genetic Resources–Thematic Study. FAO. http://
hdl.handle.net/10568/67424.

Brancalion, P.H., Viani, R.A., Aronson, J., Rodrigues, R.R., Nave, A.G., 2012. Improving
planting stocks for the Brazilian Atlantic forest restoration through community‐based
seed harvesting strategies. Restor. Ecol. 20, 704–711. https://doi.org/10.1111/j.
1526-100X.2011.00839.x.

Brancalion, P.H.S., Bello, C., Chazdon, R.L., Galetti, M., Jordano, P., Lima, R.A.F.,
Medina, A., Pizo, M.A., Reid, J.L., 2018. Maximizing biodiversity conservation and
carbon stocking in restored tropical forests. Conserv. Lett. 0, e12454. https://doi.org/
10.1111/conl.12454.

Bruford, M.W., Ancrenaz, M., Chikhi, L., Lackman-Ancrenaz, I., Andau, M., Ambu, L.,
Goossens, B., 2010. Projecting genetic diversity and population viability for the
fragmented orang-utan population in the Kinabatangan floodplain, Sabah, Malaysia.
Endang. Species Res. 12, 249–261. https://doi.org/10.3354/esr00295.

Bugmann, H., 2001. A review of forest gap models. Clim. Change 51 (3-4), 259–305.
https://doi.org/10.1023/A:1012525626267.

Canhos, D.A.L., Sousa-Baena, M.S., Souza, S., Garcia, L.C., De Giovanni, R., Maia, L.C.,
Bonacelli, M.B.M., 2014. Lacunas: a web interface to identify plant knowledge gaps to
support informed decision-making. Biodivers. Conserv. 23, 109–131. https://doi.org/
10.1007/s10531-013-0587-0.

Carvalho, P.E.R., 2005. Araruva. Circular Técnica. Embrapa Florestas, Colombro, PR, pp.
11. https://ainfo.cnptia.embrapa.br/digital/bitstream/CNPF-2009-09/39418/1/
circ-tec103.pdf.

Chaves, L.J., Vencovsky, R., Silva, R.S.M., de Campos Telles, M.P., Zucchi, M.I., Coelho,
A.S.G., 2011. Estimating inbreeding depression in natural plant populations using
quantitative and molecular data. Conserv. Gen. 12, 569–576. https://doi.org/10.
1007/s10592-010-0164-y.

Chazdon, R.L., 2014. Second Growth: the Promise of Tropical Forest Regeneration in an
Age of Deforestation. University of Chicago Press, Chicago.

Chazdon, R.L., Brancalion, P.H., Lamb, D., Laestadius, L., Calmon, M., Kumar, C., 2015. A
policy‐driven knowledge agenda for global forest and landscape restoration. Conserv.
Lett. https://doi.org/10.1111/conl.12220.

Covington, W.W., Fulé, P.Z., Hart, S.C., Weaver, R.P., 2001. Modeling ecological re-
storation effects on ponderosa pine forest structure. Rest. Ecol. 9, 421–431. https://
doi.org/10.1046/j.1526-100X.2001.94011.x.

D’Antonio, C., Meyerson, L.A., 2002. Exotic plant species as problems and solutions in
ecological restoration: a synthesis. Restor. Ecol. 10, 703–713. https://doi.org/10.
1046/j.1526-100X.2002.01051.x.

Davies-Colley, R.J., Payne, G.W., Van Elswijk, M., 2000. Microclimate gradients across a
forest edge. N. Z. J. Ecol. 24, 111–121. http://www.jstor.org/stable/24054666.

de Lima, R.A., Mori, D.P., Pitta, G., Melito, M.O., Bello, C., Magnago, L.F., Zwiener, V.P.,
Saraiva, D.D., Marques, M.C., de Oliveira, A.A., Prado, P.I., 2015. How much do we
know about the endangered Atlantic Forest? Reviewing nearly 70 years of informa-
tion on tree community surveys. Biodivers. Conserv. 24 (9), 2135–2148. https://doi.
org/10.1007/s10531-015-0953-1.

Didham, R.K., Lawton, J.H., 1999. Edge structure determines the magnitude of changes in
microclimate and vegetation structure in tropical forest fragments. Biotropica 17–30.
https://doi.org/10.1111/j.1744-7429.1999.tb00113.x.

Dixon, K.W., 2009. Pollination and restoration. Science 325, 571–573. https://doi.org/
10.1126/science.1176295.

Duquesnel, J.A., Maschinski, J., McElderry, R., Gann, G.D., Bradley, K., Cowan, E., 2017.
Sequential augmentation reveals life history and suitable conditions for colonization
of the rare mahogany mistletoe in South Florida. Restor. Ecol. https://doi.org/10.
1111/rec.12485.

Epperson, B.K., McRae, B.H., Scribner, K.I.M., Cushman, S.A., Rosenberg, M.S., Fortin,
M.J., James, P., Murphy, M., Manel, S., Legendre, P., Dale, M.R., 2010. Utility of
computer simulations in landscape genetics. Mol. Ecol. 19, 3549–3564. https://doi.
org/10.1111/j.1365-294X.2010.04678.x.

Fahrig, L., 1997. Relative effects of habitat loss and fragmentation on population ex-
tinction. The J. Wildlife Manag. 603–610. https://doi.org/10.2307/3802168.

Food and Agriculture Organization of the United Nations, 2015. Global Forest Resources
Assessment 2015: How Are the World’s Forests Changing? Food and Agriculture
Organization of the United Nations.

Frankel, O., Soulé, M.E., 1981. Conservation and Evolution. University Press, Cambridge.

P.S. Sujii, et al. Ecological Modelling 403 (2019) 35–43

42

https://doi.org/10.1016/j.ecolmodel.2019.04.014
https://doi.org/10.1016/j.ecolmodel.2019.04.014
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0005
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0005
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0005
https://doi.org/10.1111/j.1526-100X.2011.00822.x
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0015
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0015
https://doi.org/10.1016/j.biocon.2010.08.016
https://doi.org/10.1111/j.1523-1739.2009.01186.x
https://doi.org/10.1111/j.1523-1739.2009.01186.x
https://doi.org/10.1126/science.1255768
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0035
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0035
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0035
https://doi.org/10.3368/npj.16.1.37
https://doi.org/10.1111/rec.12290
https://doi.org/10.1055/s-2000-5958
https://doi.org/10.1055/s-2000-5958
https://doi.org/10.1146/annurev.es.23.110192.002405
http://hdl.handle.net/10568/67424
http://hdl.handle.net/10568/67424
https://doi.org/10.1111/j.1526-100X.2011.00839.x
https://doi.org/10.1111/j.1526-100X.2011.00839.x
https://doi.org/10.1111/conl.12454
https://doi.org/10.1111/conl.12454
https://doi.org/10.3354/esr00295
https://doi.org/10.1023/A:1012525626267
https://doi.org/10.1007/s10531-013-0587-0
https://doi.org/10.1007/s10531-013-0587-0
https://ainfo.cnptia.embrapa.br/digital/bitstream/CNPF-2009-09/39418/1/circ-tec103.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/CNPF-2009-09/39418/1/circ-tec103.pdf
https://doi.org/10.1007/s10592-010-0164-y
https://doi.org/10.1007/s10592-010-0164-y
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0100
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0100
https://doi.org/10.1111/conl.12220
https://doi.org/10.1046/j.1526-100X.2001.94011.x
https://doi.org/10.1046/j.1526-100X.2001.94011.x
https://doi.org/10.1046/j.1526-100X.2002.01051.x
https://doi.org/10.1046/j.1526-100X.2002.01051.x
http://www.jstor.org/stable/24054666
https://doi.org/10.1007/s10531-015-0953-1
https://doi.org/10.1007/s10531-015-0953-1
https://doi.org/10.1111/j.1744-7429.1999.tb00113.x
https://doi.org/10.1126/science.1176295
https://doi.org/10.1126/science.1176295
https://doi.org/10.1111/rec.12485
https://doi.org/10.1111/rec.12485
https://doi.org/10.1111/j.1365-294X.2010.04678.x
https://doi.org/10.1111/j.1365-294X.2010.04678.x
https://doi.org/10.2307/3802168
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0155
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0155
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0155
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0160


Frankham, R., 2005. Genetics and extinction. Biol. Conserv. 126, 131–140. https://doi.
org/10.1016/j.biocon.2005.05.002.

Frankham, R., 2015. Genetic rescue of small inbred populations: meta‐analysis reveals
large and consistent benefits of gene flow. Mol. Ecol. 24, 2610–2618. https://doi.org/
10.1111/mec.13139.

Frankham, R., Bradshaw, C.J., Brook, B.W., 2014. Genetics in conservation management:
revised recommendations for the 50/500 rules, red list criteria and population via-
bility analyses. Biol. Conserv. 170, 56–63. https://doi.org/10.1016/j.biocon.2013.
12.036.

Goudet, J., 1995. FSTAT (version 1.2): a computer program to calculate F-statistics. J.
Heredity 86, 485–486. https://doi.org/10.1093/oxfordjournals.jhered.a111627.

Goudet, J., 2005. Hierfstat, a package for R to compute and test hierarchical F‐statistics.
Mol. Ecol. Resour. 5, 184–186. https://doi.org/10.1111/j.1471-8286.2004.00828.x.

Grimm, V., Berger, U., Bastiansen, F., Eliassen, S., Ginot, V., Giske, J., Goss-Custard, J.,
Grand, T., Heinz, S.K., Huse, G., Huth, A., 2006. A standard protocol for describing
individual-based and agent-based models. Ecol. Modell. 198, 115–126. https://doi.
org/10.1016/j.ecolmodel.2006.04.023.

Grimm, V., Berger, U., DeAngelis, D.L., Polhill, J.G., Giske, J., Railsback, S.F., 2010. The
ODD protocol: a review and first update. Ecol. Modell. 221 (23), 2760–2768. https://
doi.org/10.1016/j.ecolmodel.2010.08.019.

Hagen, M., Wikelski, M., Kissling, W.D., 2011. Space use of bumblebees (Bombus spp.)
revealed by radio-tracking. PLoS One 6, e19997. https://doi.org/10.1371/journal.
pone.0019997.

Harris, J.A., Hobbs, R.J., Higgs, E., Aronson, J., 2006. Ecological restoration and global
climate change. Restor. Ecol. 14, 170–176. https://doi.org/10.1111/j.1526-100X.
2006.00136.x.

Hauhs, M., Kastner-Maresch, A., Rost-Siebert, K., 1995. A model relating forest growth to
ecosystem-scale budgets of energy and nutrients. Ecol Model. 83 (1-2), 229–243.
https://doi.org/10.1016/0304-3800(95)00101-Z.

Holl, K.D., 2017. Restoring tropical forests from the bottom up. Science 355, 455–456.
https://doi.org/10.1126/science.aam5432.

Hufford, K.M., Hamrick, J.L., 2003. Viability selection at three early life stages of the
tropical tree, Platypodium elegans (Fabaceae, papilionoideae). Evolution 57, 518–526.
https://doi.org/10.1554/0014-3820(2003)057[0518:VSATEL]2.0.CO;2.

Hufford, K.M., Mazer, S.J., 2003. Plant ecotypes: genetic differentiation in the age of
ecological restoration. Trends Ecol. Evol. 18, 147–155. https://doi.org/10.1016/
S0169-5347(03)00002-8.

Ishida, K., 2006. Maintenance of inbreeding depression in a highly self-fertilizing tree,
Magnolia obovata Thunb. Evol. Ecol. 20, 173–191. https://doi.org/10.1007/s10682-
005-5748-5.

Kattge, J., Diaz, S., Lavorel, S., Prentice, I.C., Leadley, P., Bönisch, G., Garnier, E.,
Westoby, M., Reich, P.B., Wright, I.J., Cornelissen, J.H.C., 2011. TRY–a global da-
tabase of plant traits. Glob. Change Biol. Bioenergy 17, 2905–2935. https://doi.org/
10.1111/j.1365-2486.2011.02451.x.

Keasar, T., Shmida, A., Motro, U., 1996. Innate movement rules in foraging bees: flight
distances are affected by recent rewards and are correlated with choice of flower
type. Behav. Ecol. Sociobiol. 39, 381–388. https://doi.org/10.1007/s002650050304.

Keller, L.F., Waller, D.M., 2002. Inbreeding effects in wild populations. Trends Ecol. Evol.
17, 230–241. https://doi.org/10.1016/S0169-5347(02)02489-8.

Laurance, W.F., Nascimento, H.E., Laurance, S.G., Condit, R., D’Angelo, S., Andrade, A.,
2004. Inferred longevity of Amazonian rainforest trees based on a long-term demo-
graphic study. For. Ecol. Manage. 190, 131–143. https://doi.org/10.1016/j.foreco.
2003.09.011.

McKay, J.K., Christian, C.E., Harrison, S., Rice, K.J., 2005. “How local is local?”—a re-
view of practical and conceptual issues in the genetics of restoration. Restor. Ecol. 13,
432–440. https://doi.org/10.1111/j.1526-100X.2005.00058.x.

Mills, L.S., 2012. Conservation of Wildlife Populations: Demography, Genetics, and
Management. John Wiley & Sons, West Sussex.

Naito, Y., Konuma, A., Iwata, H., Suyama, Y., Seiwa, K., Okuda, T., Lee, S.L., Muhammad,
N., Tsumura, Y., 2005. Selfing and inbreeding depression in seeds and seedlings of
Neobalanocarpus heimii (Dipterocarpaceae). J. Plant Res. 118, 423–430. https://doi.
org/10.1007/s10265-005-0245-z.

Newmark, W.D., Jenkins, C.N., Pimm, S.L., McNeally, P.B., Halley, J.M., 2017. Targeted
habitat restoration can reduce extinction rates in fragmented forests. PNAS 114,
9635–9640. https://doi.org/10.1073/pnas.1705834114.

Pacala, S.W., Canham, C.D., Saponara, J., Silander, J.A., Kobe, R.K., Ribbens, E., 1996.
Forest models defined by field measurements: estimation, error analysis and dy-
namics. Ecol. Monogr. 66 (1), 1–43. https://doi.org/10.2307/2963479.

Pagano, M.C., 2008. Rhizobia associated with neotropical tree Centrolobium tomentosum
used in riparian restoration. Plant Soil Environ. 54, 498–508.

Pasquet, R.S., Peltier, A., Hufford, M.B., Oudin, E., Saulnier, J., Paul, L., Knudsen, J.T.,

Herren, H.R., Gepts, P., 2008. Long-distance pollen flow assessment through eva-
luation of pollinator foraging range suggests transgene escape distances. PNAS 105,
13456–13461. https://doi.org/10.1073/pnas.0806040105.

Pausas, J.G., Austin, M.P., Noble, I.R., 1997. A forest simulation model for predicting
eucalypt dynamics and habitat quality for arboreal marsupials. Ecol. Appl. 7,
921–933. https://doi.org/10.1890/1051-0761(1997)007[0921:AFSMFP]2.0.CO;2.

Pietsch, S.A., Hasenauer, H., 2002. Using mechanistic modeling within forest ecosystem
restoration. For. Ecol. Manage. 159, 111–131. https://doi.org/10.1016/S0378-
1127(01)00714-9.

R Core Team, 2015. R: a Language and Environment for Statistical Computing. URL. R
Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org/.

Railsback, S.F., Grimm, V., 2011. Agent-based and Individual-based Modeling: a Practical
Introduction. Princeton university press, Princeton and Oxford.

Reed, D.H., Frankham, R., 2003. Correlation between fitness and genetic diversity.
Conserv. Biol. 17, 230–237. https://doi.org/10.1046/j.1523-1739.2003.01236.x.

Richards, C.M., 2000. Inbreeding depression and genetic rescue in a plant metapopula-
tion. Am. Nat. 155, 383–394. https://doi.org/10.1086/303324.

Rodrigues, R.R., Lima, R.A., Gandolfi, S., Nave, A.G., 2009. On the restoration of high
diversity forests: 30 years of experience in the Brazilian Atlantic Forest. Biol. Conserv.
142, 1242–1251. https://doi.org/10.1016/j.biocon.2008.12.008.

Rodrigues, R.R., Gandolfi, S., Nave, A.G., Aronson, J., Barreto, T.E., Vidal, C.Y.,
Brancalion, P.H., 2011. Large-scale ecological restoration of high-diversity tropical
forests in SE Brazil. For. Ecol. Manage. 261, 1605–1613. https://doi.org/10.1016/j.
foreco.2010.07.005.

Rudnick, D., Ryan, S.J., Beier, P., Cushman, S.A., Dieffenbach, F., Epps, C., Gerber, L.R.,
Hartter, J., Jenness, J.S., Kintsch, J., Merenlender, A.M., 2012. The role of landscape
connectivity in planning and implementing conservation and restoration priorities.
Issues Ecol. 16.

Scheller, R.M., Mladenoff, D.J., 2007. An ecological classification of forest landscape si-
mulation models: tools and strategies for understanding broad-scale forested eco-
systems. Landsc. Ecol. 22 (4), 491–505. https://doi.org/10.1007/s10980-006-
9048-4.

Seidl, R., Rammer, W., Scheller, R.M., Spies, T.A., 2012. An individual-based process
model to simulate landscape-scale forest ecosystem dynamics. Ecol Model 231,
87–100. https://doi.org/10.1016/j.ecolmodel.2012.02.015.

Sezen, U.U., Chazdon, R.L., Holsinger, K.E., 2007. Multigenerational genetic analysis of
tropical secondary regeneration in a canopy palm. Ecol. 88 (12), 3065–3075. https://
doi.org/10.1890/06-1084.1.

Silva, C.C., 2013. Potencial de espécies nativas para a produção de madeira serrada em
plantios de restauração florestal. Doctoral dissertation. Universidade de São Paulo.

Sousa-Baena, M.S., Garcia, L.C., Peterson, A.T., 2014. Knowledge behind conservation
status decisions: data basis for “Data Deficient” Brazilian plant species. Biol. Conserv.
173, 80–89. https://doi.org/10.1016/j.biocon.2013.06.034.

Suding, K., Higgs, E., Palmer, M., Callicott, J.B., Anderson, C.B., Baker, M., Gutrich, J.J.,
Hondula, K.L., LaFevor, M.C., Larson, B.M., Randall, A., 2015. Committing to eco-
logical restoration. Science 348, 638–640. https://doi.org/10.1126/science.aaa4216.

Sujii, P.S., 2015. Genetic Diversity, Structure and Mating System of Centrolobium
Tomentosum Guillem ex. Bentham (Fabaceae), to Support Genetic Enrichment in
Forest Restoration Areas. PhD thesis. Universidade Estadual de Campinas.

Sujii, P.S., Schwarcz, K.D., Grando, C., de Aguiar Silvestre, E., Mori, G.M., Brancalion,
P.H., Zucchi, M.I., 2017. Recovery of genetic diversity levels of a neotropical tree in
Atlantic Forest restoration plantations. Biol. Conserv. 211, 110–116. https://doi.org/
10.1016/j.biocon.2017.05.006.

Tabarelli, M., Lopes, A.V., Peres, C.A., 2008. Edge‐effects drive tropical forest fragments
towards an early‐successional system. Biotropica 40, 657–661. https://doi.org/10.
1111/j.1744-7429.2008.00454.x.

Thomas, E., Jalonen, R., Loo, J., Boshier, D., Gallo, L., Cavers, S., Bordács, S., Smith, P.,
Bozzano, M., 2014. Genetic considerations in ecosystem restoration using native tree
species. For. Ecol. Manage. 333, 66–75. https://doi.org/10.1016/j.foreco.2014.07.
015.

Vencovsky, R., 1986. Tamanho efetivo populacional na coleta e preservação de germo-
plasma de espécies alógamas. EMBRAPA-CENARGEN. http://www.ipef.br/
publicacoes/scientia/nr35/cap06.pdf.

Wood, K.A., Stillman, R.A., Goss‐Custard, J.D., 2015. Co‐creation of individual‐based
models by practitioners and modellers to inform environmental decision‐making. J.
Appl. Ecol. 52, 810–815. https://doi.org/10.1111/1365-2664.12419.

Zucchi, M.I., Sujii, P.S., Mori, G.M., Viana, J.P., Grando, C., Silvestre, E.D.A., Schwarcz,
K.D., Macrini, C.M., Bajay, M.M., Araújo, F.L., Siqueira, M.V.B.M., Alves-Pereira, A.,
Souza, A.P., Pinheiro, J.B., Rodrigues, R.R., Brancalion, P.H.S., 2018. Genetic di-
versity of reintroduced tree populations in restoration plantations of the Brazilian
Atlantic Forest. Rest. Ecol. 26 (4), 694–701. https://doi.org/10.1111/rec.12620.

P.S. Sujii, et al. Ecological Modelling 403 (2019) 35–43

43

https://doi.org/10.1016/j.biocon.2005.05.002
https://doi.org/10.1016/j.biocon.2005.05.002
https://doi.org/10.1111/mec.13139
https://doi.org/10.1111/mec.13139
https://doi.org/10.1016/j.biocon.2013.12.036
https://doi.org/10.1016/j.biocon.2013.12.036
https://doi.org/10.1093/oxfordjournals.jhered.a111627
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.1016/j.ecolmodel.2006.04.023
https://doi.org/10.1016/j.ecolmodel.2006.04.023
https://doi.org/10.1016/j.ecolmodel.2010.08.019
https://doi.org/10.1016/j.ecolmodel.2010.08.019
https://doi.org/10.1371/journal.pone.0019997
https://doi.org/10.1371/journal.pone.0019997
https://doi.org/10.1111/j.1526-100X.2006.00136.x
https://doi.org/10.1111/j.1526-100X.2006.00136.x
https://doi.org/10.1016/0304-3800(95)00101-Z
https://doi.org/10.1126/science.aam5432
https://doi.org/10.1554/0014-3820(2003)057[0518:VSATEL]2.0.CO;2
https://doi.org/10.1016/S0169-5347(03)00002-8
https://doi.org/10.1016/S0169-5347(03)00002-8
https://doi.org/10.1007/s10682-005-5748-5
https://doi.org/10.1007/s10682-005-5748-5
https://doi.org/10.1111/j.1365-2486.2011.02451.x
https://doi.org/10.1111/j.1365-2486.2011.02451.x
https://doi.org/10.1007/s002650050304
https://doi.org/10.1016/S0169-5347(02)02489-8
https://doi.org/10.1016/j.foreco.2003.09.011
https://doi.org/10.1016/j.foreco.2003.09.011
https://doi.org/10.1111/j.1526-100X.2005.00058.x
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0260
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0260
https://doi.org/10.1007/s10265-005-0245-z
https://doi.org/10.1007/s10265-005-0245-z
https://doi.org/10.1073/pnas.1705834114
https://doi.org/10.2307/2963479
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0280
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0280
https://doi.org/10.1073/pnas.0806040105
https://doi.org/10.1890/1051-0761(1997)007[0921:AFSMFP]2.0.CO;2
https://doi.org/10.1016/S0378-1127(01)00714-9
https://doi.org/10.1016/S0378-1127(01)00714-9
http://www.R-project.org/
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0305
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0305
https://doi.org/10.1046/j.1523-1739.2003.01236.x
https://doi.org/10.1086/303324
https://doi.org/10.1016/j.biocon.2008.12.008
https://doi.org/10.1016/j.foreco.2010.07.005
https://doi.org/10.1016/j.foreco.2010.07.005
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0330
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0330
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0330
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0330
https://doi.org/10.1007/s10980-006-9048-4
https://doi.org/10.1007/s10980-006-9048-4
https://doi.org/10.1016/j.ecolmodel.2012.02.015
https://doi.org/10.1890/06-1084.1
https://doi.org/10.1890/06-1084.1
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0350
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0350
https://doi.org/10.1016/j.biocon.2013.06.034
https://doi.org/10.1126/science.aaa4216
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0365
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0365
http://refhub.elsevier.com/S0304-3800(19)30159-0/sbref0365
https://doi.org/10.1016/j.biocon.2017.05.006
https://doi.org/10.1016/j.biocon.2017.05.006
https://doi.org/10.1111/j.1744-7429.2008.00454.x
https://doi.org/10.1111/j.1744-7429.2008.00454.x
https://doi.org/10.1016/j.foreco.2014.07.015
https://doi.org/10.1016/j.foreco.2014.07.015
http://www.ipef.br/publicacoes/scientia/nr35/cap06.pdf
http://www.ipef.br/publicacoes/scientia/nr35/cap06.pdf
https://doi.org/10.1111/1365-2664.12419
https://doi.org/10.1111/rec.12620

	A genetic approach for simulating persistence of reintroduced tree species populations in restored forests
	Introduction
	The model
	Entities, state variables, and scales
	Process overview
	Design concepts
	Basic concepts
	Emergence
	Stochasticity

	Initialization
	Input
	Sub-models
	Reproduction
	Seed dispersal
	Seed germination
	Survival

	Model development
	Sensitivity analysis

	Model application
	Results
	Sensitivity analysis
	Model application

	Discussion
	Model development
	Model application

	Final remarks
	Author’s contributions
	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




