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Abstract
Premise: Quaking aspen is a clonal tree species that has mixed ploidy, often with high
relative abundance of both diploids and triploids but no haploids or tetraploids. Triploids
typically have low fertility, leaving their occurrence apparently unlikely from an
evolutionary perspective, unless they provide a “triploid bridge” to generating higher‐
fitness tetraploids—which are not observed in this species. This study focused on how
triploidy can be maintained in quaking aspen.
Methods: A computational model was used to simulate gamete production, sexual
reproduction, asexual reproduction, parent survival, and offspring survival in a
population. All parameters were assumed to be cytotype‐dependent and environment‐
independent. Sampling methods were used to identify parameter combinations consistent
with observed cytotype frequencies.
Results: Many processes and parameter values were sufficient to yield a moderate
frequency of triploids, and very few were necessary. The most plausible route involved
higher triploid survival at the parent or offspring stage and limited unreduced gamete
production by either diploid or triploid parents. Triploid fertility was helpful but not
necessary.
Conclusions: The coexistence of diploids and triploids in quaking aspen is statistically
likely and promoted by the existence of commonly observed, long‐lived triploid
clones. However, other mechanisms not captured by the model related to
environmental variation could also occur. Further empirical data or more complex
but difficult‐to‐parameterize models are needed to gain further insight.
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Many species exhibit intraspecific variation in cytotype
(ploidy level) (Keeler, 1998; Fox et al., 2020). This variation
can sometimes lead to speciation (Otto, 2007), but can also
be temporally persistent. Intraspecific ploidy levels are
typically observed to be even‐numbered (2n = 2x, 4x, 6x,
etc., where n is the typical gametic chromosome number
and x is the base number of chromosomes). Odd‐numbered
ploidies (e.g., 2n = 3x, triploids) are typically rare. A
common assumption is that such odd‐numbered ploidies
have varying but typically low fertility due to meiotic
failures in which the low probability of successful chromo-
some segregation into reduced gametes (n = x) results in
aneuploidy and prezygotic barriers to reproduction
(Jackson, 1976; Zielinski and Mittelsten Scheid, 2012).
Additionally, postzygotic barriers can also occur via a
“triploid block” (Köhler et al., 2010), whereby unbalanced

gene product ratios between parental genomes lead to low
performance. Odd‐numbered ploidies are thought to be
unlikely to evolve in dioecious species where reproductive
problems occur due to disruptions in gene product ratios
between (potentially incipient; Hou et al., 2015) sex
chromosomes and autosomal chromosomes (Marks, 1966).

Nevertheless, odd‐numbered ploidies are sometimes
observed within species at high frequencies and form via
intraspecific mechanisms. A non‐comprehensive list of intra-
specific examples includesAndropogon (Poaceae) (Keeler, 1990),
Arabidopsis (Brassicaceae) (Henry et al., 2005), Campulocli-
nium (Asteraceae) (Farco and Dematteis, 2014), Chamaerion
(Onagraceae) (Burton and Husband, 2001), Boechera (Brassi-
caceae) (Schranz et al., 2005),Dryopteris (Dryopteridaceae) (Lin
et al., 1992), Gingko (Ginkgoaceae) (Šmarda et al., 2018),
Solidago (Asteraceae) (Schlaepfer et al., 2008), and Triticum
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(Poaceae) (Namikawa and Kawakami, 1934). Odd‐numbered
ploidy hybrids that formed via interspecific mechanisms are
not discussed further here (e.g., in Betula [Betulaceae];
Anamthawat‐Jónsson and Thór Thórsson, 2003).

The persistence of odd‐numbered ploidies in popula-
tions at high frequencies therefore requires addressing the
question of stable coexistence. How can they coexist with
diploids and individuals with other even‐numbered ploid-
ies, if they have low fertility and if minority cytotype
exclusion (Levin, 1975) prevents their establishment from
low initial frequencies?

This study addresses this general cytotype coexistence
question in quaking aspen, Populus tremuloides Michx.
(Salicaceae), a wide‐ranging North American tree species
(Mitton and Grant, 1996). This dioecious species occurs as
both diploids and triploids of both sexes (Van Buijtenen, 1957).
Haploids have not been observed (Mock et al., 2012), and
tetraploids are probably rare (Einspahr and Winton, 1977).
Unreduced gametes (pollen) are frequently observed (Benson
and Einspahr, 1967; Winton and Einspahr, 1970). Both diploid
and triploid cytotypes co‐occur at local and regional scales
(Mock et al., 2008; Blonder et al., 2021) (Figure 1). Triploids
aremore common in the southwestern range (Mock et al., 2012;
Goessen et al., 2022). Triploids can comprise approximately
50% of the individuals sampled in some regions such as
southwestern Colorado (Blonder et al., 2021). Notably, the
species also grows clonally (Mitton and Grant, 1996). Triploids
are also more likely to form large spatially extensive clones
(Mock et al., 2012). For example, the “Pando” clone is a
triploid individual that comprises ~40,000 stems over 43 ha of
land (DeWoody et al., 2008).

Aspen is a useful test case for understanding odd‐
numbered ploidy coexistence because its triploids pose an
apparent paradox (described below). It is also an interesting

test case for the more general question of the evolution and
coexistence of odd‐numbered ploidies in mixed‐ploidy
populations because assessments of this question in other
species or in general models have typically focused on
scenarios where triploids are rare (Husband, 2004).

On the one hand, triploids comprise large fractions of
the population in many environments, when counted either
by genotype or by land area (Blonder et al., 2021; Goessen
et al., 2022). They also have high vegetative growth rates
(Benson and Einspahr, 1967; Every and Wiens, 1971;
DeRose et al., 2015; Blonder et al., 2021). On the other
hand, triploids are said to have low fertility (DeRose
et al., 2015; Greer et al., 2017) or the question of low fertility
is acknowledged but unresolved (Mock et al., 2012). Limited
fertility of natural triploids has been observed (e.g., Fig. S29
of Goessen et al., 2022; K. Mock, Utah State University,
personal communication). However, triploid mothers that
do flower often do not develop seeds or develop few seeds
that reach maturity. Of these seeds, germination rates tend
to be low and resulting seedlings often have growth defects.
However, germinated seeds of triploid mothers often are
triploids, while no tetraploid mothers have been observed to
produce seeds (K. Mock, Utah State University, personal
communication). Limited triploid fertility (and high subse-
quent offspring mortality) also has been reported in the
related P. tremula (e.g., Fig. 15 of Johnsson, 1940).

The apparent paradox is then: How can quaking aspen
populations have high frequencies of diploids and triploids
and low or zero frequencies of haploids and tetraploids if
triploids have low fertility? There are at least 11 hypotheses
to consider (Table 1) (see also the broader discussion of
Ramsey and Schemske, 1998). These hypotheses generalize
beyond quaking aspen. They are also not mutually
exclusive, meaning multiple mechanisms may contribute

A B

F IGURE 1 Example of co‐occurrence of diploid and triploid quaking aspen. Points indicate individual stems and are plotted over a satellite base map,
with cytotype indicated by point color. Data are re‐plotted from gridded genetic sampling within areas in southwestern Colorado originally reported by
Blonder et al. 92021). (A) Coal Creek, (B) Middle East River.
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simultaneously to observed patterns. (1) Odd‐numbered
ploidies could have similar fitness to even‐numbered
ploidies due to variation in any fitness component, e.g.,
growth, survival or fecundity (gamete and seed production).
Trade‐offs among fitness components could also exist, such
that higher survival could compensate for lower fecundity.
In aspen, this hypothesis is plausible given the high growth
rates and vegetative dominance of triploids. (2) Gamete
production rate could vary; i.e., each parent cytotype
produces gametes of different cytotypes at different rates
(e.g., if viable reduced gametes are produced at a high rate
or if viable unreduced gametes are produced at a high rate).
Odd‐numbered ploidy offspring could be generated if even‐
numbered ploidies have high fitness and produce reduced
gametes that yield odd‐numbered ploidy offspring (i.e., the
first but not second stage of the “triploid bridge”). In aspen,
this hypothesis is plausible given the frequent observation of
unreduced gametes. (3) A “triploid bridge” could exist
(Husband, 2004) in which triploids are initially produced by
tetraploid and diploid parents producing reduced gametes,

yielding triploid offspring with low fitness; these offspring
then could produce unreduced triploid gametes and
combine with reduced gametes of diploid parents to
produce tetraploid offspring, yielding positive feedback
(and similarly for other odd‐numbered ploidies). If the
tetraploid offspring have sufficiently high fitness, then the
triploid individuals may be maintained in the population
despite low fitness. In aspen, this hypothesis is probably not
plausible given the absence of tetraploids. (4) Apomixis
could occur, in which asexual reproduction without
fertilization occurs (Asker and Jerling, 1992), here for
odd‐numbered ploidies (e.g., triploid parent asexually
producing triploid offspring). In aspen, this hypothesis is
probably implausible given the absence of evidence for
apomixis despite investigation (Nagaraj, 1952). (5) Vegeta-
tive reproduction (clonal growth) could preferentially occur
for odd‐numbered ploidies, effectively reflecting either
apomixis or higher parent survival. Clonal growth is
common in aspen and seems to be more common in
triploids (Mock et al., 2008, 2012). (6) Drift could occur, in

TABLE 1 Symbols used within the model.

Type Symbol Interpretation Type

Model output d Distance between model output and target output Scalar

Model output F Mean frequency of each cytotype over a time interval Vector of length 4

Model output ⃗F t( ) Relative frequency of each cytotype at time t Vector of length 4

Parameter M Population size Scalar

Parameter A Probability a parent of a certain cytotype produces a gamete
of a certain cytotype

Matrix of size 4 × 5

Parameter ⃗B Probability a parent of a certain cytotype produces an
offspring of the same cytotype via apomixis

Vector of length 4

Parameter ⃗C Probability an offspring of a certain cytotype survives to
become a parent

Vector of length 4

Parameter D⃗ Probability a parent of a certain cytotype survives to the
next generation

Vector of length 4

Parameter Ftarget Desired relative frequencies of cytotypes in model output Vector of length 4

Parameter g Number of gametes produced per parent Scalar

Parameter τ Interval of time used to average final model output Scalar

Parameter tmax Number of timesteps to iterate the model Scalar

Variable t Current timestep Scalar

Variable ⃗P t( ) Cytotype of each parent individual at time t Vector of length M

Variable G⃗ t( ) Cytotype of each gamete at time t Vector of length in range [0, gM]

Variable O⃗ t( )sexual Cytotype of each sexually produced offspring at time t Vector of length in range [0, gM]

Variable O⃗ t( )asexual Cytotype of each asexually produced offspring at time t Vector of length in range [0, gM]

Variable O⃗ t( ) Offspring at time t Vector of length in range [0, gM2 ]

Variable O⃗ t( )s Surviving offspring at time t Vector of length in range [0, M]

Variable ⃗P t( )s Surviving parents at time t Vector of length in range [0, M]
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which odd‐numbered and even‐numbered ploidies have
equivalent fitness and shift in abundance stochastically. For
aspen, the amount of data available is insufficient to assess
this possibility. (7) Odd‐numbered ploidies could occur in
another population for whatever reason and disperse into
the local population at high rates. For example, polyploidy is
thought to confer performance advantages compared to
diploids in stressful environments (Van de Peer et al., 2021);
thus, odd‐numbered ploidies may be found in non‐stressful
environments where they have lower fitness than diploid
individuals but persist as “sink” populations if there is high
propagule pressure (Kawecki, 2004). In aspen, this hypoth-
esis is plausible because triploids are thought to occur
primarily in drier and warmer environments, reflecting a
potential spatial niche partitioning necessary for this
phenomenon (Mock et al., 2012; Blonder et al., 2021). (8)
A competition–colonization trade‐off could occur, if there
were differences in the dispersal and establishment rates of
odd‐ and even‐numbered ploidies and multiple habitat
patches were available. This hypothesis is also plausible in
aspen given the higher growth rates of triploids (Benson and
Einspahr, 1967). (9) If temporal environmental variation
occurs, then a storage effect or relative nonlinearity of
competition (Chesson, 2000) could lead respectively to the
favoring of odd‐numbered ploidies in certain rare environ-
ments or in temporally variable environments. This
hypothesis is plausible in aspen given the potentially long
lifespan of clones relative to interglacials (DeWoody
et al., 2008) and the capacity of the species for strong
reproductive responses to disturbance events (DeByle and
Winokur, 1985). (10) Lags could occur, such that historical
environments selected for the high prevalence of odd‐
numbered ploidy, but current environments are now
selecting against them. The observed presence of odd‐
numbered ploidies would then be transiently dynamic. In
aspen, this hypothesis is plausible because triploids are currently
declining in drier and warmer environments (Blonder
et al., 2021) and many aspen forests are undergoing successional
dynamics due to prior settler‐colonial land disturbance or shifts
in fire regime (Rogers et al., 2014). (11) A form of intraspecific
parasitism could occur, such that odd‐numbered ploidies,
especially those representing large clones, have negative effects
on population fitness. Parasitism could occur either directly
through resource preemption as large odd‐numbered ploidy
clones dominate a spatial extent, precluding reproductive even‐
numbered ploidy individuals from establishing, or indirectly
through reducing standing genetic variation (Fisher, 1930) in
temporally variable environments. However, such intraspecific
parasitism could also be selected for in the long term if resource
preemption strengthens interspecific competition, i.e., prevent-
ing other species from accessing preferred habitat. This
hypothesis is plausible in aspen given its frequent occurrence
as monodominant stands (DeByle and Winokur, 1985).

Given that data are highly limited, this study used a
modeling approach to make inferences about these
hypotheses. The study focused on assessing Hypotheses
1–6 because they are spatially and temporally implicit and

can be compactly modeled. Assessing Hypotheses 7–11
would require a model that was more comprehensive, and
more difficult to parameterize and falsify; they also would
require more detailed exploration of stable coexistence
and therefore the relative strengths of intra‐ vs inter-
cytotype competition (Chesson, 2000) than is of interest
here. This study thus represents a first effort toward the
broader question.

First, a general mathematical model was developed for
the relative frequency of different cytotypes in a population
that experiences iterative sexual and asexual reproduction
events, inspired by similar models of Husband (2004) and
Yamauchi et al. (2004). The resulting model has many
parameters, for which most of the values are unknown.
Model predictions were then generated across the entire
parameter space, and predictions were classified as rejected
or accepted based on the observed distribution of cytotypes.
Because parameters map onto hypotheses, the accepted
parameter space then allows inference about which
hypotheses may be consistent with observations.

MATERIALS AND METHODS

Model overview and assumptions

This model is spatially implicit and includes no environ-
mental change or evolutionary shifts in parameters over
time. It simulates parent fertility (gamete production),
sexual reproduction, apomixis, offspring survival, and
parent survival within a population comprising different
cytotypes, with all parameters cytotype‐dependent. For
aspen, only haploid, diploid, triploid, and tetraploid
cytotypes were considered. Clonal growth can occur via
the apomixis or parent survival parameters; distinguishing
among them is not possible in the model. Sexual and/or
asexual reproduction occurs in non‐overlapping generations
and is assumed to be random with respect to cytotype. The
population is assumed to have a fixed and finite size, with
no immigration or emigration. The model is iterated over
time until a quasi‐equilibrium is reached.

Individuals in the model are best interpreted as ramets
(not genets) in this species. Because individuals are
distinguished only by their cytotype (not genotype) and
are constrained to a fixed population, the model can be
interpreted as representing competition among stems in a
habitat of fixed size. Because genotype does not come into
the model, clone size is not explicitly represented, except in
that high abundance of a certain cytotype is a necessary
prerequisite for the existence of a large clone.

Model structure and dynamics

All symbols used in this section are summarized in Table 1.
The parent individuals in the population at time t are

represented as a vector with entries for each cytotype,
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⃗P t P i M( ) = { }, 1 ≤ ≤i where M is the total number of
individuals in the population, and Pi can take values from 1
to 4 corresponding to each cytotype.

At each integer time t, the following processes occur:

(1) Gamete production. Each parent individual produces
viable gametes. The probability that a parent of
cytotype pi produces a viable gamete of cytotype j is
given by the matrix A with entries Aij where 1 ≤ i ≤ 4
and 0 ≤ j ≤ 4; the first column corresponds to the
probability of producing an empty gamete with zero
ploidy level. A parent is assumed to produce up to g
gametes. The gamete production process is carried
out through random sampling for each parent with
weights taken from A and yields a vector G⃗ t( ) with
possible values from 0 to 4 and length in the range
[0, gM].

(2) Sexual reproduction. Two gametes k and l are selected
at random, without replacement, for sexual reproduc-
tion (selfing is allowed, but becomes vanishingly
unlikely as M becomes large). They produce an
offspring vector O⃗ t O t( ) = { ( )}sexual isexual, of length M,
each of whose entries has possible values from 1 to 4
and equal to O⃗ t( )sexual =G t G t( ) + ( )k l (i.e., the offspring
cytotype is the sum of each parent's gamete cytotype).
This process is repeated for all gamete pairs. Any
offspring with O t( )i > 4 (i.e., pentaploid or higher) or
Oi(t) = 0 (i.e., no genome) is removed from the
population. While this removal represents a potential
bias toward lower ploidy levels, the lack of observed
higher ploidy levels in this species makes this a
reasonable assumption. The output vector has a length
in the range [0, gM].

(3) Asexual reproduction (apomixis). Each parent indepen-
dently is allowed to asexually produce offspring of the
same cytotype (e.g., vegetative/clonal growth). The
apomixis process is carried out through random
sampling of g offspring for each parent with weights
taken from a vector ⃗B with entries Bi where 1 ≤ i ≤ 4.
The outcome of this process is a vector
O⃗ t O t( ) = { ( )}isexual asexual, with possible values from 1
to 4 and length in the range [0, gM].

(4) Offspring survival. A final vector of both types of offspring
is constructed, O⃗ t O t O t( ) = { ( ), ( )}i iasexual, sexual, . Off-
spring are then assumed to survive to parenthood
dependent on cytotype. The probability of this occurring
for cytotype i is given by a vector ⃗C with entries Ci where
1 ≤ i ≤ 4. This parameter is interpretable as an integration
of life cycle components from embryo survival, seed
production, seedling establishment, and adult survival and
does not distinguish among sexual and asexual offspring.
Each offspring independently is allowed to survive, or not.
Dead individuals are removed.

(5) Parent survival. Parents are allowed to survive into the
next generation (reflecting differential lifespans and
potential clonal growth). The probability of parent
survival for cytotype i is given by a vector D⃗ with entries
Di where 1 ≤ i ≤ 4. Each parent independently is allowed
to survive, or not. Dead individuals are removed,
yielding ⃗P t( )s . The difference between the number of
surviving parents and M is used to select the number of
surviving offspring that contribute to the final popula-
tion. The surviving offspring are resampled with
replacement to the appropriate total, yielding O⃗ t( )s .
The parent and offspring survivors are then combined
to yield the next generation, ⃗ ⃗ ⃗P t O t P t( + 1) = { ( ), ( )}s s .

This process is iterated for tmax timesteps, at each of which
t t→ + 1. At each timestep, the relative frequency of each
cytotype is calculated, as ⃗F t( ) F t P t j M= { ( )} = {(∑ ( ) = )/ }j i i ,

for 1 ≤ j ≤ 4. The final statistic used for statistical inference is
̅F , the mean value of ⃗F t( ) over an interval of length τ , i.e.,

from t τ t t( − ) ≤ ≤max max. Similar statistics are calculated for
other model variables that change over time.

Model scenarios

The study considered scenarios in which five different
subscenarios were toggled on/off computationally, yielding
25 = 32 total scenarios. Each scenario was explored using
random sampling of parameters. This approach was taken,
rather than nonlinear optimization, to understand the full
landscape of model predictions and because full enumera-
tion of the parameter space was infeasible. Additionally, to
reduce the problem space dimensionality, it was assumed
that ∀A j i= 0,   > ( + 1)i j, , i.e., gametes cannot increase
cytotype beyond their parent's value, but can have the same,
lower, or zero cytotype, meaning the dimensionality of the
problem over the (A, ⃗ ⃗ ⃗B C D, , , M) parameter space is
(2 + 3 + 4 + 5) + 4 + 4 + 4 + 1 = 23.

The scenarios were intended to provide counterfactual
assessments of the importance of certain processes. The first
subscenario, ‘include_apomixis’ if ‘off’ set ⃗B = 0. The second
subscenario, ‘include_offspring_survival_variation’, if ‘off’ set
⃗C= 0. The third subscenario, ‘include_haploid_tetraploid’, if

‘off’ set several parameters to zero: no gamete production from
haploids (A = 0j1, ) or tetraploids (A = 0j4, ), no apomixis of
haploids (B = 01 ) or tetraploids (B = 04 ), no offspring survival
of haploids (C = 01 ) or tetraploids (C = 04 ), and no no parental
survival of haploids (D = 01 ) or tetraploids (D = 04 ). The
fourth subscenario, ‘include_triploid_fertility’, if ‘off’ set gamete
production for triploids to zero (A3,1, A3,2, A3,3, A = 03,4 ). The
fifth subscenario, include_parent_survival, if ‘off’ set D⃗ = 0.

Otherwise, all parameters were allowed to vary freely.
For A, values of each row must have a sum between 0 and 1
(not necessarily exactly 1). For each row's values, excluding
those values assumed to be zero (by the assumption in the
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above paragraph), values were sampled uniformly randomly
between 0 and 1, then normalized by their row sum, and
then multiplied by another uniformly random sampled
number between 0 and 1. For each of ⃗B , ⃗C , and D⃗, values
were independently drawn for each entry from the uniform
distribution between 0 and 1. For M, values were uniformly
randomly sampled from 10 to 1000.

Model runs

A total of 20,000 samples were obtained for each scenario.
The population was assumed to be all‐diploid initially, i.e.,

∀p t i( = 0) = 2,i , and a maximum gamete count of g = 10
(this parameter affects computational runtime only). Each
iteration was run for tmax = 100 timesteps, with final results
averaged over τ = 10 timesteps. Based on time‐series plots,
this duration was sufficient to reach a quasi‐steady state in
nearly all cases (Figure 2).

Model run acceptance

The target of the model was set to be a composition
of F̄ = {0,0.75,0.25,0}target , i.e., 75% diploid, 25% triploid.

This value approximately reflects observed frequencies in
western North America (Mock et al., 2012; Blonder
et al., 2021; Goessen et al., 2022) and the likely infrequent
but potentially nonzero occurrence of haploids and tetra-
ploids (Van Buijtenen, 1957; Einspahr et al., 1963). The
qualitative conclusions of the study do not have a strong
dependence on the precise values of F̄target used (data not
shown), and in any case, there is likely substantial variation in
triploidy frequency across locations. For each simulation run,
the distance from the target (i.e., quadratic error) was

calculated as d F F= ∑ ( ¯ − ¯ )i i i=1
4

target,
2 . A simulation run was

considered “in‐target” according to the criterion d < 0.1.

Statistical analyses

The overall goal was to determine which parameters in the
(A, ⃗B , ⃗C , D⃗,M) space predicted a simulation run being in‐
target. A machine learning algorithm was used to identify
the combinations of predictors associated with low values of
distance, i.e. being in‐target, for each scenario. A regression
random forest was used, with d as the response variable and
(A, ⃗B , ⃗C , D⃗,M) as the predictors. This approach allows for
nonlinear and interactive effects between predictors and
allows us to approximate the response surface of the

BA

F IGURE 2 Example time series predicted by the model in the scenario combining all subscenarios for a randomly selected outcome where diploids and
triploids co‐occur at similar frequencies. (A) Panels show colorized parameter values (M is not shown). (B) Model predictions. Lines are colored by cytotype.

6 of 17 | WHY ARE TRIPLOID ASPEN COMMON?

 15372197, 0, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.16325 by U

niv of C
alifornia L

aw
rence B

erkeley N
ational L

ab, W
iley O

nline L
ibrary on [06/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



simulation model without further computational expense
(enumerating its parameter space or further random
sampling of it). The number of variables to split at each
node was set to 5, the number of trees to 1000, the
minimum node size to 5, and the maximum depth to
infinity. Because of the low number of cases that were in‐
target, a balancing procedure was carried out. Case weights
were set to the inverse relative prevalence of in‐target cases
for in‐target cases and 1 otherwise.

Model fit was assessed with R2. Variable importance was
assessed via a Gini index impurity score (Breiman, 2001).
Based on these importance scores, variable combinations
were plotted to assess their effect on d and to determine
whether they represented biologically plausible cases. The
independent effects of additional predictors were also
assessed with partial dependence plots.

Simulations were implemented using the R package
tidyverse (Wickham et al., 2019) in R version 4.2.0 (R Core
Team, 2022). Random forests were fit and analyzed using
R packages ranger (Wright and Ziegler, 2017) and pdp
(Greenwell, 2017).

RESULTS

Example time series of simulation predictions and their
corresponding parameters are shown in Figure 2. This
example is representative of the typical equilibration rate
and level of stochasticity observed in the model. Time series
outputs for the full set of simulations are also archived. A
full exploration of all scenarios and parameters is not
possible for space reasons, so the text below focuses on the
most interesting cases.

Many but not all scenarios and parameters
yield plausible outcomes

There was high variability in the cytotype frequencies
predicted by the model, both within and across scenarios
(Figure 3). Across scenarios, outcomes tended to be
dominated either by primarily diploid/triploids, or by
haploids/tetraploids, with fewer outputs corresponding to
even mixtures of all cytotypes. The overall rate of in‐target
simulations across the parameter space ranged from 0% to
19% across scenarios (Appendix S1: Figure S1), or after
normalization to account for differing dimensionalities, 0 to
84%. The underlying distance‐to‐target distributions are
visualized in Appendix S1 (Figure S2). The lowest normal-
ized rates (i.e., least evolvable scenarios) were the “none”,
“triploid fertility”, “triploid fertility, haploid tetraploid”, and
“triploid fertility, apomixis, haploid tetraploid” scenarios, all
with rates below 20%.

The more common higher rates indicate that most
scenarios, and also numerous parameter combinations within
each, are sufficient to yield in‐target outcomes. Notably, if
other processes independently operate, triploid fertility is not

required, nor is the occurrence of haploid and tetraploid
cytotypes, nor is variation in parent or offspring survival, or
apomixis. However, variation in gamete production variation
alone was not sufficient to yield in‐target outcomes. Never-
theless, some of these in‐target outcomes may rely on actual
parameter values that are unrealistic, so more detailed
assessment was also carried out.

Some parameters are more influential
than others

Density plots of each parameter's marginal distribution
indicated that some parameters likely had negligible effects
on in‐target outcomes, while others had large effects. Results
were largely consistent across scenarios; see Figure 4 for the
full scenario and Appendix S1 (Figure S3) for all other
scenarios. Notably, M had a negligible effect, indicating that
drift is not a key process influencing in‐target outcomes. The
gamete production (A) and apomixis parameters ( ⃗B) had
generally smaller effects, except in some scenarios, while the
offspring survival ( ⃗C) and parent survival (D⃗) parameters
showed larger and consistent shifts in all scenarios. Note that a
shift in marginal distribution is a sufficient but not necessary
condition for detecting a variable effect.

Random forest models had reasonable success summa-
rizing simulations, with R2 values ranging from 10% to 87%
across scenarios (mean = 64%, Appendix S1: Figure S4).
Variable importances from these models yielded similar
inferences. Figure 5 shows the full scenario and Appendix
S1 (Figure S5) shows all other scenarios. Population size
(M) had negligible impact on results in all scenarios. In the
scenarios that included offspring survival ( ⃗C) or parent
survival (D⃗), these parameters consistently had high
importance. In scenarios including apomixis ( ⃗B) these
parameters had moderate importances. Gamete transition
probabilities (A) were typically least important. However, in
a small number of scenarios (“none”, “offspring survival
variation, parent survival”, “haploid tetraploid, parent
survival”, “apomixis, haploid tetraploid, offspring survival
variation”), these parameters emerged as being most
important, particularly unreduced diploid gamete produc-
tion rates (A22).

Triploid offspring and parent survival comprise
the main trade‐off axis

The variable importances highlighted key parameters to
investigate further. In the full scenario, plotting the ratio
between triploid and diploid offspring survival vs. the ratio
between triploid and diploid parent survival showed a
strong negative relationship for the in‐target outcomes
(Figure 6A). That is, an in‐target outcome can be achieved
either by having relatively higher triploid offspring survival
or relatively higher triploid parent survival but not both.
These outcomes were consistent with a range of triploid
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fecundities (Figure 6B), indicating that there was no
survival–fecundity trade‐off. However, some non‐zero
values are necessary to generate triploids through sexual
reproduction, as the initial population is wholly diploid.

The strength of the offspring and parent survival trade‐
off was increased when scenarios were considered that
eliminated the possibility of apomixis and haploid and
tetraploid cytotypes (Figure 6C); additionally, a wider range

F IGURE 3 Distribution of cytotype frequencies ( ̅F ) predicted by the model across all sampled parameters under each scenario. Each simulation
instance is connected by a line and colored by distance from target (d); in‐target samples yielding d < 0.1 are shown in purple‐red.
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F IGURE 4 Marginal distributions of each parameter under the triploid fertility, apomixis, haploid tetraploid, offspring survival variation, parent
survival scenario. Violin plots show medians as vertical lines and are colored by whether the cases are in‐target (d < 0.1) or not. Results for the other
scenarios are shown in Appendix S1 (Figure S3).
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of survival combinations yielded in‐target outcomes. The
absence of a survival–fecundity trade‐off for triploids also
became more apparent (Figure 6D).

Unreduced gamete production or triploid
apomixis could be important, but not triploid
fecundity or haploid or tetraploid cytotypes

In the base scenario where only gamete production occurs,
in‐target outcomes occurred primarily for a narrow band of
ratios between the probability of reduced and unreduced
gamete production in diploid parents (Figure 7A). This
result indicates the importance of unreduced gamete
production, at an appropriate ratio, for in‐target outcomes.
Relationships for other gamete production probabilities
were not as clear (not shown, data on Zenodo).

Notably, there was little effect of triploid fecundity on
in‐target outcomes (Figure 7B), indicating that gamete
production by triploids is not necessary for in‐target
outcomes; rather, the unreduced gamete production by
diploids is sufficient to maintain triploids.

Adding haploid and tetraploid cytotypes to the base
scenario did not reveal an important role for reduced
gamete production by tetraploids (Figure 7C), nor trade‐offs
between this rate and unreduced gamete production rate by
diploids. This result indicates that haploid and tetraploid
cytotypes do not substantially influence gamete production
by diploids for in‐target outcomes.

Adding apomixis to the base scenario did reveal
additional trade‐offs between relative apomixis probability
of triploids relative to diploids and between gamete
production of reduced gametes relative to unreduced
gametes for diploids (Figure 7D). This result indicates in‐
target outcomes would require either higher triploid
apomixis and low rates of unreduced gamete production
in diploids or low triploid apomixis and high rates of
unreduced gamete production in diploids.

Estimating gamete production rates

For better understanding the effects of each gamete
production probability, partial dependence plots from the
fitted random forest models were used to isolate the direct
effect of each of these predictors (Appendix S1: Figure S6a)
and identify the parameter values that yielded the lowest
values of target distance. Notably, the best value for the
probability a diploid parent produces an unreduced diploid
gamete, A22, was estimated at 0%, but with a range from 0%
to 15% yielding values within a 50% relative range. The best
value for the probability a triploid parent produces a
reduced haploid gamete, A31, was estimated at 5%, but with
a range from 5% to 37%. Apomixis, parent survival, and
offspring survival were all estimated to be high in haploids,
triploids, and tetraploids, and low in diploids and
tetraploids (Appendix S1: Figure S6). Notably, triploid
offspring survival had a bimodal peak with best values of
either 5–10% or 100%; triploid parent survival had a
unimodal peak with best values of 95–100%.

These predictions all should be interpreted with
substantial caution because they assume all other predictors
are held at median values and therefore do not satisfy
normalization constraints within each row of A, nor are
they conditioned on presumably more realistic values of
certain parameters. Multiple parameter combinations are
consistent with observations, so additional unavailable
empirical data would be needed to better constrain these
inferences.

DISCUSSION

The model developed in this study indicates that there are
multiple feasible routes to high prevalence of odd‐
numbered ploidies. In the case of quaking aspen, a primarily
diploid/triploid population was predicted for a wide range
of parameter values and combinations. This indicates that
high triploid prevalence is not actually unlikely; many
processes and parameter values can yield it.

Revisiting hypotheses for aspen

Six of the 11 hypotheses put forward for the high frequency
of triploids in quaking aspen were testable using this study's

F IGURE 5 Variable importance scores (in random forest models) for
each parameter in the triploid fertility, apomixis, haploid tetraploid,
offspring survival variation, parent survival scenario. Larger bars or darker
colors reflect higher importance. Results for the other scenarios are shown
in Appendix S1 (Figure S4).
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model (Table 2). Hypothesis 1 (similar fitness of diploids
and triploids) was assessed as potentially plausible, because
high apomixis can compensate for low fecundity; however,
there was no evidence for a direct survival–fecundity

trade‐off. Nevertheless, effective fecundity via parent
survival (see Hypothesis 5) did increase triploid fitness.
Hypothesis 2 (triploids existing as a “sink” population
through high production of reduced/unreduced gametes by

A B

C D

F IGURE 6 The effect of selected parameter combinations on target distance (d). Each dot represents an independent parameter sample and is colored
by target distance; in‐target samples yielding d < 0.1 are shown with larger size. The x = 1 and y = 1 lines are shown in black in all panels. In the full (triploid
fertility, apomixis, haploid tetraploid, offspring survival variation, parent survival) scenario, (A) the ratio between triploid and diploid offspring survival
(C3/C2) and the ratio between triploid and diploid parent survival (D3/D2) is the primary trade‐off determining in‐target outcomes. Note that a few
parameter draws outside the plotted range are not shown for clarity and do not affect interpretation. (B) In this scenario, triploid fertility (here, relative
triploid fecundity compared to diploids) is not a key driver of in‐target outcomes, nor is there a trade‐off observed between this fecundity and relative
triploid offspring survival. In a scenario with no apomixis or haploid tetraploid life cycles, (C) the above offspring/parent survival trade‐off becomes clearer,
and (D) the lack of a fecundity/survival trade‐off becomes clearer.

WHY ARE TRIPLOID ASPEN COMMON? | 11 of 17

 15372197, 0, D
ow

nloaded from
 https://bsapubs.onlinelibrary.w

iley.com
/doi/10.1002/ajb2.16325 by U

niv of C
alifornia L

aw
rence B

erkeley N
ational L

ab, W
iley O

nline L
ibrary on [06/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



diploids) was assessed as plausible because the base scenario
could yield in‐target outcomes without triploid fertility.
Hypothesis 3 (triploid bridge) was assessed as rejected because
the target outcome did not include tetraploids, which would be
a necessary consequence of this bridge. Hypothesis 4

(apomixis) was assessed as potentially rejected. The parameter
was somewhat important in the model, but the one study on
the topic rejected the existence of the phenomenon in aspen
(Nagaraj, 1952). More empirical investigation of apomixis in
aspen is needed. Hypothesis 5 (clonality) was assessed as

F IGURE 7 Additional scenarios reveal further parameter relationships. The effect of selected parameter combinations on target distance (d). Each dot
represents an independent parameter sample and is colored by target distance; in‐target samples yielding d < 0.1 are shown with larger size and purple‐red
coloration. The x = 1 and y = 1 lines are shown in black in all panels. (A) In the base scenario where only gamete production rates vary, there is a narrow
band of ratios between reduced and unreduced gamete production for diploids that yields in‐target outcomes. (B) In a scenario that includes triploid fertility,
a range of triploid fecundities (including low/zero values) yield in‐target outcomes. (C) In a scenario that also includes haploid and tetraploid cytotypes,
there is a weak or unclear relationship between unreduced diploid gamete production and reduced tetraploid gamete production. (D) In a scenario that
includes apomixis, there are complex trade‐offs between relative triploid apomixis probabilities and unreduced gamete production by diploids.
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plausible because vegetative reproduction (as modeled via
apomixis or parent survival) has a positive effect in the model
and is consistent with field observations. Hypothesis 6 (drift)
was potentially rejected because population size (M) had
negligible importance in any scenario. However, this inference
was tempered by the limited inclusion of density‐dependent
processes in the model (see later section Limitations of the
model).

Thus, even if triploids are infertile (no gamete
production), they can still occur at high frequencies. They
can also occur even in the absence of a high frequency of
tetraploids (i.e., as part of a “triploid bridge”). The primary
mechanisms maintaining triploids is higher survival of
triploids, either through parent or offspring survival, or via
spontaneous production from unreduced and reduced
gametes of diploid parents, or both. Even if triploid fertility
is very low, triploids can be maintained in the population
through apomixis, high parent survival, or high offspring
survival, which also yields more time over which lower
fertility may generate offspring. Clonality promotes all
these effects. Similar ideas were previously reviewed by
Herben et al. (2017).

The underlying source of triploids in the model is fusion
of reduced and unreduced gametes from a diploid parent.
Routes involving reduced gametes from a tetraploid parent
seem unlikely because such parents were not observed, and
routes involving triploid fecundity are unnecessary but
helpful.

In the actual species, the true values of the underlying
parameters (or whether they are even non‐zero) remain
unknown. The main value of this model is in identifying
parameters of interest, e.g., differential survival of offspring
by cytotype, differential survival of parents by cytotype,
apomixis of certain cytotypes, and rates and types of gamete
production by cytotype. Efforts to estimate most likely
parameter values based on model optimization are likely not
useful (e.g., Appendix S1: Figure S6) until a more complex
spatially and temporally explicit model (e.g., including
Hypotheses 7–11) is developed; in such a case, the high
dimensionality of the parameter space might anyway
prevent useful inference of the most‐likely parameter values.

Hypotheses 1 and 5 were most consistent with the
limited empirical data available. Differential survival of
diploids and triploids parents is very likely based on forest

TABLE 2 Hypotheses for why triploids are common. Each hypothesis is tied to a subset of model parameters; after testing, each hypothesis also yields a
particular inference. The set of hypotheses is more comprehensive than could be tested with this model.

Hypothesis
Parameters varied
in this study Inference from this study

1. Odd‐numbered ploidy individuals have similar fitness to even‐
numbered ploidy individuals via trade‐offs between fecundity and
growth or survival

A, ⃗C , D⃗ Potentially plausible

2. Variation in production rate of gametes of each ploidy among parent
ploidies

A Plausible

3. Triploid bridge involving production of higher‐fitness tetraploids that
requires and maintains lower‐fitness triploids

A, ⃗C , D⃗ Rejected

4. Apomixis of odd‐numbered ploidy parents ⃗B Potentially rejected, but more
empirical evidence
needed

5. Vegetative reproduction (clonal growth) of odd‐numbered ploidy
individuals

⃗B , D⃗ Plausible

6. Ecological drift via equal fitness of ploidies M Potentially rejected, but more
complex model may be
needed

7. Mass‐effect dispersal of odd‐numbered ploidy individuals or gametes
from a metapopulation

— Not tested

8. Competition–colonization trade‐off where metapopulation patches
are preferentially colonized by odd‐numbered ploidies but later
outcompeted by even‐numbered ploidies

— Not tested

9. Storage effect or relative nonlinearity of competition in which
temporally fluctuating environments enable coexistence of odd‐
numbered ploidies if they sometimes have higher fitness

— Not tested

10. Lagged responses to historical climates in which odd‐numbered
ploidy individuals previously had higher fitness

— Not tested

11. Intraspecific parasitism of odd‐numbered cytotypes via resource
preemption

— Not tested
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resurvey data, though the direction of the effect remains
debated and likely environmentally dependent (Dixon and
DeWald, 2015; Blonder et al., 2021). Differential offspring
survival of diploid and triploid embryos is poorly known
but potentially consistent with experimental data from
(Johnsson, 1940). Recent literature seems to suggest that in
hot and dry conditions, triploids have reduced survival
(Blonder et al., 2021), and potentially co‐occurring stand‐
replacing fires could then favor seed production (DeByle and
Winokur, 1985; Fairweather et al., 2014) and diploid
establishment. Triploid fertility seems to be low but non‐
zero (Goessen et al., 2022) with unreduced gametes also
being produced at low frequencies (Winton and Einspahr,
1970). Tetraploids can be experimentally produced, though
their survival is apparently very low (Winton and Einspahr,
1970). Other parameters, and those that would be required to
test Hypotheses 7–11, remain unknown.

A key question is whether the high frequencies of diploids
and triploids, and the low or zero frequencies of haploids and
tetraploids are unique to aspen and, if so, why. Ramsey and
Schemske (1998) reviewed frequencies of different pathways to
triploidy and find strong triploid blocks in most species, but
also substantial triploid fertility, suggesting that triploidy is
typically but not always uncommon. Supporting this perspec-
tive, Kolář et al. (2017) found odd‐numbered ploidies
comprised only 11% of individuals across a 59‐species study,
suggesting that quaking aspen is an atypical case. However,
Kolář et al. (2017) also found that odd‐numbered ploidies were
more common (39% of individuals) among species where
asexual reproduction was more prevalent than sexual
reproduction. They also highlighted the importance of
assortative mating or spatial segregation of odd‐numbered
ploidies in their maintenance. Thus, aspen does not appear
unique after accounting for its clonal nature and vegetative
reproduction. Indeed, clonality may be the key property of
aspen that supports its high levels of triploidy, consistent with
Hypothesis 5.

Literature context

These results are consistent with the model of Van Drunen
and Friedman (2022). They found that autopolyploid
establishment is facilitated by clonality, equivalent to either
apomixis or high parental lifespans in this model. The
model of Yamauchi et al. (2004) yields somewhat similar
conclusions to this study. They found that parthenogenesis
of triploids promotes triploid coexistence and can overcome
the triploid block (Köhler et al., 2010). They also found that
tetraploid fitness must be low or else tetraploids would
dominate the population. The results of the present study
extend their findings with a more detailed computational
exploration of the parameter space, a focus on aspen, and a
conceptual exploration of additional population‐level
coexistence mechanisms. However, their general conclu-
sions on evolution remain relevant and were explored in
greater depth there than here. The forthcoming model of

Gaynor et al. (2023 [preprint]) also explores dynamics of
mixed‐ploidy populations under more spatiotemporally
complex environments, but is focused primarily on tetra-
ploids. The present results also extend the work of Husband
(2004) on the role of triploids as “triploid bridges” to
tetraploidy by focusing on tetraploid‐free scenarios where
triploids remain common. It is encouraging that qualita-
tively similar conclusions were obtained from these
independent studies.

Limitations of the model

The model developed here has some key limitations that
constrain its interpretation or use in other systems. The
most obvious is the current implementation with four
cytotypes, but extension to more is readily possible due to
the vectorization of the underlying code. More important
are the key processes left out of the model, many of which
are relevant to untested Hypotheses 7–11.

First, the model necessarily elides many aspects of the
species' life history, e.g., seed production, initial establish-
ment, and growth. These factors were intentionally lumped
into aggregate parameter values because they have similar
effects on the phenomena of interest and are difficult to
individually measure, but separating them might provide a
more nuanced view of the problem. Second, the model does
not consider sex, e.g., the possibility of unbalanced sex
ratios and limited opportunities for sexual reproduction or
interactions between cytotype and sex that may modulate
parameter values. Quaking aspen is dioecious, with spatial
variation in sex ratios (Mennel, 1957; Pauley and
Mennel, 1957; Einspahr, 1960). Males also seem to be more
common among triploids (R. Goessen, Université Laval,
personal communication). However, the impacts of sex on
processes considered in this model is wholly unknown,
though sex‐specific stress responses have been documented
in the genus (Melnikova et al., 2017). Third, the model does
not consider dispersal within metapopulations, excluding
the possibility of processes dependent on a balance between
within‐ and between‐patch effects. Fourth, the model does
not include environmental dependence for some parameters
or environmental variation over time. Both effects could
promote coexistence of cytotypes, e.g., via temporal niche
partitioning or a storage effect (Chesson, 2000), but were
not included. Along environmental gradients, many species
exhibit variation in clonality (Zhang et al., 2023) and
cytotype frequencies (McAllister et al., 2015) that presum-
ably would affect the parameters of this model. Fifth, the
model does not account for autodiploidization processes
(Li et al., 2021) in which haploids or polyploids may
spontaneously revert to diploids. All these processes could
be important, but data and interpretation considerations
precluded implementation in the current model version.
The model of Gaynor et al. (2023 [preprint]) may be able to
address some of these processes. Sixth, processes affecting
the absolute size of the population are not considered,
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making it difficult to fully assess the effect of drift. There is
some negative density dependence implicit in the model
(i.e., when one cytotype becomes less common, another
necessarily becomes more common), but no explicit
consideration of density‐dependent processes like an Allee
effect or minority cytotype advantage. Such processes may
influence the coexistence of cytotypes and modulate the
importance of drift.

Additionally, some concern exists about the parameter
space sampling. The high dimensionality of the parameter
space and the potential for multiple optima in the model
response meant that exhaustive sampling or naïve applica-
tion of optimization methods were not feasible. However,
the limited sampling used here is not guaranteed to be
sufficient to fully explore the parameter space. Test runs of
individual scenarios at other sample sizes (not shown)
indicated that qualitative results did not change as sample
size increased. This sampling issue is therefore likely
unimportant, but it is always possible that unsampled
parameter combinations could substantially shift the final
inferences made.

Direct validation of the model's time series predictions
likely remains out of reach. Data for the dynamics of mixed
ploidy populations are largely absent, except for the data of
Mráz et al. (2022). In aspen, sedimentary records of pollen
abundance might be used to distinguish diploid and triploid
frequencies, given the larger size of triploid pollen grains
(Winton and Einspahr, 1970; Every and Wiens, 1971), but
complex taphonomic effects would need to be resolved.

Complications of clonality

Cytotype frequencies and fitness are typically measured
assuming that all individuals are approximately interchange-
able. However, in clonal species like quaking aspen, some
individuals (clones) may be substantially larger than others.
Because triploids tend to form larger clones, estimates of
triploid frequencies may differ depending on the calculation
basis. Estimation is challenging because field surveys of aspen
cytotypes must be calculated either on a per‐stem (per‐area)
basis or a per‐genotype basis. Triploid clones tend to be larger
in this species, which in turn can affect the estimates of target
cytotype frequency and thus the estimation of in‐target
outcomes in this model. It is unclear what calculation basis
is most appropriate. Per‐genotype calculations may best reflect
underlying evolutionary and population dynamics; however,
per‐area measurements may reflect actual landscape frequen-
cies better and also more accurately represent intraspecific
competition (e.g., due to resource preemption and priority
effects from large individuals).

There are also additional effects of clonality that may be
relevant to aspen that are not included in the model. First,
there are potential priority effects (Fukami, 2015) relevant
to triploids. Triploid clones that establish early and become
large (e.g., if dispersal ability, establishment probability, or
initial growth rate is higher) could become locally common.

They would then have locally dominant effects on both seed
production and vegetative reproduction. Second, large
clones occupy space and may disrupt pollen and seed
dispersal of other genotypes in spatially complex ways,
influencing the strength of intra‐ vs intercytotype competi-
tion. Third, there is a possibility that clones that reach a
certain size become “immortal” (Peñuelas and Munné‐
Bosch, 2010; Klimešová et al., 2015) and drive age
dependence in parameter values not included in the model.
For example, some aspen clones are estimated to have ages
of 10,000–70,000 years based on a molecular clock
approach, though advanced age also comes with increased
somatic mutations that substantially depress fertility (Ally
et al., 2010). These age ranges are long relative to the
timescale of interglacial periods and mean that even very
rare reproduction events (difficult to capture in a model or
in any contemporary field data set) may still yield high
fitness for these individuals.

CONCLUSIONS

Many model parameter combinations were consistent with
triploidy being common in quaking aspen, indicating it is
not an unusual outcome. Despite common belief, triploid
quaking aspen is probably not infertile. Even low rates of
triploid fertility combined with higher triploid parent or
offspring survival, yield coexistence of diploids and
triploids; and even if fertility were zero, unreduced gamete
production by diploids could still yield large numbers of
triploids. These mechanisms do not require the existence of
a “triploid bridge” to tetraploidy. Additional complex
mechanisms promoting diploid–triploid coexistence could
also occur, but were not investigable with this model, or
with the paucity of available empirical data.
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