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Abstract

Negative frequency-dependent selection among species is a key driver of community diversity in
natural systems, but the degree to which negative frequency-dependent selection shapes patterns
of survival and genetic diversity within species is poorly understood. In a 5-year field experiment,
we show that seedlings of a tropical palm with rare genotypes had a pronounced survival
advantage over seedlings with common genotypes, with effect sizes comparable to that of light
availability. This ‘rare genotype advantage’ led to an increase in population-wide genetic diversity
among seedlings compared to null expectations, as predicted by negative frequency-dependent
selection, and increased reproductive success in adult trees with rare genotypes. These results sug-
gest that within-species negative frequency-dependent selection of genotypes can shape genetic
variation on ecologically relevant timescales in natural systems and may be a key, overlooked
source of non-random mortality for tropical plants.
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INTRODUCTION

Understanding processes that maintain diversity is a key chal-
lenge in ecology and evolutionary biology. Negative fre-
quency-dependent selection among species within a
community, where the relative fitness of a species decreases as
its frequency increases, is a fundamental mechanism that pro-
motes species coexistence and maintains community diversity
(Chesson 2000; Wright 2002; Vellend 2010; HilleRisLambers
et al. 2012). Negative frequency-dependent selection among
genotypes within a species is predicted to maintain genetic
diversity (Ayala & Campbell 1974; Asmussen & Basnayake
1990), but the extent to which this happens on ecologically
relevant timescales in natural populations remains unclear
(Antonovics & Ellstrand 1984; Schoener 2011; Hughes et al.
2013; Takahashi & Kawata 2013). As genetic diversity within
a species can have substantial impacts on population dynam-
ics, communities and ecosystem function (Bohannan & Lenski
2000; Crutsinger et al. 2006; Johnson & Stinchcombe 2007;
Lankau & Strauss 2007; Hughes et al. 2008; Pruitt & Ferrari
2011; Ehlers et al. 2016), there is a growing appreciation that
considering intraspecific genetic variation and microevolution-
ary processes improves our understanding of the ecology of a
system. Therefore, determining how negative frequency-depen-
dent selection interacts with intraspecific genetic variation to
drive non-random mortality and resulting patterns of diversity
is likely to improve the ability of ecologists to understand nat-
ural systems.
In plants, frequency-dependent survival of genotypes within

species arises through competition or cooperation of geno-
types, or through interactions with predators and pathogens
(Antonovics & Ellstrand 1984; File et al. 2012). A rare geno-
type advantage may come from reduced pressure from preda-
tors and pathogens that preferentially attack common

genotypes (Haldane 1949; Barrett 1988; Chaboudez & Burdon
1995) or the ability of rare genotypes to avoid competition
with neighbours and exploit a wider range of resources (‘niche
partitioning hypothesis’, File et al. 2012). Alternatively,
related individuals with similar genotypes may outperform
unrelated individuals if competitive growth is reduced when
surrounded by related individuals (‘kin selection hypothesis’,
Dudley et al. 2013; Crepy & Casal 2015). The majority of
experiments assessing the role of genetic variation in plant
population dynamics manipulate clonal genotypes of short-
lived, herbaceous species (Hughes et al. 2008), which limits
our ability to understand the impacts of genetic variation on
survival in long-lived, outcrossed tree species (but see Hufford
& Hamrick 2003; Jones & Comita 2008; Fine et al. 2013; Liu
et al. 2015). More broadly, the relative influence of intraspeci-
fic genetic variation on survival compared to other commonly
studied ecological factors like light availability and habitat
quality is unclear, as few studies on genetic variation simulta-
neously compare these effects (Hughes et al. 2008; Crutsinger
et al. 2013).
Both the genetic characteristics and mating system of adult

trees play important roles in determining the genetic composi-
tion of offspring. Rare alleles within the adult population may
also be rare within offspring if the frequencies of alleles
among seedlings are similar to those of adults. Consequently,
a rare genotype survival advantage among offspring will pro-
vide a relative reproductive advantage for adults with rare
genotypes that pass rare alleles to their offspring. Alterna-
tively, mating system – whether trees are outcrossing or self-
fertilising – may influence the rarity of offspring genotypes,
especially among groups of siblings (Antonovics & Ellstrand
1984). Outcrossing and biparental inbreeding rates (i.e. the
degree of mating between relatives), along with diversity of
pollen donors, can impact reproductive success in the absence
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of negative frequency-dependent selection (Burd 1994; Eckert
et al. 2010; Breed et al. 2012). Determining how adult geno-
type and mating system parameters influence the composition
of seedling genotypes in populations undergoing negative fre-
quency-dependent selection may allow us to predict variation
in reproductive success among adults, which is useful for
understanding the dynamics of populations.
In northwestern Ecuador, male Cephalopterus penduliger

(the long-wattled umbrellabird) create high density, genetically
heterogeneous groups of dispersed seeds, which may promote
recruitment of the palm Oenocarpus bataua Mart. (Karubian
et al. 2010, 2012; Scofield et al. 2012). Oenocarpus bataua is
the 7th most abundant tree species in Amazonian forests (ter
Steege et al. 2013) and is distributed widely across the
Neotropics, from Panama to Bolivia (Henderson et al. 1995).
With a 5-year field experiment, we showed that O. bataua
seedlings planted with siblings had similar survival probabili-
ties as those planted among unrelated seedlings, suggesting
that kin cooperation was not a prominent aspect of this sys-
tem (Karubian et al. 2016). However, we were unable to
assess the relative rarity of seedling genotypes within the pop-
ulation and the role of negative frequency-dependent selection
in shaping survival, genetic diversity or reproductive success.
In this study, we build upon this previous work to address the
following questions: (1) Is there a rare genotype advantage in
seedling survival, and how does this compare to the effects of
habitat characteristics? (2) If there is a rare genotype advan-
tage, does this lead to increased population-level genetic diver-
sity as predicted under negative frequency-dependent
selection? and finally, (3) Does the rarity of the maternal
genotype or mating system parameters (e.g. outcrossing and
biparental inbreeding rates) better predict the rarity of an off-
spring’s genotype and variation in adult reproductive success?
We hypothesised that seedlings with a rare genotype would

have a survival advantage over common genotypes, poten-
tially due to decreased competition or attack from natural
enemies (Antonovics & Ellstrand 1984; File et al. 2012). We
predicted this difference in survival would maintain genetic
diversity over time as common genotypes are removed from
the population (Ayala & Campbell 1974). We also hypothe-
sised that the rarity of the maternal genotype would be a bet-
ter predictor of the rarity of a seedling’s genotype than would
mating parameters because of extensive pollen dispersal and
high rates of outcrossing in this system (Ottewell et al. 2012),
and as a result, maternal trees with rare genotypes would have
higher reproductive success than maternal trees with common
genotypes.
We found that seedlings with rare genotypes had a higher

probability of survival than seedlings with common genotypes
and that, as predicted under negative frequency-dependent
selection, population-level genetic diversity among surviving
seedlings was higher than null expectations. Furthermore, the
rarity of a seedling’s genotype was largely a function of the
rarity of the maternal tree genotype and this led to increased
reproductive success for maternal trees with rare genotypes.
This work shows that negative frequency-dependent selection
of genotypes can maintain genetic variation on ecologically
relevant timescales under natural conditions in a tropical for-
est. As well, this study suggests that intraspecific negative

frequency-dependent selection on genotypes may be a key,
overlooked driver of non-random mortality in tropical forests.

MATERIAL AND METHODS

Study site and organism

The study was conducted at Bilsa Biological Station (BBS;
0°20035.6″ N 79°42031.1″ W; Fig. 1) in Esmeraldas Province,
Ecuador. The study area receives between 2000 and 3500 mm
of rainfall each year and ranges between 400 and 650 m in
elevation (Clark et al. 2006; Carrasco et al. 2013). Oenocarpus
bataua is a common, generalist palm tree (Family: Arecaceae),
with adults growing to 20–40 m in height (Henderson et al.
1995). Within BBS, we have established a 130 ha study parcel
where all mature O. bataua (n = 188) were identified and
mapped (Ottewell et al. 2012). Progenies of O. bataua in BBS
are highly outcrossed, with little inbreeding, and c. 5.4 effec-
tive pollen donors per family group (Ottewell et al. 2012). Pol-
len is dispersed by various insect species in Coleoptera and
Hymenoptera (N�u~nez-Avellaneda & Rojas-Robles 2008), with
a mean pollen dispersal distance of 300 m in BBS (Ottewell
et al. 2012). At BBS, O. bataua seeds are dispersed by a vari-
ety of terrestrial and arboreal mammals and birds (Browne
and Karubian unpublished), with long-wattled umbrellabirds
moving seeds on average 200–300 m (Karubian et al. 2012).

Field experiment

In September 2008, we planted a cohort of 560 O. bataua
seedlings at 14 sites in BBS (n = 40 seedlings per site, Fig. 1).
Within each site, we established five plots where eight seed-
lings were planted (Fig. 1). Within each plot, we planted four
seedlings from a single maternal tree (i.e. half-to-full siblings),
and four seedlings from four different maternal trees (i.e.
likely unrelated, but half-sibs via shared pollen source possi-
ble). Prior to planting, we collected seeds from 30 adult
O. bataua in BBS (n = 16–32 per adult; Fig. 1). These seeds
were germinated in a nursery, individually marked with alu-
minium tags, and transplanted into the field at 3–4 months of
age. Each seedling was between 30 and 60 cm in height at
time of planting. For more details on the collection, germina-
tion and experimental design see Karubian et al. (2016).
We censused seedlings once every 9–12 months between

September 2008 and July 2014 and recorded whether a plant
was alive or dead during each census. Seven sites were located
in breeding areas of long-wattled umbrellabirds (i.e. leks),
whereas seven sites outside leks were considered control areas.
In a previous study, survival and growth of O. bataua did not
differ between lek and non-lek sites (Karubian et al. 2016), so
we consider each site as an independent sampling location.

Habitat characteristics

To determine the relative effects of habitat characteristics on
survival compared with genetic rarity, we measured percent
canopy cover using a spherical densiometer (Lemmon 1956),
and the presence of trees > 50 cm diameter at breast height
(DBH) within 10 m of each plot (‘large trees’) at the time of
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planting in each plot, which were both previously shown to be
strong predictors of O. bataua seedling survival (Karubian
et al. 2016) and are likely related to light availability and
habitat quality, particularly degree of past disturbance
(Dur~aes et al. 2013).

Genotyping

Prior to transplanting each seedling in the field, we cut a 2 cm
portion of leaf tissue from each seedling for genetic analysis,
which was dried and stored in silica gel. We extracted geno-
mic DNA with a Qiagen DNeasy kit and amplified an array
of 10 microsatellite loci (Table S1), following the protocol and
polymerase chain reaction (PCR) methods described in Otte-
well et al. (2012). In this study, we use multiple microsatellite
loci to sample the genome-wide genetic rarity of individuals,
rather than identifying specific loci under selection.
Microsatellites are generally assumed to be selectively neutral
and appropriate for analysis of mating systems, population
structure and genetic rarity; however, we acknowledge that
microsatellites may be under selection in some situations if
they play a functional role in gene activity or are located near
loci under selection (Koshi & King 2006; Selkoe & Toonen
2006; Putman & Carbone 2014).
A subset of the 560 seedlings in this study was used to esti-

mate mating system parameters and pollen dispersal for
O. bataua (Ottewell et al. 2012). We genotyped those seedlings
not used in Ottewell et al. (2012) and re-scored previously
published genotypes from Ottewell et al. (2012) to ensure con-
sistent allele calls. We obtained high quality genotypes from
511/560 (91%) of seedlings; samples were either not available
or did not amplify for the remaining 49 seedlings. Details on
marker quality control (e.g. null alleles, linkage disequilib-
rium) are available in Table S1.
We used previously published genotypes for 24/30 maternal

trees in this study from Ottewell et al. (2012). For the six

remaining maternal trees, which we did not have genetic data
for, we used the most-likely genotype generated by MLTR
v3.2 (Ritland 2002), which estimates maternal genotypes based
on progeny arrays. We excluded the genotype for one mater-
nal tree (No. 64) because not enough genotyped progeny
(n = 2) were available to infer a reliable maternal genotype.
To assess the robustness of our results using inferred rather
than directly observed maternal genotypes, we analysed data
with and without the most-likely maternal genotypes in our
dataset.

Seedling and maternal genetic rarity

To assess genetic rarity of individuals, we first estimated the
relative frequency of alleles for separate reference populations
of seedlings and maternal trees. For seedlings, not all poten-
tial parent trees were genotyped because some pollen sources
were outside the 130 ha study parcel (Ottewell et al. 2012).
We therefore estimated pollen and ovule allele frequencies,
representing allele frequencies of the parental population,
using MLTR v3.2 (Ritland 2002). Using either pollen, ovule
or the diploid genotypes of the seedlings themselves produced
highly correlated values of the genetic rarity index (see below)
for seedlings (Pearson’s R > 0.94); we present results using
pollen as reference allele frequencies. To estimate reference
allele frequencies of maternal trees, we calculated allele fre-
quencies using genotypes of 189 total adults in BBS from
Ottewell et al. (2012) and additional maternal trees sampled
in this study. The relative frequencies of alleles found in both
seedling and adult populations (58/63 alleles) were strongly
correlated (Pearson’s R = 0.98), suggesting that alleles rare
among adults were also rare among seedlings.
To estimate individual level genetic rarity, we calculated a

genetic rarity index, where for each allele in each individual,
we determined the corresponding relative frequency of that
allele in the reference population. We then averaged across
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the relative frequencies of alleles within each locus with
diploid genotype a, b to estimate the value of the genetic rar-
ity index for individual i (eqn 1):

Genetic rarity indexi ¼
PL

l¼1ðpa þ pbÞl
2L

ð1Þ

where L is the total number of loci, and pa and pb are the fre-
quencies of alleles a and b at locus l in the reference popula-
tion. Note that pa and pb are equal in the case of
homozygotes.
Lower values of the genetic rarity index correspond to indi-

viduals with genotypes containing rare, low frequency alleles
compared to individuals harbouring relatively common,
higher frequency alleles. The genetic rarity index of seedlings
ranged from 0.231 to 0.449, with an average of 0.350
(Table S2). Maternal trees sampled in this study represented
the range of genetic rarity found in the overall adult popula-
tion at BBS (Fig. S1).

Mating system parameters

We estimated mating system parameters for each family group
of seedlings (n = 27 with > 14 progeny genotyped) using the pro-
gram MLTR v3.2 and the Expectation-Maximisation (EM)
algorithm with default settings (Ritland 2002). Specifically, we
estimated multilocus outcrossing rate (tm, the probability of
outcrossing rather than self-fertilisation), biparental inbreeding
(tm�ts, the degree of mating between relatives) and paternity cor-
relation (rp), which estimates the proportion of full-sibs within a
progeny array and provides information on the number of pol-
len sources. We estimated the variance of each family level mat-
ing parameter by bootstrapping individuals within families
(n = 1000).

Statistical analyses

Seedling survival model
We modelled cumulative survival of each genotyped seedling
(n = 511) from planting to each census point with a hierar-
chical logistic regression. Survival was coded as a binary
response (1 = survival, 0 = death) and modelled with a logit
link function and a linear combination of the following pre-
dictor variables: genetic rarity index of each seedling,
canopy cover (%), and whether there was a tree > 50 cm
DBH within 10 m of the plot (binary). Site (n = 14) and
plot (n = 70) were treated as random effects to account for
potential correlations between individuals within a plot and
plots within a site, along with unmeasured environmental
conditions common to each site and plot. The model took
the following form:

Survivali;y �Bernoulliðŷi;yÞ
logitðŷi;yÞ ¼ ay þ b1y � Canopyp þ b2y � Treesp þ b3y

�RarityIndexi þ asites;y þ aplotp;y

where Survivali,y is the observed survival of the i-th seedling in
the y-th census, ay is the intercept (i.e. global mean) for all
seedlings for the y-th census, b1y is the estimated effect of
canopy cover for the y-th census, b2y is the effect of large trees

for the y-th census, b3y is the estimated effect of the genetic
rarity index for the y-th census, asites;y is the random effect
term for the s-th site in the y-th census and aplotp;y is the ran-
dom effect term for the p-th plot in the y-th census. In all
cases, we used covariate values at the time of planting (e.g. %
canopy cover in 2008).
We fit the model to our data with a Bayesian framework

and Markov Chain Monte Carlo (MCMC) algorithms.
Covariates were mean-centred and standardised to SD = 1
prior to analyses to aid in model convergence and to allow
comparison of coefficient estimates between parameters
(Schielzeth 2010; Bolker et al. 2013). The mean, SD and
range of covariates are provided in Table S2. We consid-
ered effects of covariates on survival to be significant if
their 95% posterior credible intervals did not overlap with
zero. We did not find high levels of correlation between
covariates (Pearson’s |R| < 0.10, Fig. S2). We set vaguely
non-informative priors for all parameters: Uniform(�10, 10)
for fixed regression parameters and Uniform(0, 10) for the
standard deviation of random effect parameters. We esti-
mated posterior distributions for each parameter using
MCMC methods implemented in JAGS v4.1.0 (Plummer
2003) using the ‘rjags’ R package (R Core Development
Team 2015; Plummer 2016). We ran three MCMC chains
for each parameter for 50 000 iterations, thinning chains
every 25 iterations, with the first 10 000 samples discarded
as burn in. We assessed chain convergence by visually
inspecting traceplots and ensuring that the potential scale
reduction factor statistic (‘rhat’) < 1.10 (K�ery 2010), which
assesses the degree of within-chain to between-chain vari-
ance. We assessed model goodness-of-fit with a posterior
predictive check (Fig. S3). Model code is available in
Appendix S1, and genotype and survival data of seedlings
is publicly available online (https://dx.doi.org/10.6084/m9.fig-
share.3817023.v1).

Seedling genetic rarity model
To assess whether mating parameters or maternal genetic rar-
ity better predicted the rarity of a seedling’s genotype, we used
a multiple linear regression with the genetic rarity index of
each seedling as the response variable and genetic rarity index
of the maternal tree, biparental inbreeding (tm�ts), paternity
correlation (rp) and outcrossing rate (tm) as explanatory vari-
ables. The model was fit to the data using the ‘lm’ function in
R (R Core Development Team 2015). Correlations between
covariates were small (|R| ≤ 0.40) for all pairwise combina-
tions (Fig. S4). Our sample sizes for this model included 497
seedlings and 27 maternal trees.

Reproductive success model
We defined the reproductive success of maternal trees as the pro-
portion of seedlings surviving to the last census (5.5 years after
planting). To determine whether the genetic rarity index of
maternal trees or mating parameters (e.g. biparental inbreeding,
paternity correlation and outcrossing rate) better predicted vari-
ation in reproductive success, we modelled reproductive success
with a logistic regression and the logit link function. Because five
maternal trees had 32 seedlings planted in the experiment rather
than 16 seedlings for the other 25 maternal trees, we weighted the
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logistic regression by the number of seedlings initially planted.
The model was fit to the data using the ‘glm’ function in R (R
Core Development Team 2015).

Change in genetic diversity and allele frequencies over time

To determine if genetic diversity increased over the study period,
we calculated population-level gene diversity (Hs) (Nei 1987) and
allelic richness (rarefied to n = 100 samples) and compared these
estimates to the expected changes in genetic diversity if survival
was random with respect to genotype. Gene diversity (Hs) pro-
vides information on the relative frequency of alleles in a popula-
tion and may be more sensitive to short-term changes than allelic
richness (Lowe et al. 2005). To generate the null distribution for
each genetic diversity metric, we randomised seedling survival
among individuals 999 times and calculated the metrics of
genetic diversity at each census point. If the observed genetic
diversity metric did not overlap with the 95% confidence interval
(CI) of the null distribution, we rejected the null hypothesis that
seedling survival was random with respect to genotype. Allelic
richness, which is especially sensitive to differences in sample size,
was rarefied to 100 samples to account for changes in population
size across census sampling events, though qualitative results did
not differ using un-rarified allelic richness. Gene diversity and alle-
lic richness were calculated in the R package ‘hierfstat’ (Goudet
2005; RCoreDevelopment Team 2015). To estimate levels of Type
1 error in our randomisation procedure, we simulated genotypes
for 511 seedlings, with equivalent numbers of alleles at each of 9
loci as our real dataset. We then performed the exact randomisa-
tion procedure described above for 500 simulated data sets and cal-
culated the percentage of false positives. Overall, rates of false
positives were low (< 0.03%, Table S4).
To determine whether common, high-frequency alleles

declined between parental and seedling generations, we calcu-
lated the change in allele frequency for each allele between the
parental population (using pollen pool frequencies) and seed-
lings alive at the time of the last census. We estimated the cor-
relation between allele frequency in the parental population

and the change in allele frequency between generations with a
linear regression, controlling for locus identity, with the ‘lm’
function in R (R Core Development Team 2015).

RESULTS

Is there a rare genotype advantage in seedling survival, and how

does this compare to the effects of habitat characteristics?

We found a consistent effect of seedlings with rare genotypes
(i.e. those with lower values of the genetic rarity index) having
an increased probability of survival starting 1 year post-plant-
ing and continuing until the final census 5.5 years after plant-
ing (Table 1, Table S3). A seedling with the rarest genotype
had on average a 54% (37–70%, 95% credible interval) prob-
ability of surviving to 5.5 years compared to a 16% (9–25%)
probability for a seedling with the most common genotype
(Fig. 2a).
Comparing the effect sizes of habitat characteristics and

genetic rarity, canopy cover and presence of large trees gener-
ally had a higher mean effect size on survival probability than
did the genetic rarity index of seedlings, though the posterior

Table 1 Standardised regression coefficients (posterior means) and 95%

credible intervals (CI) for the effects of genetic rarity index of seedlings,

canopy cover (%) and presence of large trees within a 10 m radius on

cumulative survival of 511 Oenocarpus bataua seedlings from planting to

5.5 years after planting

Parameter Estimate 2.5% 97.5%

Intercept �0.84 �1.62 �0.12

Genetic rarity index (seedling) �0.34 �0.58 �0.11

Canopy cover �0.76 �1.29 �0.28

Large trees �0.69 �1.14 �0.30

We modelled survival as a hierarchical logistic regression (see Methods

for model details). We considered model parameters statistically signifi-

cant if their 95% CI did not cross 0 (shown in bold). Predicted effects of

each covariate on survival to 5.5 years are shown in Fig. 2, and mean,

SD and range of each covariate are available in Table S2. Coefficient esti-

mates for intermediate censuses prior to 5.5 year are shown in Table S3.
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95% credible interval of estimated effects overlapped
(Table 1, Table S3, Fig. 2). The timing of the onset of effects
was similar between large trees and the genetic rarity index,
with effects on survival apparent at the 1 year post-planting
and continuing until the final census, and the effect of canopy
cover apparent after the 2 year census (Table S3).

Does a rare genotype advantage increase population-level genetic

diversity?

Starting 2 years post-planting, population-level genetic diver-
sity in terms of gene diversity (Hs) was higher than would be
expected if survival were random with respect to genotype;
this pattern continued until the final census (Fig. 3a). In con-
trast, changes in allelic richness did not differ from null expec-
tations at any census point (Fig. 3b). Comparing the change
in allele frequencies between parental and seedling genera-
tions, the frequency of common alleles declined (t = �3.44,
d.f. = 51, P = 0.001), with the four most common alleles
declining 3–9% (Fig. S5).

Does the rarity of the maternal genotype or mating system

parameters better predict the rarity of an offspring’s genotype and

variation in adult reproductive success?

The genetic rarity (i.e. genetic rarity index) of a seedling was
best predicted by the genetic rarity of its maternal tree
(Table 2), which alone explained 20% of variation in seedling

genetic rarity (adjusted R2). Genetic rarity of seedlings was
weakly related to outcrossing rate, such that higher levels of
outcrossing led to rarer genotypes in seedlings, but not signifi-
cantly correlated with other mating system parameters –
paternity correlation or biparental inbreeding (Table 2).
Reproductive success (proportion of seedlings alive

5.5 years post-planting) was highest among maternal trees
with rare genotypes and low paternity correlation (rp, the pro-
portion of half-sibs among progeny; Fig. 4, Table S5). Repro-
ductive success was not significantly correlated with biparental
inbreeding or outcrossing rate (Fig. 4, Table S5). Excluding
inferred maternal genotypes from MLTR produced similar
results (Table S5).

DISCUSSION

In this study, we provide evidence for a rare genotype advan-
tage in survival for seedlings of a hyper-dominant tropical
palm, Oenocarpus bataua. We found that population-level
genetic diversity of seedlings increased over time compared to
null expectations, consistent with the prediction that negative
frequency-dependent selection maintains genetic diversity. We
also provide evidence that the rarity of a seedling’s genotype
was primarily a function of the rarity of the maternal tree’s
genotype, rather than mating system parameters such as
biparental inbreeding and outcrossing rates. Consequently,
maternal trees with rare genotypes had higher reproductive
success than did trees with common genotypes. Together,
these results show that negative frequency-dependent selection
can increase genetic diversity on ecologically relevant time-
scales in natural systems and suggest that the influence of
genotype on survival may be an under-appreciated driver of
non-random seedling recruitment in tropical forests, with con-
sequences for the maintenance of population-level genetic
diversity and reproductive success of adult trees.

Rare genotype survival advantage

The observed rare genotype survival advantage is likely caused
by either of two ecological mechanisms: frequency-dependent
enemy attack or niche-partitioning. Pathogens and predators
have been shown to respond in a frequency-dependent manner,
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Figure 3 Changes in population-level genetic diversity over time compared to the null expectation that survival is not related to genotype for (a) gene

diversity (Hs) and (b) allelic richness rarified to 100 samples. The blue circles show observed values at each census point. Black circles and dashed lines

show the mean and 95% quantile range of null expectations values after randomising survival with respect to genotype of each seedling 999 times.

Table 2 Standardised regression coefficients of multiple linear regression

of the effects of genetic rarity index of maternal trees and mating parame-

ters on the genetic rarity of seedlings

Parameter Estimate SE T P

Intercept 0.350 0.002 215.395 < 0.001

Genetic rarity index

(maternal tree)

0.018 0.002 11.053 < 0.001

Paternity correlation (rp) �0.002 0.002 �1.250 0.212

Biparental inbreeding (tm–ts) �0.001 0.002 �0.492 0.623

Outcrossing rate (tm) �0.004 0.002 �2.173 0.030

Shown are the estimated coefficients, standard error (SE), t-statistic and P

value. P values < 0.05 are shown in bold. Mean, SD and range of each

covariate are available in Table S2.
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where common genotypes of plants are preferentially attacked
(Chaboudez & Burdon 1995; Brunet & Mundt 2000), though
the majority of relevant studies are from agricultural systems
or clonally reproducing plants. Despite the importance of
predators and pathogens in regulating populations and com-
munities in the tropics (Swamy & Terborgh 2010; Terborgh
2012; Bagchi et al. 2014), the specificity of natural enemies to
within-species genotypes in O. bataua and other tropical trees
is currently not well understood, and represents a priority for
future work. The niche-partitioning hypothesis, where rare
genotypes experience less competition (File et al. 2012), pro-
vides an alternative mechanism that also predicts higher sur-
vival for rare genotypes. Given that tropical seedlings are
thought to not be strong direct competitors (Paine et al. 2008;
Swamy & Terborgh 2010), we question the degree to which
niche-partitioning among seedlings explains the observed rare
genotype advantage. However, experiments that manipulate
and measure both resource use or attack from natural enemies
among seedlings with rare and common genotypes would be
necessary to tease apart the relative importance of these two
mechanisms.
The strength and timing of the effect of genetic rarity on

seedling survival was lower on average but comparable (95%
CI overlapping) to the effects of habitat characteristics like
canopy cover. Most studies of seedling recruitment include
some measure of habitat like canopy cover to explain survival
(see Karubian et al. 2016 for a detailed discussion of the influ-
ence of habitat on O. bataua seedling survival), but the
genetic composition of seedlings is rarely considered. Like-
wise, most studies of the influence of genetic variation on sur-
vival fail to compare the effects of other commonly studied
ecological factors (Hughes et al. 2008), which would help
determine the relative importance of these effects on seedling
recruitment. Our results suggest that quantifying within-spe-
cies genetic variation is a worthwhile step towards fully
explaining patterns of non-random survival in tropical plants.

Consequences for genetic diversity

As predicted under negative frequency-dependent selection, we
found that the frequency of common alleles declined between
the parental and seedling generations and that population-level
genetic diversity among seedlings increased over time, begin-
ning 2 years post-planting. Observed increases in gene diver-
sity (Hs) were relatively small, but the fact that we detected
change over a short timescale relative to the lifespan of the
plant is remarkable. To our knowledge, this is among the first
studies that show increased genetic diversity to result as a con-
sequence of a rare genotype advantage in a tropical plant, and
reinforces the idea that rapid evolutionary changes in allele
frequencies can occur on ecologically relevant timescales as a
result of micro-evolutionary processes (Hairston et al. 2005).

Variation in adult reproductive success

We found higher reproductive success among maternal trees
with rare genotypes. Due to the nature of frequency depen-
dence, this reproductive advantage at the individual level may
be temporary, as the frequency of once rare alleles increases in
the population and no longer confer a survival advantage. In
contrast, we observed an independent effect of increased pollen
diversity (lower paternity correlation, rp) leading to increased
reproductive success, which is consistent with other studies
(Breed et al. 2012) and may arise from increased pollen compe-
tition (Charlesworth 1988). Although we did not measure spa-
tial genetic structure or dispersal in this study, our results
suggest that long-distance dispersal, which may bring rare
genotypes into a population if there is spatial structuring of
genotypes, may confer a survival advantage to dispersed indi-
viduals due to the rarity of their genotypes. Given that both
seed disperseral (McConkey et al. 2012) and pollination pro-
cesses (Eckert et al. 2010) are threatened by forces like climate
change, hunting and habitat loss, understanding how these
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Figure 4 Reproductive success of maternal trees (proportion of seedlings alive 5.5 years after planting) in relation to (a) the genetic rarity index of maternal

trees, with lower values corresponding to rarer genotypes, (b) paternity correlation (rp), (c) biparental inbreeding (tm–ts) and (d) outcrossing rate (tm). The

proportion of seedlings alive was modelled with a logistic regression. Solid line shows the model predictions and shaded grey area shows uncertainty in model

predictions (� 2 SE). The P-value for each parameter estimate is shown within the graph, and full parameter estimates are available in Table S5.
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neutral dispersal processes interact with negative frequency-
dependent survival of offspring may aid in predicting how
ongoing anthropogenic changes will impact plant populations.
While this study provides evidence that negative frequency-

dependent selection can be a powerful driver of seedling mor-
tality within a population of a dominant tropical tree species,
additional studies on a wider range of taxa and sites are
needed to assess the extent of this effect across species and
across systems. It also remains to be investigated whether neg-
ative frequency-dependent selection acts across life stages (e.g.
seed to seedling transition) and if observed increases in genetic
diversity among seedlings persist to later life stages. Although
intraspecific genetic variation, especially within dominant spe-
cies, can enhance species coexistence in some systems (Vellend
& Geber 2005; Ehlers et al. 2016), the degree to which nega-
tive frequency-dependent selection among genotypes in main-
tains community diversity in tropical forests remains
unknown. Finally, expanding beyond microsatellite makers to
genetic markers that target potentially adaptive loci, such as
single-nucleotide polymorphisms, will likely help elucidate the
mechanisms underlying negative frequency-dependent selec-
tion (Ouborg & Vriezen 2007).

CONCLUSION

In conclusion, we show through a long-term planting experi-
ment with a tropical palm that micro-evolutionary processes
like negative frequency-dependent selection can impact seed-
ling recruitment, genetic diversity and adult reproductive suc-
cess on ecologically relevant timescales. Incorporating the
interactions between genetic variation and micro-evolutionary
processes like negative frequency-dependent selection in stud-
ies of tropical forests may therefore improve our ability to
explain patterns of non-random mortality and variation in
reproductive success, which in turn should aid ecologists in
understanding and predicting the dynamics of tropical tree
populations and communities.
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