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ABSTRACT

Hybridization, the interbreeding of distinct genotypes, drives evolutionary processes like speciation and adaptation, potentially
via phenotypic transgression, where hybrids exhibit novel traits. In crop breeding, research has largely focused on optimizing
heterosis to enhance hybrid performance, particularly for traits such as biomass. It is only recently that the ecological impli-
cations of hybridization have been considered, highlighting hybridization as a biotic interaction occurring within populations
and communities. This shift raises fundamental questions about whether hybrid performance shows consistent patterns across
individual and population scales, particularly regarding predictions based on parental genetic distance. Here, we address this
question by examining Arabidopsis thaliana F2 hybrids across a wide range of genetic distances, to compare hybrid performance
at individual and stand levels. Our results reveal scale-dependent patterns: individual performance peaks at intermediate pa-
rental genetic distances, while stand-level performance increases with genetic divergence, particularly in hybrids between relict
and non-relict lineages. These results underscore the importance of scale when evaluating hybrid performance, as plant-plant
interactions at the group level can alter the collective outcomes of individual performance. Finally, this framework underscores
the importance of integrating individual and population perspectives to better understand the outcomes and potential applica-
tions of hybridization.

1 | Introduction means, hybridization represents the same fundamental pro-
cess, altering organismal performance relative to their parental

Hybridization, the interbreeding of divergent genotypes lines and often leading to changes in traits such as productiv-

(Anderson and Stebbins Jr. 1954), whether within species (in-
traspecific) or between species (interspecific), has captivated
biologists for generations. Charles Darwin, in his seminal work
On the Origin of Species, recognized hybridization as a natural
process that generates variation, a fundamental element of nat-
ural selection (Livezey and Darwin 1953). Study on hybridiza-
tion has since moved forward, widely extending to agricultural
perspectives, where artificial hybridization is often generated to
maximize crop yield and production (Cheres et al. 2000; Jiang
et al. 2017; Zhao et al. 2015). Either through natural or artificial

ity, adaptability, or fitness. Despite considerable advancements
in understanding hybridization's role within both evolution-
ary and agricultural frameworks, only recently has research
begun to address its ecological implications. Hybridization can
be viewed as a biotic interaction, as suggested by (Porretta and
Canestrelli 2023), occurring within the context of ecological
populations and communities. While hybridization begins at
the cellular and individual level, its effects extend to population
dynamics, where biotic interactions such as competition come
into play.
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In nature, plants rarely grow in isolation. Neighboring plants
strongly influence one another's success and, consequently,
group performance (Milbau et al. 2007), highlighting the role of
plant-plant interactions, such as competitive pressure, in shap-
ing group dynamics. Research has shown that plant fitness can
differ between individual and group scales under competitive
conditions (Wuest et al. 2022). In hybrid populations, F1 individ-
uals typically produce seeds that disperse locally, leading to F2
populations of closely related individuals competing in proxim-
ity. Thus, hybridization forms populations where intraspecific
competition is highly localized, particularly in herbaceous spe-
cies with limited dispersal. In the F2 generation, recombination
introduces segregation variance, leading to increased genetic
diversity (Lande 1981). This heightened genetic variation in F2
hybrids often leads to transgressive segregation, resulting in
novel phenotypes extending beyond the parental range (Palacio-
Lépez and Molofsky 2021). Such genetic and phenotypic diver-
sity may enable hybrids to exploit a broader range of ecological
niches, reduce resource overlap, and influence population dy-
namics (Gross et al. 2009; Violle et al. 2012). However, the role
of genetic diversity in shaping community-level performance
remains unclear and requires further investigation, as studies
often report conflicting results regarding its role in productivity
(Huber et al. 2016; Hughes et al. 2008). Testing hybrid perfor-
mance across different densities and between different geno-
types is essential to understanding how plant-plant interactions
influence hybridization outcomes. One promising approach is
through explicit experimental comparisons of individual and
stand-level performance, yet such studies remain surprisingly
rare (but see studies on multilevel selection at group and indi-
vidual scales Goodnight (1985)); (Goodnight and Kalisz 1995).
To our knowledge, no empirical studies have yet examined this
question in hybrid populations, leaving a critical gap in under-
standing whether genetic distance effects manifest differently
across organizational levels in such systems.

The relationship between genetic distance and hybrid perfor-
mance has been extensively studied in artificial hybrids to ex-
ploit hybrid vigor (heterosis) that can enhance crop productivity.
In such contexts, research often focuses on selecting parental
combinations or genetic distances that generate the most pro-
ductive individuals (Barth et al. 2003; Groszmann et al. 2014;
Oakley et al. 2015). For instance, a key question is whether hybrid
performance increases (linearly) with parental genetic distance,
or whether there is specific optimal mating distance due to bal-
ance between heterosis and inbreeding-outbreeding depression
(Cheres et al. 2000; Palacio-Lopez et al. 2018; Stuber et al. 1992;
Wei and Zhang 2018; Wiirschum et al. 2023). Some have failed to
demonstrate an optimal mating distance (Robinson et al. 2009;
Yang et al. 2017), and found a positive correlation instead (Reif
et al. 2003). In contrast, there are some experimental supports
on the optimal mating distance, with research across various
taxa showing that intermediate genetic distance often leads to
improved hybrid performance for specific traits (Palacio-Lopez
et al. 2018; Rajan et al. 2023; Wei and Zhang 2018). Studies on
heterosis often focus on the F1 generation, where maximum
heterosis and uniformity are observed, though these effects
persist to a lesser extent in the F2 and subsequent generations
(Greaves et al. 2015; Wu et al. 2004). For instance, F2 hybrids
of Arabidopsis thaliana are shown to exhibit significant hetero-
sis for traits such as biomass yield and rosette diameter (Barth

et al. 2003). Moreover, enhanced trait variation due to recom-
bination in F2s may modulate plant-plant interactions, such as
niche complementarity, and thus modify the relationship be-
tween parental distance and hybrid performance. Determining
the contribution of heterosis and phenotypic segregation to the
performance of hybrid populations is critical to understand the
evolutionary consequences of hybridization. Studies using F2
hybrids have explored the effects of genetic diversity on per-
formance, demonstrating that correlations can vary depending
on traits and environmental conditions (Gutiérrez et al. 2002).
However, no studies have yet examined how genetic distance
affects both individual and group-level hybrid performance or
explored the role of ancestry group combinations in shaping
these outcomes. Filling this gap is crucial for advancing our un-
derstanding of hybrid dynamics across scales.

A. thaliana has long served as a model organism for plant genet-
ics and molecular biology. More recently, it has become a focus
for ecologists and evolutionary biologists, following the avail-
ability of large-scale genomic datasets from natural accessions
across its range (Alonso-Blanco et al. 2016; Horton et al. 2012;
Weigel 2012). These datasets have shed light on the recent de-
mographic history of the species, revealing two major lineages.
Most natural lines in Europe belong to non-relict lineages, which
arose from a secondary colonization event in central Europe
approximately 10,000years ago. In contrast, relict lineages di-
verged during the Ice Age and have remained highly isolated,
adapting to distinct ecological niches. Relict populations are
typically found in ancient oak and pine forests characterized by
seasonal climates, high temperatures, and low rainfall, whereas
non-relicts are often associated with human-modified habitats
like agricultural and urban areas (Alonso-Blanco et al. 2016).
Interestingly, hybridization events between relict and non-relict
lineages of A. thaliana have been documented in northern and
southern Europe, which has been hypothesized to contrib-
ute to local adaptations (Exposito-Alonso et al. 2018; Francois
et al. 2008; Hanemian et al. 2020; Lee et al. 2017). However, it
is still unclear whether the maintenance of natural hybrids in
some regions has been facilitated by the consequences of hybrid-
ization on population performance.

In this study, we examined hybrid performance at individual
and stand levels in A. thaliana, focusing on whether the rela-
tionship between parental genetic distance and hybrid perfor-
mance varied across scales. Experiments were conducted on 63
F2 hybrids, representing a range of parental genetic and pheno-
typic distances. We also investigated whether specific lineage or
ancestry combinations influenced hybrid performance. Biomass
production was measured at both individual and stand levels to
assess how genetic distance and lineage effects observed at the
individual scale translated to population-level contexts.

2 | Materials and Methods

2.1 | Plant Material

To investigate how genetic distance influences hybrid perfor-
mance, we selected 63 F2 hybrid populations that represent a

broad spectrum of pairwise genetic distances (Table S1). These
populations were chosen based on genetic distance data from
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prior studies (Vasseur et al. 2018; Vasseur et al. 2019) which also
provided the F2 seeds. The hybrids were derived from 97 natural
A. thaliana accessions, which span a diverse range of geographic
origins and phenotypic traits (biomass) (Przybylska et al. 2023);
(Figures S1 and S2). This design ensures that the selected hy-
brids capture variation in genetic distance across different spa-
tial contexts. In the original studies, intraspecific F1 hybrids
were created through manual crosses between inbred natural
accessions, and the resulting F1 plants were selfed to produce F2
populations (Figure 1). Parental genetic distances were quanti-
fied as the number of allelic differences, using PLINK's-distance
function, based on a filtered dataset of 391,016 SNPs (Exposito-
Alonso et al. 2018).

To further explore the role of lineage in hybrid performance,
we utilized the ancestry classifications from the 1001 Genomes
Consortium project. Accessions were grouped into relict and
non-relict lineages, with the non-relict group further divided
into subgroups: North Sweden, South Sweden, Germany, Asia,
Western Europe, Admixed, Central Europe, Spain, and Italy-
Balkans—Caucasus (Alonso-Blanco et al. 2016). We classified

Accession 1 Accession 2 Accession 3

manual cross

p

Hybrid 1
Hybrid 2
Hybrid 3
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the hybrids into three categories based on these lineage groups:
1. hybrids between relict and non-relict lineages (inter-relict);
2. hybrids between different ancestral groups of the non-relict
lineage (inter-group); and 3. hybrids between the same ances-
tral group of the non-relict lineage (intra-group). We selected 10
pairs for the inter-relict group, 44 pairs for the inter-group, and 9
pairs for the intra-group.

2.2 | Growth Conditions

All plants were grown in a greenhouse, located at the Center
for Functional and Evolutionary Ecology (CEFE), Montpellier,
France (Figure S3). Seeds were sown in 5-cm pots (80 mL) filled
with peat moss (Neuhaus N2) media, in March 2023. Each F2
hybrid population was represented by 25 individual pots, each
containing a single plant grown in isolation, and 25 stand
pots, where 30 seeds were initially sown (comprising random
individuals from the F2 bulk, Figure 1). This setup resulted in
3150 pots across both treatments. Experimental blocks were di-
vided by treatment, and pots within each block were randomly

Accession n
Parental lines from
Vasseur et al. 2018

T Inbred

F1 hybrids derived in
Vasseur et al. 2019

| =

=

i

>

I

T <——— Selfing

‘ \
S . <— Recombination

F2 bulks from each selfed F1 plant

F2 hybrid populations used to assess
individual and standing performance

x25 x25

FIGURE1 | Schematic overview of the derivation of F2 hybrid populations and experimental design used in this study. Parental lines were select-

ed from the natural accessions characterized by the 1001 Genomes Consortium (2016), and previously used in Vasseur et al. (2018). These accessions
represent a broad gradient of genetic distances and belong to distinct admixture groups as defined in the 1001 Genomes dataset. F1 hybrids were
generated through manual crosses (Vasseur et al. 2019) and subsequently self-fertilized to produce F2 seeds. From these, 63 F2 hybrid populations
were chosen to maximize coverage of the parental genetic distance gradient. Bell curves with color gradation illustrate the expected variability in F2
bulks due to segregation and recombination. For each hybrid, seeds were randomly drawn to produce 25 pots for assessing individual biomass and
25 pots for assessing stand biomass, with each stand sample consisting of multiple seeds.
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positioned across multiple tables. Each treatment was grown
under the same controlled conditions, with stable room tem-
perature (£20°C day/15°C night) and under well-watered regu-
lar irrigation (every 4-5days).

2.3 | Trait Measurement

F2 hybrid performance was assessed by measuring abo-
veground dry mass (biomass). We harvested the plants at the
same time after a growth period of approximately 60days,
during early to mid-May 2023. Plants were harvested in a ran-
dom order, prioritizing completion before flowering whenever
possible. For each pot, plants were cut at ground level, with
rosettes and stems separated for those that had reached the
reproductive stage. Rosettes were dried at 60°C for at least
48h before weighing. At the stand level, the number of in-
dividuals alive at harvest was recorded. We excluded stands
with fewer than 15 plants per pot, resulting in a final dataset
of 2126 observations. Stand-level biomass was standardized to
25 individuals, i.e., the total biomass of all plants in the pot
was divided by the number of individuals alive at harvest,
then multiplied by 25 (the mean number of individuals alive
at harvest).

Trait variation within hybrid populations was quantified
using the variance (Sﬁ) of individual biomass, calculated as the
arithmetic mean of the squared deviations from the mean bio-
mass value:

1 _
S2 = Z:;l (% —X)2

n—1

Measurement of F1 heterosis was obtained using data from
Vasseur et al. (2019), and we used their measurements of mid-
parent heterosis (MPH) for vegetative dry mass. MPH is a com-
monly used metric to quantify heterosis (Seymour et al. 2016)
and was calculated for the biomass trait Y, based on the devi-
ation of the observed hybrid value relative to the mean paren-
tal value:

MPH = (Y, ,, —mean(Y;,Y,)) /mean(Y,,Y,)

To assess phenological variation (asynchrony), we used two
proxies: 1. the proportion of flowering individuals within each
hybrid population and; 2. the difference in parental flowering
time, based on data from a previous study (Vasseur et al. 2018).
From the same dataset and from (Przybylska et al. 2023), we
also quantified parental trait differences, including vegetative
dry mass, flowering time, relative growth rate (RGR), leaf area
(LA), leaf dry matter content (LDMC), and root allocation.

2.4 | Statistical Analysis

To test the relationship between parental genetic distance and
hybrid performance, we initially included table positions as a
random effect in a mixed model to account for potential block
effects. However, the Akaike Information Criterion (AIC) indi-
cated no significant improvement from adding the block effect
(AIC difference =0.447). A likelihood ratio test (LRT) using the

logLik() function also yielded a p>0.05, confirming that block
effects were negligible. Accordingly, we used generalized linear
models (GLMs) or linear models (LMs) instead of mixed models.
The relationship between parental genetic distance and individ-
ual biomass was analyzed using a GLM with a Gamma distribu-
tion, while other relationships were analyzed using linear and
polynomial regression. Prior to the regressions, stand biomass,
mean biomass, and biomass variance were log10-transformed to
ensure normally distributed residuals.

To choose the best model, linear and polynomial regression
models were compared based on Akaike's Information Criterion
(AIC). Factors influencing stand performance, such as individ-
ual biomass variance and F1 heterosis, were evaluated using
multiple regression models. Additionally, hybrid differences
based on parental ancestry group combinations were assessed
using analysis of variance (ANOVA), with Tukey's post hoc tests
performed for group comparisons using the Multcomp package
(Hothorn et al. 2008). All statistical analyses were conducted in
R (version 4.3.1).

3 | Results

3.1 | Effect of Parental Genetic Distance on
the Performance of F2 Hybrid Population at
Individual and Stand Levels

Biomass was highly variable across F2 hybrid populations at
both individual and stand levels (Figure 2A,C). Mean individ-
ual biomass per F2 hybrid population ranged from 0.003 to
0.112g, while mean stand biomass varied between 0.032 and
0.202g. Although performance variability was observed at both
levels, we found a lack of correlation between individual and
stand-level biomass across F2 hybrid populations (Spearman'’s
p=0.069, p=0.589), indicating a mismatch in the biomass vari-
ation pattern between the two levels.

Analysis of the relationship between parental genetic distance
and biomass revealed distinct trends for individual and stand-
level outcomes. At the individual level, we observed a hump-
shaped relationship (#>=0.093, p <0.001): biomass peaked at an
intermediate parental genetic distance (Figure 2B). However, at
the stand level, we found a polynomial relationship (>=0.061,
p<0.001): greater genetic distances were associated with in-
creased stand biomass (Figure 2D).

3.2 | Heterosis and Trait Variation Modulate
Stand Performance in F2 Hybrid Populations

Using previously published data (Vasseur et al. 2019), we com-
pared mean F2 biomass and F1 heterosis on biomass. We found
that F1 heterosis was positively correlated with F2 stand bio-
mass (Figure 3A; r>=0.112, p<0.01) but not with individual
biomass (r>=0.034, p=0.08). Within F2 populations, greater
trait variance among individuals was associated with higher
stand biomass (Figure 3B; r?=0.019, p<0.001). Variation in
phenology also influenced stand performance, as we found
stand biomass following a significant quadratic relationship
with the proportion of flowering individuals, peaking when
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FIGURE 2 | Variation of biomass in F2 hybrids at individual and stand levels and the relationship with genetic distance. Boxplot showing vari-
ation of individual biomass (A), and variation of stand biomass (B) across 63 F2 hybrid populations (ANOVA, p <0.001). Number of plants per pop-
ulation ranges from 14 to 25. The relationship between genetic distance and individual biomass (C) supports a humped-back model. Polynomial

regression of the relationship between stand biomass and genetic distance (D) shows deviation from the humped-back model. *** denotes p <0.001.

approximately 50% of individuals were flowering (Figure 3C;
r*=0.07, p<0.001). Additionally, parental flowering time dif-
ferences positively correlated with stand biomass (Figure 3D;
r>=0.048, p<0.001). Other parental trait differences, including
vegetative biomass, relative growth rate, LA, LDMC, and root
allocation, also showed significant positive relationships with
stand biomass (Figure 3E-I; r?=0.022, r>=0.033, r*=0.12,
r*=0.03, r*=0.006, respectively; p<0.001 for all traits except
root allocation, p <0.05).

3.3 | Hybridization Between Distinct Lineages
Optimizes Stand Performance

Asithas been reported that hybrids between relict and non-relict
lineages have been naturally selected in A. thaliana (Exposito-
Alonso et al. 2018; Francois et al. 2008; Lee et al. 2017), we
investigated further how F2 hybrid performance varied in F2
populations derived from crosses between these lineages. Based
on lineage composition, we classified hybrids into three groups:
inter-relict, inter-group, and intra-group (see Materials and
Methods). As previously shown in Alonso-Blanco et al. 2016,
inter-relict hybrids displayed greater parental genetic distance
(Figure 4A). Inter-group hybrids, which resulted from crosses
between different groups of non-relict accessions, exhibited in-
termediate genetic distances, while intra-group hybrids, derived

from parents within the same non-relict lineage, showed the
smallest genetic distances.

When comparing individual biomass across these groups, inter-
group hybrids displayed the highest individual biomass, with
no significant difference observed between the intra-group
and inter-relict hybrids (Figure 4B). At the stand level, hybrids
formed between relict and non-relict lineages showed greater
stand biomass compared to hybrids solely within non-relict lin-
eages (Figure 4C). This suggests that crossing distinct lineages
enhances overall stand performance relative to hybrids within
the same lineage, as stand biomass did not differ significantly
between inter-group and intra-group hybrids.

4 | Discussion

The extent to which hybrid performance varies with ge-
netic distance remains elusive. While most studies focus on
individual-level F1 performance, hybridization is a multifac-
eted process influenced by ecological and genetic contexts that
can lead to diverse outcomes. In plants, especially in species
with limited dispersal, hybrid populations tend to form over
successive generations in the same locality, where plant-plant
interactions, such as competition and cooperation, strongly in-
fluence hybrid population success. Consequently, generalizing
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FIGURE 3 | Factors influencing hybrid stand performance. (A) Heterosis enhances hybrid stand biomass but does not affect individual biomass.

(B-C) Greater trait variation in biomass and flowering time increases hybrid stand biomass. (D-I) Hybrid stand biomass is positively associated with

parental trait differences in flowering time, biomass, relative growth rate, leaf area (LA), leaf dry matter content (LDMC), and root allocation. ***

denotes p <0.001; * denotes p <0.05.

the benefits or risks of hybridization from individual-level
studies alone can overlook the broader ecological and evolu-
tionary dynamics at play. Our findings highlight the scale-
dependent nature of F2 hybrid performance, with individual
and stand-level biomass outcomes responding differently to
parental genetic distance.

Research often reports a positive correlation between heterosis
and genetic distance, although the strength of this relationship
varies. According to Dobzhansky-Muller incompatibility the-
ory, hybrids between species or populations with high genetic di-
vergence are particularly susceptible to outbreeding depression
(Lynch 1991; Orr and Turelli 2001), driven by hybrid breakdown
in the F2 generation when specific allele combinations reduce
individual fitness. Subsequently, several empirical studies have
reported a hump-shaped relationship between genetic distance
and hybrid performance, described as the optimal mating dis-
tance hypothesis (Orr and Turelli 2001; Wei and Zhang 2018).

This hypothesis proposes that hybrid vigor is optimized at in-
termediate genetic distances, where genetic dissimilarity re-
duces inbreeding depression without introducing severe genetic
incompatibilities. Our data at the individual level align with
this hypothesis, with individual performance in F2 individuals
peaking at intermediate genetic distances. Although the precise
mechanisms behind hybrid vigor remain uncertain, they may
involve dominance, overdominance, or positive intergenic epis-
tasis (Lippman and Zamir 2007). Supporting this, a study in A.
thaliana by Oakley et al. (2015) suggested that the hump-shaped
relationship between hybrid performance and mating distance
results from a combination of dominance-based heterosis,
which increases linearly with genetic distance, and intergenic
interactions like overdominance and epistasis, which exhibit a
quadratic relationship with genetic distance.

The Dobzhansky-Muller model of hybrid incompatibility pre-
dicts that mutations segregating in F2 hybrids contribute to
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FIGURE4 | Variation in genetic distance, individual performance, and stand-level performance across hybrid groups based on different parental

ancestry combinations. (A) Boxplot showing parental genetic distance across ancestry groups, with hybrids between different lineages exhibiting

greater genetic divergence; (B) boxplot showing individual biomass for each hybrid group; and (C) stand-level biomass for each group. The red dashed

line in panels B and C marks the mean biomass of the inter-relict group for reference. Here, the “inter-relict group” includes hybrids between relict

and non-relict lineages, the “inter-group” hybrids are derived from different ancestral groups within the non-relict lineages, and the “intra-group”

hybrids originates from the same ancestral group within the non-relict lineage.

hybrid breakdown, leading to both fitness declines and in-
creased phenotypic variation (Koski et al. 2022). While their
findings supported this prediction, their analysis focused solely
on individual fitness, without accounting for population-level
dynamics or plant-plant interactions. In contrast, our stand-
level analysis reveals that biomass in F2 hybrids increases with
genetic distance. Both theoretical and empirical studies indicate
that isolated lines or populations often exhibit strong F1 hetero-
sis, followed by a decline in fitness in subsequent generations,
as depression typically emerges only after recombination dis-
rupts gene complexes in the F2 or higher-order hybrid genera-
tions (Lynch 1998). The lack of a significant F1 heterosis effect
on individual biomass in F2 hybrids may therefore result from
increased phenotypic variance within the F2 population.

The role of genetic diversity in shaping community biomass re-
mains a subject of debate in biodiversity-ecosystem functioning
(BEF) studies, with many studies reporting both positive and
negative effects of species or genotype richness on community
performance (Crutsinger et al. 2006; Huber et al. 2016; Pillai
and Gouhier 2019; Tilman et al. 2001). This ongoing debate
highlights the need to test hybrid performance at different den-
sities and across diverse genotype pairings to disentangle the
effects of plant-plant interactions during hybridization. Since
different crosses generate varying levels of genotypic and phe-
notypic diversity, understanding how these variations influence
biomass at both individual and stand levels will provide deeper
insights into the ecological and evolutionary consequences of
hybridization.

Our findings suggest that phenotypic variance between F2 indi-
viduals (through biomass and flowering time) had a positive ef-
fect on stand biomass, supporting the idea of niche partitioning
between hybrids originating from the same parent and locally
competing for resources, similar to that observed between spe-
cies (Hughes and Stachowicz 2004). This phenotypic variance
results from recombination during meiosis, which shapes allelic
diversity in hybrid progeny (Salomé et al. 2012) found that recom-
bination rates in A. thaliana do not correlate with whole-genome

sequence divergence between parental accessions. Accordingly,
Koski et al. (2022) observed that transgressive phenotypes,
traits that exceed the parental range, appear across all hybrid
cross types, with genetic distance not directly influencing the
degree of segregation variance. This likely explains why, in our
analysis, genetic distance did not correlate with variance in in-
dividual hybrid traits. However, when transgressive segregation
was assessed across multidimensional traits, such as overall
phenotypic range, higher genetic distances were associated with
broader phenotypic variation (Stelkens et al. 2009). Additionally,
(Benowicz et al. 2020) demonstrated that, although wide-cross
hybrids in F2 generations may not markedly increase segrega-
tion variance in individual traits, they can enhance the diversity
of trait combinations, potentially expanding the adaptive poten-
tial of hybrid populations. Previous research has also shown that
hybridization can lead to trait combinations enhancing fecun-
dity and competitiveness, sometimes enabling hybrids to invade
new habitats due to their superior “weediness” (Ellstrand and
Schierenbeck 2006; Hauser et al. 2003). Recent research high-
lights trait distinctiveness as a dimension of functional diversity,
characterizing the unique role of an individual plant within a
competitive group (Mahaut et al. 2023). Trait distinctiveness has
been shown to positively affect mixture performance, poten-
tially through mechanisms similar to those observed in trans-
gressive hybrids. Expanding beyond traits measured within the
F2 population, we found that phenotypic variation correlated
with differences between parental traits (Table S2). We then
analyzed how differences in parental traits, including flower-
ing time, biomass, relative growth rate, leaf area (LA), leaf dry
matter content (LDMC), and root allocation, affected stand bio-
mass. Our results revealed that greater trait divergence between
parents was positively associated with higher F2 hybrid stand
biomass. This suggests that increased parental functional trait
divergence contributes to a broader range of phenotypic vari-
ation in F2 hybrids, potentially enhancing stand-level perfor-
mance through niche complementarity.

Phenological asynchrony may be one of the mechanisms con-
tributing to hybrid stand performance. Plant populations
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naturally exhibit interindividual variation in phenology (Ehrlén
and Miinzbergova 2009), and this variation has a genetic basis
(Wilczek et al. 2009). While some studies suggest that phenolog-
ical synchronization enhances reproductive success by facilitat-
ing pollination and seed set (Bogdziewicz et al. 2020; Ims 1990;
Rodriguez-Pérez and Traveset 2016), others indicate that phe-
nological variation within a population can reduce intraspe-
cific competition and enhance biomass accumulation (Elzinga
et al. 2007; Fogelstrém and Ehrlén 2019; Kang et al. 2024;
Munguia-Rosas et al. 2011). In the context of hybrid popula-
tions, assuming that greater genetic distance between parents
promotes phenological divergence in their offspring, we found
a positive correlation between parental flowering time differ-
ences and hybrid stand biomass. Additionally, stand biomass
was maximized when flowering individuals comprised approx-
imately 50% of the stand, suggesting that variation in pheno-
logical stages can optimize resource use and enhance hybrid
stand performance. While flowering time differences showed
the strongest relationship with biomass, our findings indicate
that multiple traits contribute to this effect, reinforcing the idea
that diverse functional strategies within a stand promote coex-
istence and improve overall performance. These results align
with ecological theories on diversity—productivity relationships,
where greater functional diversity enhances community-level
biomass through niche differentiation and reduced competition.
Therefore, while individual hybrid biomass follows a hump-
shaped relationship with genetic distance likely reflecting trade-
offs between heterosis and genetic incompatibility, stand-level
biomass continues to increase with genetic distance, likely due
to the accumulation of beneficial trait variation that optimizes
collective performance. This highlights the importance of con-
sidering both individual and group-level processes when assess-
ing hybrid population success.

Subsequently, we showed that individual hybrid performance
is highest in hybrids formed from combinations of different
groups within the same non-relict lineage, exhibiting moderate
genetic distance, which supports the ‘optimal mating distance’
hypothesis. However, stand-level performance peaks in hybrids
with high genetic distance, formed between relict and non-relict
lineages, which are hybrids that have been observed to persist
in the wild (Exposito-Alonso et al. 2018; Francois et al. 2008).
Remarkably, when comparing these hybrids to other types of
crosses, we observed a clear contrast, emphasizing the signifi-
cant advantage of this specific lineage combination in enhanc-
ing performance at the stand level. Thus, these hybrids exhibit
a unique ecological compatibility that may play a crucial role
in their persistence and adaptability over time. Accordingly,
Campbell and Snow (Campbell and Snow 2007) emphasized the
importance of stand-level performance, suggesting that factors
promoting hybrid persistence in natural populations, such as
hybrid relative fitness, could enhance long-term hybrid success.
From an agronomic perspective, biomass production is funda-
mental, as it underpins plant productivity and resilience, par-
ticularly under high-density conditions where natural selection
often favors maximizing community-level biomass (Weiner and
Freckleton 2010). Scale-dependent differences in biomass, as
observed here, highlight the divergence between traits that ben-
efit individual versus group performance, echoing recent find-
ings in evolutionary agroecology (Anten and Vermeulen 2016;
Golan et al. 2023; Weiner et al. 2017). These insights suggest that

hybrids with optimal lineage combinations could not only en-
hance biomass production in crops but also serve as a model for
designing breeding systems that balance individual and group
performance.

5 | Conclusion

Our findings highlight the complex interplay between genetic
distance and hybrid performance at different scales. Hybrids
with moderate genetic distance exhibited optimum performance
at the individual level, while those with high genetic divergence
demonstrated superior stand-level biomass. This duality empha-
sizes the importance of scale in assessing hybrid performance
and offers a framework for understanding how ecological and
evolutionary dynamics shape hybrid populations. To fully un-
derstand the success and persistence of hybrid populations, we
must move beyond predictions based solely on individual fitness.
Hybridization is also an ecological process, where plant-plant
interactions and the combination of individual traits, influenc-
ing competition or cooperation, collectively determine hybrid
population success. While these results provide valuable insights
into biomass-based performance, further research is needed to
directly assess the roles of cooperation and competition, exam-
ine broader fitness-related traits, and explore environmental
variability. Future long-term, multi-generational studies will be
key to testing how multilevel selection shapes the persistence
and dynamics of natural hybrid populations. Identifying lineage
combinations that enhance group-level performance may also
inform breeding strategies aimed at improving stand-level pro-
ductivity and resilience.

Acknowledgments

We are very grateful to Mariona Vinyeta, Emma Guillon, and Audrey
Guichemerre for their valuable help during the experiment and data ac-
quisition. We also thank the technical platform ‘Plateforme des Terrains
d'Expérience du LabEx CeMEB’, in Montpellier.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data on hybrid parents, hybrid biomass, and statistical analysis results
are available in the supplementary section.

References

Alonso-Blanco, C., J. Andrade, C. Becker, et al. 2016. “1,135 Genomes
Reveal the Global Pattern of Polymorphism in Arabidopsis thaliana.”
Cell 166, no. 2: 481-491. https://doi.org/10.1016/j.cell.2016.05.063.

Anderson, E., and G. L. Stebbins Jr. 1954. “Hybridization as an
Evolutionary Stimulus.” Evolution 8, no. 4: 378-388. https://doi.org/10.
1111/j.1558-5646.1954.tb01504.x.

Anten, N. P. R., and P. J. Vermeulen. 2016. “Tragedies and Crops:
Understanding Natural Selection to Improve Cropping Systems.”
Trends in Ecology & Evolution 31, no. 6: 429-439. https://doi.org/10.
1016/j.tree.2016.02.010.

Barth, S., A. K. Busimi, H. Friedrich Utz, and A. E. Melchinger. 2003.
“Heterosis for Biomass Yield and Related Traits in Five Hybrids of

8of 11

Evolutionary Applications, 2025

85U8017 SUOWILIOD BAIIERD) 8|qedl|dde ay) Aq peusenob afe sejoite VO ‘@SN Jo SN 10} Akeiq18UlUO A8]IM UO (SUORIPUCD-pUR-SWLBIAL0D A8 | Im" AfeIq 1[BU1|UO//SANY) SUORIPUOD PUe SWB | 3U88S *[520z/TT/Sz] Uo ARiqiTauluo Ao ellpdiuo N ap g1seAIuN Aq G9TOL@Ae/TTTT 0T/I0p/L0o A8 1M Aleiqijeuljuo//sdny Wouy pepeoumoq ‘0T ‘SZ0Z ‘TLSv2SLT


https://doi.org/10.1016/j.cell.2016.05.063
https://doi.org/10.1111/j.1558-5646.1954.tb01504.x
https://doi.org/10.1111/j.1558-5646.1954.tb01504.x
https://doi.org/10.1016/j.tree.2016.02.010
https://doi.org/10.1016/j.tree.2016.02.010

Arabidopsis Thaliana L. Heynh.” Heredity 91, no. 1: 36-42. https://doi.
org/10.1038/sj.hdy.6800276.

Benowicz, A., M. Stoehr, A. Hamann, and A. D. Yanchuk. 2020.
“Estimationofthe F2 Generation Segregation Variance and Relationships
Among Growth, Frost Damage, and Bud Break in Coastal Douglas-fir
(Pseudotsuga mengziesii (Mirb.) Franco) Wide-Crosses.” Annals of Forest
Science 77, no. 2: 28. https://doi.org/10.1007/513595-020-0925-9.

Bogdziewicz, M., M. Pesendorfer, E. E. Crone, C. Pérez-Izquierdo, and
R. Bonal. 2020. “Flowering Synchrony Drives Reproductive Success in
a Wind-Pollinated Tree.” Ecology Letters 23, no. 12: 1820-1826. https://
doi.org/10.1111/ele.13609.

Campbell, L. G.,and A. A. Snow. 2007. “Competition Alters Life History
and Increases the Relative Fecundity of Crop-Wild Radish Hybrids
(Raphanus Spp.).” New Phytologist 173, no. 3: 648-660. https://doi.org/
10.1111/j.1469-8137.2006.01941.x.

Cheres, M. T., J. F. Miller, J. M. Crane, and S. J. Knapp. 2000. “Genetic
Distance as a Predictor of Heterosis and Hybrid Performance Within
and Between Heterotic Groups in Sunflower.” Theoretical and Applied
Genetics 100, no. 6: 889-894. https://doi.org/10.1007/s001220051366.

Crutsinger, G. M., M. D. Collins, J. A. Fordyce, Z. Gompert, C. C. Nice,
and N.J. Sanders. 2006. “Plant Genotypic Diversity Predicts Community
Structure and Governs an Ecosystem Process.” Science 313, no. 5789:
966-968. https://doi.org/10.1126/science.1128326.

Ehrlén, J., and Z. Miinzbergova. 2009. “Timing of Flowering: Opposed
Selection on Different Fitness Components and Trait Covariation.”
American Naturalist 173, no. 6: 819-830. https://doi.org/10.1086/
598492.

Ellstrand, N. C., and K. A. Schierenbeck. 2006. “Hybridization as a
Stimulus for the Evolution of Invasiveness in Plants?” Euphytica 148,
no. 1: 35-46. https://doi.org/10.1007/s10681-006-5939-3.

Elzinga, J., A. Atlan, A. Biere, L. Gigord, A. Weis, and G. Bernasconi.
2007. “Time After Time: Flowering Phenology and Biotic Interactions.”
Trends in Ecology & Evolution 22: 432-439. https://doi.org/10.1016/j.
tree.2007.05.006.

Exposito-Alonso, M., F. Vasseur, W. Ding, G. Wang, H. A. Burbano, and
D. Weigel. 2018. “Genomic Basis and Evolutionary Potential for Extreme
Drought Adaptation in Arabidopsis thaliana.” Nature Ecology &
Evolution 2, no. 2: 352-358. https://doi.org/10.1038/s41559-017-0423-0.

Fogelstrom, E., and J. Ehrlén. 2019. “Phenotypic but Not Genotypic
Selection for Earlier Flowering in a Perennial Herb.” Journal of Ecology
107, no. 6: 2650-2659. https://doi.org/10.1111/1365-2745.13240.

Francois, O., M. G. B. Blum, M. Jakobsson, and N. A. Rosenberg. 2008.
“Demographic History of European Populations of Arabidopsis thali-
ana.” PLoS Genetics 4, no. 5: e1000075. https://doi.org/10.1371/journal.
pgen.1000075.

Golan, G., R. Abbai, and T. Schnurbusch. 2023. “Exploring the Trade-
Off Between Individual Fitness and Community Performance of Wheat
Crops Using Simulated Canopy Shade.” Plant, Cell & Environment 46,
no. 10: 3144-3157. https://doi.org/10.1111/pce.14499.

Goodnight, C., and S. Kalisz. 1995. “Multilevel Selection in Natural
Populations of Impatiens Capensis.” American Naturalist 145: 513-526.
https://doi.org/10.1086/285753.

Goodnight, C. J. 1985. “The Influence of Environmental Variation on
Group and Individual Selection in A Cress.” Evolution 39, no. 3: 545-
558. https://doi.org/10.1111/j.1558-5646.1985.tb00394.x.

Greaves, 1. K., R. Gonzalez-Bayon, L. Wang, et al. 2015. “Epigenetic
Changes in Hybrids.” Plant Physiology 168, no. 4: 1197-1205. https://
doi.org/10.1104/pp.15.00231.

Gross, N., G. Kunstler, P. Liancourt, F. De Bello, K. N. Suding, and S.
Lavorel. 2009. “Linking Individual Response to Biotic Interactions With
Community Structure: A Trait-Based Framework.” Functional Ecology
23, no. 6: 1167-1178. https://doi.org/10.1111/j.1365-2435.2009.01591.x.

Groszmann, M., R. Gonzalez-Bayon, I. K. Greaves, et al. 2014.
“Intraspecific Arabidopsis Hybrids Show Different Patterns of
Heterosis Despite the Close Relatedness of the Parental Genomes.”
Plant Physiology 166, no. 1: 265-280. https://doi.org/10.1104/pp.114.
243998.

Gutiérrez, O. A., S. Basu, S. Saha, et al. 2002. “Genetic Distance Among
Selected Cotton Genotypes and Its Relationship With F2 Performance.”
Crop Science 42, no. 6: 1841-1847. https://doi.org/10.2135/crops
ci2002.1841.

Hanemian, M., F. Vasseur, E. Marchadier, et al. 2020. “Natural
Variation at FLM Splicing Has Pleiotropic Effects Modulating
Ecological  Strategies in  Arabidopsis  thaliana.”  Nature
Communications 11, no. 1: 4140. https://doi.org/10.1038/s41467-020-
17896-w.

Hauser, T. P., C. Damgaard, and R. B. Jorgensen. 2003. “Frequency-
Dependent Fitness of Hybrids Between Oilseed Rape (Brassica napus)
and Weedy B. Rapa (Brassicaceae).” American Journal of Botany 90, no.
4:571-578. https://doi.org/10.3732/ajb.90.4.571.

Horton, M. W., A. M. Hancock, Y. S. Huang, et al. 2012. “Genome-
Wide Patterns of Genetic Variation in Worldwide Arabidopsis thaliana
Accessions From the RegMap Panel.” Nature Genetics 44, no. 2: 212-
216. https://doi.org/10.1038/ng.1042.

Hothorn, T., F. Bretz, and P. Westfall. 2008. “Simultaneous Inference
in General Parametric Models.” Biometrical Journal 50, no. 3: 346-363.
https://doi.org/10.1002/bimj.200810425.

Huber, H., H. J. During, F. Bruine de Bruin, P. J. Vermeulen, and N. P.
R. Anten. 2016. “Genotypic and Phenotypic Diversity Does Not Affect
Productivity and Drought Response in Competitive Stands of Trifolium
repens.” Frontiers in Plant Science 7: 364. https://doi.org/10.3389/fpls.
2016.00364.

Hughes, A. R., B. D. Inouye, M. T. J. Johnson, N. Underwood, and M.
Vellend. 2008. “Ecological Consequences of Genetic Diversity.” Ecology
Letters 11, no. 6: 609-623. https://doi.org/10.1111/j.1461-0248.2008.
01179.x.

Hughes, A. R., and J. J. Stachowicz. 2004. “Genetic Diversity Enhances
the Resistance of a Seagrass Ecosystem to Disturbance.” Proceedings of
the National Academy of Sciences 101, no. 24: 8998-9002. https://doi.
0rg/10.1073/pnas.0402642101.

Ims, R. A. 1990. “The Ecology and Evolution of Reproductive
Synchrony.” Trends in Ecology & Evolution 5, no. 5: 135-140. https://doi.
0rg/10.1016/0169-5347(90)90218-3.

Jiang, Y., R. H. Schmidt, Y. Zhao, and J. C. Reif. 2017. “A Quantitative
Genetic Framework Highlights the Role of Epistatic Effects for Grain-
Yield Heterosis in Bread Wheat.” Nature Genetics 49, no. 12: 1741-1746.
https://doi.org/10.1038/ng.3974.

Kang, X., Y. Liu, X. Wu, et al. 2024. “Alpine Grassland Community
Productivity and Diversity Differences Influence Significantly Plant
Sexual Reproduction Strategies.” PNAS Nexus 3, no. 8: pgae297. https://
doi.org/10.1093/pnasnexus/pgae297.

Koski, M. H., L. F. Galloway, and J. W. Busch. 2022. “Hybrid Breakdown
Is Elevated Near the Historical Cores of a Species’ Range.” Proceedings
of the Royal Society B: Biological Sciences 289, no. 1971: 20220070.
https://doi.org/10.1098/rspb.2022.0070.

Lande, R. 1981. “The Minimum Number of Genes Contributing to
Quantitative Variation Between and Within Populations.” Genetics 99,
no. 3-4: 541-553. https://doi.org/10.1093/genetics/99.3-4.541.

Lee, C.-R., H. Svardal, A. Farlow, et al. 2017. “On the Post-Glacial Spread
of Human Commensal Arabidopsis thaliana.” Nature Communications
8, no. 1: 14458. https://doi.org/10.1038/ncomms14458.

Lippman, Z. B., and D. Zamir. 2007. “Heterosis: Revisiting the Magic.”
Trends in Genetics: TIG 23, no. 2: 60-66. https://doi.org/10.1016/j.tig.
2006.12.006.

Evolutionary Applications, 2025

90of11

85U8017 SUOWILIOD BAIIERD) 8|qedl|dde ay) Aq peusenob afe sejoite VO ‘@SN Jo SN 10} Akeiq18UlUO A8]IM UO (SUORIPUCD-pUR-SWLBIAL0D A8 | Im" AfeIq 1[BU1|UO//SANY) SUORIPUOD PUe SWB | 3U88S *[520z/TT/Sz] Uo ARiqiTauluo Ao ellpdiuo N ap g1seAIuN Aq G9TOL@Ae/TTTT 0T/I0p/L0o A8 1M Aleiqijeuljuo//sdny Wouy pepeoumoq ‘0T ‘SZ0Z ‘TLSv2SLT


https://doi.org/10.1038/sj.hdy.6800276
https://doi.org/10.1038/sj.hdy.6800276
https://doi.org/10.1007/s13595-020-0925-9
https://doi.org/10.1111/ele.13609
https://doi.org/10.1111/ele.13609
https://doi.org/10.1111/j.1469-8137.2006.01941.x
https://doi.org/10.1111/j.1469-8137.2006.01941.x
https://doi.org/10.1007/s001220051366
https://doi.org/10.1126/science.1128326
https://doi.org/10.1086/598492
https://doi.org/10.1086/598492
https://doi.org/10.1007/s10681-006-5939-3
https://doi.org/10.1016/j.tree.2007.05.006
https://doi.org/10.1016/j.tree.2007.05.006
https://doi.org/10.1038/s41559-017-0423-0
https://doi.org/10.1111/1365-2745.13240
https://doi.org/10.1371/journal.pgen.1000075
https://doi.org/10.1371/journal.pgen.1000075
https://doi.org/10.1111/pce.14499
https://doi.org/10.1086/285753
https://doi.org/10.1111/j.1558-5646.1985.tb00394.x
https://doi.org/10.1104/pp.15.00231
https://doi.org/10.1104/pp.15.00231
https://doi.org/10.1111/j.1365-2435.2009.01591.x
https://doi.org/10.1104/pp.114.243998
https://doi.org/10.1104/pp.114.243998
https://doi.org/10.2135/cropsci2002.1841
https://doi.org/10.2135/cropsci2002.1841
https://doi.org/10.1038/s41467-020-17896-w
https://doi.org/10.1038/s41467-020-17896-w
https://doi.org/10.3732/ajb.90.4.571
https://doi.org/10.1038/ng.1042
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.3389/fpls.2016.00364
https://doi.org/10.3389/fpls.2016.00364
https://doi.org/10.1111/j.1461-0248.2008.01179.x
https://doi.org/10.1111/j.1461-0248.2008.01179.x
https://doi.org/10.1073/pnas.0402642101
https://doi.org/10.1073/pnas.0402642101
https://doi.org/10.1016/0169-5347(90)90218-3
https://doi.org/10.1016/0169-5347(90)90218-3
https://doi.org/10.1038/ng.3974
https://doi.org/10.1093/pnasnexus/pgae297
https://doi.org/10.1093/pnasnexus/pgae297
https://doi.org/10.1098/rspb.2022.0070
https://doi.org/10.1093/genetics/99.3-4.541
https://doi.org/10.1038/ncomms14458
https://doi.org/10.1016/j.tig.2006.12.006
https://doi.org/10.1016/j.tig.2006.12.006

Livezey, R. L., and C. Darwin. 1953. “On the Origin of Species by Means
of Natural Selection.” American Midland Naturalist 49, no. 3: 937.
https://doi.org/10.2307/2485224.

Lynch, M. 1991. “The Genetic Interpretation of Inbreeding Depression
and Outbreeding Depression.” Evolution 45, no. 3: 622-629. https://doi.
org/10.2307/2409915.

Lynch, M. (with Internet Archive). 1998. Genetics and Analysis of
Quantitative Traits. Sinauer. http://archive.org/details/geneticsanalysi
s0000lync.

Mabhaut, L., C. Violle, A. Shihan, et al. 2023. “Beyond Trait Distances:
Functional Distinctiveness Captures the Outcome of Plant Competition.”
Functional Ecology 37, no. 9: 2399-2412. https://doi.org/10.1111/1365-
2435.14397.

Milbau, A., D. Reheul, B. De Cauwer, and I. Nijs. 2007. “Factors
Determining Plant-Neighbour Interactions on Different Spatial Scales
in Young Species-Rich Grassland Communities.” Ecological Research
22, no. 2: 242-247. https://doi.org/10.1007/s11284-006-0018-8.

Munguia-Rosas, M. A., J. Ollerton, V. Parra-Tabla, and J. A. De-Nova.
2011. “Meta-Analysis of Phenotypic Selection on Flowering Phenology
Suggests That Early Flowering Plants Are Favoured.” Ecology Letters 14,
no. 5: 511-521. https://doi.org/10.1111/§.1461-0248.2011.01601.X.

Oakley, C. G., J. Agren, and D. W. Schemske. 2015. “Heterosis and
Outbreeding Depression in Crosses Between Natural Populations of
Arabidopsis thaliana.” Heredity 115, no. 1: 1. https://doi.org/10.1038/
hdy.2015.18.

Orr, H. A., and M. Turelli. 2001. “The Evolution of Postzygotic
Isolation: Accumulating Dobzhansky-Muller Incompatibilities.”
Evolution 55, no. 6: 1085-1094. https://doi.org/10.1111/j.0014-3820.
2001.tb00628.x.

Palacio-Lopez, K., S. R. Keller, and J. Molofsky. 2018. “Genomic
Admixture Between Locally Adapted Populations of Arabidopsis
thaliana (Mouse Ear Cress): Evidence of Optimal Genetic Outcrossing
Distance.” Journal of Heredity 109, no. 1: 38-46. https://doi.org/10.1093/
jhered/esx079.

Palacio-Lopez, K., and J. Molofsky. 2021. “Phenotypic Shifts Following
Admixture in Recombinant Offspring of Arabidopsis thaliana.”
Evolutionary Ecology 35: 575-593. https://doi.org/10.1007/s10682-021-
10118-9.

Pillai, P., and T. C. Gouhier. 2019. “Not Even Wrong: The Spurious
Measurement of Biodiversity's Effects on Ecosystem Functioning.”
Ecology 100, no. 7: €02645. https://doi.org/10.1002/ecy.2645.

Porretta, D., and D. Canestrelli. 2023. “The Ecological Importance of
Hybridization.” Trends in Ecology & Evolution 38, no. 11: 1097-1108.
https://doi.org/10.1016/j.tree.2023.07.003.

Przybylska, M. S., C. Violle, D. Vile, et al. 2023. “AraDiv: A Dataset of
Functional Traits and Leaf Hyperspectral Reflectance of Arabidopsis
thaliana.” Scientific Data 10, no. 1: 314. https://doi.org/10.1038/s4159
7-023-02189-w.

Rajan, N., S. Debnath, K. Perveen, et al. 2023. “Optimizing Hybrid
Vigor: A Comprehensive Analysis of Genetic Distance and Heterosis in
Eggplant Landraces.” Frontiers in Plant Science 14: 1238870. https://doi.
org/10.3389/fpls.2023.1238870.

Reif, J. C., A. E. Melchinger, X. C. Xia, et al. 2003. “Genetic Distance
Based on Simple Sequence Repeats and Heterosis in Tropical Maize
Populations.” Crop Science 43, no. 4:1275-1282. https://doi.org/10.2135/
cropsci2003.1275.

Robinson, S. P., W. J. Kennington, and L. W. Simmons. 2009. “No
Evidence for Optimal Fitness at Intermediate Levels of Inbreeding in
Drosophila melanogaster.” Biological Journal of the Linnean Society 98,
no. 3: 501-510. https://doi.org/10.1111/j.1095-8312.2009.01301.x.

Rodriguez-Pérez, J., and A. Traveset. 2016. “Effects of Flowering
Phenology and Synchrony on the Reproductive Success of a

Long-Flowering Shrub.” AoB Plants 8: plw007. https://doi.org/10.1093/
aobpla/plw007.

Salomé, P. A., K. Bomblies, J. Fitz, et al. 2012. “The Recombination
Landscape in Arabidopsis thaliana F2 Populations.” Heredity 108, no. 4:
447-455. https://doi.org/10.1038/hdy.2011.95.

Seymour, D. K., E. Chae, D. G. Grimm, et al. 2016. “Genetic
Architecture of Nonadditive Inheritance in Arabidopsis thaliana
Hybrids.” Proceedings of the National Academy of Sciences 113, no. 46:
E7317-E7326. https://doi.org/10.1073/pnas.1615268113.

Stelkens, R. B., C. Schmid, O. Selz, and O. Seehausen. 2009. “Phenotypic
Novelty in Experimental Hybrids Is Predicted by the Genetic Distance
Between Species of Cichlid Fish.” BMC Evolutionary Biology 9, no. 1:
283. https://doi.org/10.1186/1471-2148-9-283.

Stuber, C. W,, S. E. Lincoln, D. W. Wolff, T. Helentjaris, and E. S.
Lander. 1992. “Identification of Genetic Factors Contributing to
Heterosis in a Hybrid From Two Elite Maize Inbred Lines Using
Molecular Markers.” Genetics 132, no. 3: 823-839. https://doi.org/10.
1093/genetics/132.3.823.

Tilman, D., P. B. Reich, J. Knops, D. Wedin, T. Mielke, and C.
Lehman. 2001. “Diversity and Productivity in a Long-Term Grassland
Experiment.” Science 294, no. 5543: 843-845. https://doi.org/10.1126/
science.1060391.

Vasseur, F., M. Exposito-Alonso, O.J. Ayala-Garay, et al. 2018. “Adaptive
Diversification of Growth Allometry in the Plant Arabidopsis thaliana.”
Proceedings of the National Academy of Sciences 115, no. 13: 3416-3421.
https://doi.org/10.1073/pnas.1709141115.

Vasseur, F., L. Fouqueau, D. de Vienne, T. Nidelet, C. Violle, and D.
Weigel. 2019. “Nonlinear Phenotypic Variation Uncovers the Emergence
of Heterosis in Arabidopsis Thaliana.” PLoS Biology 17, no. 4: 3000214.
https://doi.org/10.1371/journal.pbio.3000214.

Violle, C., B. J. Enquist, B. J. McGill, et al. 2012. “The Return of the
Variance: Intraspecific Variability in Community Ecology.” Trends in
Ecology & Evolution 27, no. 4: 244-252. https://doi.org/10.1016/j.tree.
2011.11.014.

Wei, X., and J. Zhang. 2018. “The Optimal Mating Distance Resulting
From Heterosis and Genetic Incompatibility.” Science Advances 4, no.
11: 5518. https://doi.org/10.1126/sciadv.aau5518.

Weigel, D. 2012. “Natural Variation in Arabidopsis: From Molecular
Genetics to Ecological Genomics.” Plant Physiology 158, no. 1: 2-22.
https://doi.org/10.1104/pp.111.189845.

Weiner, J., Y.-L. Du, C. Zhang, X.-L. Qin, and F.-M. Li. 2017.
“Evolutionary Agroecology: Individual Fitness and Population Yield in
Wheat (Triticum aestivum).” Ecology 98, no. 9: 2261-2266. https://doi.
org/10.1002/ecy.1934.

Weiner, J., and R. P. Freckleton. 2010. “Constant Final Yield.” Annual
Review of Ecology, Evolution, and Systematics 41, no. 1: 173-192. https://
doi.org/10.1146/annurev-ecolsys-102209-144642.

Wilczek, A., J. Roe, M. Knapp, et al. 2009. “Effects of Genetic
Perturbation on Seasonal Life History Plasticity.” Science (New York)
323:930-934. https://doi.org/10.1126/science.1165826.

Wu, Y. T., J. M. Yin, W. Z. Guo, X. F. Zhu, and T. Z. Zhang. 2004.
“Heterosis Performance of Yield and Fibre Quality in F1 and F2 Hybrids
in Upland Cotton.” Plant Breeding 123, no. 3: 285-289. https://doi.org/
10.1111/§.1439-0523.2004.00990.x.

Wuest, S. E., N. D. Pires, S. Luo, et al. 2022. “Increasing Plant Group
Productivity Through Latent Genetic Variation for Cooperation.” PLoS
Biology 20, no. 11: 1842. https://doi.org/10.1371/journal.pbio.3001842.

Wiirschum, T., X. Zhu, Y. Zhao, Y. Jiang, J. C. Reif, and H. P. Maurer.
2023. “Maximization Through Optimization? On the Relationship
Between Hybrid Performance and Parental Genetic Distance.”
Theoretical and Applied Genetics 136, no. 9: 186. https://doi.org/10.1007/
$s00122-023-04436-5.

10 of 11

Evolutionary Applications, 2025

85U8017 SUOWILIOD BAIIERD) 8|qedl|dde ay) Aq peusenob afe sejoite VO ‘@SN Jo SN 10} Akeiq18UlUO A8]IM UO (SUORIPUCD-pUR-SWLBIAL0D A8 | Im" AfeIq 1[BU1|UO//SANY) SUORIPUOD PUe SWB | 3U88S *[520z/TT/Sz] Uo ARiqiTauluo Ao ellpdiuo N ap g1seAIuN Aq G9TOL@Ae/TTTT 0T/I0p/L0o A8 1M Aleiqijeuljuo//sdny Wouy pepeoumoq ‘0T ‘SZ0Z ‘TLSv2SLT


https://doi.org/10.2307/2485224
https://doi.org/10.2307/2409915
https://doi.org/10.2307/2409915
http://archive.org/details/geneticsanalysis0000lync
http://archive.org/details/geneticsanalysis0000lync
https://doi.org/10.1111/1365-2435.14397
https://doi.org/10.1111/1365-2435.14397
https://doi.org/10.1007/s11284-006-0018-8
https://doi.org/10.1111/j.1461-0248.2011.01601.x
https://doi.org/10.1038/hdy.2015.18
https://doi.org/10.1038/hdy.2015.18
https://doi.org/10.1111/j.0014-3820.2001.tb00628.x
https://doi.org/10.1111/j.0014-3820.2001.tb00628.x
https://doi.org/10.1093/jhered/esx079
https://doi.org/10.1093/jhered/esx079
https://doi.org/10.1007/s10682-021-10118-9
https://doi.org/10.1007/s10682-021-10118-9
https://doi.org/10.1002/ecy.2645
https://doi.org/10.1016/j.tree.2023.07.003
https://doi.org/10.1038/s41597-023-02189-w
https://doi.org/10.1038/s41597-023-02189-w
https://doi.org/10.3389/fpls.2023.1238870
https://doi.org/10.3389/fpls.2023.1238870
https://doi.org/10.2135/cropsci2003.1275
https://doi.org/10.2135/cropsci2003.1275
https://doi.org/10.1111/j.1095-8312.2009.01301.x
https://doi.org/10.1093/aobpla/plw007
https://doi.org/10.1093/aobpla/plw007
https://doi.org/10.1038/hdy.2011.95
https://doi.org/10.1073/pnas.1615268113
https://doi.org/10.1186/1471-2148-9-283
https://doi.org/10.1093/genetics/132.3.823
https://doi.org/10.1093/genetics/132.3.823
https://doi.org/10.1126/science.1060391
https://doi.org/10.1126/science.1060391
https://doi.org/10.1073/pnas.1709141115
https://doi.org/10.1371/journal.pbio.3000214
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1016/j.tree.2011.11.014
https://doi.org/10.1126/sciadv.aau5518
https://doi.org/10.1104/pp.111.189845
https://doi.org/10.1002/ecy.1934
https://doi.org/10.1002/ecy.1934
https://doi.org/10.1146/annurev-ecolsys-102209-144642
https://doi.org/10.1146/annurev-ecolsys-102209-144642
https://doi.org/10.1126/science.1165826
https://doi.org/10.1111/j.1439-0523.2004.00990.x
https://doi.org/10.1111/j.1439-0523.2004.00990.x
https://doi.org/10.1371/journal.pbio.3001842
https://doi.org/10.1007/s00122-023-04436-5
https://doi.org/10.1007/s00122-023-04436-5

Yang, M., X. Wang, D. Ren, et al. 2017. “Genomic Architecture of
Biomass Heterosis in Arabidopsis.” Proceedings of the National Academy
of Sciences 114, no. 30: 8101-8106. https://doi.org/10.1073/pnas.17054
23114.

Zhao, Y., Z. Li, G. Liu, et al. 2015. “Genome-Based Establishment
of a High-Yielding Heterotic Pattern for Hybrid Wheat Breeding.”
Proceedings of the National Academy of Sciences 112, no. 51: 15624~
15629. https://doi.org/10.1073/pnas.1514547112.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: Dataset_utami_etal Data S2:
Supporting Information

Evolutionary Applications, 2025

11 0f 11

B5UBD17 SUOLLILLIOD AIERID 3|qedtjdde 3y} Ag pauenob aie saoie WO ‘88N JO 3|1 o} Akeuq1 18Ul U0 8|1 UO (SUORIPUOD-pUE-SWLBYW0D A8 1M AseIq1jBul|UO//:Sdiy) SUORIPUOD PUe SLLB L U1 39S *[SZ02/TT/S5e] uo AiqiTauliuo A8|Im “B11RdILO N 8p 91SBAIUN AQ SITOL BAS/TTTT OT/I0p/W0d A3 1M Afeiq 1 BUI|UO//SUNY WOy papeo|umod ‘0T ‘SZ0Z ‘TLGYZSLT


https://doi.org/10.1073/pnas.1705423114
https://doi.org/10.1073/pnas.1705423114
https://doi.org/10.1073/pnas.1514547112

	From Individual to Stand Performance in Hybrids: Challenging the Optimal Parental Genetic Distance
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Plant Material
	2.2   |   Growth Conditions
	2.3   |   Trait Measurement
	2.4   |   Statistical Analysis

	3   |   Results
	3.1   |   Effect of Parental Genetic Distance on the Performance of F2 Hybrid Population at Individual and Stand Levels
	3.2   |   Heterosis and Trait Variation Modulate Stand Performance in F2 Hybrid Populations
	3.3   |   Hybridization Between Distinct Lineages Optimizes Stand Performance

	4   |   Discussion
	5   |   Conclusion
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


