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Abstract
1. Evolutionary change begins at the population scale. Therefore, understand-

ing adaptive variation requires the identification of the factors maintaining 
and shaping standing genetic variation at the within- population level. Spatial 
and temporal environmental heterogeneity represent ecological drivers of 
within- population genetic variation, determining the evolutionary trajectory of 
populations along with random processes. Here, we focused on the effects of 
spatiotemporal heterogeneity on quantitative and molecular variation in a natu-
ral population of the annual plant Arabidopsis thaliana.

2. We sampled 1093 individuals from a Spanish A. thaliana population across an 
area of 7.4 ha for 10 years (2012– 2021). Based on a sample of 279 maternal lines, 
we estimated spatiotemporal variation in life- history traits and fitness from a 
common garden experiment. We genotyped 884 individuals with nuclear micro-
satellites to estimate spatiotemporal variation in genetic diversity. We assessed 
spatial patterns by estimating spatial autocorrelation of traits and fine- scale ge-
netic structure. We analysed the relationships between phenotypic variation, 
geographical location and genetic relatedness, as well as the effects of environ-
mental suitability and genetic rarity on phenotypic variation.

3. The common garden experiment indicated that there was more temporal than 
spatial variation in life- history traits and fitness. Despite the differences among 
years, genetic distance in ecologically relevant traits (e.g. flowering time) tended 
to be positively correlated to genetic distance among maternal lines, while isola-
tion by distance was less important. Genetic diversity exhibited significant spa-
tial structure at short distances, which were consistent among years. Finally, 
genetic rarity, and not environmental suitability, accounted for genetic variation 
in life- history traits.

4. Synthesis. Our study highlighted the importance of repeated sampling to detect 
the large amount of genetic diversity at the quantitative and molecular levels 
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1  |  INTRODUC TION

The spatiotemporal dynamics of genetic variation affects the evolu-
tionary trajectory of plant populations. This is because genetic vari-
ation defines the spectrum of phenotypic variation for selection to 
act upon. Furthermore, adaptive evolution is accepted to be mostly 
determined by standing genetic variation, rather than by new muta-
tions, as selection acts faster on available variation starting at higher 
frequencies (Barrett & Schluter, 2008; Fournier- Level et al., 2011; 
but see Fulgione et al., 2022). Hence, understanding how natural 
populations maintain genetic variation has been a major goal in evo-
lution (Barrett & Schluter, 2008; Barton & Keightley, 2002; Friedman 
et al., 2019; Gillespie & Turelli, 1989; Mitchell- Olds et al., 2007; 
Mojica et al., 2012; Wittmann et al., 2017). At present, heteroge-
neous selection, along with epistatic interactions among loci, is 
believed to account for the abundant genetic variation commonly 
found in populations, which cannot be explained solely by mutation– 
selection balance (Mitchell- Olds et al., 2007; Weinig et al., 2003).

From an ecological viewpoint, there are two major sources of 
environmental heterogeneity underlying within- population genetic 
variation. On the one hand, the diversity of physical and biological 
environments in a population may promote spatially heterogeneous 
selection, leading to fine- scale genetic differentiation in fitness- 
related traits (Argyres & Schmitt, 1991; Galloway, 1995; Kalisz, 1986; 
Mitchell- Olds & Bergelson, 1990; Paccard et al., 2013; Prati & 
Schmid, 2000; Schemske, 1984; Stratton & Bennington, 1996). Fine- 
scale genetic structure is commonly detected at the molecular level 
in various plant species (Castilla et al., 2019; Linhart & Grant, 1996; 
Vekemans & Hardy, 2004; Volis et al., 2016). This is because spatial 
genetic differentiation due to divergent selection can be enhanced 
when acting in concert with limited gene flow and selection oper-
ating on multiple traits (Barton & Turelli, 1989). Finally, the implica-
tions of small- scale biotic and abiotic heterogeneity may scale up 
to the entire community by increasing species diversity, as spatial 
heterogeneity has the potential to buffer populations and communi-
ties from environmental alterations (De Frenne et al., 2013; Denney 
et al., 2020; McLaughlin et al., 2017).

On the other hand, temporal heterogeneity refers to the ubiqui-
tous year- to- year variation in environmental conditions affecting the 

window of opportunity for completing the life cycle, particularly in 
annuals. Long- term monitoring of natural plant populations (Ehrlén 
& Valdés, 2020; Quintana- Ascencio et al., 2018) represents a pow-
erful means to assess the ecological and evolutionary consequences 
of temporal heterogeneity. On top of that, experimental approaches 
allow the quantification of temporal change in genetic variation by 
comparing past and contemporary performance of plant popula-
tions at different points in time encompassing several generations 
(i.e. resurrection experiments; Franks et al., 2007; Nevo et al., 2012; 
Kuester et al., 2016, Gómez et al., 2018). Overall, long- term moni-
toring schemes and resurrection experiments reveal how fast plant 
populations can change genetically over time. In addition, empiri-
cal evidence supports the accepted paradigm by which temporal 
heterogeneity in environmental conditions may result in varying 
selection (Ågren et al., 2017; Exposito- Alonso et al., 2018; Fournier- 
Level et al., 2013; Siepielski et al., 2009; Wittmann et al., 2017). In 
particular, temporal heterogeneity promotes the maintenance of ge-
netic variation in populations by affecting the adaptive response of 
genotypes to selection differences over time. Overall, both spatial 
and temporal heterogeneity may also have indirect demographic ef-
fects on plant populations, as they create subpopulations reducing 
effective population size and determining the extent of stochastic 
processes shaping genetic variation.

In this study, we tackled both sources of environmental het-
erogeneity simultaneously to disentangle their role in structuring 
genetic variation at the quantitative and molecular levels within a 
plant population. To this end, we quantified the spatiotemporal 
environmental heterogeneity in a natural population of the annual 
Arabidopsis thaliana and its effects on variation in life- history traits 
and genetic diversity. In particular, we sampled a single natural A. 
thaliana population in central Spain across an area of 7.4 ha for 
10 years (2012– 2021). Over this period, we collected seeds from 
1093 geo- referenced individuals across the population. Occurrence 
data were used to compute an environmental suitability index at 
the within- population scale. If the intensity of selection increases in 
unsuitable areas, we would expect a relationship between variation 
in environmental suitability and variation in life- history traits with 
a higher effect on fitness. We estimated spatiotemporal variation 
in life- history traits and fitness from a common garden experiment 

that a single A. thaliana population can harbour. Overall, population genetic at-
tributes estimated from our long- term monitoring scheme (genetic relatedness 
and genetic rarity), rather than biological (dispersal) or ecological (vegetation 
types and environmental suitability) factors, emerged as the most important 
drivers of within- population structure of phenotypic variation in A. thaliana.

K E Y W O R D S
Arabidopsis thaliana, environmental suitability, fitness, genetic rarity, genetic relatedness, 
life- history traits, spatial structure, within- population variation
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(279 maternal lines; 2012– 2015) and molecular variation with nu-
clear microsatellites (884 individuals; 2012– 2020). Molecular data 
were used to compute a genetic rarity index at the within- population 
scale, pinpointing areas with combinations of low or common fre-
quency alleles. If genetic rarity relates to the occurrence of novel 
genetic variants (e.g. mutants, migrants and their descendants) with 
a higher degree of adaptation or maladaptation, we would expect a 
relationship between variation in genetic rarity and variation in life- 
history traits under selection.

Previous studies showed that A. thaliana exhibits substantial 
within- population variation in quantitative traits (Brachi et al., 2013; 
Frachon et al., 2017; Gómez et al., 2018; Kuittinen et al., 1997; 
Méndez- Vigo et al., 2013; Stenøien et al., 2005) and molecular mark-
ers (Bomblies et al., 2010; Castilla et al., 2020; Falahati- Anbaran 
et al., 2014; Gomaa et al., 2011; Gómez et al., 2018; Le Corre, 2005). 
In contrast, our understanding of the spatiotemporal dynamics of ge-
netic variation within natural populations is scarce. In fact, the bulk 
of evolutionary research on A. thaliana has mostly used genetic con-
structs (e.g. recombinant inbred lines; El- Lithy et al., 2004; Bentsink 
et al., 2010; Sánchez- Bermejo et al., 2012; Ågren et al., 2013, 2017; 
Postma & Ågren, 2016; Taylor et al., 2017) and accession collections 
(Atwell et al., 2010; Brachi et al., 2010; Fournier- Level et al., 2011; 
Hancock et al., 2011; Wilczek et al., 2014; The 1001 Genomes 
Consortium, 2016; Tabas- Madrid et al., 2018; Exposito- Alonso 
et al., 2019; Martínez- Berdeja et al., 2020; Fulgione et al., 2022). 
Both approaches estimate the effect of large- scale environmental 
differences on phenotypic variation, pinpoint the major genes in-
fluencing trait variation and disentangle the genetic basis of quan-
titative traits underlying local adaptation. In contrast, they cannot 
account for the amount, distribution and maintenance of genetic 
variation within populations.

Here, we addressed the following specific questions. First, what 
is the extent of within- population spatial and temporal variation in 
life- history traits and molecular markers in A. thaliana? We know that 
A. thaliana populations exhibit temporal genetic variation in fitness- 
related traits, such as flowering time, and in their genetic compo-
sition (Frachon et al., 2017; Gómez et al., 2018). In contrast, our 
comprehension of the effects of within- population spatial environ-
mental heterogeneity on genetic variation is scarce (but see Bell & 
Lechowicz, 1991; Stratton & Bennington, 1996; Frachon et al., 2017). 
Second, what is the role of genetic relatedness among individu-
als in structuring variation in life- history traits and fitness within 
an A. thaliana population? Given the limited A. thaliana's dispersal 
ability and its self- fertilizing habit (Bomblies et al., 2010; Castilla 
et al., 2020; Falahati- Anbaran et al., 2014; Lundemo et al., 2009), we 
expect a strong spatial structure of within- population phenotypic 
variation mediated by dispersal limitations and the subsequent in-
crease in genetic relatedness among neighbouring A. thaliana indi-
viduals. And third, can environmental suitability and genetic rarity, 
two parameters estimated from the long- term monitoring scheme, 
provide insight into spatiotemporal variation in life- history traits and 
fitness in an A. thaliana population? We ignore whether occurring 
in cold spot or hot spot for environmental suitability and genetic 

rarity may account for within- population phenotypic variation in A. 
thaliana.

2  |  MATERIAL S AND METHODS

2.1  |  Study population and environmental data

The Moral de Calatrava population is located in central Spain 
(Ciudad Real province; 38.8743°N, 3.5296°W; altitude: 719– 729 m; 
Figure 1a). Climate is continental Mediterranean with hot dry 
summers, cold winters and a marked seasonal precipitation. The 
population has an annual mean temperature of 14.3°C, with a mini-
mum and maximum mean temperature of 0.1°C in January and of 
34.0°C in July, respectively. On average, annual total precipitation 
is of 414.7 mm, with a minimum and maximum values of 10.3 mm in 
August and of 51.0 mm in December, respectively (Digital Climatic 
Atlas from the Iberian Peninsula; data: 1950– 1999; accessed on 
February 9, 2020).

The hilly landscape around the A. thaliana population is domi-
nated by vineyards, olive groves and cereal fields, and scattered by 
patches of natural vegetation. The study population is located in 
one of these patches (Figure 1b). We did not detect any substan-
tial change in the landscape during this study (2012– 2021). In fact, 
the site has remained undisturbed by wildfires or land use changes 
at least since 1997 (Castilla et al., 2020). We only detected small- 
scale disturbances caused by rabbits, Oryctolagus cuniculus, which 
construct burrows for shelter and nesting, and wild boars, Sus scrofa 
that dig up the soil for food.

There are different vegetation types at the A. thaliana popula-
tion. Scrubland is mainly composed of dominant Mediterranean 
shrub species (Figure 1c), such as rockroses of the genus Cistus (e.g. 
C. ladanifer L. and C. monspeliensis L.) and the rosemary, Rosmarinus 
officinalis L. Holm oak, Quercus ilex L. stands occur across the site, 
creating shadier environments than the rest of vegetation types 
(Figure 1d). Torrent dry riverbeds cross over the population receiving 
runoff water after rains. As a result, dry riverbeds are stony with no 
or scarce vegetation (Figure 1e). The grassland is an open space with 
a different plant community, composed of forbs, herbs and grasses.

We obtained meteorological data for the study period (2012– 
2021) from the Agencia Estatal de Meteorología of Spain. Data in-
cluded daily records of minimum and maximum temperatures and 
precipitation averaged from the four nearest automatic meteorolog-
ical stations to the A. thaliana population (Figure S1; mean ± SE dis-
tance to the population = 18.7 ± 2.6 km; range = 12– 29 km). These 
automatic meteorological stations were located at a similar altitude 
(range = 622– 731 m a.s.l.). We also recorded daily minimum and 
maximum temperature with HOBO Pendant UA- 002- 08 tempera-
ture loggers (Onset Computer Corporation, Inc.) between July 2018 
and October 2020 (Figure S2). We placed six data loggers across the 
population to quantify temperature differences among main veg-
etation types (dry riverbed, scrubland and holm oak), which were 
determined by the proportion of each vegetation type in a circular 
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area (5 m radius) around its global positioning system (GPS) coordi-
nate. We suspended data loggers on rockrose or holm oak branches 
20– 30 cm above- ground. We did not use any shielding because we 
deployed sensors in natural shade.

2.2  |  Field sampling

During 10 years (2012– 2021), we sampled the A. thaliana popula-
tion across its 7.42 ha in the first half of May. Every year, we carried 
out the field sampling as follows. We divided the population into 
sections using landmarks (Figure S3) and a few GPS coordinates 
at the north and south population margins. The west and east 
margins were clearly delimited by a pronounced change in slope 
and by the road, respectively. Within each section, at least two 
persons searched for A. thaliana individuals following a non- fixed 
zigzag path until covering the entire section before moving to the 
next section. Completing the sampling across the entire popula-
tion required up to a full day (8– 9 h) in years when A. thaliana was 
abundant. We used a GPS (Garmin International, Inc.; positional 
error: 4 m) to record the longitude and latitude of sampled individ-
uals. Whenever possible, every year we collected seeds from indi-
viduals separated from each other by 5– 10 m (mean ± SE distance 

between individual pairs = 116.9 ± 1.8 m; range = 1.0– 406.6 m). 
Overall, we sampled 1093 A. thaliana individuals (Figure 1b), rang-
ing from a low of 54 in 2019 to a high of 164 in 2017. We did 
not discriminate among vegetation types during the sampling 
because vegetation types were assigned after the sampling (see 
below). Thus, the final number of individuals per year reflected 
the temporal variation in A. thaliana occurrence among vegetation 
types and represented an indirect estimate of A. thaliana abun-
dance. In years when A. thaliana was not abundant, sample size 
was low, whereas in years when the species was almost ubiqui-
tous, subsequent sample sizes were higher. Our estimates of plant 
abundance in good years (e.g. 2017), counting all reproductive in-
dividuals found within ca. 80 plots (5 m radius) haphazardly set up 
across the population, yielded an estimated population size above 
10,000 individuals (F.X. Picó, unpublished data). In poor years, 
above- ground population size could be in the range of just a few 
hundred (F.X. Picó and C. Alonso- Blanco, pers. obs.). After each 
field campaign, we multiplied field- collected seeds by the single 
seed descent method in a glasshouse at the Centro Nacional de 
Biotecnología (Madrid, Spain). Multiplied seeds were stored in cel-
lophane bags, in dry conditions, at room temperature and in dark-
ness. In these conditions, A. thaliana seeds remain viable for years 
(F.X. Picó and C. Alonso- Blanco, pers. comm.).

F I G U R E  1  Vegetation types and 
distribution of Arabidopsis thaliana 
individuals across the Moral de Calatrava 
population. (a) Location of the A. thaliana 
population and the experimental facility 
in the Iberian Peninsula. (b) Vegetation 
types digitized onto an orthophotograph 
of the A. thaliana population with the 
distribution of sampled individuals per 
year. Scale: 0– 100 m. (c) Photograph of the 
scrubland. (d) Photograph of a holm oak 
stand. (e) Photograph of a dry riverbed.

(a)

(c)

(d) (e)

(b)
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2.3  |  Vegetation types

We quantified the percentage of vegetation types at the A. thaliana 
population by digitizing an aerial orthophotograph from 2015 (Portal 
de Mapas de la Junta de Castilla- La Mancha; accessed on 25 June 
2018) with QGIS v.3.4 (https://www.qgis.org/en/site/). We catego-
rized 48.38% of the area as scrubland, 30.63% as holm oak, 8.95% 
as grassland, 7.64% as dry riverbed and 4.41% as road (Figure 1b). 
We used the geographical coordinates to assign a vegetation type to 
each sampled individual from the digitized orthophotograph. We cal-
culated the proportion of each vegetation type in a circular area (1 m 
radius) around the GPS coordinate of each individual. We assigned 
individuals to their vegetation type based on the highest member-
ship proportion. Such assignment was straightforward because indi-
vidual membership percentages were high: mean (±SE) values were 
of 95.0% (±0.5) for scrubland (N = 553 individuals), 90.9% (±0. 9) 
for holm oak (N = 335), 89.5% (±1.1) for dry riverbed (N = 179) and 
88.1% (±3.7) for grassland (N = 26). In October 2020, we validated 
vegetation type assignments in situ for several individuals per veg-
etation type, confirming that the method was accurate.

2.4  |  Common garden experiment and 
spatiotemporal variation in phenotypic traits

We estimated variation in life- history traits and fitness from A. 
thaliana maternal lines collected during the first four sampling 
years (2012– 2015) by undertaking a common garden experiment 
(Figure S4). Prior to the experiment, we obtained fresh seed with 
another single seed descent experiment in the greenhouse to avoid 
any aging or storage effects. Overall, we produced seeds from 80, 
78, 76 and 45 maternal lines from 2012, 2013, 2014 and 2015, re-
spectively, totalling 279 A. thaliana maternal lines. In summer 2016, 
we prepared nine batches of 60 seeds each per maternal line and 
stored them in 1.5 ml plastic tubes in darkness. We weighted three 
batches (279 maternal lines × 3 batches/maternal line × 60 seeds/
batch = 50,220 seeds) to the nearest 0.1 mg with a Sartorious BP61S 
balance (Sartorius AG, Göttingen, DE).

In autumn 2016, we established the common garden experi-
ment at the El Castillejo Botanical Garden of Sierra de Grazalema 
Natural Park (Cádiz province; 36.46°N, 5.30°W; altitude: 329 m; 
Figure S4). The experimental facility is located 291 km south of 
the A. thaliana population (Figure 1a) and represents an appropri-
ate natural setting to estimate variation in life- history traits and 
fitness in A. thaliana from very different Iberian environments 
(Exposito- Alonso et al., 2018; Gómez et al., 2018; Manzano- Piedras 
et al., 2014; Méndez- Vigo et al., 2013). The environmental condi-
tions at El Castillejo Botanical Garden allow plants to grow in an 
environment without stressful conditions, offering the opportunity 
to estimate the genetic component of phenotypic variation in a nat-
ural setting over the entire life cycle. Besides, previous experiments 
in this facility indicated that its winter conditions, albeit mild, allow 
vernalization of late flowering plants, even those with an obligate 

vernalization requirement to flower (Manzano- Piedras et al., 2014; 
Méndez- Vigo et al., 2013), indicating that early and late flowering 
A. thaliana individuals experience the conditions required to com-
plete the life cycle. On average, environmental conditions at the 
experimental facility were warmer (annual mean temperature of 
17.4°C) and wetter (total annual precipitation of 886.5 mm) than at 
the A. thaliana population of study. We sowed (November 3, 2016) 
six batches per maternal line in square plastic pots (12 × 12 × 12 cm3) 
filled with standard soil mixture (Abonos Naturales Cejudo Baena 
S.L., Utrera, ES) placed in randomized blocks. Each block included 
one replicate per maternal line (279 maternal lines × 6 replicates/
maternal line × 60 seeds/replicate = 100,440 seeds).

We monitored the experiment weekly from the sowing day. We 
estimated recruitment as the maximum proportion of seedlings, ob-
tained by dividing the maximum number of seedlings recorded per 
pot by 60. Recruitment occurred right after sowing. We observed 
the maximum recruitment within the first two surveys after seed 
sowing. At this facility, recruitment in A. thaliana is negligible after 
reaching the maximum number of seedlings per pot (Exposito- Alonso 
et al., 2018). We estimated flowering time as the number of days be-
tween sowing and flowering dates. Flowering date was given at the 
pot level when the majority of the plants in the pot (full- sibs with ho-
mogeneous behaviour) had the first flower open. We recorded the 
number of fruiting plants per pot and counted the number of fruits 
per plant. We estimated fecundity as the total number of seeds per 
plant with a function relating the number of fruits per plant with the 
number of seeds per fruit (Exposito- Alonso et al., 2018). We esti-
mated survivorship as the proportion of reproductive plants relative 
to the maximum number of seedlings recorded. Finally, we estimated 
the integrated lifetime fitness (i.e. survivorship × fecundity), provid-
ing the mean number of expected seeds per plant. Losses were low 
in this experiment, as only 713 of 64,928 fruits (1.10%) were lost due 
to abortion or depredation. Diseases (unknown causes) were also 
low, with only 21 of 20,338 adult plants (0.10%) affected.

For each year, we computed the Moran's I autocorrelation co-
efficient to assess spatial relationships of all traits (seed weight, re-
cruitment, flowering time, survival, fecundity and fitness). We used 
60 spatial intervals with a constant number of pairwise compari-
sons and estimated significances from 1000 permutations with the 
software PASSaGE v.2 (Rosenberg & Anderson, 2011). We also es-
timated the correlation between pairs of traits using the Dutilleul's t- 
test, which corrects the variance and the degrees of freedom based 
on the extent of spatial autocorrelation, with the software SAM v.4.0 
(Rangel et al., 2010).

We tested the effect of vegetation type (fixed factor), year (ran-
dom factor) and maternal line (random factor) nested within year on 
variation in life- history traits and fitness. We excluded grassland from 
this analysis because only eight individuals occurred in this vegetation 
type (Table S1). We fitted linear mixed models (LMMs) for seed weight, 
flowering time, fecundity and fitness, and generalized LMMs (GLMMs) 
for recruitment and survival (using the Poisson distribution as the in-
verse link function) with the R package lme4 (Bates et al., 2015). We 
inspected the frequency distribution of variables, the variances of 
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data, the existence of outliers and the model residuals to check that 
the major assumptions of the analyses were acceptable. We tested sig-
nificances with likelihood- ratio tests. We obtained marginal (for fixed 
effects only) and conditional (for all effects) R2 values for each factor 
and variable using the ‘r2_nakagawa’ function (Nakagawa et al., 2017).

To quantify the proportion of phenotypic variance accounted for 
by genotypic variance for all life- history traits in A. thaliana maternal 
lines collected over 4 years and grown together at the common gar-
den experiment, we estimated broad- sense heritability (h2) values 
as h2 = VG/(VG + VE), where VG is the among- maternal line variance 
component and VE is the residual variance (Le Corre, 2005). We es-
timated all variance components and their 95% confidence intervals 
using the ‘remlVCA’ and ‘VCAinference’ functions of the R package 
VCA v.1.4.3. (https://cran.r- proje ct.org/web/packa ges/VCA/index.
html).

Finally, to identify the effects of selection on A. thaliana in ma-
ternal lines collected over 4 years and grown together at the com-
mon garden experiment, we estimated linear and quadratic selection 
gradients (β and γ) and selection differentials (s and C) for recruit-
ment and flowering time using a generalized additive model to char-
acterize a fitness function with the R package gsg (Morrissey & 
Sakrejda, 2013). We focused on the effects of recruitment and flow-
ering time, the two major transitions in annuals, on fitness (survival 
× fecundity) in the environmental conditions of the common garden 
experiment. We used mean values among pots per maternal line as 
replicates for recruitment, flowering time and fitness. This selection 
analysis sought to assess whether the contribution of recruitment 
and flowering time to fitness estimated in a common garden exper-
iment differed among maternal lines representing the genetic vari-
ation collected at the A. thaliana population over four consecutive 
years. To this end, we conducted all selection analyses separately 
by year of collection. We estimated all gradients and differentials 
from full models including linear and quadratic effects using stan-
dardized variables by subtracting the mean and scaling the variance. 
We found consistent results obtained with traditional least squares- 
based regressions (results not shown).

2.5  |  Microsatellite genotyping and spatiotemporal 
variation at the molecular level

We genotyped most of the individuals collected between 2012 and 
2020 at the A. thaliana population (N = 884 individuals) with 12 
putatively neutral nuclear microsatellites (see Picó et al., 2008 for 
plant growing conditions, DNA extraction and marker genotyping 
details). Microsatellites had long allelic series (range = 8– 30 alleles 
per marker) with an average (±SD) of 18.6 (±8.3) alleles per micro-
satellite. We used plants (pooling DNA from six full- sibs) obtained 
during the first multiplication experiment after each field campaign 
to extract DNA from each individual. We estimated an average gen-
otyping error of 0.044 per locus (similar to previous estimates in A. 
thaliana; Picó et al., 2008; Gómez et al., 2018), which was obtained 
by genotyping twice 47 individuals.

We estimated the number of non- redundant multilocus 
genotypes (MLGs) with the R package allelematch (Galpern 
et al., 2012). We used a maximum of four mismatching alleles (the 
m- hat parameter) to discriminate among different MLG. All indi-
viduals were assigned to MLG, except 21 that were inconclusive. 
Differences in the number of unique MLG (i.e. MLG represented 
by one individual) among vegetation types and years were tested 
with χ2 tests. For each vegetation type and year, we also computed 
genotypic richness and the Shannon– Wiener diversity index with 
the R package vegan v.2.5- 6 (https://CRAN.R-proje ct.org/packa 
ge=vegan). We estimated observed (HO) and expected heterozy-
gosity (HS) with GenAlEx v.6.5 (Peakall & Smouse, 2012). We con-
ducted Kruskal– Wallis tests to assess whether HO and HS differed 
among vegetation types and years. Furthermore, we decomposed 
genetic variance among years, among individuals within years 
and within individuals, calculating F- statistics via the Analysis of 
molecular variance with GenAlEx. We repeated the same anal-
ysis to decompose genetic variance among vegetation types, 
among individuals within vegetation types and within individuals. 
Significance of all F- statistics was estimated by performing 1000 
permutations.

For each year, we estimated the fine- scale genetic structure of A. 
thaliana individuals by computing the pairwise kinship coefficient Fij 
(Loiselle et al., 1995) among all pairs of individuals with the software 
SPAGEDI v.1.5 (Hardy & Vekemans, 2002). We performed spatial 
genetic analyses using 10 distance classes (25 m each). Statistical 
significance of mean kinship coefficient values in each distance 
class was obtained by random shuffling (5000 times) individual geo-
graphical locations to define the upper and lower bounds of the 95% 
confidence interval around the null hypothesis (i.e. Fij and pairwise 
spatial distances were uncorrelated). We estimated SE around mean 
Fij values by jackknifing loci (5000 repeats). We also computed the 
Sp statistic (Vekemans & Hardy, 2004), which estimates the strength 
of spatial genetic structure and enables comparisons among years. 
We found consistent results when using classes with similar number 
of pairwise comparisons and variable distances (results not shown). 
Finally, we used the software Programita for spatial point- pattern 
analysis (Wiegand & Moloney, 2004) using the random labelling as 
null model to detect spatial patterns in the distribution of all individ-
uals carrying heterozygous loci.

We correlated pairwise phenotypic distance matrices with geo-
graphical and genetic distance matrices using Mantel tests with SAM. 
Significances were estimated from 1000 permutations. We obtained 
the geographical distance matrix as a matrix of Euclidian distances 
among GPS coordinates and the genetic distance matrix as a matrix 
of pairwise allelic differences among genotypes.

2.6  |  Environmental suitability, genetic rarity and 
spatiotemporal variation in phenotypic traits

We estimated an environmental suitability index for the A. thaliana 
population with an intensity function of a point process determined 
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by 1093 A. thaliana individuals. The intensity function of a point 
process represents mathematically a collection of points in a given 
space. To this end, we used the ‘density.ppp’ function of the R pack-
age spatstat v.2.2- 0 (Baddeley et al., 2015) to calculate a Gaussian 
kernel with a smoothing sigma of 10 m and without edge correction. 
We compared outputs with larger sigma values, but all the analyses 
were consistent (results not shown). Areas with several individuals 
sampled over the sampling years (2012– 2021) had high environmen-
tal suitability indexes, whereas the opposite yielded to lower envi-
ronmental suitability values. Environmental suitability results were 
scaled between 0 and 1.

We estimated genetic rarity for each A. thaliana individual using 
the genetic rarity index (Browne & Karubian, 2016) given by:

where L is the total number of loci, and pa and pb are the frequencies 
of alleles a and b at locus l in the population. Individuals with lower 
values of the genetic rarity index contain rare, low- frequency al-
leles compared to individuals harbouring relatively common, higher 
frequency alleles (Browne & Karubian, 2016). Based on the spatial 
location of genotyped individuals, we used ordinary kriging inter-
polation at 1 m resolution to calculate a surface of the spatial distri-
bution of genetic rarity across the A. thaliana population with the R 
package gstat v.2.0- 7 (Gräler et al., 2016) and an automatically cal-
culated variogram with the R package automap v.1.0- 14 (Hiemstra 
et al., 2009). The final interpolated surface was scaled between 0 
and 1.

The relationship between environmental suitability and 
life- history traits and fitness was explored using simultaneous 
autoregressive (SAR) models with SAM to incorporate the spatial au-
tocorrelation of data. We also used SAR to evaluate the relationship 
between genetic rarity and life- history traits and fitness.

3  |  RESULTS

3.1  |  Weather and sensor data

Weather records from the closest automatic meteorological stations 
to the A. thaliana population indicated slight differences in mean 
temperatures among years (Figure S1). The largest difference in min-
imum and maximum mean temperatures were of 1.1°C and 2.4°C, 
respectively. The warmest year was 2017. Precipitations were more 
variable among years, with several years between 250 and 300 mm 
of total rain. Two years exhibited peaks of rain above 400 (2018) and 
550 mm (2013). Data loggers deployed at different vegetation types 
did not show pronounced differences in temperature among vegeta-
tion types over 2 years (Figure S2). The minimum and maximum daily 
temperatures (−10.4°C and 58.1°C, respectively) were recorded at 
locations dominated by scrubland. The largest difference in mini-
mum and maximum mean temperatures were of 3.2°C and 6.2°C, 

respectively, and were also recorded from data loggers deployed in 
scrubland.

3.2  |  Spatiotemporal variation in life- history 
traits and fitness

We estimated the effects of vegetation type, year and maternal 
line on variation in life- history traits and fitness of 279 A. thaliana 
maternal lines in a common garden experiment. Overall, the results 
showed that vegetation type did not significantly affect any trait 
(Table 1), whereas temporal variation was significant in all traits ex-
cept flowering time (Table 1). Among- maternal line variation was sig-
nificant for seed weight, recruitment and flowering time, but not for 
survival, fecundity and fitness (Table 1). We found quite consistent 
trait– trait correlation patterns for maternal lines collected at differ-
ent years. For example, maternal lines with earlier flowering showed 
a trend for higher recruitment, survival and fecundity, and therefore 
higher fitness (Figure S5).

For each year, we estimated broad- sense heritability values (h2) 
to assess the degree of genetic determination of each life- history 
trait and fitness. Consistently among years, those traits with signifi-
cant among- maternal line variation also exhibited h2 values different 
from zero (Table 1; Table S2). Seed weight was the trait with the 
highest h2 values in all years, followed by flowering time and recruit-
ment (Table 1; Table S2).

To examine how natural selection acted upon A. thaliana pheno-
types from different years of collection grown in the common garden 
experiment, we estimated linear and quadratic selection gradients (β 
and γ) and selection differentials (s and C) for recruitment and flow-
ering time using a GAM- based approach. The linear selection gradi-
ents and differentials were significant for flowering time in each set 
of maternal lines from each year of collection (Table S3). All linear 
selection gradients for flowering time were negative, suggesting that 
selection favoured A. thaliana individuals with earlier flowering in 
the environmental conditions of the common garden experiment. In 
contrast, only a few linear positive selection differentials were sig-
nificant for recruitment. Finally, quadratic selection exhibited a non- 
significant pattern for recruitment and flowering time, indicating a 
minimal role of stabilizing or disruptive selection on these A. thaliana 
traits in the conditions during the common garden experiment.

To determine the distribution of genetic variation across space, 
we estimated Moran's I autocorrelation coefficients for the life- 
history traits and fitness in each year. In 2012 and 2015, none of 
Moran's I were significant for any trait (Table S4). In 2013, we de-
tected the greatest spatial structure as recruitment, flowering time 
and survival exhibited significant Moran's I values (Table S4). The 
maximum distance intervals at which there was significant spatial 
relationships among individuals in 2013 ranged between 17 m for 
survival and 38 m for recruitment. In 2015, seed weight was the only 
trait with significant Moran's I values with the first distance interval 
of 4 m showing a significant spatial relationship (Table S4).

(1)Genetic rarity index =
∑L

l=1

(

pa+pb
)

l
∕2L,
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3.3  |  Spatiotemporal variation at the 
molecular level

We genotyped 884 A. thaliana individuals sampled over 9 years 
(2012– 2020) with 12 nuclear microsatellites to estimate spatiotem-
poral patterns of variation in genetic diversity, the fine- scale genetic 
structure and the influence of ecological-  and genetic- related pa-
rameters on phenotypic variation. Up to 863 individuals grouped 
into 411 different MLGs. Based on the criterion to discriminate 
among different MLG, the 21 remaining individuals could not be as-
signed to any MLG. We found 280 of 411 MLG (68.1%) including 
one individual only (i.e. unique MLG). The remaining 131 MLG had 
multiple individuals per MLG.

Neither year (χ2 = 5.71, p = 0.68) nor vegetation type (χ2 = 0.15, 
p = 0.93) differed in the number of unique MLG (Figure 2a). 
The rest of MLG included between 2 and up to 67 individuals 
(mean ± SD = 4.5 ± 6.4 individuals per MLG) and occurred indis-
tinctly in all years and vegetation types (Figure 2a). Most of non- 
unique MLG had either two (58 MLG) or three (28 MLG) individuals 
per MLG. In contrast, MLG with more than three individuals were 
rare. For instance, only two MLG included up to 21 and 67 identical 
individuals. The A. thaliana population exhibited slight oscillations in 
the Shannon– Wiener diversity index among years (Figure 2b) and 
among the three major vegetation types with A. thaliana (Figure 2c).

Expected heterozygosity (HS) was similar among years 
(mean ± SD = 0.65 ± 0.02; range = 0.62– 0.68) and vegeta-
tion types (mean ± SD = 0.70 ± 0.04; range = 0.62– 0.71). The 
same occurred with observed heterozygosity (HO) among years 
(mean ± SD = 0.04 ± 0.02; range = 0.01– 0.07) and vegetation types 
(mean ± SD = 0.03 ± 0.01; range = 0.02– 0.05). In fact, we did not 
detect significant differences in HS and HO among years and vege-
tation types (p > 0.17 in all cases). The molecular variance explained 
by years and vegetation types was of 1%, whereas individuals ac-
counted for up to 94% of the variance in both analyses.

We detected significant positive fine- scale spatial genetic struc-
ture (FSGS) in all years (Figure 3; Figure S6), particularly within the 
first distance class (25 m) where mean kinship ranged between 0.042 
and 0.105 (Figure 3; Figure S6). We also detected positive FSGS at 
different distance classes always below 100 m with different combi-
nations in different years (Figure 3; Figure S6). The strength of the 
FSGS was also variable among years, with Sp values ranging from a 
low of 0.02 in 2020 to a high of 0.06 in 2015 (Figure 3; Figure S6). 
As far as the spatial distribution of heterozygous individuals across 
the A. thaliana population is concerned, we did not detect any spatial 
pattern significantly different from the null model (Figure S7).

3.4  |  Ecological and genetic drivers of 
phenotypic variation

We conducted Mantel tests to determine whether variation in 
life- history traits and fitness of A. thaliana was related to the spa-
tial location of individuals and/or to the genetic relatedness among TA
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individuals. Genetic similarity among individuals, rather than their 
geographical distance, mostly accounted for differentiation in life- 
history traits and fitness among A. thaliana individuals (Table 2). 
However, in 2013, we found stronger significant relationships be-
tween phenotypic, geographical and genetic distances (Table 2). 
Except in 2013, we found significant Mantel tests in traits with higher 
broad- sense heritability values, such as seed weight, recruitment and 
flowering time (Table 2). Finally, geographical and genetic distances 
were not independent from each other (r = 0.12– 0.17; p < 0.009 in all 
cases; Mantel tests) except in 2015 (r = −0.02; p = 0.79; Mantel test).

Based on the entire dataset of A. thaliana individuals sampled 
(N = 1093) and genotyped (N = 884), we estimated the spatial dis-
tribution of environmental suitability and genetic rarity across the 
A. thaliana population (Figure 4), which were not significantly cor-
related (r = 0.11, p = 0.15; Dutilleul's t- test). We conducted SAR 

models to test the effects of environmental suitability and genetic 
rarity heterogeneity on variation in life- history traits and fitness. 
We found that heterogeneity in environmental suitability did not 
account for variation in any life- history trait and fitness (Table 3). 
In contrast, genetic rarity significantly correlated with several life- 
history traits and fitness, particularly in 2013 and 2014 (Table 3). 
When significant, individuals harbouring rare, low- frequency alleles 
produced lighter seeds, flowered earlier and exhibited increased re-
cruitment, survival and fitness (Table 3).

4  |  DISCUSSION

Understanding the ecological and evolutionary consequences 
of spatiotemporal environmental heterogeneity in population 

F I G U R E  2  Genetic diversity 
parameters in Arabidopsis thaliana 
individuals from the study population 
across years and vegetation types. (a) 
Distribution of multilocus genotypes 
(MLGs) with one individual (orange) and 
MLGs with more than one individual (red) 
across years and vegetation types. (b) 
Shannon– Wiener diversity index for each 
year. (c) Shannon– Wiener diversity index 
for each vegetation type. The lowest 
value of the diversity index for grassland 
was due to the low sample size in this 
vegetation type.

(a)

(b) (c)

F I G U R E  3  Jitter plot with the summary 
of the fine- scale spatial genetic structure 
at the Arabidopsis thaliana population. 
Spatial autocorrelation analyses used the 
Loiselle kinship coefficient (Fij) and 10 
distance classes for each year. Orange and 
white crosses indicate significant and non- 
significant Loiselle kinship coefficients, 
respectively (see text and Figure S6 for 
further details).
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performance requires the comprehension of the forces that 
shape and maintain genetic variation within populations. Given 
the increasing role of Arabidopsis thaliana as a model system for 
ecology and evolution (Takou et al., 2019), within- population 
studies in A. thaliana increase our knowledge on its local- scale 
phenotypic variation (Brachi et al., 2013; Frachon et al., 2017; 
Gómez et al., 2018; Handley et al., 2005; Kuittinen et al., 1997; 
Méndez- Vigo et al., 2013) and spatiotemporal heterogeneity ef-
fects on fitness- related traits (Bell & Lechowicz, 1991; Stratton & 
Bennington, 1996; Frachon et al., 2017; Gómez et al., 2018). Here, 
we combined long- term field sampling, experimental and molecu-
lar approaches at a fine spatial scale to disentangle the effects of 
environmental heterogeneity on quantitative and molecular varia-
tion in a natural A. thaliana population.

The results showed non- significant spatial heterogeneity in 
A. thaliana quantitative traits (Table 1). Previous studies on other 

A. thaliana populations, however, detected local- scale environ-
mental heterogeneity accounting for within- population quan-
titative genetic variation (Bell & Lechowicz, 1991; Stratton & 
Bennington, 1996; Frachon et al., 2017). We believe that A. thali-
ana at the Moral de Calatrava population also responds to spatial 
heterogeneity, but vegetation type was probably too coarse to 
detect a significant effect. The similar temperature records from 
data loggers deployed at different vegetation types suggest that 
vegetation type per se is not a good indicator of the ecological 
factors accounting for spatial heterogeneity in A. thaliana. Thus, 
further research on individual- scale attributes, such as soil prop-
erties and plant neighbourhood (Frachon et al., 2017, 2019), may 
help detect the effects of finer- scale heterogeneity on variation in 
life- history traits.

In contrast, we found that, except for flowering time, all traits 
varied across years (Table 1). Although weather records did not 

TA B L E  2  Mantel tests comparing phenotypic distance with geographic and genetic distances for life- history traits and fitness of 
274 Arabidopsis thaliana maternal lines from the study population. Correlation coefficients for each sampling year are given. Significant 
coefficients in boldface. Asterisks indicate significance: ***p < 0.001, **p < 0.01, ns; non- significant

Variable

2012 2013 2014 2015

Geographical Genetic Geographical Genetic Geographical Genetic Geographical Genetic

Seed weight 0.01 ns 0.28*** 0.04 ns 0.02 ns 0.01 ns 0.20*** 0.17** 0.28***

Recruitment −0.02 ns 0.03 ns 0.13** 0.29*** 0.01 ns 0.06 ns −0.03 ns 0.17**

Flowering time −0.01 ns 0.04 ns 0.14** 0.20** −0.06 ns 0.31** −0.02 ns 0.12 ns

Survival −0.03 ns 0.01 ns 0.13** 0.12** 0.01 ns 0.01 ns −0.03 ns 0.09 ns

Fecundity −0.04 ns −0.02 ns 0.04 ns −0.06 ns −0.05 ns 0.03 ns −0.03 ns 0.09 ns

Fitness −0.10 ns −0.01 ns 0.11** −0.05 ns −0.03 ns 0.05 ns −0.04 ns 0.12 ns

F I G U R E  4  Spatial distribution of 
environmental suitability (left) and genetic 
rarity (right) for Arabidopsis thaliana across 
the study population (see text for details).
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suffice to clearly identify the source of year- to- year variation, every 
sampling year was different, determining the number and location 
of A. thaliana individuals (Figure 1b). Based on our experience, the 
critical events for A. thaliana are a dry autumn, when the peak of 
germination occurs in Iberian A. thaliana (Montesinos et al., 2009; 
Picó, 2012), and a dry late winter, when floral induction and first 
flowering take place. Both scenarios may reduce survival and fecun-
dity to a large extent. Nonetheless, natural A. thaliana populations 
in several Iberian environments are made of cohorts of autumn-  and 
spring- germinated individuals (Montesinos et al., 2009; Picó, 2012) 
emerging from the transient seed bank (Falahati- Anbaran et al., 2014; 
Lundemo et al., 2009; Montesinos et al., 2009; Postma et al., 2016), 
meaning that the species has the potential to buffer environmental 
stochasticity by recruiting new individuals at different times of the 
year. We also detected different cohorts of individuals at the Moral 
de Calatrava population (F.X. Picó and C. Alonso- Blanco, pers. obs.), 
which will be considered in forthcoming studies to better under-
stand the patterns and drivers of temporal fluctuation in A. thaliana 
abundance.

Our variance decomposition analysis also revealed those traits 
with a higher degree of genetic determination: seed weight, recruit-
ment and flowering time (Table 1 and Table S2). However, in the 
environmental conditions in which the common garden experiment 
was conducted, selection acted upon flowering time (i.e. earlier 
flowering maternal lines significantly showed higher fitness) in each 
set of maternal lines collected over 4 years (Table S3). In addition, 
flowering time was the only trait showing no variation among ma-
ternal lines from each sampling year (Table 1), suggesting that the 
genetic component of flowering time variation was higher than that 
of the rest of traits analysed. The detection of selection favouring 
early flowering in A. thaliana is not rare in the literature, as it has 
also been found at regional scales using accessions (Exposito- Alonso 
et al., 2018; Kenney et al., 2014). Although the intensity and direc-
tion of selection can vary over time, accounting for the maintenance 
of genetic variation in flowering time within A. thaliana populations 
(Ågren et al., 2017; Exposito- Alonso et al., 2018; Fournier- Level 
et al., 2013; Manzano- Piedras et al., 2014; Taylor et al., 2017), the 
concordance between large-  and local- scale results (i.e. accession-  
vs. population- based approaches) provides additional evidence that 

A. thaliana becomes locally adapted to varying environments by 
adjusting the seasonal timing of key developmental events of life- 
cycle phenology (Burghardt et al., 2016; Chiang et al., 2013; Debieu 
et al., 2013; Donohue, 2005; Huang et al., 2010; Marcer et al., 2018; 
Vidigal et al., 2016; Wilczek et al., 2009).

From a molecular viewpoint, A. thaliana has a large genetic pool 
at the study population, as shown in other A. thaliana populations 
(Bakker et al., 2006; Bomblies et al., 2010; Castilla et al., 2020; 
Falahati- Anbaran et al., 2014; Frachon et al., 2017; Gomaa 
et al., 2011; Gómez et al., 2018; Méndez- Vigo et al., 2013). In partic-
ular, almost half of the genotyped individuals were different MLGs 
and nearly 70% of them were represented by one individual. This 
result suggests two properties of A. thaliana at the study population. 
On the one hand, the high genetic diversity detected is probably the 
result of the old history of the population. The lack of vegetation 
type and year effects on genetic diversity and the low amount of 
genetic differentiation accounted for by vegetation type and year 
also supported the notion of population maturity. On top of that, 
the A. thaliana population is classified as an Iberian relict popula-
tion (Castilla et al., 2020). This means that the study population, 
along with other nearby A. thaliana populations (Castilla et al., 2020; 
Tabas- Madrid et al., 2018), belongs to a genetic lineage with a long 
evolutionary history (Durvasula et al., 2017). Furthermore, it has be 
shown that Iberian and Moroccan A. thaliana relicts tend to occur in 
areas with more stable vegetation dynamics since the Last Glacial 
Maximum and during the Holocene (Toledo et al., 2020). Overall, we 
believe that A. thaliana has had the time to generate and distribute 
genetic diversity across the whole area including the A. thaliana pop-
ulation of study over many generations.

On the other hand, the high proportion of MLGs represented 
by one individual at the A. thaliana population also stresses the 
potential of A. thaliana to generate new genetic variants, probably 
accounted for by low but steady outcrossing rates. In fact, A. thali-
ana populations may exhibit local outcrossing hot spots (Bomblies 
et al., 2010), which have the potential to reshuffle genetic variants 
and therefore boost genetic diversity. In the A. thaliana population 
of study, we did not detect such outcrossing hot spots, based on 
the non- significant effect of vegetation type and year on heterozy-
gosity and the lack of spatial structure for heterozygous individuals 

TA B L E  3  Simultaneous autoregressive (SAR) models testing the effects of environmental suitability and genetic rarity on life- history 
traits and fitness of 274 Arabidopsis thaliana maternal lines from the study population. Correlation coefficients for each sampling year are 
given. Significant coefficients in boldface. Asterisks indicate significance: ***p < 0.001, **p < 0.01, ns; non- significant

Variable

2012 2013 2014 2015

Suitability Rarity Suitability Rarity Suitability Rarity Suitability Rarity

Seed weight −0.01 ns 0.12 ns 0.09 ns 0.07 ns −0.12 ns 0.60*** −0.05 ns 0.59***

Recruitment 0.04 ns −0.01 ns −0.08 ns −0.39*** −0.08 ns −0.31** 0.02 ns 0.21 ns

Flowering time 0.05 ns 0.21 ns 0.11 ns 0.44*** 0.04 ns 0.66*** −0.02 ns 0.10 ns

Survival 0.01 ns −0.23 ns −0.06 ns −0.42*** −0.03 ns −0.28 ns 0.01 ns 0.09 ns

Fecundity 0.06 ns −0.14 ns −0.06 ns −0.02 ns −0.03 ns −0.32** 0.05 ns 0.04 ns

Fitness 0.04 ns −0.20 ns −0.07 ns −0.31** −0.03 ns −0.38*** 0.02 ns 0.09 ns
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(Figure S7). Nevertheless, we observed small bees and hoverflies 
visiting A. thaliana and congeners in dense flowering patches or in 
particular years when A. thaliana becomes ubiquitous at the study 
population (F.X. Picó, pers. obs.).

Despite the limited effect of vegetation type and year on 
variation in quantitative traits and genetic diversity, A. thaliana is 
genetically structured at the study population. We found a con-
sistent significant fine- scale genetic structure at short distances 
(Figure 3; Figure S6), which varied in distance and intensity across 
years. Furthermore, such fine- scale genetic structure was a puta-
tively good predictor of phenotypic differentiation in A. thaliana, 
as phenotypic distance exhibited stronger significant relationships 
with genetic relatedness than with geographical distance (Table 2), 
and also supported by the weak spatial autocorrelation of traits 
(Table S4). The exception was 2013, which was also the wettest 
year of the series (particularly in autumn and spring; Figure S1). 
In 2013, we captured significant spatial autocorrelations and re-
lationships between phenotypic distance and geographical and 
genetic distances for several traits (Table 2; Table S4). This result 
stresses the need of repeated sampling over time to extract re-
alistic population attributes depicting the complexity of natural 
A. thaliana populations (Frachon et al., 2017; Gomaa et al., 2011; 
Gómez et al., 2018). We conclude that the role of biotic vectors 
promoting dispersal (e.g. wild boars removing the soil) may be un-
important at the study population and that phenotypic variation 
seems to be chiefly driven by the known limited A. thaliana's dis-
persal ability and its self- fertilizing habit (Bomblies et al., 2010; 
Castilla et al., 2020; Falahati- Anbaran et al., 2014; Lundemo 
et al., 2009).

As a result of our long- term field survey over a decade, we 
were able to estimate the spatial location of hot spots and cold 
spots of environmental suitability and genetic rarity for A. thaliana 
across the study population (Figure 4). Genetic rarity emerged as 
a good predictor of phenotypic variation, whereas environmen-
tal suitability was not significantly related to any phenotypic trait 
(Table 3). When significant, individuals with lower genetic rar-
ity (harbouring rarer alleles) exhibited early flowering. Based on 
our results, we hypothesise that the appearance of novel earlier 
flowering phenotypes would imply a lower allelic frequency in the 
population. This is plausible because low- frequency nucleotide 
polymorphisms in flowering genes normally imply loss-  or change- 
of- function alleles, which are related to early- flowering pheno-
types (Alonso- Blanco et al., 2009; Fulgione et al., 2022; Johanson 
et al., 2000; Méndez- Vigo et al., 2011). Further research is needed 
to better understand the effect of selection on rare genotypes and 
the relationship between low- frequency neutral and functional al-
leles. In any case, our results stress the preponderance of genetic 
attributes over ecological factors driving phenotypic variation in 
A. thaliana at the Moral de Calatrava population.

This study also lays the foundations for detecting within- 
population variation in the genetic basis of evolutionarily important 
traits in A. thaliana. For example, it will be important in forthcoming 
population- based studies to quantify the frequency of functional 

variants for key flowering genes, which most of them are rare at a 
worldwide scale but can be common at the local scale (Alonso- Blanco 
et al., 2009; Brachi et al., 2013; Gould & Stinchcombe, 2017; Le 
Corre, 2005; Méndez- Vigo et al., 2011; Sánchez- Bermejo et al., 2012). 
Furthermore, pleiotropic effects of developmental genes on other 
plant traits seem to be the rule (Auge et al., 2019; Blair et al., 2017; 
Chiang et al., 2009, 2013; Donohue, 2014; Hanemian et al., 2020; 
Lovell et al., 2013; McKay et al., 2003; Scarcelli et al., 2007), provid-
ing the mechanism to understand the tight association found among 
life- history traits in A. thaliana. Overall, we believe that the increase 
in the number of extensive within- population studies, across space 
and over time, from contrasting environments will provide a missing 
piece to build realistic mechanistic models of evolutionary change 
in A. thaliana.
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