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Abstract

Phenology and the timing of development are often under selection. However, the relative contributions of genotype, environment, and prior
developmental transitions to variance in the phenology of wild plants is largely unknown. Individual components of phenology (e.g., germination)
might be loosely related with the timing of maturation due to variation in prior developmental transitions. Given widespread evidence that
genetic variation in life history is adaptive, we investigated to what degree experimentally measured genetic variation in Arabidopsis phenology
predicts phenology of plants in the wild. As a proxy of phenology, we obtained collection dates from nature of 227 naturally inbred Arabidopsis
thaliana accessions from across Eurasia. We compared this phenology in nature with experimental data on the descendant inbred lines that we
synthesized from two new and 155 published controlled experiments. We tested whether the genetic variation in flowering and germination
timing from experiments predicted the phenology of the same lines in nature. We found that genetic variation in phenology from controlled
experiments significantly predicts day of collection from wild individuals, as a proxy for date of flowering, across Eurasia. However, local variation
in collection dates within a region was not explained by genetic variance in phenology in experiments, suggesting high plasticity across small-
scale environmental gradients or complex interactions between the timing of different developmental transitions. While experiments have shown
phenology is under selection, understanding the subtle environmental and stochastic effects on phenology may help to clarify the heritability
and evolution of phenological traits in nature.
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fluences plant fitness and selection by determining the traits
that are expressed at any point throughout the year (Donohue,
2005). In seasonally variable environments, traits such as
flowering time and dormancy can ameliorate harsh abiotic
conditions by timing dormant periods to coincide with un-
favourable seasons (e.g., drought escape Lawrence-Paul &
Lasky, 2024; Ludlow, 1989). Flowering, vegetative phase
change, and germination timing often show geographic clines,
suggesting their importance in adaptation to local environ-
ments (Baughman et al., 2019; Lawrence-Paul et al., 2023,
2025; Martinez-Berdeja et al., 2020). Common garden studies
often find that genetic variation in individual components of

Introduction

The predictability of trait variation from genetic variation, i.e.,
trait heritability, is a key quantity determining the rate of trait
evolution and the ability of populations to adapt to changes in
selection (Gomulkiewicz & Houle, 2009; Lush, 1937). Plant
biologists have long relied on common garden experiments to
estimate breeding values and heritability for a range of traits
(Mazer & LeBuhn, 1999). However, natural populations often
occur in highly heterogeneous environments to which organ-
ismal traits may respond plastically. As a result, heritability in
natural populations may be much lower than those in com-
mon gardens. Furthermore, even field common gardens might

fail to accurately recreate natural selective pressures if the di-
rection and magnitude of selection varies in time (Karrenberg
& Widmer, 2008). As an alternative to common gardens, heri-
tability can be estimated using pedigrees or genomic data from
wild individuals (Gienapp et al., 2017). However, these models
rely on assumptions of certain genetic architectures (Mitchell-
Olds & Rutledge, 1986) and the resulting heritability esti-
mates are not often compared with common garden estimates
of trait variation (but see Weigensberg & Roff, 1996).
Phenology, or the timing of the developmental transitions
between an organism’s life stages, directly and indirectly in-

phenology are under selection and have further demonstrated
variable strength and direction of selection across field sites
(Agren et al., 2017; Fournier-Level et al., 2013; Gamba et al.,
2024; Hall & Willis, 2006). However, the duration of indi-
vidual developmental transitions (e.g., flowering time) might
be loosely related to phenology in nature due to variation in
prior developmental transitions (e.g., germination) (Burghardt
et al., 2015). While phenology is determined by both genetic
factors and plastic responses to environment (Amasino, 2004;
Andrés & Coupland, 2012; Auge et al., 2018), the relative
importance of these two sources of phenotypic variance in
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the timing of individual developmental transitions determin-
ing phenology in nature is unclear, even in model systems.

Much of our understanding of the genetic basis of plant
phenology comes from studies in the model Arabidopsis
thaliana (hereafter Arabidopsis). Common garden trials in
both lab and field settings have uncovered genetic loci con-
tributing to much of the observed variation in dormancy and
flowering time (Agren et al., 2017; Atwell et al., 2010; Brachi
et al., 2010; Fournier-Level et al., 2013; Juenger et al., 2005).
Flowering time and seed dormancy are determined by com-
plex, overlapping gene networks, leading to pleiotropy involv-
ing these traits (Simpson & Dean, 2002; Wilczek et al., 2010;
Auge et al., 2018). These traits are also plastic and show geno-
type by environment interactions (Juenger et al., 2005; Lorts
& Lasky, 2020; Wilczek et al., 2009; Zhou et al., 2005): germi-
nation responds to temperature, photoperiod, moisture, and
nutrient availability (Footitt et al., 2013; Huang et al., 2010,
2018; Kenney et al., 2014; Penfield & Springthorpe, 2012),
while flowering responds to multiple cues such as tempera-
ture and daylength (Balasubramanian et al., 2006; Lempe et
al., 2005; Thomas & Vince-Prue, 1997).

The broad phenological variation described in controlled
environment experiments is observed in wild populations as
well (DeLeo et al., 2020; Ratcliffe, 1976; Simpson & Dean,
2002). Arabidopsis can exhibit the life history of a winter
annual, germinating in the fall, overwintering as a rosette,
and flowering in the spring (Figure 1). However, Arabidop-
sis can also germinate and flower in a single growing season.
These shorter-lived plants tend to be facultative—flowering in
spring, summer, or fall—and in some regions this rapid life
cycle enables multiple generations within a year. This varia-
tion in life histories occurs in many annual plants (Baskin &
Baskin, 1988) and is made possible, in part, by a range of flow-
ering times and germination traits that can vary independently
from each other (Marcer et al., 2018; Martinez-Berdeja et al.,
2020). In Arabidopsis, geographic clines in genetic values for
phenology, clines in allele frequencies of phenology quantita-
tive trait loci (QTL), and evidence of selection on phenology
QTL support the conclusion that phenology is adapted to lo-
cal environmental conditions in the wild (Agren et al., 2017;
Caicedo et al., 2004; Fournier-Level et al., 2013; Samis et al.,
2012; Stinchcombe et al., 2004; Debieu et al., 2013; Exposito-
Alonso et al.,2018; Gamba et al., 2024) (Figure 1; Lasky et al.,
2018, 2024). Yet, even within geographic proximity one can
find genotypes with substantial genetic differences in flower-
ing time (Alonso-Blanco et al., 2016; Jones, 1971; Méndez-
Vigo et al., 2022).

There are several mechanisms that may explain why phe-
nology observed in controlled experiments shows poor cor-
relation with phenology observed in nature (Wilczek et al.,
2009). While genotype likely influences the phenology of an
individual plant in the wild, the dependence of sequential de-
velopmental transitions on each other, as well as plasticity in
their expression, may limit the translation of genetic values of
single stage to natural phenology. First, there are interactions
between germination and flowering time, both because of a
shared genetic basis and because the timing of early life tran-
sitions influences environmental exposures in later life stages
(Chiang et al., 2009; Huang et al., 2010; Huo et al., 2016;
Springthorpe & Penfield, 2015). Secondly, there is stochas-
ticity in individual germination and flowering time (Abley et
al., 2020; Jimenez-Gomez et al., 2011). Thirdly, spatial en-
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vironmental variation is extensive in nature and genotype—
environment interactions have major impacts on phenology
(Sasaki et al., 2015). Finally, maternal effects on phenologi-
cal transitions may be strong, as reported extensively for seed
dormancy (Boyd et al.,2007; Burghardt et al.,2016; Chiang et
al., 2013; Huang et al., 2018). As a result, flowering time loci
identified in common garden lab or field experiments might
have loose relationships with variation among natural individ-
uals (Chiang et al., 2013); genotypes differing in phenology in
one set of conditions may express the same phenology in an-
other set of conditions (Burghardt et al., 2016; Wilczek et al.,
2009).

Here, we compare phenological observations of wild indi-
vidual plants from natural history collections (herbaria and
seed stock centres) with plants in controlled environment
experiments. Collection dates of natural history accessions
have been demonstrated as accurate estimates of phenology
(Davis et al., 2015; MacGillivray et al., 2010; Miller-Rushing
et al., 2006; Ramirez-Parada et al., 2022). Across Eurasian
Arabidopsis, we showed previously that herbarium collection
dates were accelerated by "1 week for each degree increase in
spring temperatures and that there was a latitudinal cline in
mean collection dates from early March to late June (DeLeo
et al., 2020). Arabidopsis are naturally inbred (Jones, 1971),
thus we can compare collection dates of wild individuals with
phenology of nearly genetically identical descendants in con-
trolled experiments. This comparison provides a window into
how genetic variation shapes phenology in natural popula-
tions against the forces of plasticity and GxE. Natural his-
tory collections can be used to characterize the climate con-
ditions during development preceding collection (Bontrager
et al., 2025b). We estimated phenology as collection date, and
using the climate conditions preceding collection, we also esti-
mated phenology as accumulated photothermal units (PTUs)
at collection (Burghardt et al., 2015). PTUs allow us to ac-
count for weather effects on development and in essence al-
low estimation of how far into growing seasons plants were
collected.

We developed three hypotheses for how the phenology of
individual plants in nature may relate to genetic variation in
phenological traits, illustrated in Figures 2 and 3:

H1. We predict that Arabidopsis plants collected earlier
in a natural growing season will have early flowering
and low germination genetic values in controlled en-
vironments. We hypothesize that this pattern is due
to cogradient variation in flowering time along tem-
perature gradients (i.e., when genetic clines and plas-
tic responses to environment are positively correlated)
(Levins, 1968). Specifically, genetic clines in flowering
time (here, early flowering in warmer climates) and
germination rate, combined with plastic acceleration
of flowering in warmer conditions (Figure 1), leads to
range-wide positive relationships between genetic val-
ues for flowering time (Figure 2A), germination rate
(Figure 2B), and collection date (as a proxy for flow-
ering date in the wild).

H2. For cumulative PTUs at collection, we predict that
spring annuals with high germination rates and early
flowering times will have been collected later in grow-
ing seasons (high PTU) than winter annuals with later
flowering genetic values (Figure 2C and D).
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Figure 1. Genotype and environment likely influence phenology of individual Arabidopsis plants across its geographic range in the wild. Genetics and
environmental cues may determine how long a plant remains in vegetative growth (green) or how long a plant remains dormant as a seed (brown
circles), with three representative life cycles shown from Scandinavia to the Mediterranean (A-C), with shaded areas showing accumulation of
photothermal units (PTUs) in the growing season (e.g., temperature >4°C). Existing knowledge of clines in flowering time and germination combined
with plastic acceleration of flowering in warmer temperatures (D-F).
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Predictions for Analyses in This Study

(A) Clines, Co-Gradient Plasticity, and Local
Genetic Variation in Flowering Time Cause:

N

Collection Date

AN
7/
Experimental Flowering Time

(D) Germination Correlation with Flowering Time,

Clines in Flowering Time, and Germination Cause:

/N

Collection Date

N
7/

Experimental Base Germination

(C) Correspondence Between Early Flowering
and Spring Germination Causes:

/N

Collection PTU

AN
7/
Experimental Flowering Time

(B) High Germination for Spring Germinants Causes:

Collection PTU

AN
] 7
Experimental Base Germination

Figure 2. Existing knowledge of clines in flowering time and germination combined with plastic acceleration of flowering in warmer temperatures
(see Figure 1) lead to our predictions (A-D here) of how flowering time and base germination rates in controlled experiments will correspond to

phenology in natural wild plants.

H3. Within local regions (e.g., areas ~100 km across),
environmentally induced phenological variation (i.e.,
plasticity associated with different timing of spring
warming) is likely lower than that seen across the
species range. Thus we predict that flowering time ge-
netic values and germination rates would be positively
related to local within-region variation in collection
dates largely due to genetic effects (Figure 3).

Materials and methods

Natural genotypes

We first conducted an experiment on a set of 101 naturally
inbred genotypes (“ecotypes”) selected based on known col-
lection dates either from the herbarium specimen label or
recorded in the Arabidopsis Biological Resource Centre https:
/labrc.osu.edu/database. 47 of these ecotypes had not been
studied in previous flowering time experiments and 75 had not
been included in previous germination experiments. Seed was

ordered from ABRC (94 accessions) or was germinated from
herbarium sheets (7 accessions from Real Jardin Botanico
Madrid, Komarov Botanical Institute, and Oslo Natural His-
tory Museum).

Seeds from herbarium specimens were cold-stratified in tap
water at pH 7 and placed at 4°C for 7 days. Seeds were then
directly sown into damp Fafard germination mix and grown
in Conviron growth chambers under 14/10 hr, 22°C/18°C
days/nights. Four herbarium accessions germinated using this
protocol. In a second round of germination, we surface ster-
ilized seeds using standard protocols and then cold-stratified,
as above. We plated these sterilized seeds onto MS + Gam-
borg’s vitamins + agar plates containing 1% sucrose and
10 uM GA4 and then placed them in growth chambers, as
above. Three additional herbarium accessions flowered using
this protocol; these were transplanted to Fafard Germination
mix. To induce flowering for seed collection, plants from both
rounds of germination were exposed to 30 days of 4°C with
10/14 hr day/night cycles.
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Figure 3. An illustration of hypotheses for local genetic variation in phenology within regions and the relationship with phenology of wild plants. In the
presence of potential cogradient variation (correlated plasticity and genetic clines) it is important to account for local mean collection dates (ticks on
x-axes) when testing for correlations between genetic values for phenology in experiments (y-axes) versus observed collection dates (x-axes). In both (A)
and (B), there is cogradient variation, but in (A) the genetic values for phenology traits (colours) predict local variation in natural phenology (residuals from
local mean collection date) while in (B) the genetic values (colours) do not predict local phenology (residuals from local mean collection date).

Flowering and germination experiments

Ecotypes were grown in common conditions prior to the flow-
ering time experiment, and flowering time replicates were de-
scended from a single mother plant. For each ecotype, three
replicates were grown in separate pots. Seeds were stratified
at 4°C for 5 days before sowing in pots. Each pot was thinned
to a single individual after the emergence of the second set of
true leaves. Plants were grown at 22°C under 16 hr days of flu-
orescent light in a walk-in Conviron growth chamber (model
MTPS144). Day of bolting and day petals appeared were both
recorded as measures of flowering time.

Seeds from each replicate maternal plant in the flower-
ing time experiment were collected and stored separately in
dry conditions until the germination trial. Nonstratified seeds
were kept in dry boxes at room temperature. For each treat-
ment, 40 seeds from each parent plant (or as many seeds as
were available for replicates with low fecundity) evenly di-
vided across two plates were sown on filter paper in Petri
dishes and germinated at 23°C/18°C during day/night with
constant 16 hr daylength in a Conviron growth chamber. In
total, 1,752 plates and >50k seeds were assayed.

Seeds were subjected to cold stratification at 4°C in the dark
for three treatment lengths: 2 weeks, 3 days, and 0 days. Cold
stratification can break primary dormancy, however 2 weeks
of chilling can prompt secondary dormancy in the seedbank
(Penfield & Springthorpe, 2012). The difference in germina-
tion rate between 3 days and 0 days of stratification can there-
fore indicate primary dormancy while the difference in ger-
mination rate between 3 days and 2 weeks of stratification

may indicate secondary dormancy. As a caveat, lower germi-
nation after 2 weeks of stratification could be due to other,
unmeasured negative effects on germination, such as bacte-
rial infection. We staggered the planting so that all the plates
came out of stratification on the same day. The number of
seeds that had germinated in each plate was recorded on days
1,3, 35,10, 14,21, and 28. Seeds were considered germinated
if the radicle was visible. Because maternal plants flowered at
different times (and seeds were harvested when mater-
nal plants senesced), germination rates for this experi-
ment may be influenced by the length of the time be-
tween flowering and planting and any after-ripening that
may have occurred. We also tested for these maternal ef-
fects among individuals of the same inbred line (Supplemental
material).

Phenology from published experiments

We searched the literature for experiments on Arabidopsis
that measured flowering time or germination traits across
different natural inbred lines (commonly referred to as Ara-
bidopsis “ecotypes”). The minimum number of ecotypes in
any single experiment was 17. Our final set used data from 38
previous studies (31 included some measure of flowering time,
15 included germination; Tables S1) that, combined with our
new experiments described above (Tables S2 and S3), included
over 3,000 ecotypes for 86 flowering time experimental con-
ditions and 66 germination experimental conditions, although
all ecotypes were used in only a subset of the trials and only
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291 ecotypes had a reliable date of original collection from
the wild.

We used this dataset of phenology measurements from the
literature to create an estimate of genetic variation in flower-
ing time and dormancy among ecotypes. We sought to gain
statistical power by combining data from different exper-
iments. To make phenotypes comparable, we standardized
across treatments and experiments, transforming each flower-
ing time experiment, such that the earliest flowering accession
had a value of 0 and the latest flowering accession had a value
of 1.

We averaged standardized experimental flowering times
across experiments, keeping vernalized, nonvernalized, and
field experiments separate. Here, we use “vernalization” to de-
scribe extended cold treatments applied to rosettes. Nonver-
nalized growing conditions uncover genetic variation in flow-
ering time due to vernalization requirements that is masked
under vernalized or fall-sown field conditions and may be im-
portant for determining phenology and life history in the wild
(Wilczek et al., 2009). However, Arabidopsis plants growing
in many natural settings are expected to experience changes in
temperature and photoperiod that would be more similar to
vernalized and field experiments (Li et al., 2010). By keeping
the three treatments separate, we could test whether nonver-
nalized flowering time or vernalized flowering time was more
predictive of wild phenology. Field flowering time was han-
dled in two distinct manners: first, aggregated across all sea-
sons, which may lead to less coherent estimates of field ge-
netic flowering time if seasonal differences lead to meaning-
ful differences in flowering time, and second, broken down
further into spring (4 treatments over 2 experiments), sum-
mer (4 treatments, 1 experiment), and fall plantings (23 treat-
ments, 9 experiments). To control for regional bias, this aggre-
gation was performed both for all experiments and without
experiments that tested only ecotypes collected from a single
country.

Data collection approaches for estimating germination rate
and dormancy were more heterogeneous than for flowering
time. Depending on the experiment, dormancy was reported
as the number of days after planting until a set percentage of
germination was reached, the percentage of seed germinated
a given number of days after planting, the number of days of
storage until a set percentage of germination, or the germina-
tion rate after a given number of days of storage. Because of
the difference in metrics across experiments, dormancy values
were standardized by rank within each experiment with zero
indicating low to no dormancy and one indicating high dor-
mancy. Measures that reported a percentage germinated were
ranked in the opposite direction from measures that reported
number of days until germination or the number of days of
storage before 50% germination. We found that standard-
ized rank-based metrics that increase with dormancy (such as
days to 50% germination) were correlated with rank based
on metrics that decrease with dormancy (such as percent-
age of seeds germinated after a set number of days, Pearson’s
r = 0.485).

These experiments captured variation in primary dor-
mancy, or recalcitrance to germinate immediately after har-
vest. Secondary dormancy, or dormancy induced when a seed
experiences conditions unfavourable to germination, has been
studied in experiments that measured an increase in dormancy
during storage. Primary and secondary dormancy could lead
to different phenological and ecological outcomes (Martinez-
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Berdeja et al., 2020), so we averaged across experiments that
measured primary or secondary dormancy separately to es-
timate each of these two traits. Secondary dormancy was
not included in the generalized additive models (GAMs) de-
scribed below. Maternal conditions may be an important
source of phenological plasticity; thus we also used our dor-
mancy experiment to examine how variation in flowering time
among maternal plants influences germination (Supplemental
material).

Wild phenology

The date of collection (for ecotypes maintained by ABRC) or
collection date (for ecotypes grown from a known herbarium
record) was used as an estimate of reproductive phenology
of individuals in the wild (Davis et al., 2015; Primack et al.,
2004). We excluded records from regions where Arabidopsis
has been recently introduced, like North America and Japan.
Accessions from outside the native range or collected after the
320th day of the year (which we deemed likely errors based
on location, sometimes due to intentional plantings, and were
greater than 2 standard deviations from the mean) were re-
moved. Our geographic limits also excluded island accessions
to the south of the Mediterranean, e.g., Cape Verde Island.

We hypothesized that genetic differences in wild phenology
may be more apparent if we account for spatiotemporal envi-
ronmental fluctuations causing plasticity. Therefore, we calcu-
lated PTUs for each accession from the day of collection using
monthly climate time series data from the Climate Research
Unit (CRU) (Harris et al., 2014), beginning with 1 January
of each year, following the methods of DelLeo et al. (2020)
and Burghardt et al. (2015). PTUs integrate the temperature
and light experienced by a plant at a given location through
the growing season and therefore may capture environmental
cues relevant to phenology and better describe genetic varia-
tion in development (Brachi et al., 2010; Wilczek et al., 2009).
We only sought to use PTUs to estimate how far into grow-
ing seasons plants were collected; we did not attempt to es-
timate PTUs since germination since germination timing was
unknown. The models described below use the square root of
PTU because the resulting distribution was closer to normal
than the log transformation.

Statistical comparison of collection date in the wild
versus phenology in experiments

H1: Range-wide comparison of phenology genetic values ver-
sus collection date

We tested if genetic variation in normalized phenology mea-
sured on naturally inbred lines explained variation in the wild
phenology of the parent of the line (Figure 2), using linear
regression between the normalized phenology genetic values
(flowering time and dormancy rank) and collection day. Ver-
nalized, nonvernalized, and field flowering times were mod-
elled separately, because the genetic variation in phenology
uncovered by each treatment could relate to wild phenol-
ogy in different ways. Under the hypothesis that vernaliza-
tion and field conditions better recreate environments that a
plant would experience at their geographic origin, these ge-
netic flowering time measures should be more positively re-
lated to wild flowering time. Likewise, nonvernalized flow-
ering times may better recreate the original temporal niches
of summer annuals and thus be positively related to flower-
ing time in these ecotypes. However, it is also possible that
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long nonvernalized flowering times indicate obligate winter
annuals. In these plants, nonvernalized flowering times would
be negatively related to wild phenology since later flowering
times in nonvernalized experiments would indicate plants that
overwinter and are collected early the next year (Figure 2).
We also investigated how range-wide differences in wild
phenology related to regional differences in genetic trait val-
ues using a larger sample size, taken from a broader collec-
tion of ecotypes than just those with documented collection
dates. This comparison included stock centre ecotypes with
experimental phenology data and known location-of-origin,
but no recorded date of wild collection, and herbarium speci-
mens for which we had not germinated seed and grown plants
to measure traits in experiments. To do so, we first estimated
wild flowering time for each stock centre ecotype in exper-
iments using herbarium records near the ecotype collection
location. These wild flowering times were estimated from a
previously published GAM with spatially varying intercepts
of herbaria collection dates from 2,655 Eurasian Arabidop-
sis records used in DeLeo et al. (2020), which included year
of collection as a nuisance variable, as collection date has
changed over time across the range of Arabidopsis (DeLeo et
al., 2020). Values of the smooth intercept surface were ex-
tracted at the coordinates of stock centre ecotypes having an
experimentally measured flowering time. These estimated wild
flowering times were regressed against genetic values for flow-
ering times under vernalized, nonvernalized, and field experi-
ments and rank primary dormancy. In addition, for these same
data we performed Spearman rank correlation between esti-
mated wild flowering times and phenology genetic values.

H2: Range-wide comparison of phenology genetic values ver-
sus PTU

To account for plasticity in phenology due to differences
among locations in the timing and progression of growing
seasons, we also tested the relationship between phenology
genetic values and the estimated PTUs at the time of collec-
tion from the wild. We conducted the same analyses across the
range of Arabidopsis as described in H1, except that the PTU
at collection was used instead of collection date. Specifically,
we conducted linear regression between normalized genetic
values with PTU at collection and we also conducted linear
regression between genetic values and the PTUs at collection
of nearby herbarium specimens.

H3: Local within region variation

Next, we tested for the effects of genetic variation in flower-
ing time and dormancy on phenological variation within local
regions in the wild. By using a model term to first account for
geographic, among region, variation in mean flowering time,
we aimed to isolate the remaining local, within-region varia-
tion (Figure 3). This analysis, in essence, asks whether genetic
variation in individual phenological stages explains natural
phenological variation within local regions. GAMs allow for
model parameters to vary smoothly across space and thus can
capture spatially varying patterns, e.g., in local average collec-
tion date (Yee & Mackenzie, 2002; Yee & Mitchell, 2006). We
built a GAM for the dependent variable of collection date (Y)
at location j of individual 7, which included covariates of ex-
perimental flowering time (81), dormancy (8;), elevation (83),

7
and a spatially varying intercept (p,):
Y;; = u; + B1 Flowering Time;; 4+ B, Primary Dormancy;;
+ B3 Elevation; + ¢;;. (1)

The smooth spatially varying intercept term p; estimates
spatial variation in mean collection date (e.g., due to environ-
mental gradients). The upper limit on degrees of freedom for
the spatially varying intercept was increased to 45 following
the recommendations of Wood (2006). In models that allowed
for higher degrees of freedom, the effective degrees of freedom
did not meaningfully increase. Elevation was included because
of its known importance to flowering times and spring onset
(Vidigal et al., 2016; Gamba et al., 2024) and the high resolu-
tion of elevation data compared to smooth variation in GAM
parameter surfaces. We fit GAMs using the “gam” function
in the “mgcv” package in R (Wood, 2006) using restricted
maximum likelihood, although generalized cross-validation
returned similar estimates. Model fitting allowed for penal-
ization of smooth terms to 0 so that uninformative covariates
could be removed from the equation. Residuals were plotted
using the “gam.check” function in “mgcv” (Wood, 2006), and
one ecotype (Nok-10) was removed from our analyses that
was an extreme outlier based on its residuals. Spatial vari-
ation in B coefficients for flowering time and dormancy co-
variates (Equation 1) were not significant, so a model using
a constant coefficient was used in our analyses. Field, vernal-
ized, and nonvernalized flowering times were tested in sepa-
rate versions of the model and tested different hypotheses with
regards to wild phenology. To compare among the three mea-
sures of flowering time, a version of Equation 1 was fit on a
subset of ecotypes that had all three flowering time measures,
and Akaike’s Information Criterion (Akaike, 1974) was com-
pared.

In the wild, both flowering time and dormancy contribute
to phenology. Thus, we also tested whether including inter-
actions between flowering time and primary dormancy (B4)
improved the model:

Y;; = u; + B1 Flowering Time;; + f, Primary Dormancy;;
+ B3 Elevation; + B4 Flowering Time;;
*Primary Dormancy;; + ¢;;. (2)

Finally, given the importance of plasticity in response to tem-
perature in the timing of germination and flowering time, PTU
might better capture genetic variation in phenology in the wild
(Figure 2). Therefore, we also tested the models above using
PTU in place of collection day to correct for climate.

Results

Genetic correlation among phenology traits in
controlled experiments

Across all compiled experiments (both previously published
and our new experiments) mean flowering times of ecotypes
measured in vernalized and nonvernalized experiments were
strongly positively correlated (Pearson’s r = 0.90, p < .001).
Although fall-sown field trials might be expected to expose
plants to cold seasonal temperatures that give vernalization
cues, standardized flowering time genetic values in both non-
vernalized and vernalized experiments were similarly corre-
lated to published field experiment values (7,onvernalized = 0-77,
Tvernalized = 0.72, p < .001 for both). Primary and secondary
dormancy were negatively correlated, but not significantly so
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Figure 4. Standardized phenology traits combined across multiple published controlled experiments combined with our new experiments. Standardized
flowering times were correlated across all three types of treatments (vernalized, nonvernalized, field), but they were weakly correlated with dormancy.

See the section “Methods” for details on standardization method.

(r = —0.15, p = .11). Despite known interactions between
flowering time and dormancy due to seed maturation environ-
ment and pleiotropy of causal loci, only nonvernalized flower-
ing time was significantly correlated with primary dormancy
(r = —0.17, p = .02, Figure 4; for a heatplot of all pheno-
types, see Figure S1). These correlations were qualitatively
unchanged when using an alternate standardization method
across experiments (Figure S2).

H1: Comparing wild phenology with genetic values
in experiments across the range

Experimental genetic values for phenology traits were mod-
est predictors of collection day in simple linear models, with
the only statistically significant predictors being nonvernal-
ized flowering time (estimated slope = 27.7 days/standardized
flowering time, * = 0.09, p < .001) and primary dor-
mancy (—17.1 days/standardized rank dormancy, #*> = 0.02,
p = .02). Flowering time genetic values under vernalized
or field conditions did not significantly predict day of col-
lection with a linear model (p > .05) (Figure 5). Flower-
ing time and germination measured within individual ex-

periments did not predict wild collection day better than
our averaged genetic values, suggesting some power was
gained by combining individual experiments into standard-
ized values (Figure S3). These correlations were qualita-
tively unchanged when using an alternate standardization
across experiments and when excluding herbarium specimens
(Figures 54-S6).

Flowering time and dormancy genetic values
predict regional variation in collection date of
nearby herbarium specimens

Our model of collection date, above, was limited to the 227
ecotypes with both a known collection date and experimen-
tal phenology data. To expand our predictions across more
of the Arabidopsis range, we tested whether genetic variation
in flowering time in experiments predicts local mean collec-
tion dates of herbarium specimens across the landscape. First,
we found that local mean collection dates across a landscape
from >2,500 herbarium collections were positively correlated
with actual collection days of individual stock centre ecotypes
(which were not used in fitting the model, p = 0.51,p < .001;
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Figure 5. Date of collection (left panels) and PTUs at collection (right panels) of wild plants (y-axes) compared to standardized genetic values for
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phenological traits from experiments (x-axes). Collection day of wild plants was positively related to nonvernalized flowering time in experiments.
Collection day was negatively related to primary dormancy. The values shown for field flowering time experiments were calculated from fall-sown
experiments only.
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Figure 6. Genetic variation in flowering time experiments predicts collection dates of nearby herbarium specimens. (A) There is geographic variation in
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Mediterranean (Deleo et al., 2020). (B) Local mean collection dates were positively correlated with genetic variation in vernalized flowering time
experiments (p < .01), and all ecotypes from locations with earlier mean collection dates in the wild (largely Mediterranean) had rapid flowering genetic
values. Primary dormancy genetic values were negatively correlated with local mean collection dates (p < .001).

Figure S7), validating these local predictions of phenology in
the wild based on herbarium collections.

As with the collection dates of the original maternal
sources of stock centre lines, genetic values for nonvernalized
flowering times significantly but modestly predicted local
mean herbarium collection dates (# = 0.10, p < .001). For
comparison, latitude was a better predictor of mean herbar-
ium collection date (> = 0.37, p < .001). These patterns
were similar for vernalized (+* = 0.07, p = .002; Figure 6),
nonvernalized (#* = 0.10, p < .001), and field measurements
(all seasons grouped, > = 0.02, p = .13, although not sig-
nificant in this last case). These results show that range-wide
genetic variation in phenology measured in controlled envi-
ronments likely corresponds to actual phenology of plants in
nature. However, because plants in nature from different re-

gions experience different environments, these patterns can-
not determine the degree to which genetic variation causes
the variation in natural phenology as opposed to genetic varia-
tion being correlated with environmental variation that causes
phenological plasticity in nature (i.e., cogradient variation,
Figure 1).

H2: Range-wide comparison of phenology genetic
values versus PTUs

Because environmental differences among locations can influ-
ence phenology (Fournier-Level et al., 2013), we also calcu-
lated PTU at collection and compared to these values to traits
from experiments. However, PTU at collection was not signif-
icantly predicted by any phenology trait genetic values (Figure
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Figure 7. Top: Spatial variation in date of collection for 227 ecotypes with known collection dates. (A) Colour represents the intercept value for collection
day at a location after fitting a linear (i.e., nonspatially varying) relationship with elevation, experimental primary dormancy, and nonvernalized flowering
time. Much of the variation in collection date was explained by the spatially varying intercept rather than being explained by experimental flowering time.
(B) Residuals of a GAM predicting collection date using only intercept and elevation parameters, compared to nonvernalized flowering time, primary

dormancy, or fitted collection dates.

5). Thus, while ecotypes with later flowering time genetic val-
ues tend to be collected later in the year, these later flowering
ecotypes are not collected at higher PTU, i.e., later in the lo-
cal growing season. The fact that phenology genetic values
are correlated with date, but not PTU at collection, is con-
sistent with the hypothesis that geographic climate variation
maintains genetic clines in flowering time and germination,
while plastic acceleration of flowering in warmer conditions
(Figure 1) also contributes to the breeding value-collection
date correlation (cogradient variation).

H3: Variation in phenology genetic values does not
predict local, within-region variation in wild
collection dates

We next examined whether genetic values could explain vari-
ation in natural phenology within regions (Figure 3). We used
GAMs that included spatially varying intercepts and an ele-
vation covariate to account for the among region variation in
environmental effects on collection dates, leaving local varia-
tion to be potentially explained by genetic variation. However,
we found that normalized flowering time (slope of nonvernal-
ized flowering time = —8.2, p = .098) and dormancy (slope
of dormancy = 2.2, p = .51) were not significantly related
to day of collection in this GAM (Equation 1), although el-

evation effects were significant (slope of elevation = 0.012,
p = .049; Figure 7, Table S4). In comparing models using ver-
nalized, nonvernalized, and field experiments, we found that
standardized nonvernalized flowering times led to lower AIC
compared to other flowering time measures but higher AIC
than a model without flowering time at all, although the dif-
ference was slight (difference <2 for an AIC of 530). We used
nonvernalized flowering times in the final models, in part be-
cause there were more ecotypes with nonvernalized flowering
times (184 for nonvernalized versus 113 for vernalized or 78
for field).

Although we found that flowering time, dormancy, and the
interaction between the two were not significantly related to
collection day, including phenology genetic values did lower
the AIC and slightly increase the deviance explained by the
model. This suggests that dormancy and flowering time could
be related to variation in phenology within regions. However,
most of the variation was described by the spatially varying
intercept—a model with only a spatially varying intercept had
a deviance explained of 80.1%—which could account for ge-
ographic genetic clines in phenology and plastic responses to
geographic climate gradients.

As with the linear models, we also tested whether genetic
variation in phenology in experiments could explain local
variation in PTU of collection date in nature. Again, we found

G20z Jequisda || Uo Jasn AlisiaAlun a)els elueajlAsuusd Aq 801 SZE8/01 LIBOA/GRI/EE0L 01 /10p/8|oIe-aoueApE/qal/Wwoo dnoolwsapeose//:sdyy wol) pepeojumoq


https://academic.oup.com/jeb/article-lookup/doi/10.1093/jeb/voaf140#supplementary-data

12

that flowering time and dormancy were not significantly re-
lated to wild PTU at collection in GAMs with spatially varying
intercepts. Elevation was negatively related to PTU, indicating
that higher elevation plants were collected earlier in growing
seasons, reflecting a potential winter annual strategy (Figure
1, slope: —0.018 /PTU/m, p < .01). Additionally, elevation
was positively correlated with date of collection (slope: 0.012
days/m, p < .05).

Discussion

Plant phenology comprises multiple traits that contribute to
fitness. In Arabidopsis, flowering time and germination can
vary independently to create a landscape of possible life his-
tories across environments (Debieu et al., 2013; Marcer et
al., 2018; Martinez-Berdeja et al., 2020). This variation in
phenology is likely partly maintained by selection, given that
the traits vary geographically in association with climate
(Exposito-Alonso, 2020; Fournier-Level et al., 2011; Vidigal
et al., 2016) and biotic pressures (Davila Olivas et al., 2017
Lyons et al., 2015), that QTL show evidence of local adap-
tation (Gamba et al., 2023; Lasky et al., 2024), and that the
timing of individual phenological transitions is often corre-
lated with fitness in experiments (Korves et al., 2007; Stock
et al., 2015). Standing genetic variation is necessary for the
timing of developmental transitions to evolve in response to
selection by local environments, but little is known about the
heritability of phenology in natural, wild individuals. Further-
more, because multiple developmental transitions influence
phenology, the effects of variation in the timing of one stage
might be compensated by (or, in underparameterized experi-
ments, confounded by) variation in the timing of other stages.
Given widespread evidence that genetic variation in life his-
tory is adaptive, we investigated to what degree experimen-
tally measured genetic variation in Arabidopsis phenology
predicts phenology of plants in the wild, based on collection
dates of natural history records.

The influence of genotype and environment on flowering
time and dormancy have been well studied experimentally
in Arabidopsis. Yet, common garden and controlled environ-
ment experiments must be designed thoughtfully to highlight
genetic differences between ecotypes that are relevant to selec-
tion in natural environments (Karrenberg & Widmer, 2008).
While experimental design has increasingly recognized the
importance of field conditions to acquire a measure of phe-
nology that is more representative of nature (Anderson et
al., 2012; Brachi et al., 2013; Poorter et al., 2016; Wilczek
et al., 2009), there has been little comparison of controlled
experiments, field or otherwise, to phenology in wild, natu-
rally cycling individual plants. We found that flowering time
and dormancy genetic values are related to date of collection
and capture variation in phenology primarily among popula-
tions in the wild, but explain little variation within regions/
populations.

Genetic variation in flowering time and dormancy
predicts variation in wild phenology among
regions across the species range

Across the species range, both primary dormancy and nonver-
nalized flowering time significantly predicted collection dates,
though much variation remained unexplained. These pheno-
logical transitions are not independent of each other. As seen
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in individual experiments (Martinez-Berdeja et al., 2020), we
found that the average genetic values for primary dormancy
and nonvernalized flowering time were negatively correlated
(Figure 4). Furthermore, dormancy is strongly affected by en-
vironmental conditions during seed maturation (Burghardt et
al.,2016; Huang et al., 2015; Penfield & Springthorpe, 2012).
Thus, interaction between flowering time and dormancy in the
wild could stem from both genetic correlations and environ-
mentally induced interactions. Despite our expectation for in-
teractions between germination and flowering traits, models
of collection day that included flowering time by dormancy
interactions had a higher AIC and did not explain more de-
viance than a model with both traits separately. Including in-
teractions between flowering time and dormancy in our mod-
els did not help to explain collection date in the wild.

We found that predicted wild collection date was positively
related to flowering time genetic values when we extended our
analysis to predict wild flowering times from a smoothed sur-
face of collection dates fit to herbarium records. In our lin-
ear models, average flowering time breeding value was more
closely related to this estimated day of collection than was
the actual date of collection of ecotypes in experiments. How-
ever, a large portion of phenological variation within local re-
gions remained unexplained even with phenological genetic
values. We attempted to avoid records that were unusually
young or old by only using specimens that had both flow-
ers and fruits; moreover, both our herbarium and seed col-
lections spanned nearly the entire year (Julian days 5-350 for
herbarium records, 43-346 for seed collections). Still, herbar-
ium records are known to skew slightly towards earlier in sea-
sons (though removing herbarium specimens from our anal-
yses did not change results) (Daru et al., 2018), while seed
collections must be collected long enough after the initiation
of flowering to allow for the development of some mature
seeds. A single observation during reproduction, common for
natural history collection vouchers, cannot resolve the uncer-
tainty around when plants begin their vegetative growth in the
wild, making it difficult to describe phenology of the full life
cycle. With better information and in climates where grow-
ing conditions are clearly defined, it may be possible to es-
timate germination dates and full life cycle phenology from
herbarium specimens (Bontrager et al., 2025a). Nevertheless,
we found the expected strong latitudinal cline in collection
dates of Arabidopsis, going from March to late June across
the study region, and we previously found that collection date
accelerates by ~1 week for every 1°C spring warming (Deleo
etal., 2020), suggesting collection dates do reflect natural phe-
nology.

Spring onset differs among locations, and so a calendar date
at a higher latitude or elevation may be functionally earlier
in the season than a lower latitude or elevation. PTUs rep-
resent how much of a growing season has passed by a given
date by recording temperature and daylight above a thresh-
old. Thus, plants collected at lower PTUs may be early flow-
ering (developmentally) despite a later collection date. Higher
PTU may indicate plants growing as summer or fall annu-
als that germinated later in the year. In that case, ecotypes
with higher PTUs would likely be fast cycling, earlier flower-
ing plants (Figure 2). While we did find a negative correlation
between flowering time genetic values in field and vernalized
experiments versus PTU, we see the opposite in nonvernal-
ized experiments. This last observation is somewhat surpris-
ing, since we expected plants that flower later in the absence
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of vernalization to be more likely to grow as winter annuals
in the wild and flower early in the spring (Figure 1). Higher
PTUs in these presumptive winter annuals may suggest that
plants in these locations regulate their life histories to flower
later in the year than expected by temperature and daylight
alone. There is some evidence that later flowering ecotypes
could in fact be more flexible in their flowering time relative
to germination than early flowering ecotypes (Miryeganeh et
al., 2018), which could hide the signal of early spring flower-
ing we expected in late flowering Arabidopsis.

Within regions, genetic phenology values do not
predict phenology in the wild

Because Arabidopsis exhibits substantial local within-
population variation in phenology (Alonso-Blanco et al.,
2016; Arana & Pico, 2025; Brachi et al., 2013; DeLeo et
al., 2020; Jones, 1971), we asked how genetic variation in
phenology was related to phenological variation within local
regions. This within-region phenological variation can have
fitness consequences. Variation contributes to population
persistence in variable environments, as when different ger-
mination behaviour provides bet hedging in the seedbank
(Cohen, 1967; Gremer & Venable, 2014).

We found that neither dormancy nor flowering time genetic
values from experiments were significantly related to collec-
tion date when we accounted for geographic variation in lo-
cal mean collections dates in a GAM. However, flowering time
and dormancy did improve GAMs for collection date over a
model that included only geographic location and elevation,
suggesting that genetic variation in the timing of germination
and flowering time does explain a minor fraction of the phe-
nological variation within regions. Nonvernalized flowering
time was negatively, nonsignificantly related to local variation
in collection date, perhaps because in many locations, geno-
types flowering later in experiments without vernalization are
more likely to behave as winter annuals, flowering early in the
spring before spring annuals.

In our models, there was very little difference between non-
vernalized, vernalized, and field-measured flowering times in
predicting collection dates, despite the expectation that field
experiments recreate conditions similar to nature. However,
data from field experimental trials were available for a smaller
set of ecotypes than nonvernalized and vernalized indoor tri-
als, and we lacked Iberian ecotypes with field experimental
data and date of collection, limiting the usefulness of this mea-
sure across the range. Our model provided weak evidence that
the genetic values for flowering time and dormancy explained
within-region variation in wild collection day. However, our
set of ecotypes with known collection day and experimental
indoor flowering time numbered 258, potentially still too few
to detect strong statistical significance given the noise arising
from plasticity in responses to local environmental gradients.

Conclusion

We demonstrated that experimental measures of genetic vari-
ation in the timing of individual developmental transitions
in Arabidopsis are significantly, but modestly, correlated with
phenological variation in wild plants. On one hand, the exis-
tence of a relationship suggests there is some relevance of phe-
notypes measured in experiments to those exhibited in nature.
However, the weakness of the relationships (especially locally,
within regions) suggests the existence of either a) complex in-

13

teractions between developmental stages to determine phenol-
ogy, (b) low heritability in nature, or (c) extensive rank chang-
ing genotype—environment interactions across microsites. Ge-
netic differences in Arabidopsis phenology across the species
range are often cited as evidence of the adaptive importance
of phenology (Brachi et al., 2013; Exposito-Alonso, 2020;
Fournier-Level et al., 2011; Samis et al., 2012; Stinchcombe et
al., 2004). Incorporating information on between-population
and within-population phenology diversity helps to clarify
how selection may be acting on phenology across the land-
scape and how influential plasticity is in the phenology of
this annual herb. Yet, genetic flowering times among popu-
lations across the species range are associated with pheno-
logical variation in natural history collections, due to some
combination of genotypic and environmental effects (and their
possible cogradient variation) (Jones et al., 2025). While phe-
nological plasticity is often of large magnitude, it may not
be enough to maintain fitness under environmental change
(Zettlemoyer et al., 2024). Ultimately, controlled experiments
on many plants have suggested phenology is under selection
in nature, but understanding more subtle environmental dif-
ferences and stochasticity may help to clarify the evolution
of phenology and translate genetic values into reliable predic-
tions with and between populations.
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