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abstract: The timing of early life cycle events has cascading effects
on phenology and fitness. These effects may be critical for climate re-
silience of plant populations, especially in Mediterranean environ-
ments, where delayed rainfall onset causes delayed germination. To
examine impacts of germination timing on 10 species of the Strep-
tanthus/Caulanthus clade, we induced germination across a range
of dates in ambient seasonal conditions and recorded phenological
and fitness traits. Later-germinating cohorts accelerated flowering,
partially stabilizing flowering date, but the degree of this compensa-
tory plasticity differed across species. Fitness declined with later ger-
mination; the magnitude of this decline depended on the balance
between direct negative effects of later germination and compen-
satory positive effects of accelerated flowering. The resulting spe-
cies’ differences in fitness responses suggest differential vulnerability
to climate change. Species from wetter, cooler, less variable habitats
exhibited greater phenological plasticity, accelerating flowering more
and declining less in seed set with later germination than desert spe-
cies. However, other fitness responses to germination timing, such
as first-year fitness, were evolutionarily labile across the clade and
unrelated to climate. Although compensatory phenological plasticity
may buffer the impacts of delayed germination, it cannot prevent
long-term declines in population fitness as fall rains come later with
climate change.

Keywords: Brassicaceae, climate change, flowering time, germination
time, phenotypic plasticity.

Introduction

The seasonal timing of early life cycle events, such as birth,
hatching, or seed germination, has critical effects on fit-
ness in many organisms (Kalisz 1986; Donohue 2002, 2005;
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Donohue et al. 2005; van Asch and Visser 2007). The tim-
ing of these events determines the effective length of the
growing season and the environmental conditions organ-
isms experience throughout the life cycle, including en-
vironmental cues mediating the timing of later life cycle
events, such as reproduction (Galloway 2001; Donohue
2005; Donohue et al. 2005; Wilczek et al. 2009). However,
climate change is altering the timing and length of the
growing season as well as the environmental cues driving
seasonal phenology for many organisms (Parmesan and
Hanley 2015; Wadgymar et al. 2018; Bonamour et al. 2019;
Bernhardt et al. 2020). An important question is whether
phenological plasticity can buffer the population fitness
impacts of such environmental change (Ghalambor et al.
2007; Chevin et al. 2010; Nicotra et al. 2010; Duputié et al.
2015; Kingsolver and Buckley 2017; Gauzere et al. 2020;
Scheiner et al. 2020; Zettlemoyer et al. 2024). If so, the
resilience of species’ fitness to changing climate may depend
on the phenological consequences of early life cycle events
(Gremer et al. 2020a; Martínez-Berdeja et al. 2023).
In plants, seed germination timing is a critical early

event that determines the seasonal conditions that plants
experience throughout the life cycle (Donohue 2005). A
species’ germination niche—the range of environmental
conditions under which seeds can germinate—determines
its germination phenology (Donohue et al. 2010;Martínez-
Berdeja et al. 2023; Worthy et al. 2024b). In seasonally dry
climates, including Mediterranean climates, the timing of
precipitation onset relative to other seasonal environmen-
tal cues regulating germination, such as temperature and
day length, determines whether and when seedlings will
emerge (Kimball et al. 2010; Martínez-Berdeja et al. 2020,
2023; Worthy et al. 2024b). Germination timing in turn de-
termines the length of the growing season as well as expo-
sure to environmental cues that mediate the timing of later
hicago. All rights reserved. Published by The University of Chicago Press for
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events, such as flowering and seed set. These cascading
effects of germination timing may be important to spe-
cies’ persistence as climate change alters the timing and
variability of seasonal precipitation in Mediterranean re-
gions (Swain et al. 2018; Dong et al. 2019; Luković et al.
2021). In California, germination-triggering rains are com-
ing later in fall, with a more compressed rainy season
(Luković et al. 2021). This delay in rainfall onset con-
strains seeds to germinate later in the year, under different
seasonal conditions and with a shorter potential growing
season (Worthy et al. 2024b).
Seasonal delays in germination timing may affect spe-

cies’ fitness directly, through effects on growing season envi-
ronment or length, or indirectly, through effects on repro-
ductive phenology. Flowering time is often under strong
selection, which usually favors earlier flowering (Munguía-
Rosas et al. 2011; Anderson et al. 2012; Austen et al. 2017;
Ensing et al. 2021; Zettlemoyer et al. 2024). In a shorter po-
tential growing season, such selection may favor acceler-
ated flowering at a smaller size to assure reproduction
(Cohen 1976). If so, acceleration of flowering in later-
germinating cohorts, mediated by seasonal environmen-
tal cues such as increasing day length or accumulation of
photothermal units (Wilczek et al. 2009), could be a form
of compensatory phenotypic plasticity mitigating fitness im-
pacts of shorter growing seasons. On the other hand, if later
germination prevents exposure to critical seasonal cues, such
as accumulation of chilling hours (vernalization), the tran-
sition to flowering may be delayed or prevented with crit-
ical consequences for life history and fitness (Galloway and
Etterson 2007; Gremer et al. 2020a). Species differences
in phenological plasticity and fitness resilience to germina-
tion timing may contribute to differential vulnerability to
climate change (Matesanz et al. 2010; Chevin et al. 2012).
Here, we examine the phenological and fitness conse-

quences of germination timing in the Streptanthus/Caulan-
thus clade (Brassicaceae) by forcing plants to experience a
range of natural seasonal environments both within and
beyond their typical germination window. We asked the
following. First, does flowering phenology respond to ger-
mination timing? Depending on species’ responses to sea-
sonal cues, flowering in later-germinating cohorts might
be either accelerated (Wilczek et al. 2009; Wu and Owen
2014; Olliff-Yang and Ackerly 2021; Martínez-Berdeja
et al. 2023) or delayed (Gremer et al. 2020a). Second, does
germination timing affect fitness, either directly or indi-
rectly, through effects on flowering phenology? Third, how
have responses of flowering time and fitness to germination
timing diversified across the clade, and do patterns reflect
climate of origin? And fourth, can variation among species
in responses to germination timing lead to differential vul-
nerability to climate change? Understanding variation in
responses to germination timing can reveal species’ differ-
ences in vulnerability to climate change at later life stages,
compounding the potential effects of climate change on ger-
mination alone (Walck et al. 2011; Worthy et al. 2024b).
Methods

Study System

To investigate the potential impacts of germination delays
on subsequent flowering phenology and fitness, we used
12 populations from 10 species that span the Streptanthus
and Caulanthus genera of the Streptanthus clade of Bras-
sicaceae: Caulanthus anceps (CAAN), C. coulteri (CACO),
C. inflatus (CAIN), Streptanthus breweri (STBR), S. diver-
sifolius (STDI), S. drepanoides (STDR), S. glandulosus
(STGL), S. insignis (STIN), S. polygaloides (STPO), and
S. tortuosus (STTO; table S1; tables S1–S21 are available
online; Cacho et al. 2014). Henceforth, we refer to all spe-
cies and populations by the abbreviations given above.
This group has diversified from desert origins to across
a broad latitudinal range that encompasses the California
Floristic Province, spanning a wide range of mean and
variability in temperature and precipitation (Axelrod 1958;
Cacho et al. 2014, 2021; Worthy et al. 2024b). Species
typically occur in sparsely populated, bare, harsh habitats
growing on dry, rocky, or sandy substrates (Cacho and
Strauss 2014; Pearse et al. 2022). They all experience grow-
ing seasons dictated by the Mediterranean climate of Cali-
fornia, where germination-triggering rain events start the
growing season in the fall and onset of drought ends the
growing season. All species are winter annuals except for
STTO, which has variation in life histories within and
across populations, with facultative winter annual, bien-
nial, and perennial life histories observed in some pop-
ulations (Gremer et al. 2020a). The STTO population used
in this study (TM2) is largely winter annual but also ex-
hibits biennial and perennial life histories depending on
germination timing and exposure to vernalization cues
(Gremer et al. 2020b; J. R. Gremer, unpublished data).
Hereafter, we will refer to the STTO life history as faculta-
tive biennial.
Eight of the species in this study were represented by

one population approximately centrally located within the
species’ range-wide climatic space (fig. S1; figs. S1–S11 are
available online). Two species, CAAN and CAIN, were
opportunistically represented by two populations because
of seed availability. We tested whether our conclusions
varied on the basis of the inclusion of these different popu-
lations of CAAN and CAIN in models that revealed small
differences in the level of statistical significance but no dif-
ferences in trends.
Seeds for the experiment were collected as maternal

families from the field in 2019 (June–August) or harvested
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from plants grown out simultaneously in a “screenhouse”
common garden at the University of California, Davis
(UC Davis; table S1). The screenhouse has a clear plastic
roof and screened walls that allow exposure to ambient
temperatures and day length but controlled watering and
pollination. In the field, we collected seed only from plants
with more than five fruits and more than 1.5 m from
previously sampled plants. Unfortunately, sufficient fresh
field-collected seed was not available for some species. For
these species, we used maternal parents from seed collec-
tions in prior years, planted for a single generation of
bulking in the screenhouse in September 2018 with ex-
perimental seeds harvested from these parents between
June and August of 2019. Pools of seeds for the entire
experiment (n p 600) were created from approximately
20 maternal families for each population. All seeds were
stored dry at room temperature in the dark from collec-
tion until the start of the experiment.
Experimental Design

To examine phenological and fitness responses to seasonal
germination timing, we induced germination on dif-
ferent dates to create eight staggered seasonal germina-
tion timing cohorts, one cohort planted every 3–4 weeks
from September 20, 2021, to March 7, 2022. These co-
horts spanned the natural germination timing in the field
for these populations as well as extending timing earlier
and later in the season. By forcing seeds to germinate out-
side their species’ normal seasonal germination niche, we
could observe phenology and fitness responses to germina-
tion timing across a wider range of seasonal environments,
simulating historical extremes of rain onset and future cli-
mate change scenarios.
For each germination timing cohort, 75 randomly se-

lected seeds from the original seed pool of each species
were sown into individual cells of Landmark 98 germina-
tion plug trays with a goal of 24 seedlings for later trans-
plant. Trays were filled with a mix of two-thirds UC Davis
potting soil (equal parts sand, compost, and peat moss with
dolomite) and one-third coarse 16 grit sand, watered until
saturation. Seed coats of the Caulanthus species were scar-
ified using a scalpel prior to sowing to remove physical
dormancy barriers to germination observed in prior un-
published experiments (LoPresti et al. 2019; S. J. Worthy
and J. R. Gremer, unpublished data). After planting, trays
were placed into growth chambers (E7/2; Conviron,Win-
nipeg) for 17 days with 12-h daylight cycles at varying
temperatures to promote germination (table S2). Germina-
tion of individual seeds was asynchronous within each co-
hort of each population across the 17 days, which also
reflects germination behavior observed in a prior experi-
ment (Worthy et al. 2024b) and in the field.
For each planting cohort, germination trays were placed
in the screenhouse at UC Davis, after the 17-day germina-
tion period in growth chambers. After a 24-h adjustment
period, seedlings were transplanted into individual cone-
tainers (164 mL, SC10; Stuewe & Sons, Tangent, Oregon)
filled with the same soil mixture as the germination trays.
The height of each seedling was recorded to use as a size
covariate in analyses, and cones were placed on a mist
bench for 3 weeks to minimize transplant shock. Follow-
ing this acclimation period, cones were placed randomly
into population-specific racks distributed across four screen-
house benches. Sample size varied among populations
and among cohorts due to variation in germination rang-
ing from 0 to 24 individuals in each cohort (table S1).
When plants flowered, we hand-pollinated them every 2
or 3 days to ensure pollination. We used cotton swabs
to collect pollen from open flowers of at least two indi-
viduals per population and then distributed pollen to
all flowering conspecifics. Two conspecifics were always
available for pollination because of overlapping flowering
among cohorts.
During the study, plants were watered using a drip irriga-

tion system with each species assigned to one of three wa-
tering regimes: low (49.50 mL/week), medium (57.75 mL/
week), or high (75.25 mL/week). In pilot experiments, we
found that desert species got fungal disease with too much
water, while species occupying wetter climates suffered un-
der drier desert watering regimes. We therefore grouped
species into watering regimes similar to annual rainfall at
their field sites, determined by comparing 30-year average
annual precipitation (1991–2020) for each population’s col-
lection site extracted from the PRISM database (PRISMCli-
mate Group 2014; table S1). These precipitation amounts
were converted to millimeters per week of the study and
then to milliliters (1 mmp 1 L/m2), after which they were
used to calculate the length of time the irrigation system
should run to deliver the desired quantity of water (based on
the average flow rate of the drip irrigation system, 16.5 mL/
min). When necessitated by prolonged temperatures greater
than 387C and plant wilting, additional water was supplied
with proportional increases across the watering groups (ta-
ble S3). Mean air temperature in Davis, California, during
the experiment, ∼157C (97C–217C), was comparable to his-
torical and contemporary field mean air temperatures pop-
ulations experienced (table S4). To determine the end of
the season, we visualized 30 years (1991–2020) of monthly
precipitation values from the PRISM database, which showed
that mid-June was a conservatively late choice considering
differences in monthly precipitation among the popula-
tions’ locations (fig. S2). To simulate a natural end to the
season, watering was tapered off over a 3-week period prior
to the end of the study on June 13, 2022. Later-germinating
cohorts experienced shorter growing seasons, and thus
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less total irrigation, than earlier cohorts, which reflects ex-
pected costs to later germination.
Environmental Measurements

To quantify seasonal environments experienced by suc-
cessive germination cohorts, we recorded hourly tempera-
ture in the screenhouse with temperature loggers (Thermo-
chron DS1921G iButtons) buried in soil-filled cones from
the date of transplant to the end of the study for each ger-
mination timing cohort. We used these data to calculate
two metrics of cumulative growing season conditions for
each germination timing cohort: accumulated chilling, ex-
pressed as chill portions, and photothermal units. Chill por-
tions, a measure of cumulative exposure to cold temperatures
(Fishman et al. 1987a, 1987b), were calculated using chillR
(Luedeling et al. 2023). One chill portion is obtained after
exposure to 67C for approximately 28 h (Erez 2024). Ac-
cumulation of chill portions provides an index of progress
toward fulfillment of potential vernalization requirements.
Photothermal units were calculated according to Burghardt
et al. (2015) such that each germination timing cohort ac-
cumulated thermal time during daylight hours with a base
temperature rate of 47C. This metric takes into account
the combined impacts of photoperiod and ambient temper-
ature on plant progress toward flowering (Wilczek et al.
2009; Burghardt et al. 2015). We also determined the day
length for each day of the study for the location of the
screenhouse using chillR (Luedeling et al. 2023).
Data Collection

We measured phenological and morphological traits for
all transplanted individuals. To quantify phenology, we cen-
sused individuals three times a week and recorded dates
of first bud, first flower, and first fruit. The dates of these
phenological stages were highly correlated and results are
concordant among the stages, so only first bud dates are
considered in analyses here (table S5). We also recorded the
height of each individual at these phenological stages. From
these traits, we calculated time to first bud and first bud
date for each individual. Time to first bud was calculated as
the number of days between transplant date and date of first
bud, an index of developmental speed. First bud date was
calculated as the number of days from September 1 until
first bud to standardize among germination timing co-
horts. This metric represents the seasonal timing of first
bud production.
To assess effects of germination timing on individual fit-

ness, we recorded whether each plant flowered and scored
seed number and total seed mass for all flowering individ-
uals. We then calculated first-year fitness for each individ-
ual as the probability of flowering multiplied by the num-
ber of seeds produced. This metric is equivalent to lifetime
fitness in annual species, but it does not account for repro-
duction in later years for biennials or perennials.
Data Analysis

Does Flowering Phenology Respond to Germination Tim-
ing? To examine phenological responses to germination
timing, we fitted linear models to time to first bud, first
bud date, and size at first bud. Each of thesemodels included
germination timing (transplant date coded as continuous),
species, germination timing#species interaction, transplant
height, and bench as predictors. Analysis of deviance tables
were generated for fitted models to evaluate the signifi-
cance of main effects. Marginal means of the relationships
of time to first bud, first bud date, and size at first bud with
germination timing were then estimated for each species
using the emmeans package (Lenth 2023). We also tested
for effects of seed source (screenhouse vs. field collected)
by comparing mean (Student’s t-test) and homogeneity
of variance (Levene’s test; car package; Fox and Weisberg
2019) in phenological responses to germination timing
(slopes) between the groups.

Does Germination Timing Affect Fitness, Either Directly
or Indirectly, through Flowering Phenology? To explore
effects of germination timing on flowering probability,
we fitted a group logistic regression with binomial error
and a logit link function. Groups were benches (n p 4)
within each cohort, and predictors were germination tim-
ing (transplant date coded as continuous), species, their in-
teraction, and bench. Negative binomial generalized linear
models (MASS package; Venables and Ripley 2002) were
fitted to evaluate the relationships of number of seeds
(for individuals that flowered) and first-year fitness with
germination timing, whereas a linear model was fitted to
model the same relationship for total seed mass. All of
these fitness responsemodels included germination timing
(transplant date coded as continuous), species, their inter-
action, transplant height, and bench as predictors. Analy-
sis of deviance tables were generated for fitted models to
evaluate the significance of main effects, and then mar-
ginal means of the relationships between each fitness re-
sponse and germination timing were estimated for each
species using the emmeans package (Lenth 2023). We tested
for effects of seed source on fitness responses to germina-
tion timing using the same models as for phenology re-
sponses above.
To decompose the effects of germination timing on fit-

ness into direct effects and indirect effects through flower-
ing phenology, we used structural equation models (SEMs)
for time to first bud. Models were built separately for each
species using piecewiseSEM (Lefcheck 2016). Prior analyses
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did not find significant differences among populations
within species, so populations were pooled for SEM analy-
sis. The models consisted of (1) a linear model fitted to the
phenology response with germination timing (transplant
date coded as continuous) and transplant height as pre-
dictors and (2) a negative binomial generalized linear model
fitted to number of seeds with the phenology response, ger-
mination timing, and transplant height as predictors. Tests
of directed separation and Fisher’s C statistic were used
to evaluate goodness of fit of the SEMs (Lefcheck 2016;
Lefcheck 2021). The latent-theoretical approach was used
to calculate standardized path coefficients for the linear
phenology submodel, while the observation-empirical ap-
proach was used for the negative binomial fitness submodel
(Grace et al. 2018; Lefcheck 2021). Diagrams of the SEMs
were generated using DiagrammeR (Iannone 2023).

HowHave Responses of Flowering Time and Fitness to Ger-
mination Timing Diversified across the Clade, and Do Pat-
terns Reflect Climate of Origin?We evaluated how relation-
ships between phenology, fitness, and germination timing
were distributed across the phylogeny of these species
to understand how these responses have diversified. The
phylogenetic hypothesis for the Streptanthoid complex was
previously generated by Cacho et al. (2014). We tested for
phylogenetic signal in the marginal means estimated for
each species from relationships between time to first bud,
first bud date, probability of flowering, number of seeds,
total seed mass, first-year fitness, and germination timing.
Blomberg’s Κ was estimated using phytools (Revell 2012)
with standard errors of the marginal means included in the
estimations. Values of Blomberg’s Κ equal to 1 indicate that
species variation in these relationships are indistinguish-
able from Brownian motion along the phylogeny (Blom-
berg et al. 2003). When values of Κ are greater than or less
than 1, there is more or less variation, respectively, among
species in the relationships than expected given Brownian
motion (Blomberg et al. 2003).
We tested whether slopes of relationships between time

to first bud, probability of flowering, number of seeds, first-
year fitness, and germination timing were related to spe-
cies’ climate using phylogenetic generalized linear mod-
els (Orme et al. 2023). Six climate variables were extracted
from the California Basin Characterization Model (Flint and
Flint 2014) for species’ locations across their ranges taken
from herbarium records from the Consortium of Califor-
nia Herbaria (CCH2 Portal 2023; table S6). Average annual
values of climate water deficit, precipitation, minimum and
maximum temperatures, and interannual variability in pre-
cipitation (coefficient of variation) and temperature (stan-
dard deviation) over 25 years (1991–2015) were calculated,
and a principal component analysis was used to reduce di-
mensionality of the data (table S6). The first principal com-
ponent (PC1) was used in the models, as it explained 62%
of the variation and was positively associated with precipi-
tation and negatively associated with climate water deficit,
minimum and maximum temperatures, and precipitation
variability (table S6). This principal component contrasts
cool, wet climates with less variation in precipitation (high
values of PC1) from warm, dry climates with more variable
precipitation (table S6).
We also used phylogenetic generalized linear models

to test whether species with more specialized germination
niches (i.e., those germinating in a narrower seasonal win-
dow with respect to rainfall onset) would also bemore spe-
cialized in their postgermination niche requirements. If
so, germination specialists should exhibit greater fitness
reductions when forced to germinate outside their usual
seasonal germination niche than species that germinate
across a broader range of rainfall onset dates. In a previous
study, we showed that germination fraction declined with
later rainfall onset date in many of these species, but the
magnitude of response varied significantly across the phy-
logeny (Worthy et al. 2024b). Here, we used the slope of
this relationship as an index of germination specialization
for each species; steeper slopes indicated narrower germi-
nation niches concentrated earlier in the season. To test
our prediction, we asked whether such germination spe-
cialization was associated with species declines in number
of seeds produced or first-year fitness with later germina-
tion timing in the present study. For this analysis, slopes
of germination fraction for the species CAIN and CAAN,
estimated in Worthy et al. (2024b), were averaged over
two populations.
Last, we used phylogenetic generalized linear models to

test the hypothesis that species with greater acceleration
of flowering in later cohorts would better maintain fitness
across a range of germination dates, as expected if this com-
pensatory plasticity is adaptive. We tested this hypothesis
by evaluating relationships between slopes of time to first
bud against germination timing and slopes of three fitness
metrics (flowering probability, number of seeds produced,
and first-year fitness) against germination timing.
Results

Does Flowering Phenology Respond
to Germination Timing?

Later-germinating cohorts encountered different seasonal
environments, including decreases in the amount of chill-
ing and photothermal units individuals accumulated during
the growing season and variation in day length (fig. S3). Ef-
fects on reproductive phenology of these shifts in seasonal
conditions with germination timing varied among species.
In all species, the number of days to production of the first
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bud decreased significantly with later germination timing
(fig. 1; tables S7, S8). Nevertheless, in all species except
STTO, which did not flower in later cohorts, individuals
that germinated in later rain events produced their first
bud later in the season than individuals that germinated
in earlier rain events (fig. S4; tables S7, S9). Thus, acceler-
ation of bud production in later-germinating cohorts par-
tially synchronized reproductive timingwith earlier cohorts
but did not completely prevent reproductive delays. Spe-
cies differed in the degree of this compensatory plasticity
of days to bud to germination timing (fig. 1) and conse-
quently in the degree of synchronization of budding date
across germination cohorts (fig. S4). Species with greater
acceleration of budding in later-season germination cohorts
exhibited more synchronization of budding date with re-
spect to germination timing (figs. 1, S4). In four species,
plants from later-season germination cohorts were sig-
nificantly shorter when producing their first bud than
individuals in earlier cohorts (fig. S5; tables S7, S10). Seed
source (field vs. screenhouse) did not have a significant ef-
fect on species’ phenological responses to germination tim-
ing (table S11).
Does Germination Timing Affect Fitness, Either Directly
or Indirectly, through Flowering Phenology?

Germinating later in the season translated, for many spe-
cies, into reduced fitness. For five species, the probability
of flowering significantly decreased as the timing of ger-
mination came later in the season (fig. 2; tables S12, S13).
The facultative biennial STTO failed to flower entirely in
the last four germination cohorts (fig. 2, S5). One species,
STDR, showed a significant increase in the probability of
flowering with later germination, potentially due to high
prereproductive mortality of individuals in the first cohort
that resulted in low sample sizes for early cohort estimates
(fig. S6).
Flowering individuals of six species produced signifi-

cantly fewer seeds when germinating later in the season
(fig. 3; tables S12, S14), and four of these species also had
Figure 1: Relationships between amount of time to first bud (days) and germination timing. Time to first bud was calculated as the number
of days between individual transplant date and date of first bud. Regression lines represent significant negative relationships where individ-
uals that germinated in later cohorts took less time to produce their first bud. Points represent observed time to first bud for individuals of
each species in each cohort. Points are opaque gray where darker points indicate overlap among points. Panels are ordered by species’ phy-
logenetic relationships. See the main text for species abbreviations.
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significantly lower total seed mass with later germina-
tion timing (fig. S7; tables S12, S15). Overall, seven of the
10 species showed significant decreases in their first-year
fitness as the timing of rainfall events and subsequent ger-
mination occurred later in the season (fig. S8; tables S12,
S16). There was no detectable effect of seed source on the
fitness responses to germination timing (table S11).
SEMs revealed that germination timing influenced seed

production both directly and indirectly through its effects
on flowering phenology (fig. 4; table S17). Later germina-
tion timing had a significant and direct negative effect on
seed number for all species except STTO and STPO, the
latter of which had low overall seed set throughout the ex-
periment (fig. 4). This negative effect was partially counter-
acted by a positive indirect effect through time to first bud,
suggestive of adaptive phenotypic plasticity (table S17): later
germination resulted in significantly fewer days to bud,
which in turn had a significant positive effect on seed
number in all species except STPO and STIN (fig. 4). Thus,
acceleration of flowering in later cohorts partially amelio-
rated the fitness impacts of later germination. However,
the relative magnitude of direct and indirect effects, and
thus the total effect of germination timing on fitness, var-
ied among species (fig. 4; table S17).
How Have Responses of Flowering Time and Fitness
to Germination Timing Diversified across the Clade,

and Do Patterns Reflect Climate of Origin?

Species’ reproductive phenology and fitness responses to
the timing of germination varied substantially across the
clade. We did not find significant phylogenetic signal for
responses of time to first bud or first bud date (Κ p 1:19,
P p :15; figs. 5, S9) to germination timing with Κ values
consistent with Brownian motion; note that these pheno-
logical traits are linear transformations of one another, so
the statistics are identical. Bloomberg’s Κ for responses
of flowering probability (Κ p 0:95, P p :90; fig. S9), num-
ber of seeds produced (Κ p 1:07, P p :86; fig. 5), seed
mass (Κ p 0:77, P p :42; fig. S9), and first-year fitness
(Κ p 0:68, P p :99; fig. S9) to germination timing were
also consistent with Brownian motion.
Figure 2: Relationships between probability of flowering and germination timing. Regression lines represent significant relationships (back
transformed from logit scale) where later-germinating individuals had lower probability of flowering except for STDR, which had high pre-
reproductive mortality of individuals in the first cohort (fig. S6). Points represent mean proportions of flowering individuals of each species in each
cohort on each of four benches. Points are opaque gray where darker points indicate overlap among points. Panels are ordered by species’ phy-
logenetic relationships. See the main text for species abbreviations.
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After accounting for phylogenetic relatedness, the re-
sponses of time to first bud and number of seeds to germi-
nation timing were significantly related to the PC1 of spe-
cies’ range-wide 25-year average annual climatic conditions
(fig. 6A, 6C; table S18), suggesting a role of climate adap-
tation in species divergence. Species with steeper slopes of
time to first bud (i.e., those whose reproductive phenology
was more plastic to germination timing) were associated
with lower climate water deficient, lower variability in pre-
cipitation, lower maximum temperature, and higher mean
annual precipitation (fig. 6A; table S6). These species also
had shallower decreases in number of seeds produced with
later germination timing (less negative slopes; fig. 6C).
Slopes of flowering probability and first-year fitness against
germination time were unrelated to climate (fig. 6B, 6D;
table S18).
We had hypothesized that species with narrower sea-

sonal germination niches observed in our previous study
(Worthy et al. 2024b) might have greater fitness sensitivity
when forced to experience seasonal conditions under which
they normally would avoid germinating. However, results
of phylogenetic generalized linear models did not support
that hypothesis: steeper declines in germination propor-
tion in later seasonal cohorts (i.e., narrower seasonal ger-
mination niches) were not significantly associated with
steeper declines in fitness with later germination (narrower
postgermination seasonal niches; fig. S10; table S19) across
species.
We also tested the hypothesis that compensatory plas-

ticity of days to bud (or stasis of bud date) to germina-
tion timing would be associated with stabilization of fitness
across germination cohorts. Accounting for phylogenetic
relatedness, we observed a marginally significant negative
relationship between species’ phenological plasticity of days
to bud (e.g., the slope of the relationship between time to
first bud and germination timing) and response of seed
number to germination timing (fig. S11A; table S20). Spe-
cies with steeper decreases in time to first bud—and con-
sequently smaller delays in bud date—had shallower de-
clines in seed number with later germination timing, as
predicted if acceleration of flowering in later cohorts is
adaptive, compensatory plasticity. However, the relationships
Figure 3: Relationships between number of seeds produced and germination timing. Regression lines represent significant negative
relationships where later-germinating individuals produced fewer numbers of seeds. Points represent the number of seeds for individuals
of each species in each germination timing cohort. Points are opaque gray where darker points indicate overlap among points. Many individ-
uals included in this analysis flowered but did not produce any seeds (n p 389). Panels are ordered by species’ phylogenetic relationships. See
the main text for species abbreviations.



Fi
gu

re
4:

R
es
ul
ts
of

st
ru
ct
ur
al
eq
ua
ti
on

m
od

el
s
te
st
in
g
fo
r
di
re
ct

ef
fe
ct
s
of

ge
rm

in
at
io
n
ti
m
in
g
(c
oh

or
t)
on

fi
tn
es
s
(s
ee
d
co
un

t)
an
d
in
di
re
ct

ef
fe
ct
s
th
ro
ug
h
ph

en
ol
og
y,
ti
m
e
to

fi
rs
t
bu

d
(d
ay
s)
.T

im
e
to

fi
rs
t
bu

d
w
as

ca
lc
ul
at
ed

as
th
e
nu

m
be
r
of

da
ys

be
tw

ee
n
in
di
vi
du

al
tr
an
sp
la
nt

da
te

an
d
da
te

of
fi
rs
t
bu

d.
N
um

be
rs

ar
e
st
an
da
rd
iz
ed

pa
rt
ia
lr
eg
re
ss
io
n
co
ef
fi
ci
en
ts
,a
n
d
th
e

w
id
th

of
th
e
ar
ro
w
s
is
sc
al
ed

ba
se
d
on

th
ei
r
le
ve
lo

f
si
gn

ifi
ca
n
ce
.S
ol
id

an
d
br
ok
en

lin
es

re
pr
es
en
t
po

si
ti
ve

an
d
ne
ga
ti
ve

re
la
ti
on

sh
ip
s,
re
sp
ec
ti
ve
ly
.L

in
e
co
lo
r
re
pr
es
en
ts
si
gn
ifi
ca
n
t
(b
la
ck
)

an
d
no

n
si
gn

ifi
ca
nt

(g
ra
y)

re
la
ti
on

sh
ip
s.
Sp
ec
ie
s
ar
e
in

or
de
r
of

ph
yl
og
en
et
ic

re
la
ti
on

sh
ip
s.
Se
e
th
e
m
ai
n
te
xt

fo
r
sp
ec
ie
s
ab
br
ev
ia
ti
on

s.



000 The American Naturalist
between phenological plasticity, flowering probability
(fig. S11B), and first-year fitness were not significant
(fig. S11C).
Discussion

The seasonal timing of seed germination is a niche con-
struction trait that determines the environmental condi-
tions that plants experience during the growing season, thus
shaping phenology and fitness (Donohue 2005; Donohue
et al. 2005).As climate change alters seasonal environments,
the resulting changes in seasonal germination timing may
critically influence plant population performance (Kimball
et al. 2011; Levine et al. 2011; Gremer et al. 2020b; Martínez-
Berdeja et al. 2023).Our results reveal that later germination
has significant impacts on flowering phenology and fitness.
These findings suggest that later onset of the rainy season
in Mediterranean climates due to climate change may af-
fect persistence of plant populations, with impacts varying
among species across the Streptanthus/Caulanthus clade.
A critical component of these differences is species’ varia-
tion in the degree of compensatory phenological plasticity:
the ability of later-germinating plants to accelerate flower-
ing, thus reducing delays in flowering date and stabilizing
fitness responses to germination timing. This compensa-
tory plasticity has diversified across the clade with a signal
of climate adaptation. As climate change brings later average
onset of the California rainy season (Luković et al. 2021),
Figure 5: Slopes of relationships of time to first bud and number of seeds produced with timing of germination displayed across the phy-
logeny. Time to first bud was calculated as the number of days between individual transplant date and date of first bud. Phylogenetic signal
of these relationships was evaluated with Blomberg’s Κ: time to first bud (Κ p 1:19, P p :15), number of seeds (Κ p 1:07, P p :86). Scores
associated with the first principal component (PC1) of an analysis of average yearly climate for 1991–2015 for species’ locations are dis-
played (table S6). PC1 explained 62% of the variation and was positively associated with precipitation and negatively associated with climate
water deficit, minimum and maximum temperatures, and precipitation variability.
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compensatory phenological plasticity may partially mitigate
fitness impacts of delayed germination, but the majority of
species are likely to suffer decreases in population fitness.
Does Flowering Phenology Respond
to Germination Timing?

Germination timing often has cascading effects on flow-
ering phenology, which may be mediated by availability
of and species’ responsiveness to seasonal cues (Donohue
et al. 2002, 2010; Wilczek et al. 2009; Burghardt et al. 2015;
Miryeganeh et al. 2018; Gremer et al. 2020a; Olliff-Yang
and Ackerly 2021). In our study, later-germinating cohorts
generally flowered in fewer days, but species differed in
the degree of compensatory plasticity; species with greater
plastic acceleration of days to bud in response to later ger-
mination had more synchronized flowering dates across
germination cohorts. However, compensatory plasticity of
days to bud was insufficient to synchronize flowering date
completely, with only STTO (slope p 20:94) coming close
to achieving complete compensation for late germination
Figure 6: Relationships between phenology and fitness responses to germination timing and 25-year average annual climate variables tested
using phylogenetic generalized linear models. Separate models were built for slopes of relationships of time to first bud (A), probability of
flowering (B), number of seeds produced (C), and first-year fitness (D) with germination timing. Principal component analysis was used to
reduce dimensionality of the climate variables (table S6). The first principal component (PC1) was positively associated with precipitation and neg-
atively associated with climate water deficit, minimum and maximum temperatures, and precipitation variability. Points represent slope estimates
for each species. See the main text for species abbreviations.
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(slope of 21). Similarly, plastic acceleration of flowering
with later germination does not entirely synchronize flo-
wering date in Arabidopsis thaliana (Wilczek et al. 2009;
Miryeganeh et al. 2018; Martínez-Berdeja et al. 2023; Huang
et al. 2024).
Since all species experienced identical seasonal environ-

ments in our experiment, variation in phenological re-
sponses indicates that species differed in responses to sea-
sonal cues. Day length changed dramatically throughout the
study, while accumulation of chilling hours declined drasti-
cally in later-germinating cohorts, accompanied by signifi-
cant declines in the probability of flowering in five species.
One of these species was the facultative biennial STTO, in
which we have experimentally demonstrated a vernaliza-
tion requirement for flowering (Gremer et al. 2020a). That
finding suggests that failure to flower in late-germinating
cohorts of the other related species may also stem fromun-
satisfied vernalization requirements. However, the adap-
tive value of this requirement for fall-germinating winter
annuals is unclear. Facultative vernalization requirements
can prevent premature flowering in unfavorable winter con-
ditions and synchronize flowering in spring, but flowering
eventually occurs in the absence of chilling (Wilczek et al.
2009; Miryeganeh et al. 2018; Huang et al. 2024). However,
failure to flower in spring due to insufficient vernalization
means zero fitness for winter annuals, and spring germina-
tion may then be a lethal strategy. These temperature cues
may interact with other factors, such as photoperiod and
plant ontogeny or size, to influence flowering phenology
(Donohue et al. 2010; Burghardt et al. 2015). In particular,
variation among species in critical day length requirements
and differences in photoperiod between the screenhouse
and species’ field environments could lead to differences in
flowering responses to germination timing. Although our
experimental design cannot distinguish the relative contri-
butions of seasonal cues to species response differences, the
results provide hypotheses to inform future experiments
manipulating specific cues in controlled environments (e.g.,
Friedman and Willis 2013; Burghardt et al. 2016; Wolko-
vich et al. 2022).
Does Germination Timing Affect Fitness, Either Directly
or Indirectly, through Flowering Phenology?

Germination timing is often under strong selection (Kalisz
1986; Donohue et al. 2005; Verdú and Traveset 2005; Picó
2012; Postma and Ågren 2016, 2022; Zacchello et al. 2020;
Martínez-Berdeja et al. 2023). For annual plants in sea-
sonal environments, both early and late germination may
affect fitness (Zacchello et al. 2020). Early germination
may expose seedlings to high temperatures and periods
of drought (Mayfield et al. 2014; Harrison et al. 2015). Late
germination may affect fitness in two ways: through expo-
sure to cooler, less favorable conditions at the time of emer-
gence and by decreasing the window of time available for
growth and reproduction before the end of the growing
season. Indeed, for all species in our experiment, these
combined direct effects of later germination reduced seed
production. The negative fitness impact of late germina-
tion was, however, partially mitigated by positive indirect
effects of germination timing through its accelerating effect
on phenology. Thus, acceleration of reproduction in later-
germinating cohorts seems to be a form of adaptive plas-
ticity that compensates for the negative direct effects of
later germination. The degree of compensation and the
balance of direct and indirect effects varied among species,
resulting in the observed differences in fitness responses
to germination timing. Direct and indirect effects of sea-
sonal timing have also been observed in terrestrial and
aquatic migratory species, where changes to environmen-
tal conditions, such as warming temperatures, have altered
the timing of migration with direct effects on fitness and in-
direct effects through, for example, first egg date in birds
(Both and Visser 2001; Winkler et al. 2014; Inouye 2022).
It is important to note that our fitness metrics did not

account for effects of seasonal selective factors, such as pol-
linator or mate availability or herbivore abundance, that
may be important in the field (Miryeganeh et al. 2018;
Kehrberger and Holzschuh 2019; Kudo and Cooper 2019).
For instance, by affecting synchronization of flowering,
germination timing may affect pollination success of in-
dividuals in populations (Miryeganeh et al. 2018; Kehr-
berger and Holzschuh 2019). Through hand pollination in
our experiment, this issue is avoided, but fitness may have
still suffered from lower diversity of pollen when fewer
individuals were flowering and less efficient pollination
(Paschke et al. 2002). Our study system tends to have gen-
eralist pollinators, but species that rely on specialist pol-
linators may have more severe consequences of later ger-
mination timing if that leads to phenological mismatch
and consequent reproductive failure (Kudo and Cooper
2019). Furthermore, greenhouse studies such as ours also
preclude exploration of other selective factors, such as
more natural variation in water availability throughout the
season (Pearse et al. 2020), or effects of competition and
herbivory.
Another limitation of our study is that species grown

from wild-collected seed had different maternal environ-
ments than species grown from screenhouse-grown seed,
which could have influenced the results. An ideal experi-
ment would have used a single type of seed source to con-
trol for such effects, but this was not possible due to seed
availability constraints. Our failure to detect significant ef-
fects of maternal environment on species responses to ger-
mination timing suggests that our conclusions are probably
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robust to this source of variation, but we cannot rule it out
as a potential influence on our findings.
How Have Responses of Flowering Time and Fitness to
Germination Timing Diversified across the Clade,

and Do Patterns Reflect Climate of Origin?

Phylogenetic analyses suggest a signature of climate adap-
tation in the evolutionary diversification of phenological
plasticity and seed production responses to rainfall onset
across the Streptanthoid clade. Species from drier, warmer,
more variable habitats in southern California accelerated
flowering less in later cohorts and had less synchronized
flowering dates than northern species. This finding sug-
gests that compensatory phenological plasticity to germi-
nation timing may have evolved as the clade diversified
out of the desert into cooler, wetter, more stable environ-
ments, with longer growing seasons. The desert species
flowered rapidly even in the earliest-germinating cohorts,
suggesting a constant developmental program across sea-
sonal environments. This risk-averse, constitutively early
flowering strategy may be adaptive in the short growing
season and unpredictable rainfall of their home climates
(Wesselingh et al. 1997; Metcalf et al. 2003; Rees et al.
2004; Austen et al. 2017). In contrast, Streptanthoid species
from cool, wet environments were more plastic in flower-
ing phenology (Pearse et al. 2020). Early-germinating co-
horts flowered at a later age and larger size, whichmay help
to maximize fitness in a longer growing season with early
rainfall. Later cohorts accelerated development to flower
at an earlier age and smaller size, synchronizing flowering
date and allowing reproduction despite a shorter growing
season. Responses of other fitness traits (first-year fitness
and seed mass) to germination timing were more evolu-
tionarily labile, with no climate association and no correla-
tion with phenological plasticity across the clade. Fitness
and life history metrics, in general, have previously been
noted as less evolutionarily conserved when considering
more than 400 plant species (Burns et al. 2010; Salguero-
Gómez et al. 2016; Che-Castaldo et al. 2018), connected
to colonization of new habitats (Herben et al. 2014) and
higher intraspecific variation (Healy et al. 2019).
Consistent with our finding that compensatory pheno-

logical plasticity mitigated the direct negative fitness effects
of later germination in most of our study species, we found
that species with greater acceleration of days to bud in later
cohorts had shallower declines in seed number after cor-
recting for phylogeny. Such plasticity may buffer fitness
declines in the face of delayed rainfall onset. Indeed, a phy-
logenetic analysis by Willis et al. (2008) showed that spe-
cies with greater plasticity of flowering time to spring tem-
peratures decreased less in abundance over approximately
150 years in the community of plants in Thoreau’s woods
in Massachusetts. Another strategy to mitigate the effects
of shifting germination timingwould be to avoid germinat-
ing outside favorable environmental windows. This strategy
would require specialization on a narrower range of ger-
mination conditions, with higher fitness costs expected for
species with this strategy forced to germinate in unfamiliar
seasonal environments. We did not find support for this
strategy here; responses of germination and postgerm-
ination fitness components were uncorrelated, suggesting
that they have evolved independently across the phylog-
eny. Thus, compensatory phenological plasticity is likely
the primarymechanism to buffer effects of variation in ger-
mination timing in this system.
Can Variation among Species in Responses to
Germination Timing Lead to Differential

Vulnerability to Climate Change?

Whether phenotypic plasticity can buffer fitness across
changing environments is an important question for pre-
dicting population resilience to climate change (Ghalam-
bor et al. 2007; Chevin and Lande 2010; Chevin et al.
2010; Nicotra et al. 2010; Vedder et al. 2013; Valladares
et al. 2014; Anderson and Gezon 2015; Duputié et al. 2015;
Kingsolver and Buckley 2017; DeMarche et al. 2018; Schei-
ner et al. 2020; Gauzere et al. 2020). Numerous studies have
focused on plastic phenological responses to changing
spring environments, such as early budburst or flowering
in response to warmer springs and earlier snowmelt (Willis
et al. 2008; Anderson et al. 2012; Anderson and Gezon
2015; Wadgymar et al. 2018; Zettlemoyer et al. 2024). Less
attention has been paid to plant responses to changing
fall environments (but see Kimball et al. 2010; Martínez-
Berdeja et al. 2023; Worthy et al. 2024b). In desert and
Mediterranean climates, later onset of fall rains (Luković
et al. 2021)means that seeds are germinating in cooler con-
ditions (Kimball et al. 2010; Worthy et al. 2024b) and may
have less time to complete reproduction before the end of
the growing season. This shorter growing season may
therefore select for a faster transition to flowering, but at
the expense of smaller size at reproduction and consequent
lower fecundity (Cohen 1976).
In our study, species differences in degree of phenolog-

ical compensation resulted in different sensitivities of seed
production to seasonal germination delays; over half of the
species significantly declined in fecundity with later germi-
nation. For these species, compensatory phenological plas-
ticity partially mitigated fitness costs but was insufficient to
stabilize fitness in the face of delayed germination. Thus,
acceleration of flowering may be an adaptive response in
short seasons but may still reduce population mean fitness
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(Colautti et al. 2017). Plasticity of flowering time to germi-
nation timing may allow plants to maximize fecundity in
years with early rainfall onset while mitigating fitness costs
of shorter growing seasons in years with late rainfall, buff-
ering mean population fitness across years. However, as
the mean rainfall date moves later in the year, mean pop-
ulation fitness will decline. This finding adds to the grow-
ing body of evidence that adaptive phenological plasticity
may be insufficient to fully maintain population fitness
in the face of climate change (Franks et al. 2014; Duputié
et al. 2015; Colautti et al 2017; Zettlemoyer et al. 2024).
Together, these findings suggest that populations of

many Streptanthoid species are vulnerable to future delays
in rainfall onset with climate change. This study does, how-
ever, trade off replicating populations within species for
comparing species across the clade, making reported pat-
terns somewhat preliminary. Populations were chosen for
their approximate central location within climate space for
their species, but future studies should more comprehen-
sively examine how populations across the range respond
to germination delays to fully capture variation within spe-
cies in plasticity and fitness responsiveness. Species with ver-
nalization requirements for flowering are especially likely
to suffer greater impacts of later rainfall due to reproduc-
tive failure, especially if future warming temperatures re-
duce the seasonal accumulation of chilling hours (Cook
et al. 2012; Ettinger et al. 2020; Anderson 2023). For such
species, a formerly adaptive cue of seasonal conditions for
flowering becomes maladaptive under novel climate con-
ditions, and selection may act to weaken vernalization re-
quirements in the future.We have previously demonstrated
in this clade that germination declines with later rainfall on-
set, although species differ in the magnitude of this decline
(Worthy et al. 2024b). This finding, combined with our cur-
rent results, suggests that the impact of delayed rainfall on-
set on fitness will have cascading effects across life stages.
Taken together, thesefindings suggest that species resilience
to climate change across the Streptanthoid clade may de-
pend on the cascading fitness consequences of phenolog-
ical responses to seasonal cues across life stages.
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“About the middle of the day numbers may be seen lying lazily on the banks enjoying the heat, their polished scales shining in the sunlight,
and all looking the very picture of tropical languor and repose. Its daily food is the fishes that inhabit its native element, but many a bright-
plumed water-fowl and unsuspecting quadruped falls a prey to its rapacity.” From “The Crocodile in Florida” by Wm. T. Hornaday (The
American Naturalist, 1875, 9:498–504).
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