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Abstract

Although seed trait variations and their relationship to the ecological niche have been studied
extensively at the species level, they do not necessarily reflect variations at the population level.
In this study, we explored the intra-specific variation in relative embryo length, seed mass and
germination speed in 40 populations of Daucus carota distributed across Europe and North
America. By including information on local climate conditions, we aimed to examine the
impact of the geographical origin on various seed functional traits and to detect potential
local adaptation. No significant difference was observed in final seed germination for
European and North American seeds incubated at 20°C, nor in seed viability. In European
populations, relative embryo length significantly increased with increasing seed mass, but
no such relation was found in North American populations. Larger relative embryo length
at dispersal resulted in increased germination speed in both European and North American
populations. Populations in drier areas typically had seeds with larger relative embryo lengths.
Precipitation-related climate variables showed a negative relationship with relative embryo
length, indicating a reduction in relative embryo length with increased precipitation.
No clear relationship between climate and seed mass was observed. We can conclude that
seed functional traits of D. carota are adapted to local climate conditions, as a clear gradient
was observed in the relative embryo length of D. carota, which was associated with germin-
ation speed and climate. This gradient was less pronounced in North America, which can
be explained by its relatively recent introduction to the continent.

Introduction

The reproductive success of plants relies on the alignment between seed characteristics with
their environment (Baskin and Baskin, 2014; Igea et al, 2017; Soltani et al, 2021).
Angiosperm seeds can, for example, germinate at widely different speeds, which are related
to species’ ecological strategy and habitat preference (e.g., Kadereit et al., 2017). How fast
seeds can germinate is determined by seed morphology, physiology, gene regulation and envir-
onmental factors, with the process being irreversible but critical for species survival. Seed mass
is another crucial trait in plant reproductive biology, influencing dispersal and population
recruitment, with inter-specific variations related to species life form and habitat characteris-
tics (Vandelook et al.,, 2018; Kang et al., 2022). Seed mass indicates the amount of nutrient
reserves the offspring are dispersed with (Moles, 2018; Kang et al., 2021), and plants face a
trade-off between producing numerous small seeds for widespread distribution or a few
large seeds for enhanced early seedling establishment (Leishman and Westoby, 1994; Moles
et al,, 2005). Although seed trait variations and their relation to the ecological niche have
been studied extensively at the species level, they do not necessarily reflect variations at the
population level (Saatkamp et al., 2019).

Although seed mass, like many seed morphological traits, is considered a stable trait at the
species level (e.g., Harper, 1977), intra-specific variation in seed mass does exist and can range
two- to six-fold (Hendrix and Sun, 1989). Inter-specific seed mass variation is mainly influ-
enced by environmental and biotic factors (Moles et al., 2005), and the factors hypothesized
to act on inter-specific trait variation may act on intra-specific variation as well (Fricke
et al,, 2019). Thermal and disturbance niche breadth also contribute to intra-specific seed
mass variation, reflecting responses to temperature variations and disturbance levels (Wu
et al.,, 2015; Fernandez-Pascual et al., 2019). Kang et al. (2022) indicated that intra-specific
seed mass variation in eastern Qinghai-Tibetan species is positively related to niche breadth,
with significant direct effects of thermal niche and seed dispersal mode, emphasizing the
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simultaneous impact of intrinsic biotic attributes and extrinsic
abiotic pressures on regional-scale intra-specific seed develop-
ment. Ge et al. (2020), investigating seed mass and germination
in eight Allium species and eight populations of Allium chry-
santhum, found significant differences among both species and
populations. The study highlighted the impact of elevation on
seed mass and germination, with smaller seeds exhibiting
enhanced germination, influenced by strong environmental
effects, particularly at higher elevations.

Intra-specific variation in seed germination timing, often regu-
lated by seed dormancy, is driven by climate in general and the
climate seasonality in particular. Optimal primary seed dormancy
is expected to be related to the length of the period following seed
release, which is unfavourable for seedling establishment (Allen
and Meyer, 1998; Wagmann et al., 2012) and varies among popu-
lations along a climate gradient. Sales et al. (2013) found that
Miconia albicans seeds from grassland plants germinated slower
and more asynchronous as compared to woodland plants in the
Brazilian Cerrado. Allen and Meyer (2002), studying dormancy
variation in Bromus tectorum populations, found that environ-
mental conditions that lead to shortened seed ripening periods
resulted in reduced seed dormancy. Moreover, there is evidence
that intra-specific variation in germination characteristics
coincides with variation in linked seed morphological traits.
For example, Amimi et al. (2023) showed that variation in seed
functional traits including morphological characteristics and
physiological responses of Quercus ilex populations can be
explained by climatic gradients. Notable differences in seed mois-
ture content and germination rates associated with elevation and
temperature variations were observed in Q. ilex.

While intra-specific variation in seed mass and dormancy have
been relatively well studied, much less is known about intra-
specific variation in other seed functional traits, such as the
embryo-to-seed size ratio (hereafter referred to as relative embryo
size). Relative embryo size is a proxy for the quantity of nutrient
reserves stored in the embryo versus the endosperm. Relative
embryo size has been shown to relate to seed mass, adult longev-
ity, habitat shade and annual precipitation, supporting the tight
relationship between embryo length and species ecology
(Vandelook et al., 2012b, 2021). The relative embryo size in
angiosperms is closely linked to physiological processes like
seed germination, where species with larger embryos, for example,
tend to germinate faster. As such, relative embryo length is a her-
itable and advantageous trait for early seedling establishment
(Geber and Griffen, 2003; Verdd, 2006). Here, we will analyse
intra-specific variation in the relative embryo size of Daucus car-
ota L. and how it varies with the environment, perhaps mediated
through other seed functional traits.

D. carota (wild carrot), the progenitor of the cultivated carrot,
is a biennial herb native to Europe and Asia and introduced in
North America by European settlers in the 17th century (Small,
1978; lorizzo et al, 2013). It is now distributed throughout
North America. Evidence provided by Magnussen and Hauser
(2007) reveals hybridization between cultivated and wild D. car-
ota, confirming the species’ introduction from Europe as a
weed. Mackowska et al. (2023), utilizing somatic hybridization
techniques, emphasized the role of human-mediated hybridiza-
tion in the weediness of D. carota in the United States. D. carota
is particularly diverse in the Mediterranean region, with multiple
subspecies and varieties (Spooner et al., 2014), while it is less
diverse but still very common in more northern European
regions. Like all other Apiaceae, D. carota seeds have an

https://doi.org/10.1017/50960258524000230 Published online by Cambridge University Press

Vandelook et al.

underdeveloped embryo at dispersal and copious endosperm
(Vandelook et al., 2012a).

Germination characteristics of D. carota have been shown to vary
within a single plant and across populations. D. carota plants have a
primary umbel and multiple secondary umbels. Germination per-
centages of D. carota seeds from primary umbels in early July are
lower than those from secondary umbels ripening later (Gray,
1979). In addition, seeds from later primary umbels, though the
same size, exhibited lower germination percentages than those
from early primary umbels (but see Corbineau et al, 1995).
Considerable variation in D. carota seed traits, linked to variation
in reproductive timing, has been observed between populations
along a latitudinal gradient in the United States (Lacey, 1988).
Germination and dormancy characteristics of D. carota may also
be mediated by seed size. Larger seeds of D. carota are, for example,
less dormant than smaller ones (Jacobsohn and Globerson, 1980;
Gross, 1984).

Detailed information on seed trait variation patterns within spe-
cies on a continental scale is scarce, prompting questions about
mean seed mass differences, relative embryo length, germination
and bioclimate predictors contributing to variance within species.
To improve our understanding of how seed trait variation at the
population level is driven by climatic conditions, we analysed vari-
ation in seed mass and relative embryo length in D. carota along
wide climatic gradients in the United States and Europe. More spe-
cifically, this study aims to reveal whether (i) seed germination per-
centage and rate relate to embryo size and/or seed mass, (ii) seed
traits relate to local climate conditions; (iii) the same patterns are
observed in its region of origin, Europe and in North America
where it has become naturalized over the past 300 years.

Materials and methods
Seed samples

Seeds of 40 D. carota accessions (hereafter referred to as popula-
tions) were obtained from the USDA, Agricultural Research
Service (Supplementary Table S1). Out of these 40 populations,
24 populations were originally sampled along a latitudinal gradi-
ent in western North America, while 16 populations had a
European origin (Fig. 1). To better cover the climate range in
Europe, two seed populations received from the IPK
Gatersleben were added, as well as one population sampled in
Rucava, Latvia (received from the National Botanic Garden of
Latvia). All seeds had been dry stored for prolonged periods of
time, which reduced the physiological dormancy present in the
seeds. Since seeds were all stored for long periods in dry condi-
tions, we assume that the dormancy that could be broken by
dry storage was removed to a maximal extent. Any remaining dor-
mancy, likely needed to be overcome by other treatments, such as
cold stratification. Germination was always above 50% within 2
weeks after incubation, and it did not change significantly during
storage (Supplementary Fig. S1). Information on seed accessions
and collecting date of the original population is given in
Supplementary Table S1. Some populations may have been regen-
erated in controlled conditions, but we have no further informa-
tion on whether that was the case.

Germination tests

Germination tests were carried out in lab conditions in July at the
Philipps University Marburg. For each population, three replicates
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Figure 1. Geographic origin of 40 D. carota populations used in this study. The upper panel shows the locations of 16 European populations, including two from IPK
Gatersleben and one from Rucava, Latvia. The lower panel shows the locations of 24 North American populations, sampled along a latitudinal gradient in western
North America. The size of the dots reflects the mean length of the embryo-to-seed length ratio (E:S ratio) of the sampling sites. Data source: USDA, Agricultural

Research Service (Supplementary Table S1).

of 25 seeds were placed on two layers of filter paper in 9 cm diam-
eter Petri dishes and moistened with distilled water. All Petri
dishes were placed in a temperature and light-controlled incuba-
tor (Binder GmbH) at a constant temperature of 20°C and a 12 h
photoperiod (Philips TLD 80 fluorescent tubes with a photon
flux density of 52 umol m™>s™!, 400-700 nm). The experiment
ran for 15 days, during which germinated seeds were counted
and removed every second day. Similarly, three replicates of
25 seeds from the North American populations were incubated
at 10°C for 20 days. Seed germination of European populations
was not tested at 10°C due to a lack of seeds. At the end of the
experiment, a cut test was carried out on all non-germinated
seeds to assess whether the seeds were dead or dormant. Seeds
with an intact and white embryo and endosperm were considered
viable. The final germination percentage was calculated, consider-
ing only intact seeds.

Calculation of germination speed

Germination speed was calculated using three indices, the inverse
of Mean Germination Time (1/MGT), the inverse of time to 50%
germination (1/t59) using the Hill function (El-Kassaby et al.,
2008; Joosen et al., 2010), and the inverse of time to actual 50%
germination (R50) using Germin"> (Soltani et al., 2015). MGT
was calculated using the formula: MGT = Zn;t;/Xn;, where t; is
the time from the start of the experiment and #; the number of
germinated seeds at the ith time (Ellis and Roberts, 1980). ts
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was extracted from a Hill function with formula y = y0 + (ax®)/
(¢’ + x") fitted on the cumulative germination curve. Here, y is
the cumulative germination percentage at time x (day), y, is the
intercept on the y axis (>0), a is the maximum cumulative ger-
mination percentage (<100), b is controlling the shape and steep-
ness of the curve and c is the time required for 50% of viable seeds
to germinate (f50). To calculate R50, Germin" was used that this
tool is formulated using the Visual Basic (VB) Excel, and the cor-
responding codes can be found in Supplementary Table S2 and
require the Macro VB section in Excel (https:/zenodo.org/
records/10440963). Germin"> calculates the time to different per-
centiles of germination, including time to 50% of germination
(t50), through linear interpolation, subsequently determining the
germination rate using its inverse.

Seed mass and embryo size measurements

Seeds mass was determined for each population by weighing all
available seeds (usually about 100 seeds) on a precision balance.
The total seed mass was divided by the number of weighted
seeds to obtain an average value. All seed populations had been
dry stored in the same lab conditions (40-60% relative humidity
(RH)) for about 2 weeks prior to weighing.

Relative embryo length was expressed as the embryo-to-seed
length ratio (E:S ratio). Embryo length and seed length were mea-
sured on seeds that were cut in half along the longitudinal axis.
Ten seeds per population were placed in distilled water for 1
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day to imbibe and were subsequently cut in half. Pictures of the
cut seeds and embryos were taken using a Keyence digital micro-
scope (VH-5000, Ver 1.5.1.1, Keyence Corporation). Embryo
length and seed length along the longest axis were measured
using the Image] software version 1.53t (Abramoff et al., 2004).
Due to a lack of seeds, no embryo measurements were made for
the two populations received from IPK Gatersleben and the popu-
lation from Latvia.

Climate data

The geographical coordinates of the original sampling sites of all
populations were given by the institutes that provided seed mater-
ial. Using these coordinates, climatic data associated with the
sampling or occurrence sites were estimated using the
WorldClim database version 2.1 (https:/worldclim.org/; down-
loaded on 7 Nov 2022) and accessed through DIVA-GIS version
7.5.0 (Hijmans et al., 2001). Altitude and climatic data incorpo-
rated in the study are listed in Supplementary Table SI.

Statistical analysis

Seed germination data were analysed using generalized linear
mixed-effect models with a binomial error distribution and a
logit link function in the package lme4 version 1.1-31 (Bates
et al, 2015) in R version 4.2.1. (R Core Team, 2022).
Populations were included as random effects in the models.
Seed morphology and germination speed data were analysed
using general linear models.

The relationships between predictors (coordinates and biocli-
matic data) and the E:S ratio were investigated using general linear
models, and the most important predictors were identified.
Correlation coefficients and principal component analysis
(PCA) were applied to explore the underlying structure of the
dataset and identify the primary drivers of variation using SAS
Institute Inc. (Cary, NC, USA, 2013). To visualize the PCA, the
factoextra package in R was used (Kassambara and Mundt,
2020). The principal components (PCs) were interpreted to
understand the correlations between the most important biocli-
mate variables (annual mean temperature, temperature seasonal-
ity, mean temperature of the wettest quarter, annual precipitation
and precipitation seasonality) and seed morphology (seed mass
and E:S ratio) or germination (germination percentage of viable
seeds and dormancy and germination speed) data.

Stepwise analysis was used to identify the subset of significant
predictors that best explained the variability in the E:S ratio using
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SAS. The inclusion or exclusion of variables was iteratively evalu-
ated by a stepwise backward selection procedure, optimizing the
model’s fit and preventing overfitting. Specifically, the stepwise
selection process utilized the criteria of partial R*, F-value, and
P-value for entry into and removal from the model. Also, C(p)
was calculated. ‘C( p)’ refers to the criterion used for the stepwise
variable selection process. Specifically, it is often associated with
the Change in Criteria (C) statistic, and ‘p’ typically represents
the probability associated with the change. Finally, the relation-
ships between the most important predictor and embryo length,
seed length and seed mass were investigated using the general lin-
ear model.

Results
Germination speed indices

The three germination speed indices applied here showed a simi-
lar trend but also some obvious differences (Fig. 2). In popula-
tions from Europe, R50 and 1/t5, showed no significant
difference for the intercept (intercept=—0.009; P=0.89), but
there was a significant difference in slopes both in Europe (P <
0.001) and in North America at both 10 and 20°C (P <0.001).
However, 1/MGT was significantly different from both R50 and
1/t5y in European and North American populations tested at 10
or 20°C (Fig. 2). The differences between 1/MGT and R50 and
between 1/MGT and 1/t59 were more obvious at 10°C for North
American populations, at which R50 and 1/t5, showed a lower
rate of germination compared to 1/MGT. No significant differ-
ence in germination speed between European and North
American populations was found for any of the indices (1/ts:
P=0.36; R50: P=0.35; 1/MGT: P=0.86).

Relationship between germination, seed mass and relative
embryo size

No significant difference was observed in final seed germination
percentage (8=—0.41; SE =0.3; P=0.20), nor seed viability (8=
—0.18; SE=0.3; P=0.60), for European and North American
seeds incubated at 20°C. Both European and North American
populations germinated to about on average 80-85%, while seed
viability was about 90% for both continents. Mass of European
seeds was significantly higher as compared to those from North
America (8=0.16; SE=0.04; P<0.001). The range of average
seed mass among the population was also considerably larger in
Europe (0.7-3.3 mg) than in North America (0.7-1.6 mg).
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Figure 2. Relationship between three indices of germination speed in the European and North American population of D. carota. The germination of North
American populations was tested at 10 and 20°C and European populations at 20°C only.
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Figure 3. Relationships between seed mass and seed germination in European and North American D. carota populations. The germination of North American

populations was tested at 10 and 20°C and European populations at 20°C.

A significant continent interaction (= —0.145; P <0.001) was
observed for the relationship between seed mass and germination
speed (1/tsg). While populations with heavier seeds germinated
faster in Europe, they germinated slower in North America
(Fig. 3). Germination percentage significantly increased (P <
0.05) with increasing seed mass in European populations.
However, the germination percentage decreased with seed mass
in North American populations incubated at 10 or 20°C, although
this decrease was not statistically significant (P=0.23 and P=
0.17, respectively). The speed of germination significantly
increased (P=0.004) with increasing seed mass in European
populations, while no significant change was found in North
American populations (neither at 10 nor at 20°C). The proportion
of dormant seeds also significantly (P=0.02) decreased with
increasing seed mass in European populations, but no significant
increase was observed in North American populations (at 10 and
20°C).

A marginally significant difference in the E:S ratio was
observed between European and North American seeds (8=
—0.11; SE = 0.06; P = 0.08). The E:S ratio in European populations
(mean: 0.328; range: 0.173-0.659) was significantly higher than
that in North American populations (mean: 0.249; range:
0.128-0.617). There was a significant interaction effect of contin-
ent on the relation between seed mass and the E:S ratio (8=0.17;
SE=0.05; P=0.002; Fig. 4). In European populations, relative
embryo length significantly increased (P =0.003) with increasing
seed mass (Fig. 4), while in North American populations a

0.51
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Figure 4. Relationships between seed mass and the E:S ratio in European and North
American D. carota populations.
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significant negative relationship was observed between seed
mass and relative embryo length (P =0.05).

No significant continent interaction was observed for the rela-
tionship between the E:S ratio and germination percentage (P =
0.73), germination speed (P =0.85) and dormancy (P=0.79) of
seeds incubated at 20°C (Fig. 5). There was a significant positive
relationship between the percentage of germination and the E:S
ratio (P =0.08) across all D. carota populations (Fig. 5). A signifi-
cant positive relation between germination speed (R50) and the E:
S ratio was also found across all populations (P=<0.001).
However, seed dormancy decreased with the E:S ratio, although
the relationship was not significant (P=0.11).

Relationship between relative embryo length and climate

The univariate relationships between 22 predictors (including bio-
climate variables, altitude and geographical coordinates) and E:S
ratios are shown in Table 1. Both geographical coordinates had
a significant effect on the E:S ratio, but the longitude belonged
to two different continents with negative values in North
America and positive values in Europe, which led to a significant
relationship. Therefore, we did not consider longitude in further
analyses. The E:S ratio decreased significantly (P=0.049) with
increasing latitude (Table 1). Annual mean temperature, tempera-
ture seasonality, maximum temperature of the warmest month,
mean temperature of the wettest quarter and mean temperature
of the warmest quarter significantly increased with the E:S ratio
(Table 1). An increase in annual precipitation, precipitation of
the wettest month, precipitation of the wettest quarter, precipita-
tion of the coldest quarter and isothermality resulted in a signifi-
cant reduction in the E:S ratio.

In the multiple regression model constructed that best esti-
mates the E:S ratio, only three climate variables were retained in
the final model, including annual precipitation, mean temperature
of the wettest quarter and annual mean temperature (Table 2).
Annual precipitation significantly explained 70.6% of the changes
in the E:S ratio (P <0.001) and cumulative R” at the first step was
0.26 (Table 2). In the second step, the mean temperature of the
wettest quarter was inserted into the model and explained
18.7% of the changes in the E:S ratio (P=0.06), and cumulative
R? increased to 0.33. Annual mean temperature explained
10.6% of changes in the E:S ratio and cumulative R*> improved
to 0.37, although it was not significant (P =0.14).

Annual precipitation significantly decreased embryo length
(slope = —0.00015; P =0.002) and the E:S ratio (slope =—0.0001;
P<0.001) across D. carota European and North American
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Figure 5. Relationships between the E:S ratio and seed germination characteristics for European and North American D. carota populations incubated at 20°C. The
solid line shows the linear regression model, and the shaded area shows the 95% confidence interval.

populations, but it had no significant impact on either seed mass
or seed length (Fig. 6). It showed that with a 1000-mm increase in
precipitation, absolute embryo length decreases by about
0.15 mm.

The three first PC axes of the PCA explained 78% of the vari-
ation (Table 3; Fig. 7). The first PC explained 41% of the variation,
and a positive correlation was observed between PCl1 and the E:S
ratio, germination percentage and rate, seed mass and tempera-
ture climate variables. There was a negative correlation between
PC1 and the percentage of dormant seeds and the precipitation

climate variables (Fig. 7). The E:S ratio seems to align better
with PC1, while PC2 is rather related to seed mass. European
populations are predominantly situated on the right side of
PC1, while North American populations are situated on the left
side of PC1.

Discussion

Our results support the hypothesis that relative embryo length is
positively related to germination speed at the population level.

Table 1 Results from the GLM of various predictors on the variation of intra-specific E:S ratio in 40 accessions of D. carota across North America and Europe

Predictors Code Unit B R? P
Altitude Alt M 0.00002 0.012 0.510
Geographical coordinates Latitude ° NS —0.00481 0.098 0.049*
Geographical coordinates Longitude °EW 0.00055 0.343 <0.001***
Annual mean temperature Biol °C 0.00853 0.125 0.025*
Mean monthly temperature range Bio2 °C —0.00104 0.001 0.827
Isothermality Bio3 °C —0.00276 0.100 0.048*
Temperature seasonality Bio4 °C 0.00012 0.100 0.046*
Maximum temperature of the warmest month Bio5 °C 0.00551 0.115 0.032*
Minimum temperature of the coldest month Bio6 °C —0.00009 0.001 0.972
Temperature annual range Bio7 °C 0.00280 0.060 0.129
Mean temperature of the wettest quarter Bio8 °C 0.00692 0.250 0.001**
Mean temperature of the driest quarter Bio9 °C 0.00049 0.003 0.762
Mean temperature of the warmest quarter Biol0 °C 0.00950 0.225 0.002**
Mean temperature of the coldest quarter Bioll °C 0.00076 0.002 0.789
Annual precipitation Biol2 mm —0.00007 0.261 <0.001***
Precipitation of the wettest month Biol3 mm —0.00038 0.219 0.002**
Precipitation of the driest month Bio1l4 mm —0.00047 0.009 0.571
Precipitation seasonality Biol5 mm —0.00008 0.001 0.880
Precipitation of the wettest quarter Biol6 mm —0.00014 0.234 0.001**
Precipitation of the driest quarter Biol7 mm —0.00038 0.061 0.124
Precipitation of the warmest quarter Biol8 mm —0.00003 0.001 0.872
Precipitation of the coldest quarter Bio1l9 mm —0.00013 0.230 0.002**

Note: B is the regression slope and R? is the coefficient of determination.
*P<0.05, **P<0.01 and ***P<0.001, respectively.
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Table 2 Stepwise multiple regression analysis results for predictors influencing the E:S ratio in D. carota populations
Step Predictor Estimation Contribution to E:S ratio variation (%) Cumulative R? P-value
Intercept 0.2202 - - 0.001
1 Annual precipitation —0.0001 70.61 0.26 0.001
2 Mean temperature of the wettest quarter 0.0045 18.67 0.33 0.059
3 Annual mean temperature 0.0051 10.62 0.37 0.143
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Figure 6. Relationships between annual precipitation and seed morphology in European and North American D. carota populations. The solid line shows the linear

regression model, and the shaded area shows the 95% confidence interval.

Moreover, relative embryo length is higher in drier (less annual
precipitation) localities both in Europe and in North America.
These results confirm the hypothesis that higher relative embryo
length provides an adaptive advantage through the ability to ger-
minate faster in dry regions. The distribution of variation in seed

Table 3 Eigenvalues of first three principal components and the percentage of
variance explained by them for a PCA of six predictors (annual precipitation,
precipitation seasonality, mean temperature of the driest quarter, annual
mean temperature, temperature seasonality and mean temperature of the
wettest quarter) and five seed morphology and germination traits (seed
dormancy (%), seed mass (mg), E:S ratio, germination percentage of viable
seeds (%) and germination speed (R50)) in 40 D. carota populations from
Europe and North America

PCs Eigenvalue Percentage of variance Cumulative (%)
1 4.46 40.51 40.51
2 2.64 24.04 64.55
3 151 13.68 78.23
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mass across D. carota populations is harder to explain, as the rela-
tionships between seed mass on the one hand and seed character-
istics and climate variables on the other are less equivocal as we
will discuss below.

Seed mass effects: embryo and germination

The similar germination percentages and viabilities of European
and North American D. carota populations at 20°C suggest a
common germination process under optimal conditions.
However, the relationship between seed mass and germination
was different across continents. In Europe, larger seeds germi-
nated faster and had fewer dormant seeds, which agreed with pre-
vious studies (Jacobsohn and Globerson, 1980; Gross, 1984). This
confers an adaptive advantage in stressful and unpredictable
environments (Moles et al., 2005; Vandelook et al., 2018, 2021;
Kang et al., 2021). Larger seeds also have more nutrient reserves
and energy availability, increasing their environmental stress tol-
erance. The adaptive advantage of larger seeds in successful estab-
lishment and reduced dormancy aligned with established
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Figure 7. PCA of six predictors (annual precipitation, precipitation seasonality, mean temperature of the driest quarter, annual mean temperature, temperature
seasonality and mean temperature of the wettest quarter) and five seed morphology and germination traits (seed dormancy (%), seed mass (mg), E:S ratio, ger-
mination percentage of viable seeds (%) and germination speed (R50)) in 40 D. carota populations from Europe (numbers 25-40) and North America (numbers

1-24).

ecological theories (Venable et al., 1998; Baskin and Baskin,
2014). Larger seeds also benefit from germinating faster, as they
are exposed to higher risks of seed predation, because they can
be detected more easily by seed predators, and they contain
more nutrients (Dalling et al., 2011; Paulsen et al., 2014). In
North America, however, larger seeds germinated slower, perhaps
due to region-specific environmental factors. An equivocal rela-
tion between seed mass and germination speed has been observed
in other studies (e.g., Milberg et al, 1996) and merits further
study.

The relationship between seed mass and relative embryo
length is complex and varies with species and context. In
Apiaceae, a negative correlation was found between seed mass
and relative embryo length at the species level (Vandelook et al.,
2012a), while no relationship was found in Amaranthaceae
(Vandelook et al., 2021). In our study, at the population level,
seed mass and relative embryo length were related differently in
European and North American populations. In Europe, larger
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seeds had larger embryos and higher relative embryo lengths. In
North America, larger seeds had smaller embryos, but no signifi-
cant relationship was found with relative embryo length. These
results imply that (i) the germination rate is not only determined
by seed mass but also by environmental conditions and relative
embryo length, and (ii) the relative embryo length does not always
increase with seed mass. Larger embryos offer advantages in open
and dry habitats or for species with short life cycles, providing an
adaptive edge in unpredictable environments (Vivrette, 1995;
Kadereit et al., 2017; Vandelook et al., 2021).

Relative embryo length and germination

The close relationship between relative embryo length ratio and
germination has emerged as an important determinant shaping
the reproductive success and ecological strategies of plant species
(e.g., Vandelook et al., 2021). Relative embryo length and germin-
ation were related similarly in European and North American
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populations unlike seed mass and germination. In both popula-
tions, germination percentage and rate increased, and seed
dormancy decreased with increasing relative embryo length.
Recent investigations showed that larger embryos germinated
faster, which was a heritable and advantageous trait for early seed-
ling establishment and provided a competitive advantage (e.g.,
Vandelook et al., 2012a). In the present study on D. carota popu-
lations, we demonstrated that higher relative embryo length led to
faster germination and lower seed dormancy. This pattern holds
particular significance in seeds with underdeveloped embryos,
such as D. carota, where relative embryo length affected germin-
ation more than seed mass (Ferniandez-Pascual et al., 2021).
Intra-specific variation in relative embryo length within species
and their implications for germination received limited research
attention. Nonetheless, the subtle intricacies of intra-specific vari-
ation in embryo length provide valuable insights into germination
processes within plant populations. Our study emphasized that
within populations of the same species, the interplay between
relative embryo length and germination responses was influenced
by environmental factors, shaping the adaptive strategies of plants
in diverse ecological contexts.

Relationship between seed mass, relative embryo length and
local climate conditions

Climate variables are often poor predictors of ecological and evo-
lutionary patterns of trait variation at the species level (Moles
et al., 2005; Vandelook et al., 2012a.; but see Carta et al., 2022).
Here we found for the first time that climate variables are good
predictors for variation in relative embryo length between
populations. Temperature-related variables, such as annual
mean temperature, showed a positive relationship with relative
embryo length, suggesting perhaps a connection between tem-
perature and seed embryo development in mother plants.
Conversely, precipitation-related variables, such as annual pre-
cipitation, showed a negative relationship with relative embryo
length, indicating a decrease in relative embryo length in more
humid regions. Overall rainfall increased and temperature
decreased at higher latitudes, aligning with broader climatic
trends. Vandelook et al. (2012a), studying the relative embryo
length of Apiaceae at the species level, also identified a negative
and significant relationship between relative embryo length, rain-
fall, and latitude but a positive and non-significant relationship
between relative embryo length and temperature. Hence, the
exploration of seed trait variation within D. carota populations
emphasizes the importance of considering intra-specific varia-
tions when unravelling the relationships between seed traits and
environmental parameters. Past studies at the inter-specific level
reported a negative correlation between latitude and seed size,
corroborating the observed patterns (Moles et al., 2007). In con-
trast to relative embryo length, intra-specific variation in seed
mass of D. carota was poorly predicted by local climate condi-
tions, although a negative relationship between seed mass and
latitude was also present in D. carota populations studied here
(results not shown).

The response of relative embryo length to climate variation
suggests potential adaptations to climatic conditions, emphasizing
the adaptability of seed size and relative embryo size to various
environmental cues. Annual precipitation significantly decreased
with the relative embryo length of D. carota populations, but it
had no significant impact on either seed mass or seed length. It
seems that there is a trade-off in D. carota, balancing the
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allocation of resources between two distinct reproductive strat-
egies. The first strategy involves the investment in a nutrient-rich
endosperm, a crucial component for potential seedling success,
especially in environments with abundant precipitation and
lower temperatures. This allocation ensures that seeds have the
necessary resources to thrive in conditions where water availabil-
ity is not a limiting factor. The second strategy involves directing
resources towards the development of larger embryos, a strategic
move aimed at enhancing seedling vigour. This strategy was
advantageous in environments with lower precipitation and
higher temperatures, where the size and strength of the develop-
ing embryo were more important than the endosperm richness.
The trade-off highlights the plant’s adaptive response to varying
environmental conditions, showcasing a dynamic resource alloca-
tion strategy that matches the plant’s reproductive needs in differ-
ent ecological contexts.

However, intra-specific variation in relative embryo length
may also be related to conditions experienced during seed matur-
ation. Gray et al. (1984) described the development of endosperm
and embryos in D. carota as a series of distinct phases. The endo-
sperm first underwent a coenocytic phase, followed by rapid cell
division and expansion, reaching its maximum volume and dry
weight. Then, the endosperm volume slightly decreased as some
cells near the embryo dissolved. The positive relationship between
temperature and relative embryo length aligns with Gray et al.
(1984), who observed that elevated temperatures during seed
development favoured cell expansion, contributing to larger
embryos. Conversely, the negative correlation between precipita-
tion and relative embryo length suggests that increased precipita-
tion could also affect seed components, perhaps influencing
endosperm development, leading to a decrease in relative embryo
length at dispersal. Increased precipitation might, for example,
influence the dissolution of cells in the endosperm, as observed
by Gray et al. (1984), potentially contributing to a decrease in
relative embryo length. However, further studies are required to
elucidate these patterns.

The differences that were observed between European and
North American populations are potentially related to the longer
local biogeographical history of European D. carota populations,
as compared to the North American populations that were intro-
duced on the continent about 300 years ago (Small, 1978; Iorizzo
et al, 2013). D. carota, which originated in Europe and the
Middle East, has a long evolutionary history on the continent
and is very diverse, with multiple subspecies and varieties in the
Mediterranean region (Spooner et al., 2014). Therefore, a much
more developed local adaptation in Europe may explain the tigh-
ter relation between seed functional traits and climate in Europe
as compared to North America. D. carota has been distributed
across North America over the past 300 years, which is a very
short period at the evolutionary scale. However, the distribution
of D. carota over similar climate ranges in two different conti-
nents makes it an interesting case for studying micro-evolution
at different temporary scales.

Methodological considerations

In literature, different metrics are being used to express germin-
ation speed and they tend to show subtle differences (Soltani
et al., 2015), which was confirmed in this study. The existing
methods to determine the seed germination rate can be grouped
into three categories: (i) calculating an index by a formula, such
as MGT, (ii) calculating time to 50% of maximum germination
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by models, such as the Hill function, and (iii) calculating time to
50% germination, such as Germin"’. In both traditional formulas,
such as MGT, and in models designed to calculate the time to
50% of maximum germination (fso), the time determined for
mean germination, or 50% germination, depends on the max-
imum germination and the germination pattern during the test.
Comparing different MGT and t5, values is not an appropriate
method for comparing treatments. Similarly, when comparing
the germination rate of seeds from different treatments, cultivars,
habitats, populations or taxa, it is essential to evaluate them for a
fixed percentage, such as 50% of the total population. Therefore,
it is recommended to use alternative indices, like the inverse time
to 50% germination (R50, or other rates, see Germin" in the
Supplementary Files) to compare treatments accurately.

A downside of our study is the relatively unstandardized storage
conditions before the onset of the germination experiments. In an
ideal scenario, germination tests would have been performed with
freshly harvested seeds, or seeds that had been stored in standardized
conditions for the same period before the onset of the experiment.
These shortcomings need to be considered when interpreting the
results and limit the conclusions drawn. However, the high seed viabil-
ity, even after prolonged periods of storage, and the consistent results
we obtained do confirm the reliability of the conclusions drawn.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0960258524000230.
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