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Abstract
Germination timing is an important determinant of survival and niche breadth of 
plants. The annual plant Nigella sativa occurs in diverse environments along a steep 
temperature gradient and thus is a suitable model for the study of germination behav-
ior in response to temperature. We used a modeling approach to compare the germi-
nation thermal niche of seeds of nine populations of N. sativa produced in a common 
garden. Germination time courses were obtained by a newly developed process-based 
model, and thermal niche was visualized by plotting germination breadth as a function 
of after-ripening time. Seeds were sampled five times: immature (2 weeks before ma-
turity), mature, and afterripened for 1, 2, and 5 months. Immature and mature seeds 
had a greater depth of dormancy than afterripened seeds, as estimated by lower val-
ues of high-limit temperatures (Th). Afterripening increased germination percentage, 
synchrony, and thermal niche breadth of all nine populations. The highest asynchrony 
was for immature and mature seeds, and afterripening enhanced synchrony. Based on 
the new graphical method, N. sativa has Type 1 nondeep physiological dormancy, and 
thus, the germination niche is narrow at seed maturity, leading to a delayed germina-
tion strategy that is highly dependent on thermal time accumulated during afterripen-
ing. Our findings show that there is considerable variation in the germination thermal 
niche among populations. Temperature regimes in the natural habitats of N. sativa 
have played a significant role in shaping variation in thermal niche breadth for seed 
germination of this annual species. The models used in our study precisely predict 
germination behavior and thermal niche under different environmental conditions. 
The germination synchrony model also can estimate germination pattern and degree 
of dormancy during the year, suggesting a useful method for quantification of germi-
nation strategies.
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1  |  INTRODUC TION

Environmental variation is expected to become more unpredict-
able as a result of global warming. In response to climate change, 
understanding how organisms, particularly plants because of their 
sessile life style, deal with these stochastic environments is criti-
cal (Gremer et al., 2020). Ecological responses to both within- and 
among-year fluctuations in environmental parameters, including 
temperature and precipitation, provide insight into how some organ-
isms are adapted to unpredictable environments and how they take 
advantage of adaptative strategies (Bradshaw & Holzapfel,  2006; 
Diffenbaugh & Field, 2013; Norberg et al., 2012). At the plant level, 
changes in climatic patterns may have significant influences on eco-
logical functions such as germination behavior (Gremer et al., 2020), 
growth, flowering pattern, and fruiting pattern. Some plants deal 
with unpredictability by hedging their bets, a strategy that re-
duces fitness variance at the expense of the arithmetic mean, (e.g., 
Gremer et al., 2016; Simons, 2011), whereas others use alternative 
strategies (Starrfelt & Kokko, 2012; ten Brink et al., 2020) such as 
a delayed-germination risk-avoidance strategy and a risk-spreading 
strategy (Baskin & Baskin, 2014; Gremer et al.,  2016, 2020). In a 
risk-avoidance strategy, germination is delayed until environmental 
conditions are suitable for seedling establishment, while in a risk-
spreading strategy, that is, a bet-hedging strategy, only a portion of 
the seed lot germinates, thereby spreading the risk of uncertainty 
of favorable conditions for seedling establishment across years 
(Gremer et al., 2016, 2020; ten Brink et al., 2020).

A key goal in ecology is to understand how a plant times its de-
velopmental events. In randomly changing environments, plants 
have various responses to seasonal environmental signals that co-
incide with germination, emergence, growth, and reproduction in 
suitable conditions (Andrés & Coupland,  2012; Blackman,  2017; 
Cohen, 1967; Gremer et al.,  2016). Timing of developmental tran-
sitions may have effects on demographic, morphological, and phys-
iological traits at each life history stage (Galloway & Burgess, 2009) 
and on the adaptive value of these traits (Donohue, 2002; Galloway 
& Burgess, 2009). For plants in a stochastic environment, the long-
standing question of when to germinate is a fundamental life his-
tory attribute with considerable impact on the life cycle (Burghardt 
et al., 2016; Galloway & Burgess, 2009). The conditions in which a 
newly emerged seedling survives and the likelihood of successful 
seedling establishment may be determined by germination timing 
(Postma & Agren,  2016). Depending on the time of germination, 
seedlings have different environmental niches, which are shaped by 
differences in length of growing season and resource availability and 
competition (Donohue et al., 2010).

Germination is a critical stage in plant life history that plays a 
vital role in plant establishment and in determining suitable con-
ditions in which other life history events can take place (Baskin & 
Baskin, 2014; Gremer et al., 2020). Seed germination and seedling 
emergence, regarded as the most sensitive phases to environmen-
tal stochasticity, can influence individual fitness, population per-
sistence, and the distribution of species (Baskin & Baskin,  2014). 

Among environmental drivers, temperature and water availability 
are of great importance since such environmental factors can act as 
seasonal cues sensed by plants (Huang et al., 2016). Many plants may 
have specific thermal and moisture requirements for germination, 
and that global climate change may pose the risk of nonfulfillment to 
these requirements (Baskin & Baskin, 2014).

Germination timing is an important determinant of population dy-
namics and species distribution (Clauss & Venable, 2000). In annual 
plant communities, adaptive predictive germination can be reflected 
by a difference in germination timing both within and among years, 
leading to germination in favorable conditions (Gremer et al., 2016; 
Simons, 2011). Plants have both spatial (dispersal syndromes) and tem-
poral (seed dormancy) patterns that time germination and determine 
the environmental niche they experienced later in the life cycle, thus 
avoiding risky environments (Baskin & Baskin,  2014). Several stud-
ies have shown that phenology is highly dependent on germination 
strategy, seed dormancy, survival, and reproduction in response to 
weather conditions shifting across years (Donohue et al., 2015; Gremer 
et al., 2020). Of the phenology components correlated with survival, 
dormancy patterns and germination strategies (i.e., delayed germina-
tion) set the context for promoting survival after dispersal, and both are 
ecologically and evolutionary important (Baskin & Baskin, 2014).

There are five classes of dormancy: physiological (PD), morpho-
logical (MD), morphophysiological (MPD), physical and physical plus 
physiological (combinational) (Baskin & Baskin, 2004, 2014). Three 
levels of PD (nondeep, intermediate, and deep) have been identified, 
and nondeep PD is the most common kind of dormancy in seeds 
worldwide (Baskin & Baskin, 2014). Furthermore, there are six types 
of nondeep PD that fine-tune the germination niche of species in 
response to temperature (Baskin & Baskin,  2014; Soltani, Baskin, 
et al., 2017). Of the six types of nondeep PD, three exhibit condi-
tional dormancy during the dormancy-breaking process (Soltani, 
Baskin, et al., 2017), in which the thermal range permissive for germi-
nation, and thus the thermal niche for germination, widens as seeds 
pass from dormancy to nondormancy (types 1, 2 and 3; Figure  2) 
(Baskin & Baskin,  2014; Batlla & Benech-Arnold,  2015; Soltani, 
Baskin, et al., 2017). In species with conditional dormancy, the ther-
mal niche breadth is limited and highly dependent on dormancy 
status, whereby a widening and narrowing of the thermal niche is 
likely to occur in response to dormancy release and dormancy in-
duction, respectively (Batlla & Benech-Arnold, 2015; Soltani, Baskin, 
et al., 2017; Soltani, Gruber, et al., 2017).

Afterripening, the release of PD with time during dry storage, 
may have a marked influence on variation in germination timing 
(Baskin & Baskin, 2020; Holdsworth et al., 2008). Dormancy loss 
due to afterripening is accompanied by a considerable number of 
changes in seed population sensitivity to environmental cues fol-
lowing imbibition (Alvarado & Bradford, 2005). The importance of 
afterripening in the adaptation of annual plants to periodic drought 
conditions is that it prevents premature germination during erratic 
timing of rainfall (Baskin & Baskin, 2014). Furthermore, afterripening 
may act as the functional link synchronizing germination strategies 
and plant life history in varying environments (Huang et al., 2016).
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The concept of the thermal models widely used in plant de-
velopment/phenology studies is that developmental units are ac-
cumulated over time in relation to the accumulated thermal units. 
Thus, population sensitivity to a given environmental condition can 
change, and seeds progressively gain the ability to germinate in re-
sponse to seasonal environmental cues, thereby leading to evolution 
of the germination niche (Donohue et al., 2015; Maleki et al., 2021). 
The characteristics of the germination patterns under a wide range 
of environmental conditions can be mathematically described by 
population-based models (PBT) using the normal distribution of 
parameters within a given population (Bello & Bradford,  2016; 
Bradford, 2018). Such models can define not only the threshold-type 
response of a population (average behavior) but also the variability 
among individuals in dormancy status and germination timing within 
a population. These are important components of an opportunistic 
versus conservative strategy, and they set the context for subse-
quent developmental events (Batlla & Benech-Arnold, 2015; Bello & 
Bradford, 2016; Bradford, 2018; Donohue et al., 2015).

At the population level, seed germination is a complex pro-
cess due to the various dimensions involved in it, such as optimal 
conditions for germination, number of germinable seeds in a given 
population and synchrony and percentage of germination. Thus, 
characterization of germination is difficult, and several models 
have been developed to predict germination responses to factors 
regulating it, including temperature and moisture (Batlla & Benech-
Arnold,  2015; Donohue et al.,  2015; Maleki et al.,  2021; Soltani 
et al., 2022; Soltani et al., 2021).

This study compared breadth of the germination thermal niche 
among nine populations of Nigella sativa along a steep temperature 
gradient. We addressed the following questions about this annual 
species. (1) Are seeds conditionally dormant at maturity, and what 
type of dormancy do they have? (2) How does the germination 
thermal niche change with after-ripening time? (3) Is germination of 
fresh seeds asynchronous within populations, and does synchrony 
increase with after-ripening time? Our results illustrate not only the 
relationship between germination strategies and changes in tem-
perature requirements for germination during afterripening but also 
provide a quantitative framework for predicting the germination 
niche in response to regional climate conditions. This study provides 
a novel perspective on correlation of germination, dormancy pat-
terns, and thermal niche with long-term mean temperatures for dif-
ferent populations of N. sativa.

2  |  MATERIAL S AND METHODS

2.1  |  Study species

Nigella sativa (Ranunculaceae) is a winter annual distributed natu-
rally in the Mediterranean region, middle Europe, and western Asia 
(Al-Jassir, 1992). It has white to purple flowers and a capsule-like 
fruit composed of up to seven follicles containing small black seeds 
(1–5  mg) that have an aromatic odor and taste (Al-Jassir,  1992). 

N. sativa reaches maturity in late spring and early summer, depend-
ing on conditions. This species occurs in diverse environments along 
a steep temperature gradient (Table S1), providing a suitable model 
for studies on germination behavior in response to temperature. 
Variation in temperature is considerable during summer and may 
influence seasonal germination and breadth of the thermal niche. 
Seeds of N. sativa germinate during autumn to spring in the wild, de-
pending on the climate conditions. Moreover, lack of uniform germi-
nation and seedling emergence among focal population of N. sativa 
(M. Kiani; Personal observation) means that additional research is 
required to advance our understanding of germination ecophysiol-
ogy of this economically valuable species.

Unlike the mature seeds of many species of Ranunculaceae, 
which have an underdeveloped embryo and thus MD or MPD 
(Baskin & Baskin, 2014), those of N. sativa have a fully developed 
embryo (Butuzova et al., 1997) and nondeep PD (B1 sensu Nikolaeva 
et al.,  1985). Thus, although the embryo is relatively small (em-
bryo length: seed length ratio = 0.5) at seed maturity, it does not 
exhibit further growth inside the mature seed before the radicle 
emerges (Butuzova et al., 1997; K. Maleki, C. Baskin, J. Baskin, M. 
Kiani, I. Alahdadi, E. Soltani, unpublished data). Moreover, several 
authors have reported that N. sativa seeds are dark sensitive, that 
is, germinate better in dark than in light (Ahmadian et al.,  2015; 
Alshammari,  2017; Nikolaeva et al.,  1985). However, to mimic the 
natural environments in which N. sativa grows (Table  S1), a daily 
12-h light/12-h dark regime was used and in our study seeds germi-
nated to very high percentages in a daily 12-h light/12-h dark regime 
(Figures S1–S5 see below).

2.2  |  Common garden

The starting populations of N. sativa included in this study were 
from seeds collected at nine locations that differ in geographic posi-
tion, climate, and elevation (Table  S1). These populations occur in 
fields and grassland throughout Iran. This species occurs across a 
wide elevational range (200–2000 m), and populations are discon-
tinuously distributed. To eliminate maternal environmental effects 
on population differences in germination and thus to address vari-
ation in the seed germination thermal niche among nine popula-
tions of an annual plant, seeds for germination experiments were 
produced in a common garden. Seeds collected from the nine field 
populations were used to propagate plants in a common garden, and 
seeds from offspring of each population then were used to define 
the germination thermal niche. These seeds were produced in fairly 
well-watered conditions, which can affect germination responses. 
For seeds used in germination experiments, we collected seeds pro-
duced in the common garden in late spring (2018) and allowed them 
to afterripen for up to 5 months. Germination tests were carried out 
immediately on immature and mature seeds after sampling, and the 
remaining seeds were stored dry in an incubator (20°C, darkness, 
ambient humidity, that is, 55%–60% relative humidity) prior to be-
ginning the experiments.
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The common garden is located on the Aburaihan Campus, 
University of Tehran (35°28′N, 51°36′E; 1020 m a.s.l.) in an area 
classified as an arid region according to the de Martonne climate 
classification (Raziei,  2017). The experiment was carried out in a 
randomized complete block design in 2018. Nine populations of N. 
sativa were cultivated in 27 transects in the common garden. Each 
transect was 1.5 m × 2 m, and the spacing between transects was 
25 cm. We sowed seeds in the garden and then thinned the plants 
to a density of 120 m−2. Seeds were planted in late February, when 
both soil moisture and temperature are suitable for germination and 
growth (Kiani et al., 2020). Plants were watered at 10-day intervals 
during winter and early spring and at 5-day intervals in late spring 
and early summer to avoid any water stress. Populations reached 
maturity in late July. We harvested seeds when the capsules were 
brown, and all transects were harvested simultaneously to elimi-
nate the differences in harvesting time and obtain seeds which 
are at the same developmental stage. Although maturity time was 
different among populations due to geographical origin and ma-
ternal environments, this difference was not considerable, so that 
we were able to harvest seeds simultaneously. Immature seeds (D) 
were harvested two weeks before maturity (M). Most of the annual 
precipitation occurs during winter and early spring. The lowest and 
highest temperatures occur in February and August, respectively 
(climatic data were extracted from NOAA's Climate Data Online 
Summaries Research Tool; https://www.ncdc.noaa.gov/clima​te-
infor​mation) (Figure 1).

2.3  |  Dormancy status of immature, mature, and 
after-ripened seeds

To determine whether seed dormancy is expressed during differ-
ent developmental stages, we intentionally harvested seeds at two 

intervals (1) two weeks prior to maturity (immature seeds, D) and 
(2) at maturity (mature seeds, M). After seed collection (at maturity), 
the seeds were air-dried and winnowed to eliminate light-weight 
seeds and empty fruits. Then, the seeds were stored in paper bags at 
constant 20°C in darkness for 1, 2, and 5 months for after-ripening 
treatments.

2.4  |  Germination trials

Germination tests were carried out on immature (D), mature (fresh; 
M), and after-ripened (1, 2 and 5 months) seeds with three replicates 
of 20 seeds for each treatment. The germination tests were grouped 
into five distinct experiments with a gradient of six temperatures 
from 5 to 30°C in 5°C intervals for all populations. The experiments 
were performed at five distinct intervals, including two weeks prior 
to maturity, at maturity and after 1, 2, and 5 months of afterripening. 
Seeds derived from all nine populations failed to germinate at 30°C; 
thus, this temperature was removed from both the model and the 
data analyses.

Germination was assessed in alternating light and darkness 
(12 h/12 h). The light source was cool white fluorescent tubes, and 
photon flux density at shelf level was about 23 μmol m−2  s−1, 400–
700 nm. This light/dark interval was used as 12 h of light are within 
the range of photoperiods that seeds are exposed to in the field. 
Seeds were incubated on two filter papers moistened with 7 ml of 
distilled water in 9-cm-diameter Petri dishes. For each population 
and germination trial, 20 seeds per Petri dish and three replicate 
dishes were used. The water in Petri dishes was replenished as 
needed. After each counting, we changed the position of each Petri 
dish to minimize position effects. Germination was scored daily, and 
germinated seeds (radicle protrusions ≥2 mm) were removed from 
the dishes.

F I G U R E  1 Average temperature 
and precipitation during experiments. 
The sowing date in common garden 
experiment and harvesting date were 
indicated in the panel. 1-AR, one month 
of afterripening; 2-AR, two months 
of afterripening; 5-AR, five months of 
afterripening; HD, harvesting date; SD, 
sowing date.

https://www.ncdc.noaa.gov/climate-information
https://www.ncdc.noaa.gov/climate-information
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2.5  |  Quantification of thermal niche using 
population thermal parameters

We quantified thermal parameters describing degree of dormancy 
using the model proposed by Batlla and Benech-Arnold (2015). In 
the model, the fraction of germinated seeds (GF(T)) for each popu-
lation (immature (D), mature (M), and afterripened (AR1, AR2, and 
AR5)) at different incubation temperatures was estimated using 
the following model (see Supporting Information for additional 
information).

where Φ is the normal probability integral l, and Tl(50) and Th(50) are mean 
lower limit and higher limit temperatures, respectively, with standard 
deviations of �Tl and �Th, respectively. The two descriptive parameters 
(Tl(50), and Th(50) are mean lower limit and higher limit temperatures) 
explain two bounds showing thermal niche, which is contingent on 
depth of dormancy. Degree of dormancy is interpreted by changes 
in temperature range permissive for germination. Germination will 
occur when the prevailing temperatures overlap with (or exceed) the 
permissive temperature parameters explained by the two descriptive 
limits, and the permissive thermal range varies within a population, 
consistent with the concept that individual seeds have different de-
grees of dormancy. Based on the degree of nondeep PD, a wide range 
corresponds to a low degree of dormancy and a narrow range to a high 
degree of dormancy. A thermal niche for germination will be estab-
lished between the low-  and high-limit temperature changes (Arana 
et al., 2016; Batlla & Benech-Arnold, 2015; Maleki et al., 2021). The 
estimated population-based parameters (lower and higher limit tem-
peratures) and thermal time required for germination (accumulated 
developmental units, discussed in Section 1) are assumed to be nor-
mally distributed within the seed population with a mean (θ(50)) and a 
standard deviation (σθ), while the cardinal temperatures for germina-
tion, base temperature (Tb), optimum temperature (To), and maximum 
temperature (Tm), are considered to be constant for the whole seed 
population (Arana et al., 2016; Batlla & Benech-Arnold, 2015; Maleki 
et al., 2021).

Differential thermal time requirement for germination can de-
fine differences in germination timing among populations. In the 
suboptimal thermal range, thermal time required for germination 
is accumulated above Tb, and each population requires a different 
amount of thermal time for the completion of germination. Thermal 
time between optimum temperature (To) and maximum tempera-
ture (Tm) (in the supra-optimal thermal range) is accrued below the 
maximum temperature (Tm), and it is assumed that thermal time re-
mains constant for each seed in the population (variations in Tm re-
flect germination timing). Thermal time in the suboptimal thermal 
range (θsub, between Tb and To) and the supra-optimal thermal range 
(θsup, between To and Tm) can be calculated for different fractions 
of the population (g) with Equations (2) and (3), respectively (Arana 
et al., 2016; Batlla & Benech-Arnold, 2015; Maleki et al., 2021) (see 
Supporting Information for additional information):

where tg is the time required for completing germination of fraction 
g of the population. The model assumes that the base (Tb) and ceiling 
(Tmax) temperatures for germination do not change within a population, 
when seeds become nondormant. We first estimated cardinal tem-
peratures for all populations and then used the estimated parameters 
(Tb and Tmax) for fitting the model to our data (see Table S2).

Based on the above concept that thermal niche can be quantified 
via population-based models having ecologically meaningful param-
eters, the following issues were taken into account.

1.	 We estimated seed germination parameters (i.e., Tb, To, and 
Tmax) for N. sativa via temperature functions. These parame-
ters are for nondormant seeds, and they are estimated via a 
temperature function (Table  S2, see Supporting Information 
for additional information).

2.	 Population-based parameters describing the thermal range per-
missive for seed germination for different after-ripening time 
intervals for nine populations. This was made through an optimi-
zation procedure using excel “solver” in which model equations 
were adjusted to germination time-course at 5, 10, 15, 20, and 
25°C. The thermal time required for seed germination also was 
derived by optimization.

3.	 We developed a thermal-time model for dormancy release and a 
preliminary model for afterripening.

2.6  |  Parameter estimation

We used a nonlinear optimization procedure to estimate popula-
tion thermal parameters to determine thermal niche and degree 
of dormancy. In this procedure, the process of optimizing the 
root-mean-square error (RMSE) between simulated and germina-
tion time-courses was conducted by varying population thermal 
parameters with the “Solver” plug-in (Microsoft Excel) based on a 
generalized reduced gradient (GRG) nonlinear optimization (Lasdon 
et al., 1978). Once we had made the best estimates of population 
thermal parameters, the best-fitting lines between simulated and 
germination time-courses were obtained.

2.7  |  Thermal after-ripening time model (TAR)

To quantify dormancy loss during afterripening, we established 
a relationship between changes in higher temperature limit (Th50, 
see Section 2.5) and thermal after-ripening time. This concept as-
sumes that the widely fluctuating high-temperature limit attained 
during dry storage can be considered as a linear function of tem-
perature above a base temperature. The thermal history that 

(1)GF(T) =
{

Φ
[(

T − Tl(50)
)

∕�Tl
]

−
{

1 − Φ
[(

T − Th50
)

∕�Th
]}}

(2)
�sub (g) =

(

T − Tb
)

tg

(3)�sup (g) =
(

Tm − T
)

tg



6 of 16  |     MALEKI et al.

seeds perceive is calculated as the sum of hourly temperature val-
ues in the seed zone (in our case, storage at 20°C). We used the 
following equation to integerate thermal after-ripening time (Allen 
et al., 2007):

where θAT denotes the thermal time required for afterripening, Ts the 
storage temperature, Tsl the lower limit storage temperature below 
which afterripening does notoccur (the value is 5°C for N. sativa, data 
not shown) and tar the actual time in storage required for completion 
of afterripening (time required for Th50 to change from its initial [D and 
M] to its final value [after-ripening intervals]).

2.8  |  Synchrony of germination

Based on the assumption that a population with dormant seeds does 
not germinate in synchrony, we make a new assumption to math-
ematically describe synchrony of germination within a population 
through a simple explanatory parameter. To relax the above as-
sumption, we used the square root of variance or standard deviation 

(regarded as the distance from the mean of a population) of popu-
lation thermal parameters describing dormancy and thermal niche. 
Since seeds have nondeep PD (Type 1, see caption for Figure 2), we 
used only high-limit temperatures (Th50) to determine synchrony of 
germination (hereafter SOG), because only this parameter shows 
changes in dormancy and thermal niche. We estimated SOG using 
the following equation:

where σ is the standard deviation of Th50, XS and XO simulated and ob-
served values (Equation 1), respectively, and N population size.

To compute Equation (5), we followed a five-step method.

1.	 To find � in Equation  (5), we calculated the mean of the data 
set, including experimental data showing germination fraction 
for each percentile and each replicate (from 0.1 to 0.9).

2.	 Then, we found the deviations (
[

XS−�XO
]2), which show the dis-

tance from each data point to the mean.
3.	 The sum of the deviations (estimated by step 2) was computed 
(
∑

�

XS−�XO
�2).

(4)�AT =
(

Ts − Tsl
)

tar

(5)SOG
�

�Th
�

=

∑
�

XS−�XO
�2

N

F I G U R E  2 Three patterns (types 1, 2, and 3) of temperature requirements for germination of species with nondeep physiological 
dormancy as thermal niche changes. In types 1 and 2, dormant seeds germinate only at low (Tl50 is constant) and high temperatures (Th50 is 
constant), respectively, and dormancy release shifts temperature range permissive for germination upward and downward, respectively. 
Type 3 germinates only at intermediate temperatures, and temperature range permissive for germination shifts both downward (Tl50) and 
upward (Th50) as dormancy is terminated.
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4.	 The result from Step 3 was divided by the size of the population 
(N), which is the number of data points.

5.	 Finally, we took the square root of the results from step 4.

2.9  |  Graphical method

To determine whether this species has a delayed germination (risk-
avoidance) strategy, we developed a new graphical method, which 
included the 20-year mean temperature at locations to which each 
population is native. Climate data were obtained through Tutiempo 
website (http://www.tutie​mpo.net/en/Climate), and population pa-
rameters explaining germination thermal niche were estimated by 
Equation  (1). First, we extracted the mean temperature for each 
month and year in which the relevant developmental events had 
taken place. Then, a 20-year mean temperature was computed. 
Finally, we plotted the 20-year mean temperature (from local 
weather data) against the germination thermal niche constructed for 
this species in response to local conditions.

2.10  |  Rate of widening of thermal niche during 
afterripening

To calculate the rate of widening of the thermal niche (hereafter 
RWTN), which describes changes in thermal range permissive for 
germination during the storage period (afterripening to overcome 
dormancy), we modeled the relationship between two variables (stor-
age period at hourly intervals and increases in the high-temperature 
limit or thermal niche for germination) by fitting a linear equation to 
the data. The first variable is an explanatory variable and the second 
one a dependent variable.

The following equation was used to calculate the rate of widen-
ing of thermal niche (RWTN):

where X is the explanatory variable, Y the dependent variable, b the 
slope of the line and a the intercept (the value of Y when X = 0).

To estimate the rate of widening of thermal niche (RWTN), the 
following equation was derived;

2.11  |  Principal component analysis (PCA)

To examine trait correlations across ecological measurements of 
populations (see Table 3), principal component analysis (PCA) was 
performed on germination percentage, descriptive population-
based parameters (lower limit and higher limit temperatures, Tl50 
and Th50 ), synchrony of germination, rate of widening of ther-
mal niche and thermal time required for germination, based on 
statistical methods implemented within Prism (PCA test was 

performed using GraphPad Prism version 9.1.2 for Windows, 
GraphPad Software, www.graph​pad.com) and SAS (version 9.3) 
environments.

2.12  |  Germination timing

To predict germination timing in response to environmental cues 
and afterripening, we used a nonlinear regression and interpolation 
function to answer the long-standing question of when to germi-
nate. The regression line was fitted to long-term mean temperature 
and thermal niche quantified by Equation (1). To do so, we predicted 
germination timing in the field when the mean temperatures at 
each population intersected the lines showing thermal niche. The 
nonlinear regression and interpolation function provided predicted 
thermal values, which are implemented into each panel devoted 
to populations. Since seeds from the populations are conditionally 
dormant during development (D) and at maturity (M) and need to 
afterripen to overcome dormancy and widen thermal niche, the pre-
dicted thermal values show the mean temperature that stimulates 
germination in the fall, suggesting that when temperature reaches 
the predicted thermal values, germination commences. (There is no 
overlap between thermal niche and the mean temperatures across 
these periods.)

3  |  RESULTS

3.1  |  Temperature effects on dormancy

Whereas no or only a moderate fraction of the seeds derived from 
all nine populations germinated at high temperatures (25°C) during 
development (two weeks prior to maturity; D =  0%) and even at 
maturity (M 20%–35%; Figure  S5), a moderate-to-high proportion 
completed germination at the cooler temperatures (5 and 10°C; D 
20%–80%; M 60%–85%; Figures S1 and S2). Therefore, we investi-
gated the effect of afterripening on germination over a broad tem-
perature range (5 to 25°C). Germination for all populations increased 
during 1, 2, and 5 months of afterripening. In most populations, the 
highest germination percentage was observed for seeds afterrip-
ened for 2 and 5 months (Figures S1–S3), while some populations 
(such as Zabol, Tafresh, and Semirom) showed the reserve trend, 
meaning that even mature seeds (M) germinated to the highest per-
centage (Figures S1–S3).

3.2  |  Quantification of dormancy

Both immature and mature seeds were dormant and exhibited Type 
1 nondeep PD. Changes in dormancy level in response to various 
periods of afterripening, explained by descriptive parameters in 
Table  1, resulted in a consistent increase in population-based pa-
rameters describing the dormancy state (widely fluctuating higher 

(6)Storage time(Y) = a +
(

changes in Th [X]

)

× (b)

(7)RWTN = 1∕b

http://www.tutiempo.net/en/Climate
http://www.graphpad.com
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temperature limit, Th50). Here, we modeled germination behavior of 
nine populations of N. sativa at 5, 10, 15, 20, and 25°C.

Change in dormancy status varied inconsistently with time and 
among populations (Table 1). Whereas the Semirom and Razan pop-
ulations had the narrowest thermal niche (i.e., the lowest Tl50 of 3 
and 4°C, respectively), the Eshkazer, Arak, and Bajestan populations 
had the highest Tl50, ranging from 6.3 to 9°C (Table 1). Th50 varied 
considerably among populations and after-ripening intervals, while 
Tl50 remained unchanged, demonstrating that seeds of this species 
have Type 1 nondeep PD (Table  1, Figure  2). The lowest Th50 was 
for seeds with no afterripening (both D and M), and the Th50 was 
much higher for after-ripened seeds than for immature and mature 
seeds, increasing from 15°C to 25°C among populations (Table 1). In 
spite of these widely different high-temperature limits among popu-
lations, the developed process-based model fitted germination data 
well (Table 1).

3.3  |  Synchrony of germination

The pattern of synchrony varied considerably among populations, 
and asynchrony leveled off with time. Seeds germinated more syn-
chronously within populations with afterripening. Immature and 
mature seeds of all nine populations exhibited asynchronous ger-
mination when they were tested at a gradient of five temperatures 
from 5 to 25°C in 5°C intervals for all populations (Figure S7, black 
arrows).Thus, afterripening increased synchrony level among popu-
lations until the most synchronous pattern was achieved (Figure S7, 
green arrows), leading to increased germination. After 5  months 
of afterripening, degree of synchrony reached its ultimate value 
(Figure S7, green arrows).

3.4  |  Breadth of thermal niche

The graphical method showed that each population occupies a 
given thermal niche (Figure 3, solid squares). Based on the graphical 
method, germination might occur when the thermal niche overlaps 
with long-term thermal condition (solid squares), resulting in the ad-
justment of germination timing and delay of germination until the 
overlap occurs. Afterripening had a considerable impact on widening 
the thermal niche: the more dormancy that was released the wider 
the thermal niche.

3.5  |  Rate of widening the thermal niche during dry 
afterripening

Rate of widening the thermal niche differed significantly among 
some populations (Table 2). The Zabol and Razan populations had 
the highest rate of widening of the thermal niche, whereas changes 
in the thermal niche during afterripening were not significant in 
Razan (Table 2; p =  .0937). Thus, germination of Razan population 

became synchronous more slowly than it did for seeds from other 
populations with a low rate of widening of the thermal niche, in 
which afterripening enhanced synchrony values rapidly, namely for 
Arak and Tafresh.

3.6  |  Principal component analysis (PCA)

Using PCA, populations and ecological measurements fell into dif-
ferent categories (Figure 4; Table 3). The first two components de-
scribed 56.26% of the variance (Figure 4). The analysis showed that 
dormancy pattern can change during dry afterripening and that the 
changes differ among populations (Figure 4). Thermal time require-
ments and synchrony of germination explained 1.20% and 2.70% 
of the variance among ecological measurements, which had the 
least variance among measurements. Of the ecological measure-
ments, final germination percentage (FGP) and Th50 were highly cor-
related with each other, while Tl50 and rate of widening of thermal 
niche showed no correlation with other parameters. Thermal time 
required for germination and synchrony of germination were highly 
correlated.

Since the first principal component captured 52.26% of the 
variance, species with higher germination capacity are better able 
to come out of dormancy and take advantage of dormancy status 
to synchronize germination. The second principal component de-
scribed 23.48% of the variance shows that higher temperature limit 
(in this case, the parameter showing the widening of thermal niche), 
which was affected by dormancy level, directly contribute to ger-
mination timing and delayed germination strategy, leading to diver-
gence in germination behavior across populations (Table 3).

3.7  |  Prediction of germination timing

Germination of all populations occurred in a window of time rang-
ing from 2 to 5 months of afterripeing. Predicted thermal values for 
temperature that cues germination in the field varied considerably 
among populations, depending on the environmental conditions and 
thermal history they have experienced. The Semirom, Zabol, and 
Khaf populations showed the highest predicted thermal values of 
29.55, 28, and 27.62°C, respectively (Figure S8), and the Eshkazar 
and Gardmiran populations showed the lowest predicted values of 
21.10 and 24.12°C, respectively (Figure S8).

4  |  DISCUSSION

Sensitivity to temperature is a fundamental ecological phenomenon 
for plants growing in unpredictable habitats where successful ger-
mination is highly dependent on the spatiotemporal variability in 
temperature. Temperature may play a primary regulatory role in deter-
mining the germination thermal niche by modulating seed dormancy 
and subsequently the thermal niche and by determining synchrony 
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(Batlla & Benech-Arnold, 2015; Soltani, Baskin, et al., 2017; Soltani, 
Gruber, et al., 2017). A study by Alshammari (2017) found that seeds 
of N. sativa are responsive to temperature with an optimum of 23°C 
and that germination did not occur below 15°C or above 25°C. 
Changes in germination patterns as seeds afterripen (Figure 3) are 
consistent with an increase in population-based parameters describ-
ing the dormancy state (widely differing higher temperature limit, 
Th50). We found changing patterns of seed responses to temperature 
among populations of N. sativa, with marked variation in germination 
at high temperatures (Figures S3–S5). Furthermore, delayed germi-
nation strategy was associated with long-term environmental condi-
tions were obvious. The results show that dormancy patterns might 

be relevant to environmental conditions at each local site rather 
than at the landscape scale, suggesting that differential germina-
tion response to the environment of each population site underlies 
environmental regulation of seed dormancy (Cavallaro et al., 2016; 
Krichen et al., 2014; Rotundo et al., 2015; Tognetti et al., 2019).

Conditional dormancy is a transitory state between dormancy 
and nondormancy in which seeds are only able to germinate within a 
narrow temperature range (limited thermal niche), and as seeds be-
come nondormant, they progressively gain the ability to germinate 
in a broader temperature range until the widest thermal niche for 
germination is reached (Baskin & Baskin, 2014; Maleki et al., 2021). 
In our study populations of N. sativa with conditional dormancy had 

F I G U R E  3 Thermal niche occupied by populations of Nigella sativa. Each niche is constructed in response to environmental filtering, 
particularly temperature. The solid squares represent the mean of 20 temperatures recorded in the location where N. sativa is native. 
A considerable quantity of seeds can germinate whenever mean temperature overlaps with thermal niche. The solid squares outside of 
the thermal niche mean that environmental cues for germination are not suitable or (may not be perceivable) for this species. Th50, mean 
higher limit temperature; Tl50 , mean lower limit temperature; 1 month, one month of afterripening; 2 months, two months of afterripening; 
5 months, five months of afterripening; D, immature seeds; M, mature seeds.
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different germination strategies via different germination niches 
with variable breadth and different synchrony patterns, which is a 
potential adaptive trait underlying adaptive strategies and creates 
a dynamic status change in response to dormancy level. Conditional 

dormancy is a strategic mechanism synchronizing germination 
with favorable conditions by creating a dynamic status altering the 
breadth of germination thermal niche in response to seasonal cues 
(Baskin & Baskin,  2014; Maleki et al.,  2021; Soltani et al., 2022). 
Maleki et al. (2021) showed that conditional dormancy adjusted ger-
mination timing of Brassica napus in response to environmental cues. 
This suggests that conditional dormancy enables a species to delay 
germination of freshly matured seeds coincident with onset of harsh 
and dry summer conditions, and then it optimizes germination by 
synchronizing germination with early autumn in which suitable con-
ditions for germination are expected (Figure 3).

In addition to sensing unfavorable conditions, there is an un-
derlying mechanism that drives conditional dormancy. In B. napus, 
for example, thermal after-ripening time, viewed as thermal units 
that must be accumulated during summer to allow seeds to start 
germinating, helps this species track environmental conditions 
(Maleki et al., 2021). In explaining the previous concept in the an 
underlying mechanism that drives conditional dormancy, several is-
sues must be taken into account. (1) For species requiring a certain 
period of dormancy-breaking treatment (either stratification or af-
terripening), a given amount of thermal units is needed, providing 
a regulatory mechanism that delays germination until the thermal 

TA B L E  2 Estimated parameters for the linear model (Equation 6) fitted to observed data to calculate the rate of widening of thermal niche 
at hourly intervals during afterripening.

Population a (intercept) b (slope of the line) RWTNa (h per 1°C → Th) p Value R2

Arak 24.29 0.003274 ± 0.0009173 305.5ns .0703 .86

Bajestan 23.14 0.002679 ± 0.0006391 373.3ns .0525 .89

Eshkazer 20.65 0.002748 ± 0.0004617 363.9** .0271 .94

Gardmiran 20.86 0.002877 ± 0.0006115 347.6** .0423 .91

Khaf 23.05 0.002897 ± 0.0005693 345.2** .0365 .92

Razan 24.71 0.002282 ± 0.0007523 438.3ns .0937 .82

Semirom 23.49 0.002450 ± 0.001203 408.1ns .1785 .81

Tafresh 22.96 0.002976 ± 0.0005546 336.0** .0330 .93

Zabol 26.00 0.002083 ± 0.0004150 480.0** .0375 .92

Note: **Significant, ns nonsignificant.
aRate of widening thermal niche during dry afterripening. F-test was used as a procedure to assess test of significance.

F I G U R E  4 Principal component 
analysis results of ecological 
measurements for nine populations of 
Nigella sativa. Data plotted describe 
the first two principal components, 
which explain the majority of variance. 
Th50, higher temperature limit; Tl50, lower 
temperature limit; FGP, final germination 
percentage; Ɵ, thermal time required 
for germination; Rate, rate of widening 
of thermal niche; SOG, synchrony of 
germination.

TA B L E  3 Principal component analysis of dormancy and 
germination for different germination parameters.

Variable PCA correlations
Proportion of 
variance (%)

FGPa 0.926041 56.26

Thb 0.959628 23.48

Tlc −0.38151 10.89

Rated 0.285922 5.47

SOGe −0.83397 2.70

Ɵf −0.82117 1.20

aFinal germination percentage.
bHigher temperature limit.
cLower temperature limit.
dRate of widening of thermal niche.
eSynchrony of germination.
fThermal time required for germination.
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units requirements for germination are fulfilled (Figure S6). (2) This 
sensory mechanism implies that the need for given dormancy-
breaking treatments may have an evolutionary underpinning. Thus, 
the requirements for germination mean that seeds germinate at the 
onset of favorable conditions for seedling establishment (Figure 3). 
In agreement with our hypothesis about underlying mechanisms 
that drive conditional dormancy, Carruggio et al.  (2021) concluded 
that conditional dormancy can serve as a highly efficient adaptation 
strategy that allows species with type 1 nondeep PD to avoid stress-
ful conditions in areas with an unpredictable Mediterranean climate.

Interestingly, for after-ripened seeds (relative to immature and 
mature seeds), all populations had higher and more synchronous ger-
mination, indicating that dormancy had changed and that the seed 
population had become less dormant. Seeds are produced in early 
summer and afterripen during the remainder of the summer; thus, 
immature, mature, and 1-month after-ripened samples coincide with 
the summer season (Figure 1). We conclude that thermal time expe-
rienced during summer may play a part as an underlying mechanism 
that drives conditional dormancy, meaning that being responsive to 
afterripening to overcome seed dormancy may have evolutionary 
underpinnings.

Within-population variation in germination behavior also may 
indicate differences in germination strategies. For example, the 
Semirom and Arak populations, which occupy the driest sites, had 
the highest Th50 among the nine populations, suggesting that they 
may be adapted to the conditions in the early growing season (au-
tumn). Conversely, the lower Th50 in the other seven populations may 
indicate a more conservative germination strategy, that is, seeds 
germinate only in a narrower thermal niche. Maximum germination 
capacity and the rate of widening of the thermal and germination 
niches in after-ripened seeds were significantly correlated with long-
term mean temperature (Figure 3, Table 3). The simulated thermal 
niche matched well with the observed germination niche. Some 
populations were characterized by high �T values, with extremes of 
32.6 and 31°C for Semirom and Razan, respectively. This is of eco-
logical significance, since these populations may delay germination 
because of a higher thermal requirement than populations with a 
lower thermal requirement, such as Gardmiran (Table 1). Thus, pop-
ulations with a low rate of widening of the thermal niche might re-
spond better to afterripening (accumulated thermal time) than those 
with a high rate of widening of the thermal niche (Table 2, Figure S6).

Some generalizations about the descriptive population-based pa-
rameter (Th50) can be made for each population (Table 1). There was a 
consistent trend between estimated values for Th50 and �T, primarily 
due to dormancy, since the more dormancy decreased the less ther-
mal time was required for germination (Figure S6). Another ecologi-
cal aspect demonstrated here is that the magnitude of Th50-thermal 
after-ripening time slope varied with storage period. Th50 increased 
among populations as thermal after-ripening time increased, with 
slopes ranging from 5.53 (Khaf) to 5.47 (Arak) (Figure S6).

Germination synchrony varied considerably among populations. 
Immature and mature seeds of all populations showed signs of asyn-
chronous germination at the prevailing temperatures (a gradient of 

five temperatures from 5 to 25°C in 5°C intervals for all populations) 
(Figure S7, black arrows). Afterripening released seed dormancy, and 
consequently germination timing was adjusted by delaying germi-
nation, thereby avoiding drought in summer. Thus, the more dor-
mancy that was released the more synchronous germination became 
(Figure S7, green arrows).

Studies using dynamic models have indicated that risk-spreading 
strategies are beneficial and that species may take advantage of in-
tegrated strategies that incorporate predictive plasticity of phenol-
ogy and timing with bet-hedging (Gremer et al., 2016). The need for 
afterripening delayed germination based on long-term climate data, 
the loss of dormancy with afterripening and delay of germination 
until late autumn (December).

Population-based parameters are useful tools for quanti-
fying germination strategies and germination timing (Donohue 
et al., 2015). For example, higher germination plasticity (wider ther-
mal niche) can be obtained when the descriptive parameter (Th50) 
has a higher value. Threshold-type responses to temperatures (i.e., 
lower or higher limit temperatures) have been widely used to quanti-
tatively describe variation in germination and dormancy loss for sev-
eral species in the Brassicaceae (Del Monte & Tarquis, 1997; Maleki 
et al., 2021; Soltani, Baskin, et al., 2017) and of Polygonum aviculare 
(Polygonaceae) (Batlla & Benech-Arnold, 2015). Ecologically mean-
ingful parameters (i.e., Tl50 and Th50) are powerful tools for quantifica-
tion of degree of seed dormancy and identifying types of PD. In Type 
1 nondeep PD, Tl50 remains unchanged and Th50 increases progres-
sively and simultaneously. Soltani, Baskin, et al.  (2017) found that 
cardinal temperatures for final germination percentage can change 
during dormancy breaking within a population. They explained that 
seeds with types 1, 2, and 3 of nondeep PD have a continuum of 
transition stages known as conditional (or relative) dormancy but 
that those seeds with types 4, 5, and 6 do not. Maleki et al. (2021) 
demonstrated that changes in population-based parameters can be 
considered as degree of dormancy.

Based on the graphical method and estimated parameters 
(Table  1) developed here, we showed that thermal niche varied 
considerably among populations. Thus, each population may have 
evolved a specific strategy in response to the environment of the 
local site (Figure  3; Table  1). The graphical method showed that 
the germination niche might be different when thermal niche over-
laps with long-term thermal conditions (Figure  3, solid squares). 
Consequently, dormancy can delay germination until the tempera-
ture overlap occurs, leading to adaptive delayed germination that 
can increase survival by synchronizing germination with favorable 
conditions. Breadth of the thermal niche differed among popula-
tions. The 20-year mean temperature for the Semirom and Zabol 
populations, which had the widest thermal niches, was higher than 
that of the other population sites, suggesting that plants experienc-
ing higher temperatures may have a broader thermal niche (Figure 3; 
Table 1).

Species with a Mediterranean origin (such as N. sativa) have 
evolved a germination niche for low temperatures in autumn. The 
highest germination percentage was at 5–15°C, which coincides 
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with autumn, suggesting an adaptation that avoids summer drought 
(e.g., De Vitis et al., 2014; Fenner & Thompson, 2005; Ne'eman & 
Goubitz, 2000). Germination of N. sativa seeds at low temperatures 
(5–15°C) in autumn agrees with the germination requirements of 
other Mediterranean species (Ne'eman & Goubitz, 2000; Fenner & 
Thompson, 2005; De Vitis et al., 2014). Moreover, the role of dif-
ferentiation in the germination niche and diurnally fluctuating tem-
peratures in germination strategies of species with a Mediterranean 
origin is well-documented (Saatkamp et al., 2011).

Germination timing can explain not only the fate of newly 
emerged seedlings but also the environment in later life stages 
(Gremer et al.,  2020). As such, selection on morphological 
traits, life history timing, germination niche and population 
persistence and regulation may be affected by germination tim-
ing. Our results illustrate that kind of dormancy and an after-
ripening requirement for germination have the potential to drive 
the timing and capacity for germination. Thus, responsiveness 
of seeds to environmental temperature gradients drive the 
evolution of their niche. Differences in germination patterns 
among populations may be mediated by population responsive-
ness to afterripening and accumulated thermal time. Studies 
also have indicated that autumn-germinating plants with high 
maximum temperature for germination can start germinating 
in early autumn, leading to more opportunities for germina-
tion (opportunistic) and thus higher germination percentages 
(Huang et al., 2016; Soltani, Baskin, et al., 2017; Soltani, Gruber, 
et al., 2017). Germination capacity and high cumulative germi-
nation fractions are characteristics of the germination niche 
of different populations with practical implications for bet-
hedging (Gremer & Venable, 2014).

The various germination patterns among populations of N. sativa 
showed multiple ways in which this species delays germination and 
synchronizes it with a suitable growing season. Our results reveal 
that loss of dormancy via afterripening and passage through con-
ditional dormancy are of significance in the timing of germination 
and in seedling survival. Thus, N. sativa delays germination via con-
ditional dormancy with a narrow breadth of the germination niche 
at dispersal, thereby avoiding summer mortality until the thermal 
requirement for germination is fulfilled during summer. Gremer 
et al.  (2020) showed that the optimal germination date can impact 
seedling survival, fruit production, germination patterns, and later 
developmental transitions. Plants from seeds that germinate at 
maturity (early summer for N. sativa) may have the opportunity to 
capitalize on resources such as light availability. However, unpre-
dictable environmental conditions such as lack of rainfall that could 
lead to seedling mortality early in the season thereby negating any 
advantage gained from early germination (Baskin & Baskin, 2014; 
Donohue et al., 2010; Gremer et al., 2020).

We identified a clear difference in the thermal niche across pop-
ulations of N. sativa, which allows each of them to germinate under 
current conditions. More interestingly, the breadth of the thermal 
niche that has evolved in the nine populations corresponds with the 
20-year mean temperature. Populations with a broad thermal niche 

for germination may have wide environmental tolerance and are 
likely to be affected less by environmental unpredictability (Finch 
et al., 2019).

5  |  CONCLUDING THOUGHTS

Degree of dormancy underlies the breadth of the thermal niche of N. 
sativa, and afterripening had incremental effects on dormancy loss 
that resulted in a broader thermal niche. Using long-term climatic 
data, we showed that N. sativa has a delayed germination strategy 
that avoids summer mortality and a dormancy pattern that synchro-
nizes germination with the appropriate growing season in autumn. 
The population-based model employed in our study precisely de-
scribed the germination strategy of N. sativa and provided a quan-
titative framework for understanding germination behavior and 
thermal niche across different environments. Breadth of the thermal 
niche was narrow at seed maturity, which prevented germination 
and thus seedling mortality due to drought. The Semirom and Arak 
populations had the highest Th50 among the nine populations of N. 
sativa, suggesting that they are the ones best adapted to environ-
mental conditions in the early growing season. On the contrary, the 
lower Th50 in the other seven populations may indicate a more con-
servative germination strategy.

AUTHOR CONTRIBUTIONS
Keyvan Maleki: Data curation (equal); formal analysis (equal); 
software (equal); writing –  original draft (equal). Carol C. Baskin: 
Conceptualization (equal); validation (equal); writing –  review and 
editing (equal). Jerry M. Baskin: Conceptualization (equal); vali-
dation (equal); writing –  review and editing (equal). Mohadeseh 
Kiani: Investigation (equal); software (equal); visualization (equal). 
Iraj Alahdadi: Investigation (equal); software (equal); visualization 
(equal). Elias Soltani: Conceptualization (equal); supervision (equal); 
validation (equal); writing – review and editing (equal).

ACKNOWLEDG MENTS
We thank members of the Soltani laboratory and undergraduate stu-
dents for assistance with data collection and monitoring of plants 
during common garden experiments. Funding was provided by the 
University of Tehran and is highly appreciated.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
The supplementary materials have been deposited to Dryad. The 
materials include raw data, the supplementary material and a readme 
file. The file can be found at https://doi.org/10.5061/dryad.9zw3r​
22h1.

ORCID
Elias Soltani   https://orcid.org/0000-0003-0017-6703 

https://doi.org/10.5061/dryad.9zw3r22h1
https://doi.org/10.5061/dryad.9zw3r22h1
https://orcid.org/0000-0003-0017-6703
https://orcid.org/0000-0003-0017-6703


    |  15 of 16MALEKI et al.

R E FE R E N C E S
Ahmadian, A., Shiri, Y., & Froozandeh, M. (2015). Study of germina-

tion and seedling growth of black cumin (Nigella sativa L.) treated 
by hydro and osmopriming under salt stress conditions. Cercetari 
Agronomice in Modlova, 48, 69–78. https://doi.org/10.1515/cerce​
-2015-0031

Al-Jassir, M. S. (1992). Chemical composition and micro-
flora of black cumin (Nigella sativa L.) seeds growing in 
Saudi Arabia. Food Chemistry, 45, 239–242. https://doi.
org/10.1016/0308-8146(92)90153​-S

Allen, P. S., Benech-Arnold, R. L., Batlla, D., & Bradford, K. J. (2007). 
Modeling of seed dormancy. In K. J. Bradford & H. Nonogaki 
(Eds.), Seed development, dormancy, and germination (pp. 72–112). 
Wiley-Blackwell.

Alshammari, A. S. (2017). Light, salinity and temperature effects on 
the seed germination of Nigella sativa L. Global Journal of Biology, 
Agriculture & Health Sciences, 6, 25–31. https://doi.org/10.24105/​
gjbahs.6.1.1706

Alvarado, V., & Bradford, K. J. (2005). Hydrothermal time analysis of seed 
dormancy in true (botanical) potato seeds. Seed Science Research, 
15, 77–88. https://doi.org/10.1079/SSR20​05198

Andrés, F., & Coupland, G. (2012). The genetic basis of flowering re-
sponses to seasonal cues. Nature Reviews Genetics, 13, 627–639. 
https://doi.org/10.1038/nrg3291

Arana, M. V., Gonzalez-Polo, M., Martinez-Meier, A., Gallo, L. A., Benech-
Arnold, R. L., Sánchez, R. A., & Batlla, D. (2016). Seed dormancy 
responses to temperature relate to Nothofagus species distribution 
and determine temporal patterns of germination across altitudes in 
Patagonia. New Phytologist, 209, 507–520. https://doi.org/10.1111/
nph.13606

Baskin, C. C., & Baskin, J. M. (2014). Seeds: Ecology, biogeography, and, 
evolution of dormancy and germination. Academic Press/Elseiver.

Baskin, C. C., & Baskin, J. M. (2020). Breaking seed dormancy during dry 
storage: A useful tool or major problem for successful restoration 
via direct seedling? Plants, 9, 636. https://doi.org/10.3390/plant​
s9050636

Baskin, J. M., & Baskin, C. C. (2004). A classification system for seed dor-
mancy. Seed Science Research, 14, 1–16. https://doi.org/10.1079/
SSR20​03150

Batlla, D., & Benech-Arnold, R. (2015). A framework for the interpreta-
tion of temperature effects on dormancy and germination in seed 
populations showing dormancy. Seed Science Research, 25, 147–
158. https://doi.org/10.1017/S0960​25851​4000452

Bello, P., & Bradford, K. J. (2016). Single-seed oxygen consumption mea-
surements and population-based threshold models link respira-
tion and germination rates under diverse conditions. Seed Science 
Research, 26, 199–221. https://doi.org/10.1017/S0960​25851​
6000179

Blackman, B. K. (2017). Changing responses to changing seasons: Natural 
variation in the plasticity of flowering time. Plant Physiology, 173, 
16–26. https://doi.org/10.1104/pp.16.01683

Bradford, K. J. (2018). Interpreting biological variation: Seeds, popula-
tions and sensitivity thresholds. Seed Science Research, 28, 158–167. 
https://doi.org/10.1017/S0960​25851​8000156

Bradshaw, W. E., & Holzapfel, C. M. (2006). Climate change. Evolutionary 
response to rapid climate change. Science, 312, 1477–1478. https://
doi.org/10.1126/scien​ce.1127000

Burghardt, L. T., Metcalf, C. J. E., & Donohue, K. (2016). A cline in seed 
dormancy helps conserve the environment experienced during 
reproduction across the range of Arabidopsis thaliana. American 
Journal of Botany, 103, 47–59. https://doi.org/10.3732/ajb.1500286

Butuzova, O. G., Titova, G. E., & Pozdova, L. M. (1997). Peculiarities of 
seed development completed beyond maternal plant (the phenom-
enon of “underdeveloped embryo”). Bulletin of the Polish Academy 
of Science, 45, 267–275.

Carruggio, F., Onofri, A., Catara, S., Impelluso, C., Castrogiovanni, M., Lo 
Cascio, P., & Cristaudo, A. (2021). Conditional seed dormancy helps 
Silene hicesiae Brullo & Signor. Overcome stressful Mediterranean 
summer conditions. Plants, 10(10), 2130.

Cavallaro, V., Barbera, A. C., Maucieri, C., Gimma, G., Scalisi, C., & Patanè, 
C. (2016). Evaluation of variability to drought and saline stress 
through the germination of different ecotypes of carob (Ceratonia 
siliqua L.) using a hydrotime model. Ecological Engineering, 95, 557–
566. https://doi.org/10.1016/j.ecole​ng.2016.06.040

Clauss, M. J., & Venable, D. L. (2000). Seed germination in desert annuals: 
An empirical test of adaptive bet hedging. The American Naturalist, 
155, 168–186. https://doi.org/10.1086/303314

Cohen, D. (1967). Optimizing reproduction in a randomly varying 
environment when a correlation may exist between the con-
ditions at the time a choice has to be made and the subsequent 
outcome. Journal of Theoretical Biology, 16, 1–14. https://doi.
org/10.1016/0022-5193(67)90050​-1

De Vitis, M., Seal, C. E., Ulian, T., Pritchard, H. W., Magrini, S., Fabrini, 
G., & Mattana, E. (2014). Rapid adaptation of seed germination 
requirements of the threatened Mediterranean species Malcolmia 
littorea (Brassicaceae) and implications for its reintroduction. South 
African Journal of Botany, 94, 46–50. https://doi.org/10.1016/j.
sajb.2014.05.008

Del Monte, J. P., & Tarquis, A. M. (1997). The role of temperature in 
the seed germination of two species of the Solanum nigrum com-
plex. Journal of Experimental Botany, 48, 2087–2093. https://doi.
org/10.1093/jxb/48.12.2087

Diffenbaugh, N. S., & Field, C. B. (2013). Changes in ecologically critical 
terrestrial climate conditions. Science, 341(6145), 486–492. https://
doi.org/10.1126/scien​ce.1237123

Donohue, K. (2002). Germination timing influences natural selection on 
life-history characters in Arabidopsis thaliana. Ecology, 83, 1006–
1016. https://doi.org/10.2307/3071909

Donohue, K., Burghardt, L. T., Runcie, D., Bradford, K. J., & Schmitt, J. 
(2015). Applying developmental threshold models to evolutionary 
ecology. Trends in Ecology & Evolution, 30(2), 66–77. https://doi.
org/10.1016/j.tree.2014.11.008

Donohue, K., Rubio de Casas, R., Burghardt, L., Kovach, K., & Willis, C. G. 
(2010). Germination, postgermination adaptation, and species eco-
logical ranges. Annual Review of Ecology, Evolution, and Systematics, 
41(1), 293–319. https://doi.org/10.1146/annur​ev-ecols​ys-10220​
9-144715

Fenner, M. K., & Thompson, K. (2005). The ecology of seeds. Cambridge 
University Press.

Finch, J., Walck, J. L., Hidayati, S. N., Kramer, A. T., Lason, V., & Havens, 
K. (2019). Germination niche breadth varies inconsistently among 
three Asclepias congeners along a latitudinal gradient. Plant Biology, 
21, 425–438. https://doi.org/10.1111/plb.12843

Galloway, L. F., & Burgess, K. S. (2009). Manipulation of flowering time: 
Phenological integration and maternal effects. Ecology, 90, 2139–
2148. https://doi.org/10.1890/08-0948.1

Gremer, J. R., Chiono, A., Suglia, E., Bontrager, M., Okafor, L., & Schmitt, 
J. (2020). Variation in the seasonal germination niche across an el-
evational gradient: The role of germination cueing in current and 
future climates. American Journal of Botany, 107, 350–363. https://
doi.org/10.1002/ajb2.1425

Gremer, J. R., Kimball, S., & Venable, D. L. (2016). Within- and among- 
year germination in Sonoran Desert winter annuals: Bet-hedging 
and predictive germination in a variable environment. Ecology 
Letters, 19, 1209–1218. https://doi.org/10.1111/ele.12655

Gremer, J. R., & Venable, D. L. (2014). Bet hedging in desert winter annual 
plants: Optimal germination strategies in a variable environment. 
Ecology Letters, 17, 380–387. https://doi.org/10.1111/ele.12241

Holdsworth, M. J., Bentsink, L., & Soppe, W. J. (2008). Molecular net-
works regulating Arabidopsis seed maturation, after-ripening, 

https://doi.org/10.1515/cerce-2015-0031
https://doi.org/10.1515/cerce-2015-0031
https://doi.org/10.1016/0308-8146(92)90153-S
https://doi.org/10.1016/0308-8146(92)90153-S
https://doi.org/10.24105/gjbahs.6.1.1706
https://doi.org/10.24105/gjbahs.6.1.1706
https://doi.org/10.1079/SSR2005198
https://doi.org/10.1038/nrg3291
https://doi.org/10.1111/nph.13606
https://doi.org/10.1111/nph.13606
https://doi.org/10.3390/plants9050636
https://doi.org/10.3390/plants9050636
https://doi.org/10.1079/SSR2003150
https://doi.org/10.1079/SSR2003150
https://doi.org/10.1017/S0960258514000452
https://doi.org/10.1017/S0960258516000179
https://doi.org/10.1017/S0960258516000179
https://doi.org/10.1104/pp.16.01683
https://doi.org/10.1017/S0960258518000156
https://doi.org/10.1126/science.1127000
https://doi.org/10.1126/science.1127000
https://doi.org/10.3732/ajb.1500286
https://doi.org/10.1016/j.ecoleng.2016.06.040
https://doi.org/10.1086/303314
https://doi.org/10.1016/0022-5193(67)90050-1
https://doi.org/10.1016/0022-5193(67)90050-1
https://doi.org/10.1016/j.sajb.2014.05.008
https://doi.org/10.1016/j.sajb.2014.05.008
https://doi.org/10.1093/jxb/48.12.2087
https://doi.org/10.1093/jxb/48.12.2087
https://doi.org/10.1126/science.1237123
https://doi.org/10.1126/science.1237123
https://doi.org/10.2307/3071909
https://doi.org/10.1016/j.tree.2014.11.008
https://doi.org/10.1016/j.tree.2014.11.008
https://doi.org/10.1146/annurev-ecolsys-102209-144715
https://doi.org/10.1146/annurev-ecolsys-102209-144715
https://doi.org/10.1111/plb.12843
https://doi.org/10.1890/08-0948.1
https://doi.org/10.1002/ajb2.1425
https://doi.org/10.1002/ajb2.1425
https://doi.org/10.1111/ele.12655
https://doi.org/10.1111/ele.12241


16 of 16  |     MALEKI et al.

dormancy and germination. New Phytologist, 179, 33–54. https://
doi.org/10.1111/j.1469-8137.2008.02437.x

Huang, Z., Liu, S., Bradford, K. J., Huxman, T. E., & Venable, D. L. (2016). 
The contribution of germination functional traits to population dy-
namics of a desert plant community. Ecology, 97, 250–261. https://
doi.org/10.1890/15-0744.1

Kiani, M., Alahdadi, I., Soltani, E., Boelt, B., & Benakashani, F. (2020). 
Variation of seed oil content, oil yield, and fatty acids profile in 
Iranian Nigella sativa L. landraces. Industrial Crops and Products, 149, 
112367. https://doi.org/10.1016/j.indcr​op.2020.112367

Krichen, K., Mariem, H. B., & Chaieb, M. (2014). Ecophysiological require-
ments on seed germination of a Mediterranean perennial grass 
(Stipa tenacissima L.) under controlled temperatures and water 
stress. South African Journal of Botany, 94, 210–217. https://doi.
org/10.1016/j.sajb.2014.07.008

Lasdon, L. S., Warren, A. D., Jain, A., & Ratner, M. (1978). Design and 
testing of a generalized reduced gradient code for nonlinear pro-
gramming. ACM Transactions on Mathematical Software, 4, 34–50. 
https://doi.org/10.1145/355769.355773

Maleki, K., Soltani, E., Arabhoseini, A., & Lakeh, A. M. (2021). A quanti-
tative analysis of primary dormancy and changes during burial in 
seeds of Brassica napus. Nordic Journal of Botany, 39(8). https://doi.
org/10.1111/njb.03281

Ne'eman, G., & Goubitz, S. (2000). Phenology of east Mediterranean veg-
etation. In L. Trabaud (Ed.), Life and environment in the Mediterranean 
(pp. 155–201). Wit Press.

Nikolaeva, M. G., Rasumova, M. V., & Gladkova, V. N. (1985). In M. F. 
Danilova (Ed.), Reference book on dormant seed germination. Nauka 
Publishers.

Norberg, J., Urban, M. C., Vellend, M., Klausmeier, C. A., & Loeuille, 
N. (2012). Eco-evolutionary responses of biodiversity to cli-
mate change. Nature Climate Change, 2, 747–775. https://doi.
org/10.1038/nclim​ate1588

Postma, F. M., & Agren, J. (2016). Early life stages contribute strongly to 
local adaptation in Arabidopsis thaliana. Proceedings of the National 
Academy of Sciences of the United States of America, 113, 7590–7595. 
https://doi.org/10.1073/pnas.16063​03113

Raziei, T. (2017). An outlook on the Iranian Köppen-Geiger climate zones 
in the 21st century. Iranian Journal of Geophysics, 11(1), 84–100.

Rotundo, J. L., Aguiar, M. R., & Benech-Arnold, R. (2015). Understanding 
erratic seedling emergence in perennial grasses using physiologi-
cal models and field experimentation. Plant Ecology, 216, 143–156. 
https://doi.org/10.1007/s1125​8-014-0423-y

Saatkamp, A., Affre, L., Dutoit, T., & Poschlod, P. (2011). Germination 
traits explain soil seed persistence across species: The case of 
Mediterranean annual plants in cereal fields. Annals of Botany, 107, 
415–426. https://doi.org/10.1093/aob/mcq255

Simons, A. M. (2011). Modes of response to environmental change and 
the elusive empirical evidence for bet hedging. Proceedings of the 
Royal Society B: Biological Sciences, 278, 1601–1609. https://doi.
org/10.1098/rspb.2011.0176

Soltani, E., Baskin, C. C., & Baskin, J. M. (2017). A graphical method 
for identifying the six types of non-deep physiological dormancy 
in seeds. Plant Biology, 19, 673–682. https://doi.org/10.1111/
plb.12590

Soltani, E., Gruber, S., Oveisi, M., Salehi, N., Alahdadi, I., & Javid, M. G. 
(2017). Water stress, temperature regimes and light control induc-
tion, and loss of secondary dormancy in Brassica napus L. seeds. 
Seed Science Research, 27, 217–230. https://doi.org/10.1017/S0960​
25851​7000186

Soltani, E., Maleki, K., & Heshmati, S. (2022). Application of a process-
based model to quantifying dormancy loss in seeds of Parrotia 
persica C.A. Meyer. South African Journal of Botany, 144, 97–104. 
https://doi.org/10.1016/j.sajb.2021.08.003

Soltani, E., Taheripourfard, Z. S., Ghazvini, H., & Darbandi, A. I. (2021). 
Maternal environment and genetic mechanisms that regulate pri-
mary dormancy and the rate of dormancy loss in barley seeds. 
Journal of Crop Improvement, 36, 1–18.

Starrfelt, J., & Kokko, H. (2012). Bet-hedging—A triple trade-off between 
means, variances and correlations. Biological Reviews, 87, 742–755. 
https://doi.org/10.1111/j.1469-185X.2012.00225.x

ten Brink, H., Gremer, J. R., & Kokko, H. (2020). Optimal germination tim-
ing in unpredictable environments: The importance of dormancy 
for both among-and within-season variation. Ecology Letters, 23, 
620–630. https://doi.org/10.1111/ele.13461

Tognetti, P. M., Mazia, N., & Ibáñez, G. (2019). Seed local adaptation 
and seedling plasticity account for Gleditsia triacanthos tree inva-
sion across biomes. Annals of Botany, 124, 307–318. https://doi.
org/10.1093/aob/mcz077

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Maleki, K., Baskin, C. C., Baskin, J. M., 
Kiani, M., Alahdadi, I., & Soltani, E. (2022). Seed germination 
thermal niche differs among nine populations of an annual 
plant: A modeling approach. Ecology and Evolution, 12, e9240. 
https://doi.org/10.1002/ece3.9240

https://doi.org/10.1111/j.1469-8137.2008.02437.x
https://doi.org/10.1111/j.1469-8137.2008.02437.x
https://doi.org/10.1890/15-0744.1
https://doi.org/10.1890/15-0744.1
https://doi.org/10.1016/j.indcrop.2020.112367
https://doi.org/10.1016/j.sajb.2014.07.008
https://doi.org/10.1016/j.sajb.2014.07.008
https://doi.org/10.1145/355769.355773
https://doi.org/10.1111/njb.03281
https://doi.org/10.1111/njb.03281
https://doi.org/10.1038/nclimate1588
https://doi.org/10.1038/nclimate1588
https://doi.org/10.1073/pnas.1606303113
https://doi.org/10.1007/s11258-014-0423-y
https://doi.org/10.1093/aob/mcq255
https://doi.org/10.1098/rspb.2011.0176
https://doi.org/10.1098/rspb.2011.0176
https://doi.org/10.1111/plb.12590
https://doi.org/10.1111/plb.12590
https://doi.org/10.1017/S0960258517000186
https://doi.org/10.1017/S0960258517000186
https://doi.org/10.1016/j.sajb.2021.08.003
https://doi.org/10.1111/j.1469-185X.2012.00225.x
https://doi.org/10.1111/ele.13461
https://doi.org/10.1093/aob/mcz077
https://doi.org/10.1093/aob/mcz077
https://doi.org/10.1002/ece3.9240

	Seed germination thermal niche differs among nine populations of an annual plant: A modeling approach
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study species
	2.2|Common garden
	2.3|Dormancy status of immature, mature, and after-­ripened seeds
	2.4|Germination trials
	2.5|Quantification of thermal niche using population thermal parameters
	2.6|Parameter estimation
	2.7|Thermal after-­ripening time model (TAR)
	2.8|Synchrony of germination
	2.9|Graphical method
	2.10|Rate of widening of thermal niche during afterripening
	2.11|Principal component analysis (PCA)
	2.12|Germination timing

	3|RESULTS
	3.1|Temperature effects on dormancy
	3.2|Quantification of dormancy
	3.3|Synchrony of germination
	3.4|Breadth of thermal niche
	3.5|Rate of widening the thermal niche during dry afterripening
	3.6|Principal component analysis (PCA)
	3.7|Prediction of germination timing

	4|DISCUSSION
	5|CONCLUDING THOUGHTS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


