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Abstract

Seedmass is an important plant functional trait linked to
germination. For instance, higher-mass seeds often
display greater germination compared to lower-mass
seeds when exposed to non-stressful conditions. Yet,
knowledge pertaining to germination dynamics for dif-
ferent mass-based seed fractions following exposure
to abiotic stress is lacking. Here, we assess the germin-
ation response of relatively fresh, mass-separated
Rudbeckia mollis (Asteraceae) seeds to various simu-
lated seasonal temperatures, supra-optimal tempera-
tures and increasing ageing stress duration. Air
density separation yielded three mass-based classes,
called light (393 ± 35 μg), intermediate (423 ± 29 μg)
and heavy (474 ± 38 μg). Water uptake kinetics indi-
cated that imbibition (0–6 h) and germination lag (6–
24 h) were independent of seed mass. Similarly, ger-
mination and viability loss of fresh seeds following ex-
posure to seasonal and supra-optimal constant
temperatures were independent of mass. However,
seed mass influenced germination following increasing
ageing stress, with light seeds germinating to a signifi-
cantly greater extent than intermediate or heavy
seeds. For example, final germination per cent in light-
class seeds was about 1.7 times greater than intermedi-
ate or heavy seeds after 20 d of saturated salt acceler-
ated ageing (SSAA). Seeds stored for 1 year in the
laboratory displayed mass-dependent germination pat-
terns similar to seeds following SSAA. Mass-independ-
ent germination responses may be a strategy to
maintain an annual life history in otherwise difficult
environments when R. mollis seeds are relatively
fresh. However, differences in germination response
between aged and unaged seeds suggest that mass-
dependent viability loss may occur in R. mollis.
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Introduction

Seed mass, also described as seed size in the literature,
is an important plant functional trait linked to plant re-
cruitment via germination and seedling establishment.
Current evidence suggests an inter- and intraspecific
recruitment advantage for relatively large seeds when
confronted with establishment hazards such as compe-
tition, shading and burial depth. Alternatively, smaller
seeds are dispersed and incorporated into the soil seed
bank more easily, leading to increased persistence and
decreased depredation (Tripathi and Khan, 1990;
Leishman et al., 2000; Moles and Westoby, 2004;
Lehtila and Ehrlen, 2005).

Considerable intraspecific seed mass variation com-
monly occurs in nature, and differences in seed mass
at the species level influence germination ability
(Vaughton and Ramsey, 1997). For example, higher-
mass seeds tend to germinate to a greater percentage
and at a faster rate compared to lower-mass seeds
(Hendrix, 1984; Tripathi and Khan, 1990; Baskin and
Baskin, 2014). However, studies conducted over the
past 40 years utilized non-stressful temperatures to
study the effect of intraspecific seed mass variation on
germination (see supplementary Table S1). Most
authors attempted to simulate temperatures that oc-
curred during the season that germination was likely,
or used constant temperatures near 20–25°C, which
are presumably optimal. The influence of abiotic stress
on mass-based germination dynamics and viability
loss requires more investigation, since it is reasonable
to assume that seeds may face greater levels of thermal
stress and deterioration due to global climate change.

To begin confronting this problem, we compared
germination responses of mass-separated Rudbeckia
mollis seeds following exposure to a range of stressful
and non-stressful temperatures and increasing
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durations of ageing stress. We selected R. mollis be-
cause it is a wild taxon, occurring in a region outside
of sub-arctic or montane zones projected to continue
experiencing increasing surface temperatures (Ingram
et al., 2013). R. mollis also expresses reduced germin-
ation ability and increased seed viability loss following
relatively small increases in supra-optimal temperature
(Kettner and Pérez, 2012). Moreover, R. mollis poten-
tially displays variable mass-dependent germination
responses. For instance, preliminary studies with
seeds stored for 1 year on the laboratory benchtop [c.
23–24°C, 30–40% relative humidity (RH)] indicated
that seed mass significantly influenced germination fol-
lowing exposure to alternating seasonal temperatures
(supplementary Fig. S1A–D, χ22 = 32.99; P < 0.0001).
This paper describes: (1) the influence of seed mass
on kinetics of early germination processes (i.e. imbibi-
tion and lag phase) at an optimum temperature; (2)
relationships between seed mass, simulated seasonal
temperatures or supra-optimal temperatures, and rad-
icle protrusion or viability; and (3) the influence of age-
ing stress on subsequent mass-based germination
responses.

Materials and methods

Plant material

R. mollis (Heliantheae, Asteraceae) is an herbaceous,
summer-blooming annual found throughout the
south-eastern United States from Alabama to South
Carolina. The southern range of R. mollis extends into
north-central Florida (Wunderlin, 1998). R. mollis pro-
duces achenes, referred to hereafter as seeds, typically
shed from September through November. This species
occurs within sandhill ecosystems that experience fre-
quent, low-intensity ground fires. Sandhill physi-
ognomy consists of nutrient-poor, deep, well-drained
and consistently dry, coarse sands or sandy clays
(Myers and Ewel, 1990). This type of ecosystem also
experiences rapid temperature, humidity and soil
moisture fluctuations due to the xeric environment
and open canopy structure.

Establishing mass-based seed classes

Mechanical seed harvest occurred during September
2013 after plants senesced and seeds began to separate
naturally from infructescences. Wildflower seed produ-
cers use this as a standard method to minimize the
likelihood of collecting immature seeds. We collected
nine seed fractions following passage of the seed lot
through an air density separator (STS-WM2-SV,
SeedTech Systems, Inc., Wilton, California, USA).
Next, we selected 25 seeds randomly from each

fraction and divided the samples into five sub-samples
of five seeds each. We determined the mean fresh mass
of each sub-sample gravimetrically and divided the
overall mean difference between the lightest and heavi-
est fractions by three, to delineate light, intermediate
and heavy mass-based classes. We combined fractions
that fell within the light, intermediate or heavy range
of mass. We stored all seeds at about 4°C until germin-
ation experiments commenced, on 24 January 2014
(simulated seasonal temperature experiment), 9 April
2014 (constant temperature experiment) and 11
September 2015 (saturated salt accelerated ageing).

Mass-based imbibition kinetics

We examined water uptake within each mass class to
determine the influence of seed mass on early stages
of germination. We assigned three Petri dishes ran-
domly to each mass class. Each dish contained one
sheet of germination blotter (Blue Steel, Anchor
Paper, St. Paul, Minnesota, USA) moistened with 7ml
of autoclaved (117.7 kPa, 121°C, 40min) deionized
water. We selected 30 seeds randomly from each
class and divided samples into three sub-samples of
10 seeds each. We then assigned one sub-sample ran-
domly per dish. We wrapped the dishes with two
layers of plastic laboratory film (Parafilm, Bemis
Flexible Packaging, Neenah, Wisconsin, USA) and
placed the dishes in an incubator set to 25°C without
supplemental illumination. We measured the fresh
mass of each sub-sample gravimetrically after 0, 0.25,
0.50, 0.75, 1, 1.5, 2–6, 12, 18 and 24 h, having placed
all seeds on a dry blotter to absorb water on the testa
surface. We maintained a consistent supply of moisture
in the dishes by adding water after each 1- and 6-h
interval.

Germination testing

General methods

We collected lots of 200 (i.e. simulated seasonal tem-
peratures) and 250 (i.e. constant temperatures) seeds
randomly from each mass-based class and divided
these into samples of 50 seeds each. We further divided
the samples into five sub-samples of 10 seeds each and
loaded each sub-sample into 60-mm Petri dishes con-
taining three sheets of germination blotter moistened
with 7ml of autoclaved deionized water. Dishes were
wrapped with four layers of plastic laboratory film to
minimize water loss. We assigned sub-samples ran-
domly to incubators and a thermogradient table, so
that each temperature received five sub-samples from
each mass class. We observed germination progress
daily for 28 d and defined germination as radicle pro-
trusion ≥2mm. Water was added to the dishes as
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necessary, and germinated or contaminated seeds were
removed during each observation.

Germination under simulated seasonal and constant
temperatures

We derived simulated seasonal alternating tempera-
tures from average maxima and minima collected by
the Southeast Regional Climate Center over a 30-year
period at sites across Florida. Simulated temperatures
represent conditions experienced during the winter
(22/11°C), late autumn or early spring (27/15°C),
early autumn or late spring (29/19°C) and summer
(33/24°C). We conducted simulated seasonal germin-
ation tests within incubators (I-30-Vl, Percival
Scientific, Inc., Perry, Iowa, USA) programmed with
alternating temperature and light schedules. Thermo-
and photoperiods alternated every 12 h and illumin-
ation coincided with the high temperature.

Preliminary tests with non-refrigerated, 1-year-old
R. mollis seeds and work by Kettner and Pérez (2012)
showed that the optimal constant temperature for ger-
mination was 25.0°C. Therefore, we focused on expos-
ing seeds to supra-optimal constant temperatures of
27.5, 30.0, 32.5, 35.0 and 37.5°C on a thermogradient
table (Model 5010.00, Seed Processing Holland BV,
Enkhuizen, Netherlands). Photosynthetic photon flux
density (PPF) at seed level was 57 ± 7 μmolm−2 s−1

(mean ± SD) within the chambers and 52 ± 5 μmol
m−2 s−1 on the thermogradient table.

Saturated salt accelerated ageing

We conducted saturated salt accelerated ageing (SSAA)
to assess the ability of mass-separated R. mollis seeds to
tolerate increasing durations of ageing stress. Seeds
from each mass class (n = 1750) were selected randomly
and divided into lots of 250 seeds. We assigned one lot
to each of seven SSAA durations: 0, 5, 10, 15, 20, 25 and
30 d. We distributed seed lots evenly on an 18-mesh (1.0
mm) wire screen (AAT; Hoffman Manufacturing, Inc.,
Jefferson, Oregon, USA) suspended above 60ml of satu-
rated NaCl solution inside plastic ageing containers
(156C; Hoffman Manufacturing, Inc.). The NaCl solu-
tion was made by heating deionized water to 45°C fol-
lowed by incremental addition of NaCl until saturation
was achieved. The solution was reheated to 45°C before
being poured into each ageing container, to ensure com-
plete saturation at the beginning of each treatment. We
completed each SSAA duration independently and
transferred ageing containers to an incubator pro-
grammed to 41.0°C with no supplemental illumination.
Ageing containers were removed individually from the
incubator following all ageing durations. One hundred
randomly selected seeds were divided into four sub-
samples of 25 seeds for water content determination

(data not shown). Next, 100 additional seeds were
counted and divided into four 25-seed sub-samples for
germination assays at 25.0°C.

Viability testing

We assessed viability of all non-germinated and non-
infected seeds remaining at the conclusion of germin-
ation tests, via the tetrazolium staining method accord-
ing to Peters (2000). We soaked seeds in a 1%
tetrazolium chloride (TTC) solution within aluminium
foil-covered beakers for 24 h at 25°C. We assessed
staining patterns with a dissecting microscope at
500 ×magnification and calculated the viable seed frac-
tion as the sum of germinated seeds plus any seeds that
stained positively following TTC assays.

Data analyses

We conducted all data analyses using SAS software
(v. 9.4, SAS Inc., Cary, North Carolina, USA).

Mass-based seed classes

We performed one-way analysis of variance (ANOVA)
by fitting a general linear model with the least squares
method and checked assumptions of normality and
constant variance graphically. We separated means
with the Bonferroni method at α = 0.05.

Comparing imbibition kinetics among mass classes

We conducted analysis of covariance (ANCOVA) on
log-transformed data by fitting a mixed linear model
to examine the relationship between seed mass and
water uptake from 0 to 6, 0.25–6 and 6–24 h. We per-
formed ANCOVA on models including and excluding
the zero time point during the first 6 h to account for
the rapid initial increase in fresh mass.

Germination testing

We used non- and semi-parametric time-to-event ana-
lyses to evaluate temporal patterns of germination
and to construct Cox regression models. Germination
was the event of interest. Therefore, we coded germi-
nated seeds as one and censored seeds as zero.
Censored observations included seeds that did not ger-
minate or that displayed fungal contamination within
the 28-d period.

We generated Kaplan–Meier estimates of survivor
functions for seeds exposed to simulated seasonal tem-
peratures, constant supra-optimal temperatures and in-
creasing durations of SSAA. The functions were
stratified by mass-based class, germination tempera-
ture or SSAA duration, as appropriate. We tested the
null hypothesis that temporal patterns of germination
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(i.e. survivor functions) were the same between treat-
ments via the log-rank statistic. We generated median
germination times (t50) from the product-limit survival
estimates output. This value corresponds to the smal-
lest event times given that the probability of not ger-
minating was >0.50. We calculated germination rate
as the inverse of median germination time (1·t50

−1).
We built extended Cox regression models by evalu-

ating the proportional hazards assumption via graph-
ical and residual analyses (Allison, 2010). We used
the exact method during residual analysis and subse-
quent model building to account for large proportions
of tied event times. We then extended Cox models
when necessary by including appropriate interaction
terms as time-dependent covariates (e.g. temperature ×
day) and repeated the model building procedure. We
tested the null hypothesis that slope coefficients were
equal among treatments with orthogonal contrasts.

Counts of viable seeds

We analysed counts of viable seeds for the tempera-
ture, SSAA and mass-based class datasets via Poisson
regression for incidence densities according to Stokes
et al. (2012). We calculated incidence densities as:
nts · N−1

ts , where nts equals the count of viable seeds
(i.e. germinated + non-germinated, viable) and Nts

equals the total number of seeds for a given tempera-
ture or SSAA duration treatment (t) and mass-based
class (s) combination. The offset variable was equal to
log(Nts). We examined count data against temperature
and mass class using a log-linear model with the distri-
bution specified as Poisson.

Results

Seeds corresponding to the light, intermediate and
heavy R. mollis classes displayed an average fresh
mass of 393 ± 35, 423 ± 29 and 474 ± 38 μg (mean ± SE),
respectively. Seeds in the heavy class were significantly
heavier than seeds in either the intermediate (t0.05,42 =
3.74; P = 0.002) or the light class (t0.05,42 = 6.85; P <
0.001). However, seed mass was not significantly dif-
ferent between the light and intermediate classes
(t0.05,42; P = 0.104).

Mass-based imbibition and lag phase kinetics

Seed fresh mass increased by 25–30% in a similar pat-
tern for each class over the first 6 h of imbibition. Fresh
mass remained stable for the next 18 h, indicating that
imbibition was complete by hour 6 (Fig. 1). We accepted
the null hypothesis of equal slopes in models contain-
ing (F2,93 = 0.53; P = 0.5875) or excluding (F2,84 = 1.37;
P = 0.2596) the zero time point. Therefore, imbibition

rate was similar in all mass classes. Pairwise compari-
sons for mass-adjusted treatment means were similar
during imbibition from 0 to 6 h. However, the
mass-adjusted mean for the intermediate class was lar-
ger compared to the light and heavy classes when we
examined imbibition from 0.25 to 6 h (Table 1). Fresh
mass during the germination lag was similar (F2,30 = 1.08;
P = 0.3517) in all mass classes. Likewise, mass-adjusted
means were similar among all classes from 6 to 24 h
(Table 1).

Germination under simulated seasonal
temperatures

Temporal patterns of germination were similar among
mass-based classes following exposure to simulated win-
ter (22/11°C), spring (27/15°C) and autumn temperatures

Figure 1. Change in fresh mass of Rudbeckia mollis
mass-based seed classes exposed to water for 24 h at 25°C.
(A) Imbibition progress curves and (B) log-transformed
imbibition progress curves. Symbols represent the light (solid
circles), intermediate (open circles) and heavy (inverted solid
triangles) mass classes. Common slope values for water
uptake from 0–6, 0.25–6 and 6–24 h are 0.5701, 0.4458 and
0.0559, respectively.
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(29/19°C) (Fig. 2A–D). The probability of not germinat-
ing decreased to <0.15 across mass classes by day 10 at
these temperatures. In contrast, the probability of not
germinating under simulated summer temperatures
(33/24°C) was comparatively higher and ranged from
about 0.53 to 0.61 for all mass classes by day 28.

Additionally, temporal patterns of germination for
seeds exposed to 33/24°C began diverging between
mass classes by day 11 (Fig. 2D). Final germination
percentage averaged across mass classes did not exceed
44% following exposure to simulated summer tempera-
tures. Alternatively, final germination percentage was

Table 1. Analysis of covariance pairwise comparisons of mass-adjusted treatment means for Rudbeckia mollis imbibition models.
Comparisons are based on seed mass classes denoted light, intermediate and heavy. Increase in fresh mass was recorded after 0,
0.25, 0.50, 0.75, 1, 1.5, 2–6, 12, 18 and 24 h of imbibition at an optimal germination temperature of 25°C.

Comparison
Difference of least
squares means SE df t Pa

0–6 h
Light v. intermediate 0.037 0.021 95 1.78 0.2354
Light v. heavy 0.010 0.021 95 0.48 1.0000
Intermediate v. heavy −0.027 0.021 95 −1.30 0.5906

0.25–6 h
Light v. intermediate 0.040 0.013 86 3.19 0.0020
Light v. heavy 0.010 0.013 86 0.75 0.4557
Intermediate v. heavy −0.031 0.013 86 −2.44 0.0168

6–24 h
Light v. intermediate 0.015 0.013 32 1.22 0.6940
Light v. heavy −0.012 0.013 32 −0.94 1.0000
Intermediate v. heavy −0.027 0.013 32 −2.16 0.1150

aP values were adjusted with the Bonferroni method.

Figure 2. Kaplan–Meier survival functions for the germination response of relatively fresh mass-separated Rudbeckia mollis seeds
exposed to simulated seasonal (A–D) and supra-optimal constant (E–I) temperatures. Simulated winter, late autumn or early
spring, early autumn or late spring and summer temperatures are 22/11°C (A), 27/15°C (B), 29/19°C (C) and 33/24°C (D),
respectively. Constant temperatures are 27.5°C (E), 30.0°C (F), 32.5°C (G), 35.0°C (H) and 37.5°C (I). Lines represent the light
(solid), intermediate (short dash) and heavy (dotted) mass classes. Black circles represent censored observations. Point-wise 95%
confidence intervals are excluded for clarity. The estimated survivor functions displayed in each panel begin at time = 0 with a
probability of not germinating = 1.0 for all individual seeds. In other words, no seeds have germinated at time = 0 and we assume
that germination time is always greater than 0. A constant value of 1.0 early in the experiment denotes the lag period for
germination. However, as time increases, survivor functions begin to decrease in a stepwise manner, indicating that germination
is taking place. Hence, the probability of not germinating will decrease as germination events increase. The probability of not
germinating will reach 0 if all seeds germinate within the experimental period.
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about 2.0- to 2.6-fold greater under winter, spring and
autumn conditions. Germination rate was reduced
under simulated winter temperatures (1·t50

−1 range
0.17–0.20) but increased slightly in all mass classes
(1·t50

−1 = 0.25) following exposure to early autumn/late
spring (29/19°C) and late autumn/early spring (27/15°C)
temperatures (supplementary Table S2). We rejected the
hypothesis that temporal patterns of germination were
similar among simulated seasonal temperatures and
mass-based classes (log-rank χ211 = 231.43; P < 0.0001).

Further analyses showed that simulated seasonal
temperature and not seed mass significantly affected
germination (Table 2). All orthogonal contrasts indi-
cated that R. mollis seeds displayed a seasonally de-
pendent germination response. Hazard ratios of 0.59
and 0.78 suggest that optimal germination is likely to
occur following exposure to early autumn/late spring

temperatures (29/19°C). Moreover, the magnitude of
differences in germination was smaller for contrasts be-
tween winter, spring or autumn temperatures than for
comparisons to summer conditions. Germination was
4.7–8.0 times more likely during exposure to simulated
winter, spring or autumn temperatures compared to
summer conditions (Table 3).

Germination following exposure to supra-optimal
temperatures

Temporal patterns of germination varied considerably
across supra-optimal constant temperatures. For in-
stance, Kaplan–Meier survivor functions remained
tightly clustered and decreased rapidly for seeds
exposed to 27.5 and 30.0°C. The probability of not

Table 3. Orthogonal contrasts for the germination response of Rudbeckia mollis seeds of different mass exposed to simulated sea-
sonal temperatures and supra-optimal constant temperatures. Seasonal temperatures alternated every 12 h and simulated con-
ditions during the summer (33/24°C), early autumn or late spring (29/19°C), late autumn or early spring (27/15°C) or winter
(22/11°C) throughout Florida.

Comparison Hazard ratio SE of hazard ratio Wald χ2 P

Seasonal temperatures (°C)
22/11 v. 27/15 0.76 0.09 5.11 0.0238
22/11 v. 29/19 0.59 0.07 18.82 <0.0001
22/11 v. 33/24 4.74 0.76 94.52 <0.0001
27/15 v. 29/19 0.78 0.09 4.39 0.0362
27/15 v. 33/24 6.22 0.99 131.88 <0.0001
29/19 v. 33/24 8.01 1.27 171.39 <0.0001

Constant temperatures (°C)
27.5 v. 30.0 1.18 0.14 1.90 0.1685
27.5 v. 32.5 2.51 0.31 55.34 <0.0001
27.5 v. 35.0 14.92 2.75 215.79 <0.0001
27.5 v. 37.5 732.00 735.90 43.05 <0.0001
30.0 v. 32.5 2.13 0.26 37.67 <0.0001
30.0 v. 35.0 12.64 2.31 192.43 <0.0001
30.0 v. 37.5 620.10 623.30 40.93 <0.0001
32.5 v. 35.0 5.93 1.07 97.85 <0.0001
32.5 v. 37.5 290.80 292.10 31.89 <0.0001
35.0 v. 37.5 49.06 49.64 14.80 0.0001

Table 2. Overall Cox regression models for the germination response of Rudbeckia mollis seeds of different mass exposed to simu-
lated seasonal and supra-optimal constant temperatures. Simulated seasonal temperatures represent diurnal fluctuations during
summer (33/24°C), early autumn or late spring (29/19°C), late autmn or early spring (27/15°C) and winter (22/11°C) throughout
Florida. Constant temperatures represent exposure to 27.5, 30.0, 32.5, 35.0 or 37.5°C.

Covariate (xi) Coefficient (βi) SE of βi Wald χ2 P Hazard ratio

Seasonal temperatures
Temperature −0.090 0.0099 82.15 <0.0001 0.914
Mass class −0.047 0.057 0.68 0.4080 0.954

Constant temperatures
Temperature −0.36 0.016 502.26 <0.0001 0.699
Mass class 0.052 0.059 0.79 0.3746 1.053
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germinating was <0.15 by about day 10 at these tem-
peratures. However, at 32.5°C, germination patterns
began shifting upwards from days 5–9, denoting ger-
mination sensitivity among mass classes. Germination
sensitivity became more evident following exposure to
35.0°C. For example, the probability of not germinating
ranged from 0.57 to 0.78 for all mass classes exposed to
35.0°C. Moreover, temporal patterns of germination for
the intermediate class were clearly separate from the
light or heavy classes at this temperature. Only one
seed germinated in the heavy class at 37.5°C (Fig. 2E–I).

Germination percentages were ≥86% for all mass
classes exposed to 27.5, 30.0 and 32.5°C, but ranged
from 0 to 38% at 35.0 or 37.5°C. Interestingly, total final
germination for the intermediate class at 35.0°C was 1.7
times higher than the mean final germination percentage
of the light and heavy classes. Moreover, germination
rate was about twice as rapid following exposure to
27.5 or 30.0°C than at 32.5°C (supplementary Table S2).
We rejected the hypothesis that survivor functions were
similar across supra-optimal constant temperatures and
mass classes (log-rank χ214 = 632.92; P < 0.0001).

Constant temperature and not seed mass was a sig-
nificant predictor regarding germination response
(Table 2). Orthogonal contrasts indicated that germin-
ation sensitivity increased with temperature above
30.0°C. For example, the likelihood of germination
was about 2 to 732 times higher at 27.5 or 30.0°C com-
pared to that at temperatures between 32.5 and 37.5°C
(Table 3).

Germination following increasing ageing stress
duration

Temporal patterns of germination were similar follow-
ing 0 and 5 d of saturated salt accelerated ageing but
began diverging between mass classes and shifting up-
wards by day 10. Temporal germination patterns
shifted upwards considerably after day 10, denoting
increased germination sensitivity to SSAA. The tem-
poral pattern of germination for the light class clearly
separated from patterns for the intermediate and
heavy classes by day 20. For example, by day 20, the
probability of not germinating fell to 0.32 for the light
class, but did not decrease below 0.55 for the remaining
classes. Some separation between temporal patterns
was also evident between the light class and intermedi-
ate or heavy classes at day 25. Here, the probability of
not germinating ranged between 0.69 and 0.76 across
mass classes. Only one seed germinated in the light
class following 30 d of SSAA (Fig. 3).

The total number of germinated seeds ranged be-
tween 88 and 93 across mass classes for the first 10 d
of SSAA, but decreased considerably (range 0–67)
with increasing SSAA duration (Fig. 4A). Light seeds
maintained more rapid germination compared to inter-
mediate or heavy classes as SSAA duration increased.
Moreover, the nature of the inverse relationships be-
tween germination rate and SSAA duration differed
such that a threshold in germination rate was evident
in the light class up to 5 d of exposure to SSAA.

Figure 3. Kaplan−Meier survival functions for the germination response of mass-separated Rudbeckia mollis seeds exposed to
increasing levels of saturated salt accelerated ageing duration. Lines represent the light (solid), intermediate (short dash) and
heavy (dotted) mass classes. Black circles represent censored observations. Point-wise 95% confidence intervals are excluded for
clarity.
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Alternatively, germination rate decreased in a linear
fashion for the intermediate and heavy classes as
SSAA duration increased (Fig. 4B). We rejected the hy-
pothesis that survivor functions were similar across
SSAA durations and mass classes (log-rank χ220 =
1773.65; P < 0.0001).

Seed mass and SSAA duration significantly influ-
enced germination response. Inclusion of time-
dependent covariates suggests that the effect of seed
mass and SSAA duration on germination increased
with time (Table 4). Orthogonal contrasts suggested
that germination of seeds from the light class was
about 1.4–2.2 time more likely than for intermediate or
heavy seeds after 10 and 20 d of SSAA. However, the
likelihood of germination was similar among mass
classes for the remaining SSAA durations (Table 5).
Almost all orthogonal contrasts between SSAA durations
within a seed mass class were significant. However, the
likelihood of germination for seeds in the light class
was not significantly different when comparing
responses at 0 and 5 or 15 and 20 d of SSAA (Table 6).

Relationships between seed mass, abiotic stress
and seed viability

Exposure to simulated summer temperatures resulted
in death for over half of the seed population in all
mass-based classes. In contrast, seed viability ranged
from 90 to 100% at other simulated seasonal tempera-
tures. Similarly, seed viability ranged between 86 and
98% for all mass classes following exposure to supra-
optimal temperatures between 27.5 and 32.5°C. At
35°C, however, seed viability loss occurred in up to
76% of seeds. Interestingly, viability loss at 35°C was
less for the intermediate compared to light or heavy
mass classes. Seed viability was virtually nil at 37.5°C
(supplementary Table S2).

Overall, a decreasing trend for the incidence of vi-
able seeds as simulated seasonal and constant tempera-
tures increased was detected (Table 7). Additionally,
the influence of temperature on decreased viability al-
ways increased as the difference in seasonal or constant
temperatures widened. Orthogonal contrasts revealed
that simulated summer temperatures had the strongest
influence on decreased seed viability. Comparisons of
seed viability between winter, spring or autumn tem-
peratures were not significant. Similarly, wider con-
stant temperature differentials or temperatures above
32.5°C exerted the strongest influence on seed viability
loss. Nonetheless, mass was not a significant predictor
for the incidence of viable seeds despite a considerable
influence of temperature (Table 7).

Seed viability remained high (range 88–93%) across
mass classes after exposure to ageing stress for up to
10 d. However, after this point, seed viability
decreased considerably (range 0–67%) for all mass
classes with increasing SSAA duration. A small reduc-
tion (1.6%) in viability occurred for seeds in the light
class between 15 and 20 d of SSAA. Alternatively, via-
bility decreased between 36 and 48% for intermediate
and heavy seeds over the same durations (supplemen-
tary Table S3).

Figure 4. Germination parameters for Rudbeckia mollis
mass-based seed classes following saturated salt accelerated
ageing (SSAA) for 0–30 d. (A) Total number of germinated
seeds and (B) germination rates (1 · t50

−1) across SSAA
durations and mass classes. Shading in (A) represents the
light (black), intermediate (light grey) and heavy (dark grey)
mass classes. Symbols in (B) represent the light (solid circles),
intermediate (open circles) and heavy (inverted solid
triangles) mass classes. Lines in (B) are included as a visual
aid. Germination rates were calculated from Kaplan–Meier
survivor functions (see supplementary Table S3). The
Kaplan–Meier estimator did not reach a failure probability
>0.50 for seeds in the intermediate or heavy classes following
20 d of SSAA. Thus, germination rate was not calculated. An
adjusted t50 could be calculated in these cases by multiplying
the final germination percentage by 0.50. It is then possible to
use product-limit survival estimates to find the smallest event
time in days corresponding to the probability of germination
(i.e. 1−Kaplan–Meier estimator that was greater than the
adjusted germination proportion of interest). However,
comparisons to unadjusted t50 values would be misleading
since the adjusted values represent a different percentile of
the seed population.
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The incidence of viable seeds decreased across SSAA
durations and seed mass. For example, parameter esti-
mates for SSAA durations between 5 and 30 d decreased
from 0.0073 to −4.9163, respectively. Similarly, param-
eter estimates decreased from −0.0902 to −0.1056 for
the heavy and intermediate classes. Nonetheless, only
SSAA duration (χ2

6 = 575.92; P < 0.0001) and not seed
mass (χ2

2 = 2.67; P = 0.2632) significantly predicted the in-
cidence of viable seeds. Orthogonal contrasts suggested
a seed viability threshold at 10 d of SSAA (Table 8).

Discussion

The seed to seedling transition requires individuals to
pass through imbibition, lag and radicle protrusion
phases of the germination process. Likewise, hydrated
seeds must effectively sense thermal cues and respond
to ageing stress to increase the probability of successful
seedling establishment. Previous studies have shown
that seed mass influences germination rate and percent-
age following exposure to favourable temperatures.

However, the relationship of this important plant func-
tional trait on the germination process in response to
thermal and ageing stress remains untested.

InR.mollis,we found that seedmasswasnot a signifi-
cant driver of early (i.e. imbibition, lag phase) or late (i.e.
radicle protrusion) germinationdynamics despite an an-
nual life history in a harsh sandhill ecosystem. In other
words, our experiments show that temperature selected
for similar temporal germination patterns, numbers of
germinating individuals and viability loss at the popula-
tion level across seed mass classes. However, ageing
stress selected for differential germination favouring
lower-mass seeds. To our knowledge, this is the first re-
port of mass-based germination and viability dynamics
in response to a gradient of favourable to elevated ther-
mal scenarios and ageing stress.

Mass-based imbibition and lag phase kinetics

Genna (2015) found mass-related morphological differ-
ences for R. mollis seeds, including direct relationships

Table 4. Overall Cox regression models for the germination response of Rudbeckia mollis seeds of different mass exposed to in-
creasing saturated salt accelerated ageing duration.

Covariate (xi) Coefficient (βi) SE of βi Wald χ2 P Hazard ratio

Mass class −0.22 0.059 13.31 0.0003 0.806
Duration −0.17 0.0068 652.48 <0.0001 0.841
Mass class × days 0.020 0.0075 7.03 0.0080 1.020
Duration × days 0.0052 0.00079 43.40 <0.0001 1.005

Table 5. Orthogonal contrasts for germination of Rudbeckia mollismass classes exposed to increasing levels of saturated salt accel-
erated ageing (SSAA) duration. Contrasts are for mass classes controlling for SSAA duration. Point estimates with confidence
limits encompassing 1.0 are not significantly different from 0 at α = 0.05.

SSAA durationa (h) Comparison Point estimate 95% confidence limits

0 Light v. intermediate 0.826 (0.615, 1.108)
Light v. heavy 0.901 (0.672, 1.209)
Intermediate v. heavy 1.092 (0.814, 1.465)

5 Light v. intermediate 1.162 (0.869, 1.554)
Light v. heavy 1.241 (0.927, 1.661)
Intermediate v. heavy 1.068 (0.798, 1.429)

10 Light v. intermediate 1.397 (1.043, 1.872)
Light v. heavy 1.356 (1.013, 1.815)
Intermediate v. heavy 0.970 (0.722, 1.303)

15 Light v. intermediate 1.129 (0.792, 1.608)
Light v. heavy 0.970 (0.688, 1.369)
Intermediate v. heavy 0.860 (0.607, 1.218)

20 Light v. intermediate 2.008 (1.333, 3.026)
Light v. heavy 2.239 (1.470, 3.411)
Intermediate v. heavy 1.115 (0.700, 1.776)

25 Light v. intermediate 1.446 (0.781, 2.677)
Light v. heavy 1.348 (0.743, 2.448)
Intermediate v. heavy 0.932 (0.485, 1.794)

aThe 30-d SSAA treatment was omitted due to lack of germination for intermediate or heavy mass classes.
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between pericarp thickness, embryo length, seed or
embryo width and seed mass. However, disparities
in R. mollis seed mass and morphological variation
do not correspond to differential imbibition kinetics
as reported for sunflower (Hernandez and Orioli,
1985). These authors conclude that larger sunflower
achenes displayed faster imbibition than smaller fruits,
due to a comparatively greater proportion of pericarp
tissue. However, larger fruits exhibited slower germin-
ation rates in contrast to smaller fruits because of a con-
siderable gap between testa and pericarp tissue that
most likely delayed water transfer to seeds. Unlike
the findings for sunflower, the embryo and endosperm
of R. mollis are appressed to the testa and the testa con-
tacts the pericarp throughout the locule (Genna, 2015).
Therefore, the close association of fruit and seed tissue
layers likely facilitates similar water movement in all R.
mollis seed mass classes at 25°C.

Imbibition rate may vary depending on initial
seed moisture content, seed mass and imbibition tem-
peratures. Specifically, temperature-dependent viscos-
ity changes of water induce variable imbibition rates
over large temperature ranges (Vertucci and
Leopold, 1983). Therefore, the similar water uptake
rates for R. mollis mass classes imbibed at 25.0°C
described in this paper may diverge at sub- or
supra-optimal temperatures. Although we did not

measure seed water content in this study, higher ini-
tial water content in intermediate R. mollis seeds
could account for the initially higher fresh mass
observed during water uptake studies (Fig. 1).
Regardless, higher initial fresh mass for seeds of the
intermediate class did not translate into a germination
advantage. We speculate that R. mollis seed mass phe-
notypes experience similar temporal patterns of imbi-
bition to exploit periods of adequate soil moisture in
habitats with otherwise highly variable hydration
and temperature conditions.

Germination under simulated seasonal and
constant temperatures

The similarity between temporal patterns of R. mollis
germination across mass-based classes suggests that
seed mass variation plays a limited role at the earliest
stage of the seed to seedling transition in relatively
fresh seeds. Other members of Asteraceae, such as
Ambrosia artemisiifolia (Heliantheae; Guillemin and
Chauvel, 2011) and Centaurea eriophora (Cynareae; De
Clavijo, 2002), that possess an annual life history and
adaptations to arid, warm habitats, also display
mass-independent germination. These authors suggest
a link between seed mass and adaptations for

Table 6. Orthogonal contrast P values for germination of Rudbeckia mollis seeds exposed to increasing duration of saturated salt
accelerated ageing (SSAA). Contrasts are for SSAA durations controlling for seed mass. Statistical significance determined with
α≥ 0.05.

Saturated salt accelerated ageing duration (d)

Seed mass 0 5 10 15 20 25 30

Light
0 – 0.0827 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
5 – 0.0134 <0.0001 <0.0001 <0.0001 <0.0001
10 – <0.0001 <0.0001 <0.0001 <0.0001
15 – 0.5780 <0.0001 <0.0001
20 – <0.0001 <0.0001
25 – 0.0009

Intermediate
0 – < 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 –a

5 – 0.0002 <0.0001 <0.0001 <0.0001 –
10 – <0.0001 <0.0001 <0.0001 –
15 – 0.0012 <0.0001 –
20 – 0.0025 –
25 – –

Heavy
0 – 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 –
5 – 0.0024 <0.0001 <0.0001 <0.0001 –
10 – <0.0001 <0.0001 <0.0001 –
15 – <0.0001 <0.0001 –
20 – 0.0137 –
25 – –

aP values omitted due to lack of germination for seeds in the intermediate or heavy classes following 30 d of SSAA.
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surviving in highly variable environmental conditions,
such as formation of a persistent seed bank. At present,
we do not know the ability of R. mollis seeds to persist
in the soil seed bank. However, available evidence
indicates that the annual habit evolved as an adaptive
response for survival in hot and dry environments
(Friedman and Rubin, 2015). We propose that corre-
sponding temporal patterns of germination (Fig. 2,
supplementary Table S2) and consistent likelihood of
germination across a range of temperatures (Table 2)
displayed by individual seeds of variable mass re-
present adaptations to support maintenance of the an-
nual life-history strategy.

The range of simulated seasonal and constant
supra-optimal temperatures used in this study selected
for temperature-dependent germination responses. For
example, seeds from all R. mollis mass-based classes
germinated rapidly and to high proportions following
exposure to autumn (29/19°C), winter (22/11°C) and
spring (27/15°C) conditions, or constant temperatures
between 15 and 30°C. However, thermal sensitivity be-
came apparent at constant 32.5°C, and detrimental at
simulated summer temperatures (33/24°C) and con-
stant temperatures ≥35°C.

The rapid and nearly complete germination re-
sponse under autumn conditions suggests that

germination may occur soon after shedding. Early au-
tumn may be the optimum time for germination since
air temperatures are cooler and the dry season has not
yet commenced in the south-eastern United States.
This agrees with previous work by Kettner and Pérez
(2012). Similarly, R. mollis seeds germinated well
under simulated winter and spring conditions, indicat-
ing that cooler temperatures do not inhibit radicle
emergence. Therefore, seedlings may have evolved
mechanisms to tolerate freezing conditions typical dur-
ing winter and early spring. Germination and seedling
establishment during periods of freezing air and soil
are possible for other wildflowers of the region
(Pérez et al., 2009). However, establishment may be
limited in colder months because these conditions co-
incide with the dry season.

Alternatively, germination is restricted in a
mass-independent manner for the majority of seeds fol-
lowing exposure to summer conditions. This occurs
despite adaptions of R. mollis to the hot and dry condi-
tions of a sandhill ecosystem. Nonetheless, a portion of
the seed population germinated in response to summer
temperatures. Ipomopsis rubra (Polemoniaceae), a co-
occurring sandhill species, displays similar patterns
of reduced germination during summer (Pérez and
Kettner, 2013). These authors suggest that germination

Table 7. Poisson regression models characterizing Rudbeckia mollis seed viability following exposure to simulated seasonal alter-
nating temperatures or constant temperatures. Counts of viable seeds are from data in supplementary Table S2.

Comparison df β (95% CI) SE of β Wald χ2 P

Alternating temperature (°C), controlling for seed mass
22/11 v. 27/15 1 0.003 (−0.231, 0.236) 0.12 0.00 0.9803
22/11 v. 29/19 1 −0.007 (−0.241, 0.227) 0.12 0.00 0.9524
22/11 v. 33/24 1 −0.715 (−1.003, −0.427) 0.15 23.66 <0.0001
27/15 v. 29/19 1 −0.010 (−0.244, 0.224) 0.12 0.01 0.9328
27/15 v. 33/24 1 −0.718 (−1.006, −0.430) 0.15 23.86 <0.0001
29/19 v. 33/24 1 −0.708 (−0.996, −0.419) 0.15 23.14 <0.0001

Mass class, controlling for alternating temperature
Light v. intermediate 1 −0.033 (−0.251, 0.184) 0.11 0.09 0.7642
Light v. heavy 1 0.004 (−0.219, 0.212) 0.11 0.00 0.9744
Intermediate v. heavy 1 0.037 (−0.180, 0.254) 0.11 0.11 0.7397

Constant temperature (°C), controlling for seed mass
27.5 v. 30.0 1 −0.028 (−0.262, 0.205) 0.12 0.06 0.8117
27.5 v. 32.5 1 −0.062 (−0.298, 0.173) 0.12 0.27 0.6048
27.5 v. 35.0 1 −1.113 (−1.442, −0.783) 0.17 43.80 <0.0001
27.5 v. 37.5 1 −4.963 (−6.930, −0.700) 1.00 24.46 <0.0001
30.0 v. 32.5 1 −0.034 (−0. 271, 0.203) 0.12 0.08 0.7797
30.0 v. 35.0 1 −1.084 (−1.415, −0.754) 0.17 41.30 <0.0001
30.0 v. 37.5 1 −4.935 (−6.902, −2.968) 1.00 24.18 <0.0001
32.5 v. 35.0 1 −1.051 (−1.383, −0.718) 0.17 38.40 <0.0001
32.5 v. 37.5 1 −4.901 (−6.868, −2.933) 1.00 23.84 <0.0001
35.0 v. 37.5 1 −3.850 (−5.831, −1.869) 1.01 14.51 0.0001

Mass class, controlling for constant temperature
Light v. intermediate 1 0.076 (−0.148, 0.300) 0.11 0.44 0.5069
Light v. heavy 1 0.070 (−0.155, 0.294) 0.11 0.37 0.5434
Intermediate v. heavy 1 −0.006 (−0.227, 0. 214) 0.11 0.00 0.9552
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during periods of adverse temperatures may not have
adaptive significance since seedling establishment is
most likely low as abiotic stress increases. Then
again, the risk of establishment during unfavourable
conditions may be less than the cost of losing some
individuals to temperature stress. Successful seedling
establishment in the face of stressful temperatures
and other hazards (e.g. competition) could result in
temporal distribution of age and size classes within a
population, combined with associated fitness conse-
quences (Donohue, 2002).

Germination following increasing ageing stress
duration

We expected to find similar germination responses
across mass-based classes for relatively fresh (i.e.
storage time ≈ 6 months; storage temperature ≈ 4°C)
R. mollis seeds used in the current study and 1-year-old
seeds stored on the laboratory bench at about 23–24°C
and 30–40% RH. However, conflicting germination
responses between different storage methods suggest
that R. mollis seeds may experience mass-dependent
ageing reactions, such that lower-mass seeds retain
higher germination ability over time (supplementary
Fig. S1, Fig. 2). Fresh R. mollis seeds did not exhibit a
mass-based germination response because cold storage

may have reduced the rate of ageing reactions
(Walters, 1998).

Interestingly, exposure to accelerated ageing stress
yielded mass-dependent germination responses similar
to preliminary germination tests conducted under
simulated seasonal temperatures. R. mollis seeds of dif-
ferent mass express similar tolerance mechanisms fol-
lowing up to 5 d of ageing stress. However,
intermediate and heavy seeds experience greater de-
terioration compared to light seeds following this
point. For example, the apparent germination rate
threshold for light seeds in response to 5 d of SSAA
implies that seeds in this class maintained similar toler-
ance levels to untreated seeds. Nevertheless, compara-
tively reduced germination rates for intermediate and
heavy seeds suggest accumulation of deterioration
damage (Walters, 1998). Likewise, a germination per-
centage threshold was manifest in all mass classes
after 10 d of SSAA. The combination of reduced ger-
mination capacity and slower germination rates after
day 10 most likely mark the onset of deleterious stress
and breakdown of tolerance mechanisms in large por-
tions of the seed population. Yet, despite overall reduc-
tions in germination, light seeds maintain a
considerable germination advantage over intermediate
or heavy seeds following 20 d of SSAA. Collectively,
these findings suggest a mass-dependent deterioration
mechanism for R. mollis seeds.

Table 8. Orthogonal contrast P values for counts of viable Rudbeckia mollis seeds exposed to increasing levels of saturated salt
accelerated ageing (SSAA) durations. Contrasts are for SSAA durations controlling for seed mass. Counts of viable seeds are
from data in supplementary Table S3. Statistical significance determined with α≥ 0.05.

Saturated salt accelerated ageing duration (d)

Seed mass 0 5 10 15 20 25 30

Light
0 – 0.9319 0.8976 0.0001 <0.0001 <0.0001 <0.0001
5 – 0.8304 <0.0001 <0.0001 <0.0001 <0.0001
10 – 0.0002 <0.0001 <0.0001 <0.0001
15 – 0.0024 <0.0001 <0.0001
20 – <0.0001 <0.0001
25 – <0.0001

Intermediate
0 – 0.3070 0.3936 0.0291 <0.0001 <0.0001 <0.0001
5 – 0.4306 0.0247 <0.0001 <0.0001 <0.0001
10 – 0.0370 <0.0001 <0.0001 <0.0001
15 – 0.0750 <0.0001 <0.0001
20 – <0.0001 <0.0001
25 – <0.0001

Heavy
0 – 0.3770 0.4745 0.0205 <0.0001 <0.0001 <0.0001
5 – 0.5158 0.0173 <0.0001 <0.0001 <0.0001
10 – 0.0264 <0.0001 <0.0001 <0.0001
15 – 0.0576 <0.0001 <0.0001
20 – <0.0001 <0.0001
25 – <0.0001
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Relationships between seed mass, abiotic stress
and seed viability

Exposure to relatively short periods of simulated sum-
mer temperatures (33/24°C) induced seed mortality to
a considerably greater degree compared to other sea-
sonal temperatures. Consequently, summer is poten-
tially the most stressful period for remaining,
non-germinated R. mollis seeds. Likewise, the onset of
seed death at constant 32.5°C indicates a threshold
for viability, followed by a near complete collapse of
viability at higher temperatures. Seedling establish-
ment will most likely be limited when average soil tem-
peratures exceed 32.5°C. Soil temperatures under
shaded conditions in north Florida frequently surpass
this threshold during the summer months (supplemen-
tary Fig. S2). We expect sandhill ecosystems to possess
higher soil temperatures than those recorded under a
shade structure.

Deleterious physical and physiological reactions,
such as loss of membrane integrity, lipid peroxidation
and decrease of free-radical-scavenging enzymes, are
associated with seed viability loss following exposure
to supra-optimal temperatures and ageing stress
(Bailly et al., 1996; Corbineau et al., 2002). These types
of reactions most likely mediated viability loss of R. mol-
lis seeds. The negative influence of abiotic stressors on
seed viability has implications for the remaining non-
germinated seeds. For example, residual seeds must be
able to recover from ageing stress imposed by high tem-
perature and relative humidity conditions in order to
persist and contribute to subsequent generations. This
seems challenging, since viability loss will continue for
non-germinated seeds in the soil, especially those
exposed to supra-optimal temperatures. Additionally,
Pérez et al. (2009) report that sandy soils in Florida can
maintain a hydration status during periods of
supra-optimal temperatures sufficient to promote seed
ageing (Priestly, 1986; Walters, 1998). Future climate
scenarios predict more intense and frequent heatwaves,
higher mean surface temperatures and increased inci-
dence of reduced soil moisture throughout the R. mollis
range (Ingram et al., 2013; IPCC, 2014). Von Holle et al.
(2010) suggest that increased variability in surface tem-
peratures due to climate change have already influenced
plant responses in Florida. Subsequent altered germin-
ation patterns and increases in seed mortality can be
maladaptive (Donohue, 2002).

Conclusion

Achieving population continuity in harsh environments
requires a suite of adaptations that increase plant fitness.
Production of mass-based phenotypes with similar ger-
mination patterns (i.e. imbibition and radicle emergence)
may be an essential strategy for temperature-based

germination cueing during relatively short periods of
favourable environmental conditions. Seed ageing, how-
ever, may select for differential mass-dependent germin-
ation patterns and viability loss within a seed population
as post-shedding time increases. The reasons for com-
paratively reduced ageing-stress sensitivity in lower-
mass compared to higher-mass seeds remains elusive.
Therefore, a comprehensive understanding of the interac-
tions between mass-based germination dynamics for
fresh seeds and revaluation of germination dynamics fol-
lowing a period of artificial or natural ageing stress is es-
sential for a complete understanding of species-specific
germination phenology.
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To view supplementary material for this article, please
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