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Abstract

Non-random mortality is a key driver of evolution, but mortality that occurs early in life
leaves adult traits of individuals that died unknown. This can lead to the invisible fraction
problem, which causes difficulty in measuring selection and evolution in natural and exper-
imental populations. Furthermore, seeds or other propagules that are stored intentionally
or that persist in dormant states in nature can experience storage conditions that alter adult
traits. Invisible fraction and storage condition effects can cause bias in evolutionary studies
such as those using the resurrection approach of comparing ancestors and descendants in
common environments. To investigate invisible fraction and storage condition effects, we
subjected seeds of Brassica rapa Fast Plants to artificial aging under hot, humid conditions.
We grew plants from artificially aged seeds alongside unaged control seeds for two genera-
tions and measured morphological and phenological traits on adult plants. We found that
the plants from artificially aged seeds flowered later than those from unaged seeds in both
the first and second generation, indicating storage condition and invisible fraction biases.
However, the difference in flowering time was smaller in the second generation, indicat-
ing that the refresher generation decreased the storage condition effect. We also found that
seeds that survived artificial aging were smaller than seeds that did not survive, indicating
a potential physical basis for non-random mortality in storage. These results suggest that
invisible fraction and storage condition effects can bias the results of resurrection experi-
ments, and that the proper storage of seeds for use in resurrection experiments, as well as a
refresher generation, are critical for valid results. The results also demonstrate that artificial
aging can be used as a tool for studying mortality of propagules in nature, such as in soil
seed banks, thus providing insight into evolutionary processes that would otherwise remain
obscure.
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Introduction

Given rapid changes in climatic and other environmental conditions (IPCC 2014), it
has become especially important to understand rapid contemporary evolution in natural
populations (Franks et al. 2014; Skelly 2010). While it was once commonly thought that
evolution would be too slow to allow populations to adapt to contemporary environ-
mental changes, there is now substantial evidence that such rapid evolution can occur,
with examples drawn from a wide variety of taxa and habitats (Pelletier et al. 2009;
Pulido and Berthold 2004; Salamin et al. 2010; Thompson 1998, 2013). Although many
species might not be able to evolve fast enough to keep pace with current rates of cli-
mate change (Berteaux et al. 2004; Jezkova and Wiens 2016), evolutionary responses
to changes in the environment are certainly happening, and offer us the opportunity to
examine evolution as it occurs.

Detecting phenotypic evolution in response to environmental change is a formida-
ble challenge. Traits in contemporary populations may shift relative to the values found
among museum/herbarium specimens or other historical records, but if so, is this an
evolutionary shift? Such differences could reflect plastic responses to a novel envi-
ronment by a genetically unchanged population. One way to address this problem is
through resurrection experiments, which are powerful tools for detecting phenotypic
evolution (Franks et al. 2018). In this approach, ancestors are resurrected from a dor-
mant condition (such as seeds, eggs or frozen cells) and raised alongside descendant
(contemporary) populations under common conditions. Both generations experience the
same developmental environment, and so their phenotypic differences can be attributed
to evolutionary (genetic) change (Franks et al. 2008). While the total number of resur-
rection studies from natural populations remains relatively small, they have provided
important insights into contemporary evolution (Franks et al. 2018). For example, one
study using the resurrection approach found that the outcrossing weedy plant Centau-
rea cyanus evolved earlier flowering and a larger floral display between 1992 and 2010,
a period of increased warming and pollinator declines (Thomann et al. 2015). Project
Baseline, a recently established collection of seeds made explicitly to serve as ancestral
generations in future resurrection experiments, will no doubt be an important resource
in coming decades as biologists seek to determine evolutionary changes in response to
global change in natural plant populations (Etterson et al. 2016).

Though very powerful, resurrection experiments are vulnerable to two biases (Weis
2018). The first of these arises if the storage environment affects propagule condition
in ways that alter the phenotypes expressed after development resumes. In this case,
phenotypic differences between generations reflect a plastic response by the ances-
tors to storage—the “storage condition effect” (Fig. 1). A second bias arises if survival
of ancestral seed is genetically non-random. It is possible that genes that affect seed
survival also influence adult phenotypes, causing a correlated response to selection
imposed by storage (Fig. 1). For reasons made clear below, this is called the “invisible
fraction problem” (Grafen 1988). Both of these effects could alter the frequency distri-
bution of ancestral phenotypes, and thus distort the baseline for detecting evolutionary
shifts in the descendant generation (Weis 2018). The following sections consider these
hypothetical effects in the context of stored seed, but analogous processes could occur
in other dormant/stored propagules, such as microbial spores, cladoceran resting eggs,
or cryopreserved gametes and embryos. Although this paper deals with genetically non-
random seed survival in the context of resurrection experiments, the Discussion section
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Fig. 1 A representation of invisible fraction and storage condition effect biases on resurrection experiments.
Shown are seeds varying in some trait (here size), as well as the frequency distribution of a genetically cor-
rected adult trait (here flowering time). Non-random mortality of aged seeds (marked X) biases the estimate
of flowering time (dashed line) through invisible fraction effects, while changes in traits because of stor-
age conditions (grey circles) causes bias in the estimate of flowering time though storage condition effects.
Comparisons of aged (ancestral) and unaged (descendant) populations in a resurrection study would give
spurious results because of these effects. A refresher generation reduces storage condition effects but not
invisible fraction effects. See text for details
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lays out its broader implications for ex situ plant conservation, and for evolution of nat-
ural plant populations through hidden trade-offs.

Impacts of seed age on viability and vigor

The environmental conditions experienced between seed maturation and germination can
affect the quality of the seed, and thereby the vigor of the emerging plant (Vertucci and
Roos 1990). Over the course of time, the proportion of viable seeds in a stored cohort
declines sigmoidally (Walters 2008). Sequential samples from the cohort maintain a high
germination rate for a period of time, but at some point germination declines, eventually
to zero. Over the same time course, the vigor of the surviving seeds can deteriorate. Ex
situ seed banks conserve seed quality by storage at low humidity and temperature (Li and
Pritchard 2009). The optimal storage conditions varies with species, but general recom-
mendations are for 10-27% relative humidity (Ellis et al. 2008; Vertucci and Roos 1990)
and temperatures of —20 to 4 °C, although some species are best stored cryogenically at
temperatures of — 196 °C (Walters et al. 2013).

Even under the best conditions, however, seeds deteriorate and eventually die. The
causes of this deterioration in seeds stored naturally or in ex situ seed banks include the
buildup of reactive oxygen species (ROS) that degrade mRNA transcripts (Chaitanya and
Naithani 1994; Fleming et al. 2018; Pammenter et al. 1974; Torres et al. 1997), as well
as abscisic acid accumulation, sugar hydrolysis, and protein modifications (Murthy et al.
2003; Rajjou et al. 2008; Yin et al. 2015). Seeds also lose reserves and the ability to mobi-
lize reserves, and become less efficient at detoxification (Rajjou et al. 2008). In artificial
seed aging, seed biologists mimic this long-term process by subjecting seeds to high tem-
perature and humidity (Delouche and Baskin 1973; Pammenter et al. 1974). This acceler-
ates metabolism and causes buildup of harmful alterations (Chaitanya and Naithani 1994;
Fleming et al. 2018; Murthy et al. 2003; Torres et al. 1997). Seeds quickly accumulate
aging-related changes under hot, wet conditions that would otherwise take years, and prior
research suggests that artificial seed aging effectively mimics natural seed aging because
the same physical and chemical impacts occur through artificial and natural aging, and the
same biochemical and physiological responses are involved (Delouche and Baskin 1973;
Rajjou et al. 2008).

As seeds deteriorate in storage and some die, mortality may be non-random. Maternal
vigor or genotype may influence seed quality at maturation, and thereby affect its chance of
surviving. Gene expression within the seed may affect levels of the antioxidants, enzymes,
and other molecules that break down harmful substances and repair damage, such that the
loss of viability may be non-random with respect to genotype (Nguyen et al. 2012; Rajjou
et al. 2008; Torres et al. 1997). One study, for instance, mapped multiple QTL associated
with seed longevity in lettuce, indicating genetic variation in the probability of seed sur-
vival (Schwember and Bradford 2010). Non-random mortality with respect to trait values
is a form of selection, and when the traits are heritable, evolution will occur (Falconer and
Mackay 1996; Fisher 1958).

Non-random mortality early in the life cycle complicates the study of later-expressed
traits. If a seed dies, it is impossible to know the phenotypes it would have expressed as a
mature plant. When there is variation at loci that pleiotropically affect both seed mortal-
ity and subsequent plant development, the frequency distributions of later-expressed traits
are distorted. If such trade-offs with early survival go undetected, inferences on natural
selection and evolution of later-expressed traits are compromised because of this invisible
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fraction problem. The severity of this problem depends on the strength of selection acting
on the seed trait and the magnitude of its genetic correlation to the later-expressed trait
(Weis 2018).

Disentangling storage condition and invisible fraction effects

Both the storage condition and the invisible fraction effects shift the frequency distribu-
tion of plant phenotypes from the one expected when all seeds in a cohort survive with
undiminished vigor. A careful experimental design is needed to determine if one, the other
or both act in a given storage environment (Fig. 1). One such design, which we used, first
divides the freshly collected seed cohort into two treatment groups: un-aged and aged. The
first group acts as a control, and is held under conditions that preserve viability and vigor.
The second group is subjected to the relevant storage environment, or an experimental
manipulation that mimics it. The two groups are then revived and propagated for two gen-
erations; first, the so-called refresher generation, followed by the test generation. As we
show, both plasticity and selection imposed during storage can affect the plant phenotypic
distribution in the refresher generation, but the test generation is affected by selection dur-
ing storage (invisible fraction effects) alone (Fig. 1).

Suppose that a cohort of seed is variable for some heritable trait, such as size, and that
this trait is genetically correlated with a trait in the mature plant, such as flowering time
(larger seeds yield more vigorous plants that take fewer days to flower). Plants from the
unaged seeds exhibit a distribution of flowering times that depends on their genotypes and
the growth environment (Fig. 1). If the seeds are aged, some fail to germinate, and of those
that do, some are affected by storage in ways that are generally harmful, such as a reduc-
tion in resources. When the aged seeds are grown, the mean time to flowering may increase
because, for example, large seeds potentially deteriorate more quickly in storage. A frac-
tion of the genes for early flowering that were present in the cohort before storage are now
missing because these genes also led to a less viable, larger seed size. The greater deterio-
ration of large seeds, and the resulting loss of vigor, also delays flowering in those that do
germinate. The size of the missing fraction effect can be isolated from the storage condi-
tion effect by crossing the refresher generation plants within treatment groups, then rearing
the resulting seeds, before they age, in a test generation (Fig. 1). The remaining flowering
time differences between the two groups in this generation can be attributed to a change in
gene frequencies that occurred during storage (invisible fraction effects).

In this hypothetical example, the seed trait affecting probability of survival in storage as
well as adult viability and vigor is identified as seed size. In practice, however, seed traits
that are influenced by storage conditions and that effect adult traits may be unknown. Nev-
ertheless, running a seed cohort through one or more refresher generations can eliminate
storage condition effects and reveal missing fraction effects even if the operative seed traits
are unidentified. On another practical note, if seed survivorship is high (>90%), missing
fraction effects will be trivial even under moderately strong seed-parent genetic correla-
tions (Weis 2018). In resurrection studies, the invisible fraction problem and storage condi-
tion effects are more likely to occur when seeds have not been intentionally stored under
ideal conditions, such as seeds recovered from the environment or herbarium specimens,
or when seeds have been kept for a long time at room temperature, which is suboptimal
compared to more ideal cool (=20 to 4 °C) and dry (10-20% RH) conditions (Walters
et al. 2013). Both invisible fraction effects and storage condition effects also occur in natu-
ral populations such as seeds in soil seed banks. The invisible fraction problem has been
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described and characterized through theoretical models (Weis 2018). However, we lack
empirical data that would help to determine how much of a problem invisible fraction and
storage condition effects would likely be for real seed collections. This is in part because
the invisible fraction is generally invisible—it is usually not possible to determine traits of
plants that failed to germinate.

In this study, we created invisible fraction and storage condition effects by artificial
seed aging in replicate populations of the annual plant Brassica rapa (L.). We had two sets
of populations: one containing artificially aged seeds and one containing control, unaged
seeds. These sets of populations were drawn from the same seed pool and experienced
identical conditions other than the aging treatment, thus any consistent differences in traits
between them should be due to either invisible fraction or storage condition effects. In the
context of resurrection studies, the aged seeds represent ancestors that have gone through
storage, and the unaged seeds represent recently collected descendants (Fig. 1). Any dif-
ference between these groups would indicate a false positive result (it would appear as
if evolution had occurred when it did not) caused by invisible fraction or storage condi-
tion effect bias. Furthermore, we can separate the storage condition and invisible fraction
effects because we grew the plants for a second generation, which removed storage condi-
tion but not invisible fraction bias. We then compared, in several phenotypic traits, aged
(representing ancestral) with control (representing descendant) populations. To investigate
potential causes of non-random mortality in the artificially aged populations, we examined
the relationships among seed size, plant traits and probability of mortality. We combined
the results of these experiments to empirically investigate the effects of the invisible frac-
tion and storage condition effect problems on drawing evolutionary inferences from resur-
rection studies with incomplete germination or a lack of a refresher generation.

Materials and methods
Study species

Rapid-cycling B. rapa L. Fast Plants were used in this study. These plants have been artifi-
cially selected for rapid growth and development (Williams and Hill 1986). More informa-
tion about Fast Plants can be found at https://fastplants.org/. Fast Plant seeds were obtained
from Carolina Biological Supply Company (Burlington, NC), grown under laboratory con-
ditions, and the seeds collected and stored at 4 °C for approximately two weeks for use in
this study. Brassica rapa is an outcrossing plant (Kitashiba and Nasrallah 2014), and Caro-
lina fast plants are genetically variable, with prior studies showing substantial responses to
selection (Agren and Schemske 1992; Zu et al. 2016).

Germination trials

We conducted a germination trial to determine the length of seed aging required to induce
~50% seed mortality, which should be sufficient to potentially induce a substantial invis-
ible fraction. Artificial aging was conducted in a drying oven with bowls of water to raise
humidity, and temperature and relative humidity were measured using a thermometer-
hygrometer. We aimed for approximately 40 °C and 90% RH, which has been used in other
studies utilizing an artificially aging seed treatment (Rajjou et al. 2008; Yin et al. 2015).
During the study, temperature varied between 40-50 °C and relative humidity varied from
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79 to 99%. Seeds were placed in petri dishes with 20 seeds per dish and 30 total dishes.
The petri dishes were placed in the hot and humid conditions for 0, 1, 2, 3, 4, or 5 days (5
dishes per each of the temporal treatments), transferred to moist pieces of filter paper, and
sealed in new petri dishes to germinate. Germination was assessed in the lab, where the
temperature was ~22 °C. The samples were checked daily and germination, defined as the
emergence of the radicle, was recorded. We continued to monitor for germination for two
weeks, but no seeds germinated after 4 days.

Comparison of artificially aged and control samples

Artificially aged seeds (n=90), as well as control seeds that had not been artificially aged
(n=45), were grown under common conditions. The seeds were randomly assigned to one
of the treatments. Artificial aging was conducted for 2 days at 80-99% relative humidity.
As the seeds germinated, they were planted in potting soil in individual pots and randomly
distributed under grow lights. The plants were grown under constant light, fertilized weekly
with Miracle-Gro 15-30-15 fertilizer, and bulk-pollinated within each treatment. Seeds
from this first generation were used to grow a second generation under the same growing
conditions. For the first- and second-generation plants, we recorded flowering time, leaf
count, length of longest leaf, and width of widest leaf for all plants. Flowering time was
recorded as the number of days after germination for the first flower to open on each plant.
All morphological characteristics were measured 30 days following the first day of average
seed germination (all seeds germinated within two days). The length of the longest leaf was
measured from the stem to its tip and the width of the widest leaf was measured at its wid-
est point. In order to determine if there was a significant difference between the artificially
aged and control samples, two-tailed two sample ¢ tests assuming unequal variances were
performed in R (R Core Team 2018).

Effect of seed weight on germination after artificial aging

In order to examine the effect of seed size on its ability to remain viable through artificial
aging, the individual mass of 96 seeds was measured to the nearest hundredth of a mil-
ligram. Seeds were artificially aged for two days as described above, placed on damp filter
paper in a sealed petri dish, and observed daily for seed germination. To determine if the
seeds that germinated differed in mass from the seeds that did not germinate, we performed
Mann—Whitney—Wilcoxon test in R (R Core Team 2018) due to the non-normality of the
seed weight data.

Results
Germination trials

The different artificial aging treatments resulted in varying germination rates from 0% in
the seeds aged for 5 days to 95% in the control seeds that were not aged (Fig. 2). The sam-
ple with the mortality rate closest to 50% was the sample aged for 2 days, which had 60%
germination after 4 days in the germination trial. Therefore, we used 2 days as our length
of artificial aging in the remainder of our experiments.
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Fig.2 The effect of artificial aging at 40 °C and 90% RH on the germination rate of Brassica rapa fast plant
seeds. Samples of 20 seeds were artificially aged for 0, 1, 2, 3, 4, or 5 days and the number of seeds that had
germinated was recorded daily

Comparison of artificially aged and control samples

The seeds that were artificially aged for two days had a 31% germination rate and only
14% (13 plants) survived to seed set, while the control population had a 93% germina-
tion rate and 87% (39 plants) survival to seed set. Since there were three times as many
seed-producing plants in the control sample as in the artificially aged sample, we grew one
seed from each control plant and three seeds from each aged plant to create a second-gen-
eration sample that equally represented the surviving plants from each sample. Of the 39
seeds planted for each sample, 31 aged plants and 35 control plants grew to be measured,
although one of the control plants did not flower.

Artificial seed aging significantly influenced estimates of the population average flow-
ering time in both the first (t; ;,=2.65, p=0.019) and the second (t; 59=2.21, p=0.031)
generation. The plants in the artificially aged sample flowered 11% (2.9 days) later than
the plants in the control sample in the first generation and 4% (0.6 days) later in the second
generation (Fig. 3a).

Artificial seed aging also influenced estimates of leaf width, but only in the first genera-
tion. The plants in the artificially aged sample had a leaf width that was 21% (1 cm) less
than the control plants in generation 1 (t; ,,=2.55, p=0.018), but the difference was not
significant in generation 2 (t; s53=0.57, p=0.57) (Fig. 3b). There was no significant differ-
ence between the plants in the aged and control samples in leaf count (gen 1: t; 5,=1.00,
p=0.33; gen 2: t; (3=0.20, p=0.84) or length of longest leaf (gen 1: t; 1o=1.16, p=0.26;
gen 2: 1, ¢,=0.96, p=0.34) in either generation.

Effect of seed weight on germination

Of the 96 seeds weighed and artificially aged, 38 germinated. The seeds that germinated
had significantly less mass than those that did not germinate (W =1427.5, p=0.015). The
average mass of the seeds that germinated following aging was 1.71 mg and the average
mass of the seeds that did not germinate was 1.89 mg.
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Fig.3 Flowering time (a) and width of widest leaf (b) of Brassica rapa for the unaged (red, left line) and
artificially aged (blue, right line) samples in the first and second generation. Flowering time was measured
as the number of days between germination (emergence of the radicle) and flowering (opening of the first
flower) of an individual plant. The width at the widest point of the widest leaf of each individual was meas-
ured 30 days after average germination. Significant differences in means according to two-tailed two sample
t tests assuming unequal variances are indicated as * (p <0.05)

Discussion

Mortality experienced by seeds or other propagules as they age, as well as the effects of
conditions that dormant propagules experience, help to shape adult populations in natural
environments, such as soil seed banks, and in ex situ collections, in important ways. How-
ever, these are vexing processes to study because what the adult traits would have been in
the fraction of propagules that died had they lived, and in the propagules that aged had they
not experienced the effects of aging, is usually unknown. In this study, we subjected seeds
to artificial aging to create invisible fraction and storage condition effects and to quantify
their influences on inferences drawn from experiments such as resurrection studies.

Our experiments confirm that the invisible fraction problem can arise when poor stor-
age conditions substantially reduce seed viability. We found that plants from the artificial
aging treatment differed in some traits from control plants, indicating that the artificial
aging treatment created an invisible fraction. Because of this invisible fraction, had these
seeds been used in a resurrection study, evolutionary inferences could have been biased and
incorrect. The effect of aging was reduced in the second generation, showing the presence
of storage condition effects and indicating that including a refresher generation is impor-
tant in resurrection studies. In this case, smaller seeds were more likely than larger seeds
to survive artificial aging. These results, which we further discuss below, have implications
for our understanding of seed survival and storage in natural populations and in collections,
and of the relationship between seed and post-emergence traits. The results also help us to
optimally design and draw appropriate conclusions from resurrection studies such as those
using stored seed to investigate evolution.

For the B. rapa fast plants we used in our study, placing seeds in conditions of
40-50 °C and relative humidity of 79 to 99% for 2 days induced a mortality of 40% in
the trial and 69% in the main experiment. The difference between the trial and main
experiment could have been due to slight differences in conditions or to variation
between the sets of seeds used in the two experiments. In any case, hot, humid condi-
tions induced substantial mortality. This result is in keeping with other studies that have
used artificial seed aging (Rajjou et al. 2008; Yin et al. 2015). This also supports the
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practice of keeping seeds under cold, low humidity and constant conditions for opti-
mal storage (Walters et al. 2013). Artificial aging has previously been used for studies
examining, for example, the mechanisms of seed deterioration (Yin et al. 2015). Here
we show that this technique can also be used to study the invisible fraction, which is a
portion of a population that is unmeasured due to mortality (Grafen 1988).

We found that artificial aging induced non-random mortality that significantly
affected the mean of some post-emergence phenotypic traits. For example, flowering
time was significantly earlier in the control compared to the aged seeds in both the first
and second generation. In the first generation, differences in flowering time could have
been caused by invisible fraction effects, storage effects, or both (Fig. 1). If these seeds
had been used in a resurrection study without a refresher generation, with ancestors
represented by the aged seeds and descendants represented by the controls, the results
would have been biased, and evolutionary inferences would have been incorrect. Spe-
cifically, flowering time would have been estimated to have evolved to be about 3 days
earlier, a false positive result. The plants from the second generation represent a resur-
rection study with a refresher generation. Here, storage effects are minimized because
the seeds from the first generation were only stored for a very short time under optimal
conditions, resulting in high germination rates, but any invisible fraction effects remain.
Following the refresher generation, flowering time was about a half a day earlier, indi-
cating a false positive caused by invisible fraction bias. Taken together, these results
indicate that for flowering time, the total bias caused by invisible fraction and storage
effects was 3 days, with 83% caused by storage effects and 17% caused by the invisible
fraction. The invisible fraction and storage condition effects detected indicate that mor-
tality during storage was non-random with respect to flowering time, and that flowering
time may be genetically correlated with traits related to seed survival in storage.

One can ask, how strong was selection in storage on underlying seed traits to produce
the 0.6 day shift in flowering time seen in test generation? For that we would need to know
the genetic correlation between survival and flowering time, which could not be deter-
mined in this study. Nevertheless, we can lay out some possibilities based on prior theo-
retical work (Weis 2018). The observed flowering time difference between the un-aged and
aged groups was ~0.25 standard deviations. If storage-imposed selection was acting on a
single trait with a modest genetic correlation to flowering time of 0.25, the selection gradi-
ent would be 1. In other words, the seed trait mean among the survivors would be a full
standard deviation greater than the mean of the cohort as a whole. A more robust genetic
correlation of 0.5 would indicate a more modest selection gradient of 0.25. Based on these
assessments, it thus appears that flowering time could be strongly influenced by invisible
fraction bias in resurrection experiments with low rates of germination, and that flowering
time of natural populations of adults could also be highly influenced by mortality of prop-
agules such as seeds in soil seed banks.

Flowering time in particular has been the subject of investigation of many studies of
responses to climate change, with multiple previous resurrection studies finding evidence
for evolution of earlier flowering time in natural populations e.g. Franks et al. (2007), Nevo
et al. (2012) and Sekor and Franks (2018). Fortunately, these studies had high rates of ger-
mination and used a refresher generation, making the invisible fraction and storage effects
unlikely to have caused bias in these cases. However, this problem remains a concern par-
ticularly for any studies in which germination rates are more moderate, such as when seeds
are recovered from suboptimal storage conditions. Previous work has shown that germina-
tion timing influences flowering time and selection on flowering time, indicating that there
may be direct linkages, possibly due to pleiotropy, between phenology at these two life
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stages (Donohue 2002). Thus if mortality during storage influences germination, it can cas-
cade onward to effects at later life-history stages.

The significant difference between the aged and control samples in width of widest
leaf found only in the first and not the second generation suggests that this difference may
be due to storage conditions effects. This further highlights the importance of a refresher
generation, which alleviates the effects of storage conditions, in resurrection experiments
(Franks et al. 2018). It also indicates that there may be substantial differences among traits
in the extent to which invisible fraction and storage condition effect biases occur, likely
because of differences among adult traits in the degree of association with seed traits linked
to mortality in storage or to the effects of storage conditions.

This study also found that smaller seeds were more likely to survive the artificial aging
treatment than larger seeds. A number of prior studies have examined the relationship
between seed size and longevity or viability across species e.g. Nagel and Borner (2009),
but little prior research has looked at this relationship within species (Elwell et al. 2007),
and especially not with regard to artificial seed aging. The exact mechanism that would
provide small seeds with increased seed longevity in an artificial seed bank is unknown and
would make an interesting topic of future research.

The idea that small seeds are more likely to survive aging also helps explain why the
average flowering time would be significantly later in the sample of seeds that survive
aging compared to the average flowering time of the population at large. Seeds that have
reduced mass have fewer resources stored within them, which may hinder initial growth
and delay flowering time (Elwell et al. 2011; Wulff 1986). It thus appears likely that seeds
that do not survive artificial aging or long-term storage would be a non-random subset of
the original population, and would differ in characteristics related to seed longevity such
as seed size. These seed characteristics would likely relate to adult traits such as flowering
time and other characteristics, resulting in an invisible fraction.

Substantial aging-related mortality of seeds in storage makes it is impossible for a res-
urrection experiment to distinguish between change due to evolution and change due to
seed aging. It is thus crucial that resurrection studies should only be conducted using seeds
stored properly to prevent the seed aging process from occurring (Franks et al. 2018). Arti-
ficial seed banks dedicated to the careful storage and preservation of seeds of a variety of
plants are necessary to ensure that we are able to monitor evolutionary trends in popula-
tions as the climate changes (Etterson et al. 2016).

Besides the invisible fraction and storage effects, maternal effects can also be a source
of bias in resurrection studies (Franks et al. 2018). Maternal effects occur when the mater-
nal environment influences offspring traits (Roach and Wulff 1987). In resurrection studies,
maternal effects are more likely to be a problem if ancestors and descendants have experi-
enced different conditions in the field. For example, a prior study collected seeds of plants
before and after a multi-year drought (Franks et al. 2007). In this case, the pre-drought
adult plants had more resources to provision offspring than the post-drought plants, which
could result in bias because of maternal effects. The previous study minimized maternal
effects by using a refresher generation (Franks et al. 2007). In the current study, maternal
effects could be present, but because all adult plants experienced identical growing con-
ditions, maternal effects are unlikely to be a source of systematic bias. Maternal effects
should, however, be considered in the design and interpretation of resurrection studies and
in many studies of evolution in natural populations.

We suggest that the experimental procedures that we describe here can be used to gain
insight into ecological and evolutionary processes in natural systems not only in the con-
text of resurrection studies. Non-random mortality of propagules, as well as plastic changes
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in adult traits caused by conditions of natural propagule storage, are important ecologi-
cal processes that influence population and evolutionary dynamics, and that can be stud-
ied using artificial aging of propagules. For example, artificial aging can be a useful tool
to study evolution in species that regenerate from soil seed banks. Recruitment from the
soil can slow genetic drift just as does migration (Falahati-Anbaran et al. 2014; Nunney
2002)—eftectively it is gene flow through time. Are there hidden trade-offs between long-
term survival of buried seed and later-expressed phenotypes? If so, selection within the
seedbank could impact the evolution of adult plants. This possibility could be addressed
by collecting a sample of seeds from a wild population and storing groups of seeds under
various conditions for many years. By storing one sample in a cool, dry environment typi-
cally ideal for preserving seeds, and storing another sample in an environment that would
allow seeds to age naturally, researchers could compare traits in the plants grown from
these seeds to determine if the natural aging process causes non-random mortality. Fur-
ther studies of seed aging in soil seed banks that included experimental manipulations of
temperature and moisture would also be useful for determining how seeds will respond to
changes in climate. Increases in temperature occurring widely and increases in precipita-
tion that are occurring in some areas (IPCC 2014) would be particularly likely to increase
seed mortality, with subsequent effects on the structure of populations. These effects may
be particularly important for the conservation of plant populations as climatic conditions
change.
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