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ABSTRACT

Climate change is a key factor that may cause the extinction of species.

The associated reduced weather predictability may alter the survival of plants,
especially during their early life stages, when individuals are most fragile. While it is
expected that extreme weather events will be highly detrimental for species, the
effects of more subtle environmental changes have been little considered. In a
four-year experiment on two herbaceous plants, Papaver rhoeas and Onobrychis
viciifolia, we manipulated the predictability of precipitation by changing the
temporal correlation of precipitation events while maintaining average
precipitation constant, leading to more and less predictable treatments.

We assessed the effect of predictability on plant viability in terms of seedling
emergence, survival, seed production, and population growth rate. We found
greater seedling emergence, survival, and population growth for plants
experiencing lower intra-seasonal predictability, but more so during early
compared to late life stages. Since predictability levels were maintained across four
generations, we have also tested whether descendants exhibited transgenerational
responses to previous predictability conditions. In P. rhoeas, descendants had
increased the seedling emergence compared to ancestors under both treatments,
but more so under lower precipitation predictability. However, higher
predictability in the late treatment induced higher survival in descendants, showing
that these conditions may benefit long-term survival. This experiment highlights
the ability of some plants to rapidly exploit environmental resources and
increase their survival under less predictable conditions, especially during early life
stages. Therefore, this study provides relevant evidence of the survival capacity of
some species under current and future short-term environmental alterations.
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INTRODUCTION

Species survival is closely linked to environmental changes (Thomas et al., 2004), which
are increasing due to anthropogenic influences. If these changes exceed a species’ tolerance
limits, many individuals will not be able to adapt and will disappear (Gonzalez et al.,
2013). This is especially true for plants, since, as sessile organisms, they cannot move away
from unfavorable habitats. Rapid adaptive capacity is therefore becoming increasingly
important for plants in rapidly altering environments (Loarie et al., 2009). Mean climatic
conditions usually change very gradually (Katz ¢ Brown, 1992), which can allow

plants to develop coping strategies. Reduced environmental predictability caused by
increasing climatic variability, however, might be more difficult to buffer against.

While several studies have demonstrated that organisms are particularly sensitive to
climatic extremes (Parmesan, Root ¢ Willig, 2000, and references therein), still little is
known about the effects of the subtle decreases of environmental predictability driven by
climate change (Intergovernmental Panel on Climate Change (IPCC), 2014).

Tolerance to less predictable environmental conditions may differ through the multiple
plant life stages (Burghardt et al., 2015). Environmental conditions that plants experience
during their early stages (i.e., seedlings) can potentially have strong effects on plant
germination, survival, and performance. Plants are more vulnerable at that stage than
during adult phase, and small environmental changes can lead to higher mortality rates
(Donohue et al., 2010). The effects on developmental stages could trigger in changes
in performance during subsequent life stages (Jornsson ¢ Jonsson, 2014), in fitness
(Cam, Monnat & Hines, 2003), and even on the success of future generations (Walck et al.,
2011; Burton & Metcalfe, 2014). Therefore, it is important to identify when plants are more
affected by weather alterations, and if there is a relationship between the differential
effect on life stages and the future success of plants. Thus, to understand the response of
individuals to lower environmental predictability, Lawson et al. (2015) suggested testing
their effects on each life stage component, including birth, death, and development.
Germination (i.e., seedling emergence) is the first step of plant life, and water availability is
a crucial resource for this process (Classen et al., 2010; Walck et al., 2011). Seeds need
sufficient humidity to emerge, and certain constancy in wet conditions could induce
greater seedling emergence (Finch-Savage, Steckel ¢» Phelps, 1998). However, emergence
of seedlings could also benefit from several oscillations in humidity conditions
(Gremer, Kimball & Venable, 2016). If plants could endure inconsistent conditions during
early stages, they may be able to survive until the end of their biological cycle
(Donohue et al., 2010). In this regard, weather alterations during the early stages
of development may have stronger effects on the survival of individuals than during
other life stages. However, early life stages are rarely considered in field experiments
(Postma & Agren, 2016). Understanding how early survival is shaped by lower
environmental predictability is very relevant for potential species adaptation.

Whereas highly predictable environments are expected to help maintain constant
population sizes in the long-term and favors plants adaptation (Olson-Manning,

Wagner & Mitchell-Olds, 2012), ecologists commonly assume population decreases in
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habitats of lower predictability (Stearns, 1992; Lande, Engen ¢ Saether, 2003), since
they anticipate a depression in viability and fitness components (Anderson, 2016).
However, other studies contradict this assumption, since they found that environmental
variability and associated reduced predictability maintains diversity (Adler et al., 2006;
Gherardi ¢ Sala, 2015; Jones et al., 2016) and may lead to an increase of phenotypic
plasticity (Ghalambor et al., 2007; Merili ¢» Hendry, 2014; March-Salas et al., 2018,
unpublished data). Moreover, if plants of the preceding generation (i.e., ancestors) were
growing under weather variations, this may lead their descendants to assimilate

these conditions as the most appropriate to develop, or at least, ancestors could prevent
descendants of weather alterations (e.g., via maternal effects). Thus, environmental
conditions would be less harmful than models and theories project (Chevin, Lande ¢
Mace, 2010; Botero et al., 2015). The effect of environmental predictability on intra- and
inter-generations is still largely underappreciated (Reed et al., 2010), and these effects
are key to foresee the future consequences of the growing weather instability for
individuals, and even populations.

Here, we tested in a four-year experiment with two plant species, Onobrychis viciifolia
and Papaver rhoeas, whether and how changes in precipitation predictability: (1) induced
immediate responses in seedling emergence, early and late plant survival, reproductive
individual rate (i.e. seed production) and plot-population growth; (2) affected plants
in different life stages (early and late stage), and (3) led to changes over time in the number
of survivals across multiple-generation (i.e., transgenerational responses). Therefore,
testing the hypotheses 1 and 3 will allow us to shed light on the survival of some plant
species in the face of an expected lower environmental predictability. Moreover, testing the
hypothesis 2 will unravel which life-cycle stage is prone to suffer these weather
alterations and their potential impact for future plants viability.

MATERIALS AND METHODS

Experimental system and procedures

Seeds of P. rhoeas L. (common poppy; Papaveraceae) and O. viciifolia Scop. (common
sainfoin; Fabaceae) were sown in natural environments located at the experimental

field station ‘El Boalar’ (42°33'N, 0°37'W, 705 m.a.s.l; IPE-CSIC, Jaca, Huesca, Spain)
and exposed to different precipitation-predictability regimes (see below) during four
consecutive years (2012-2015). Papaver rhoeas and O. viciifolia were selected as model
species because of their similar growth season but different life histories and reproductive
strategies (for species details, see ‘Supplementary Material’). Also, wild individuals of
both plant species occur on the study site. Seeds of P. rhoeas and O. viciifolia were obtained
in 2011 and were never previously exposed to the experimentally simulated conditions,
but still came from geographically close sites with similar climatic conditions. Seeds

of O. viciifolia originated from a farm located in Castillo de Lerés (23 km apart from the
field site) and seeds of P. rhoeas from a farm located in the Ebro Valley near Zaragoza
(ca. 75 km apart from the field site). Since these seeds were naive with regard to the
experimental conditions, they were referred as the ancestral generation (Gy) and
distinguish them from their descendants (G;_s; see below).
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In 2012, 16 open-air enclosures were established, each with two experimental plots of
1.2 x 6.0 m (Fig. S1). In one of the two plots (per enclosure), we sowed P. rhoeas at a
depth of one cm, and in the other plot, we sowed O. viciifolia at a depth of two cm.

The enclosures were surrounded by metal walls and covered by a mesh (mesh width:

1.6 x 1.6 cm) that protected the plants against large herbivores, but which allowed access
for insects (including pollinators). Each plot was additionally surrounded with a
mosquito mesh (30 cm above ground and 10 cm below ground) to protect against slug
predation. Before the beginning of the experiment, we loosened and homogenized the top
30 cm of the soil in each plot. All weeds, roots, and visible seeds were removed to

avoid competition with other undesirable plant species, and the ground was smoothed.
For each species in different plots, in the first year, randomly selected seeds were sown
in 28 positions (i.e., three seeds per position) per plot regularly distributed and
separated by 40 cm each (Fig. S1). In subsequent years (2013-2015), when we sowed
descendants of the preceding generation, we also always sowed randomly selected seeds of
the original ancestral generation in seven of the 28 positions (i.e., four seeds per position)
in each plot in order to quantify potential transgenerational responses (i.e., acting as
control individuals; see below). Before sowing, to assure that the randomly selected
subsamples each year were representative for the entire ancestral seed lot, we statistically
tested that there were no significant differences in averages and variances of seed mass
of seeds selected or not selected to be used in this experiment, among seeds used in
different years, plots, and experimental treatments (P > 0.1 in all cases). When the first
emerged seedlings reached five cm in P. rhoeas and 10 cm in O. viciifolia, seedling height
and the seedlings maximal diameter were measured to the nearest millimeter. In the
case that more than one seedling was present in a given position, one seedling was
randomly selected and the other ones were thinned, to avoid competition among seedlings.
To this aim, from seedling emergence, we statistically tested by Linear Mixed-effect Models
(LMM) that there were no significant differences in days to seedling emergence,
seedling height, seedling diameter, and relative growth rate (in height and diameter)
among thinned and non-thinned seedlings, and all interactions between thinning and
enclosure or thinning treatments were not significant (P > 0.8 in all cases).

Precipitation-predictability treatment

Precipitation predictability (i.e., the level of temporal autocorrelation of environmental
parameters) was manipulated at two different temporal scales: intra- and inter-seasonally.
First, for intra-seasonal predictability, we simulated more (M) and less (L) predictable
precipitation treatments by manipulating the timing of precipitation within each week,
thus varying the daily predictability of precipitation. In M, the probability and timing of
rainfall were more predictable (higher autocorrelation among days), while in L both
were less predictable. Treatments were applied during two different periods (i.e., seasons)
within each year: from early spring to late spring (spring season), and from early to

late summer (summer season). Spring season started in March-April and extended until
the end of June, and it was associated with early plant stage. Thus, we hereafter referred
it to as ‘early treatment’. Summer season started at the end of June-beginning of July
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Figure 1 Two-factorial experimental design of the precipitation-predictability treatment. The factors
were the early and the late treatment. The ‘Early treatment’ covers the spring period and consisted of two
levels: less (L; red color) and more predictable precipitation (M; blue color), each applied to eight
enclosures (represented by dotted lines inside the squares). At the end of this treatment (before the switch
point between early and late stages; see ‘Materials and Methods’), the seedling emergence and the survival
during early stage (i.e., early survival) was measured, and thus, these traits could be affected by the early
treatment (see arrow on the right). The ‘Late treatment’ covers the summer period and also consisted of
less and more predictable precipitation (i.e., levels). This thus resulted in a two-factorial design with four
early treatment-by-late treatment combinations (LL, LM, ML, MM). At the end of the late treatment, we
measured the survival during the late stage (i.e., late survival), the seed production and the population
growth rate, and thus, these traits could be affected by both early and late treatment (see arrow on the
right). This experimental design was applied for 4 years (2012-2015).

Full-size k&) DOT: 10.7717/peer;j.6443/fig-1

and extended until October, and it was associated with late plant stage. Thus, we hereafter
referred it to as ‘late treatment’. Each year, the irrigation treatments started a couple of
weeks before sowing and ended after plant harvesting. Each enclosure was irrigated
individually using an automatic irrigation system with four sprinklers per enclosure, one in
each corner, to provide homogenous precipitation in the whole enclosure. Thus, during
the early and late treatment, half of the enclosures (eight of 16) were exposed to M

and the other half to L (Fig. 1). The M treatment was imposed by irrigating plots twice a
day for 10 min at regular intervals between 9 a.m. and 7 p.m. (i.e., 14 times per week), and
the L treatment was imposed by also irrigating 14 times for 10 min but at randomly
chosen time points during the week (between 9 a.m. and 7 p.m.). All enclosures were
exposed to the same natural background precipitation and thus, enclosures of the more
predictable treatment received two rain events (experimental and natural events
combined) per day on 76.8% of the days and more than two events per day on 23.2% of the
days, whereas enclosures of the less predictable treatment received less than two rain
events per day on 30.4% of the days, two events per day on 22.6%, and more than

two events per day on 47% of the days. Thus, the timing of precipitation differed
between treatments, while the number of precipitation events and the total amount of
precipitation were identical (e.g., see Fig. 52). The simulated variance in daily
precipitation measured over one week was within the natural limits, since the minimum
variance was zero in natural precipitation and in both treatment levels, while the
maximum variance did not significantly differ from the natural precipitation, neither

in M, nor in L.
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Second, inter-seasonal predictability (i.e., the level of autocorrelation between spring and
summer) was manipulated by exposing eight enclosures during the late plant stage (summer)
to either the same or to the other intra-seasonal predictability regime as during the
early plant stage (spring; Fig. 1). This thus resulted in a two-factorial design with four early
treatment-by-late treatment combinations (Fig. 1): (1) more predictable during early stage
and more predictable during late stage (MM), (2) less predictable in both periods (LL),
(3) more predictable during early stage and less predictable during late stage (ML), and
(4) less predictable during early stage and more predictable during late stage (LM).

Thus, plants were exposed to higher inter-seasonal predictability (MM, LL) or lower
inter-seasonal (ML, LM) predictability, or in other words, to a higher or lower autocorrelation
of precipitation between early (spring) and late plant stage (summer; Fig. 1). For the changing
point between early and late stage, we chose the middle of the phenological life-cycle of
both species (i.e., when first’s flower buds appeared). This was, depending on the year, at the
end of June or beginning of July, proximate with the change of spring-summer season.

Testing for transgenerational responses

To test for transgenerational responses with respect to precipitation predictability,
offspring/descendant seeds produced by a subset ancestral plants (G,) were stored over
winter, and a randomly chosen subsample of those seeds (774 for P. rhoeas and 252

for O. viciifolia from seven to eight maternal lines per treatment combination and species)
was sown again in the experimental plots in the subsequent year. No significant differences
existed between used and non-used mothers (i.e., selection of progenitors to be used

for providing seed progeny in the following year) in mean and variance of emergence time
(days), maximum height (in mm), maximum diameter (mm), number and mass of
produced seeds, beginning of flowering period, and above-ground and root biomass (g)
within treatment combinations, mother enclosure, and treatment X mother enclosure
combinations (P > 0.2 in all cases) and between used and not used descendant in mean
and variance of seed mass (P > 0.1 in all cases).

For each of these maternal lines, we kept the treatment combinations (i.e., MM, LL, LM,
ML) constant across all generations. Thus, we had four generations exposed to the same
conditions: the G, ancestral generation, and the G, (in 2013), G, (in 2014) and G;

(in 2015) as descendant generations. While descendants were potentially able to exhibit a
transgenerational response, by experimental design, ancestors were unable to do a
transgenerational response with respect to the experimental conditions. Thus, differences
among ancestors planted in different years represent differences due to variation among
years, while differences between ancestors and descendants growing in the same plot
and year represent transgenerational responses. Moreover, to avoid local adaptation

to specific conditions, of a particular plot beyond the experimental precipitation regime,
we sowed the descendants in other plot than where the ancestor had been growing.

Data collection

From each seed sown, seedling emergence was checked daily during the first four weeks of
the experiment to determine the seedling emergence. The plant survival during the early
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stage was assessed weekly from seedling emergence to the end of the early stage.

Alive thinned seedlings (see above) in this period were also considered as survivors.

For seedlings that were alive and non-thinned during the early stage, we determined the
plant survival during the late stage (i.e., from the end of the early stage until the end of their
annual cycle). Seeds were collected weekly when they ripen and the seeds from the
same individual were counted. These seeds were included in the same paper bag and were
stored in a cool and dry environment at room conditions, out of direct sunlight and under
consistent temperature. Once all seeds were collected, the plant was harvested. Plants
that did not produce seeds were collected at the end of their annual cycle as well.

These data allowed us to determine the reproductive individual rate, and separate the
individuals that produced at least one seed from those that did not produce any seed. Per
capita plot-population growth rate was calculated following the Ricker’s (r) equation:
r=In(N¢/N) (for an example, see Estay et al., 2011). To avoid competition among plants,
only one seedling per position was allowed to grow, and thus N_; corresponds to the
number of positions per plot (Fig. S1), in which seeds were sown at the beginning of a year
and N to the seed produced per plot at the end of the year (Estay et al., 2011). Thus, each
plot of each year was considered as a population and the calculated per capita
population growth thus reflects an unbiased measure of per capita population growth.

Statistical analyses

For each species separately, we statistically tested two questions: (1) whether differences in
the early and/or late precipitation predictability affect the different vital rate traits of the
ancestral generation planted in four different years; and (2) whether vital rates of
descendant generations differed from those of the ancestral generation, and if these
differences were induced by the predictability treatment.

For the first question, we tested how predictability treatments affect the seedling
emergence, the plant survival during the early and the late stage, and the reproductive
individual rate, all as binary dependent variables. To this aim, Generalized Linear
Mixed-effect Models (GLMM:s) using a binomial distribution were conducted for each
species separately, using the Ime4 package (Bates et al., 2015) in R 3.3.1 version
(R Development Core Team, 2016). To test the effects on the seedling emergence and plant
survival during the early stage (i.e., early survival), we included early treatment (less
predictable vs more predictable), year (2012, 2013, 2014, 2015) and their two-way
interaction as fixed factors, and plot as a random factor. The interaction between year and
treatment led us to determine whether the treatment effect was consistent or change
among years. Because survival during the late stage (late survival) and reproductive
individual rate could be affected by both early and late treatment, we therefore for these
metrics used the model as previously described, but we also included late treatment
(less predictable vs more predictable) as an additional fixed factor, as well as its two- and
three-way interactions with the other factors. To test the effects of precipitation
predictability on the per capita population growth rate, as a continuous dependent
variable, LMM were conducted, including early treatment, late treatment, year and their
two- and three-way interactions as fixed factors and plot as random factor. As a response
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Table 1 Results of the GLMM and LMM models showing the effects of the predictability treatment on vital rates variables and on the
population growth rate.

Treatment effects on ancestors (Gg)

Response variable Parameter Chi-sq Df P-value Estimates + SE/Figure Marginal R*>  Conditional R*> N
Papaver rhoeas
Seedling emergence Early 2.53 1 0.112 19.84 22.49 3472
Year 351.39 3 <0.001  ***
Early x Year 20.50 3 <0.001 ***  Fig 2A
Early plant survival Early 3.06 1 0.080 : 32.68 35.88 1304
Year 211.88 3 <0.001  ***
Early x Year 26.67 3 <0.001 ***  Fig. 2B
Late plant survival Early 15.67 1 <0.001  *** 55.17 57.75 831
Late 1.77 1 0.183
Year 169.62 3 <0.001  ***
Early x Late 291 1 0.088
Early x Year 22.87 3 <0.001 ***  Fig. 2C
Late x Year 10.14 3 0.017 *
Population growth rate” Early [M] 7.49 1 0.006 o —6124.0 + 2238.3 25.48 40.72 64
Onobrychis viciifolia
Seedling emergence Early 0.100 1 0.752 1.60 3.23 2576
Year 22.16 3 <0.001  ***
Early x Year 823 30042 *  Fig2D
Early plant survival Early [M] 4.36 1 0.037 * —0.350 + 0.168 5.19 8.18 1362
Reproductive individual rate  Early [M] 8.25 1 0.004 o —0.692 £ 0.241 7.99 17.40 590
Population growth rate/ Early [M] 8.33 1 0.004 o -121618 + 42130 30.69 48.15 64
Late [M] 6.56 1 0.010 * —107939 + 42130
Notes:

Results of the GLMM and LMM models showing the effects of the predictability treatment on vital rates variables and on the population growth rate of the ancestral
generation of Papaver rhoeas and Onobrychis viciifolia. Treatment effects (‘Early’ and ‘Late’ refer to early and late treatment), year and their interactions of the reduced
models are shown. Estimates + SE are given for significant main factors and square brackets indicate the treatment level (M: more predictable treatment) to which
the estimate correszponds (e.g., negative estimates indicate that M is significantly lower than L), and the figure number is given for each significant interactions. Marginal
and conditional R” (in %) are reported for all reduced models. Sample size (N) of each model is included. For each species, transformation in the population
growth rate is given below the table and must be taken into account to understand the estimates + SE of this variable. Significant results are further indicated with
asterisk (*0.05 > P > 0.01; ** 0.01 > P > 0.001; *** P < 0.001).
Transformations: #/3.7; fAS.
variable with Gaussian distribution, the population growth rate variable for normality and
homogeneity of variance using Shapiro-Wilks and Bartlett tests were tested. To meet the
normality of residuals assumption, response variables were transformed (see transformations
in Table 1). In the presence of heteroscedasticity, and if a transformation did not result in
homocedasticity, weighted least square regressions were applied.

To test whether descendants exhibited a transgenerational response with respect to the
imposed treatments, data collected during 2013, 2014, and 2015 was used, when plants of
the descendant generations (G;, G,, and G;) were grown in the same plots as plants
of the ancestral generation (Gy). Thus, in ancestors, year corresponds to the year of sowing,
and in descendants it also refers to the Nth descendant generation: 2013 is equivalent
with Gy, 2014 with G,, and 2015 with Gs. Since in 2012 no descendants existed, plants

growing in 2012 were not included in these analyses. Growing descendant and ancestral
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generations together in the same plot, thus allows to detect potential transgenerational
responses done by descendants even in the presence of potential huge differences among
years and plots, since differences between ancestors and descendants can be analyzed
on the plot level. Here, the same variables as in the first question were analyzed using GLM,
GLMM and LMM, and included generation (ancestral vs descendant), early treatment,
late treatment, year and their two-, three-, and four-way interactions as fixed factors,
and plot and the ID of the maternal line as random factors.

In all statistical analyses, the most parsimonious model was determined using stepwise
backward elimination. Marginal and conditional R values were calculated for all
reduced models using the rsquared function in the piecewiseSEM package (Lefcheck, 2015).
Post-hoc tests (Ismeans package; Lenth, 2016) were applied using Tukey’s HSD test,
whenever there were significant main effects or interactions with factors containing
more than two levels.

RESULTS

Immediate effects of precipitation predictability

In the ancestral generation of P. rhoeas, which were grown all four years, an average of
30.24 + 0.78 SE % of the seeds emerged across all years and treatments. There was a
significant early predictability treatment x year two-way interaction effect on the seedling
emergence (Table 1). The seedling emergence was significantly higher in 2013 in the
less predictable treatment (post-hoc contrast: P < 0.001; Fig. 2A), and no significant
treatment differences existed in the other years (P > 0.96 in all three post-hoc contrast;
Fig. 2A). Moreover, in the less predictable treatment, seedling emergence was higher

in 2013 than in 2012, 2014 and 2015 (P < 0.009 in all three post-hoc contrast), but no
significant differences existed among other years or with the more predictable treatment
(P > 0.19 in all post-hoc contrasts). On average, 50.23 + 0.01 SE % of the emerged
seeds survived during the early stage. For survival during the early stage, there was a
significant early treatment X year two-way interaction effect (Table 1). In 2012, the
survival during the early stage was significantly higher in the less predictable treatment
(post-hoc contrast: P < 0.001; Fig. 2B), and no significant treatment differences existed
in the other years (P > 0.79 in all post-hoc contrasts; Fig. 2B). Moreover, in the

less predictable early treatment, survival during the early stage was lower in 2012 and
2013 than in 2014 and 2015 (P < 0.01 in all four post-hoc contrasts). In the more
predictable early treatment, the lowest survival during the early stage was found in 2012
(P < 0.01 in all three post-hoc contrasts), and survival in 2013 was lower than in 2014
and 2015 (P < 0.01 in all two post-hoc contrasts).

Of the plants surviving the early stage across all years and treatments, 53.19 + 0.02 SE %
were also survival during the late stage. There were two significant two-way interactions:
early treatment X year and late treatment X year on the survival during the late stage
effects (Table 1). The survival in the late stage was higher in the less predictable early
treatment of 2012 (post-hoc contrast: P < 0.001; Fig. 2C), while no significant differences
existed between early predictability treatments in the subsequent years (P > 0.39 in
all three post-hoc contrasts; Fig. 2C). Moreover, in both early treatment levels, survival was
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Figure 2 Precipitation predictability-treatment and year effect on vital rate traits of ancestral
generation. Significant early treatment x year two-way interaction (A) on the seedling emergence,
(B) on the survival during the early stage, and (C) on the survival during the late stage in ancestors of
P. rhoeas. (D) Significant two-way interaction effect between early treatment and year on the ancestors’
seedling emergence in O. viciifolia. Other significant early and/or late predictability-treatment (without
interaction with year parameter) effects are shown in the Table 1. Red and dashed lines represent the less
predictable treatment and blue and solid line represent the more predictable treatment. Means * SE is
shown for each early treatment X year combination. Significant post-hoc contrasts between less
and more early predictable treatment within each year are indicated with asterisk (*0.05 > P > 0.01;
***P < 0.001). Colored letters represent post-hoc contrast differences across years in each treatment level
(red: less predictable treatment; blue: more predictable treatment).

Full-size k&) DOI: 10.7717/peerj.6443/fig-2

lower in 2012 than in other years (P < 0.001 in all post-hoc contrasts) and besides, survival
was higher in 2013 than in 2014 in the less predictable treatment (post-hoc contrast:

P = 0.04). There were not significant late treatment differences in the survival during the
late stage in any year (P > 0.19 in all four post-hoc contrasts; Fig. 53), but differences
between years in both late treatments were found, since the lowest survival was found in
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2012 (P < 0.001 in all post-hoc contrasts), and it was higher in 2015 than in 2014 in the
less predictable treatment (post-hoc contrast: P = 0.01). Moreover, a marginally significant
effect was found in the early x late two-way interaction (x3 =291, P = 0.088),
representing a significant higher proportion of survival during the late stage in LL and
LM than in ML (two post-hoc contrasts: P < 0.001).

From the individuals of P. rhoeas that finally survived across all years and treatments,
86.68 * 0.02 SE % were reproductive individuals (i.e., producing at least one seed).

The highest reproductive individual rate was found in LL (88.00 + 0.03 SE %) and the
lowest in LM (85.91 + 0.03 SE %), but no significant differences in treatment or treatment
interactions were found (y; < 3.48, P > 0.32). Finally, the per capita plot-population
growth rate in P. rhoeas was 49% significantly higher in the less predictable early treatment
(Table 1) and no significant differences were found in the late treatment (%1 = 0.90,

P =0.342).

In the ancestral generation of O. viciifolia, which were grown all four years, 53.03 + 0.01 SE %
of the seeds emerged across all years and treatments. There was a significant treatment x
year two-way interaction effect on the seedling emergence (Table 1). In 2014, the
seedling emerged was significantly higher in the less predictable than in the more
predictable treatment (post-hoc contrast: P = 0.029; Fig. 2D), but no significant treatment
differences existed in the other years (P > 0.69 in all post-hoc contrasts). Moreover, in
the less predictable treatment, seedling emergence was lower in 2012 than in 2014
(post-hoc contrast: P < 0.001), but no significant differences existed between other
years or in the more predictable treatment (P > 0.09 in all post-hoc contrasts). On average,
72.54 +0.01 SE % of the emerged seeds survived during their early stage. The survival during
early stages was significantly higher in the less predictable treatment (Table 1).

During the late stage, 99.32 + 0.00 SE % of the plants survived until harvesting, and
factor levels exhibited no variance. Across all years and treatments, 35.76 + 0.02 SE % of
individuals survived produced at least one seed. The reproductive individual rate was
affected by the early treatment (Table 1), being 41% significantly higher in the less
predictable (44.63 + 0.03 SE %) than in the more predictable (26.15 + 0.03 SE %) early
treatment. However, the reproductive individual rate was not affected by the late treatment
(%7 = 2.59, P = 0.108). The per capita plot-population growth rate in O. viciifolia was
77% and 72% significantly higher under less predictable conditions of the early (Table 1)
and late treatments (Table 1), respectively.

Differential effect of precipitation predictability between ancestors and
descendants

In P. rhoeas, the proportion of descendants’ seeds that emerged was 39.88 + 0.01 SE %,
while the proportion in ancestors was 30.52 + 0.01 SE %. There was a significant early
treatment X generation (i.e., ancestors vs descendants) two-way interaction effect

on the seedling emergence (); = 4.04, P = 0.044; Fig. 3A). The proportion of emergence
significantly increased in descendants with respect to ancestors from 31% to 42% in the less
predictable treatment (post-hoc contrast: P < 0.001) and from 30% to 36% in the more
predictable treatment (post-hoc contrast: P < 0.001). Thus, while no treatment differences
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were found in ancestors, a significantly higher proportion of descendant seedlings emerged

under less predictable than under more predictable conditions (post-hoc contrast:

P =0.049; Fig. 3A). Early treatment did not yield significant differences between ancestor

and descendant survival in the early stage (x% = 1.50, P = 0.22). However, there was

a late treatment X generation two-way interaction effect on the survival in the

late stage (33 = 4.10, P = 0.043; Fig. 3B). Descendants in the more predictable treatment

exhibited significantly higher survival during the late stage (97.5%) than ancestors

(81%; post-hoc contrast: P = 0.04, Fig. 3B), while no significant transgenerational

differences existed in the less predictable treatment (85% in descendants, 80% in ancestors;

post-hoc contrast: P = 0.66). As a result, descendants survival during the late stage tended

to be higher in the more predictable than in the less predictable treatment (post-hoc

contrast: P = 0.06). Moreover, treatment did not induce significant differences between

ancestors and descendants on the reproductive individual rate (xi < 220, P > 0.14),

that overall was 86.73 + 0.01 SE %, or plot-population growth rate (37 < 2.01, P > 0.37).
In O. viciifolia, the proportion of descendants’ seeds that emerged was 61.32 + 0.03 SE %

in the less predictable and 46.13 * 0.03 SE % in the more predictable treatment,

while the proportion of ancestors was 58.77 £ 0.02 SE % in the less predictable and 52.73 +

0.02 SE % in the more predictable treatment. However, treatment did not induced

significantly differences between ancestors and descendants (x3 = 1.13, P = 0.29).

The survival in the early stage between descendants (81.12 + 0.02 SE %) and ancestors
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(79.02 £ 0.02 SE %) was also not affected by the treatment (x3 = 0.03, P = 0.86).

98.36 £ 0.01 SE % of the plants surviving the early stage period also survived until harvesting,
thus, survival during the late stage exhibited not enough variance to run statistical tests.
The reproductive individual rate was significantly higher in descendants (68.67 + 0.05 SE %)
than in ancestors (43.01 + 0.03 SE %; %1 = 3.90, P = 0.048), but treatment-induced
differences were not found (37 < 0.27, P > 0.60). Population growth rate was 16% higher
in descendants but treatments did not induce significant differences between ancestors and
descendants (xf < 0.41, P > 0.51). However, in both, ancestors and descendants, the
reproductive individual rate was lower in MM (ancestors = 24.56 + 0.06 SE %;
descendants = 45.00 + 0.11 SE %) than in the other treatment combinations (overall in LL,
LM, and ML, the reproductive individual rate was >36.11% in ancestors and >70.19%
in descendants). The plot-population growth rates were negative and lower in MM
(Tancestors = —0.41 £ 1.50 SE; 7gescendants = —2.26 £ 1.90 SE) compared to other

treatment combinations, where they were positive (LL, LM, and ML, 7,pcestors > 1.76
and 7gescendants = 2.80).

DISCUSSION

In an era of rapid and less predictable weather changes (Bradshaw, 2006), models aim to
project how will the future of the individuals be considering the accelerated rates of
these changes (Botero et al., 2015). However, previous experimental tests of the effects of
increasing weather variability and associated reduced precipitation predictability on
seedling emergence and plant survival have mainly concentrated on extreme events or
increased drought (Knapp et al., 2002; Rivaes et al., 2013; Bailey et al., 2017; Pardo et al,
2017). Experimentally simulating more subtle climate events, we reveal that lower
precipitation predictability can actually stimulate the viability of P. rhoeas and O. viciifolia,
rather than leading to increased mortality. In our experiments, plant vital rates were

not negatively affected by lower precipitation predictability, in agreement with bet-hedging
models (Clauss & Venable, 2000). In fact, contrary to other suggestions (Anderson,
2016), greater short-term survival and reproduction success were found under less
predictable conditions, increasing the plot-population growth rate (hereafter referred as
population growth). This was consistent across life stages. Moreover, transgenerational
responses did not show negative effects of either lower intra- or inter-seasonal predictability.
Descendants exhibited stable or greater transgenerational responses when they were
subjected to less predictable conditions. The results of this experiment suggest that increased
environmental unpredictability may not always negatively affect all plants.

Effects of precipitation predictability on vital rates traits

The first phenotypic expression of plants when testing the effects of climate changes appear
through seedling emergence (Donohue et al., 2010). In our experiment, seedling emergence
was higher with lower precipitation predictability in 2013 for P. rhoeas and in 2014

for O. viciifolia (Figs. 2A, and 2D), but differences between treatments did not appear in
other years. Although the quantity of precipitation was identical in both treatments,

the less predictable treatment led to more changes on soil moisture, varying between dry
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and wet soils during the emergency period, due to its associated inconsistency (by
experimental design). While soil warming and water scarcity generally reduces seedling
emergence (Classen et al., 2010; Hoyle et al., 2013), inconsistent soil moisture (e.g., seeds
experiencing a series of hydration and dehydration) could promote a greater seed
activation or dormancy break (Baskin ¢ Baskin, 1982; Fenner ¢ Thompson, 2005;
Walck et al., 2011). Therefore, seedling emergence could be favored if precipitation events
are more variable and/or less predictable (Clauss ¢ Venable, 2000) as this is among

the most effective seed dormancy-breaking factors (Walck et al., 2011). As differences were
not found in every year, the effects of predictability on seedling emergence were not
very consistent but suggest that seed germination may be sensitive and may benefit from
lower environmental predictability (Fay ¢ Schultz, 2009). Furthermore, seeds also
emerged faster under less predictable precipitation (March-Salas et al., 2018, unpublished
data). Greater and earlier seedling emergence could provide competitive and fitness
advantages (Cohen, 1967; Gremer, Kimball ¢» Venable, 2016; March-Salas et al., 2018,
unpublished data), such as maximizing the available resources or allowing plants to grow
larger before reproduction (Donohue et al., 2010).

In previous literature some authors found that precipitation variability and the absence
of static water availability can promote seed activation (Gremer & Venable, 2014).

They also found that post-germination growth and survival were reduced in variable and
less predictable environments. In contrast, we found that lower precipitation predictability
enhanced the overall survival during the early stage in O. viciifolia (Table 1) and the
survival during the early and the late stage in P. rhoeas in 2012 (Figs. 2B, and 2C).

The effect on O. viciifolia was consistent and independent of the year. However, the effect
of year in P. rhoeas shows fewer consistency and it could be explained by the lower
proportion of survived plants in 2012 compared to 2013-2015. Survival in the early stage
was at least 19% significantly lower in 2012 than in other years, and survival in the

late stage was at least 52% significantly lower in 2012 than in other years. This is probably
explained by the drier late spring and summer in 2012 compared to other years (Fig. 54).
This suggests that differences between predictability levels could increase when mean
precipitation is lower or when survival is lower. Other hypotheses can arise from the life
strategy of P. rhoeas. This annual species has to produce seeds in a single year, and,
consequently, their populations could be more plastic since they should survive under all
environments, including adverse conditions (Friedman ¢ Rubin, 2015).

Survivorship can increase at the expense of seed production, but plants that arrive to the
end of their life-cycle aim to invest their resources in offspring production (Morris et al.,
2008). In P. rhoeas, no differences were found in the reproductive individual rates.

This can be explained because, in all treatments, more than 86% of surviving plants
produced seeds, since annual species should invest all their reproductive efforts in their
sole year of life (Primack, 1979). However, as perennial species, O. viciifolia can

choose between an immediate performance, or delay seed production, keeping resources
for the following year. We found 41% higher reproductive individual rate in the less
predictable than in the more predictable treatment. This result suggests that, in the
short-term, O. viciifolia may use bet-hedging strategies to minimize risks of future reduced
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predictability (Childs, Metcalf & Rees, 2010), investing more resources in seed production
during their first year. Therefore, subtle precipitation changes generate uncertainties
that could be solved by promoting rapid reproductive response in order to ensure plant
viability, as a conservative strategy.

Plant viability under subtle vs extreme precipitation changes

It is widely assumed that climate change is already modifying the distribution of organisms
and endangering the future of many species (Thomas et al., 2004), but studies testing
whether and how lower environmental predictability affects plant vitality are scarce
(van de Pol et al., 2010). In P. rhoeas, the population growth rate increased significantly in
the less predictable (mean + standard error: 3.31 + 0.56 SE) vs the more predictable
(1.69 £ 0.74 SE) early treatment. Onobrychis viciifolia also had higher population growth
rates in the less predictable (L) compared to the more predictable (M) treatment, but during
both early (L = 2.62 + 0.69 SE; M = 0.61 + 0.85 SE) and late stages (L = 2.52 * 0.69 SE;
M = 0.71 £ 0.85 SE). This is an experimental evidence that lower environmental
predictability does not necessarily reduce population growth rates, but can actually
increase them, as recently suggested (Lawson et al., 2015). Thus, not all environmental
changes will depress viability and reproductive components, as suggested by Anderson
(2016). However, our experiment simulates precipitation predictability that does not
exceed the current range of precipitation variance, and omits the increasing existence of
extreme events (Katz ¢ Brown, 1992; Easterling et al., 2000). Therefore, short-term
population growth rates could be favored if current environmental changes are
stabilized, since species may experience an increase of plasticity if new

environmental conditions fall within the plastic tolerance limits of several species
(Ghalambor et al., 2007).

These results also suggest that at least some plants will be able to cope with gradual climatic
trends and subtle precipitation fluctuations. Environmental variability was identified as one
of the major drivers of current global change more than 20 years ago (Karl, Knight ¢
Plummer, 1995), promoting frequent unpredictable weather events. Thus, another hypothesis
to consider might be that since plants have already been growing under increasing variability
and reduced predictability during recent decades, they consequently may already have
become preadapted to higher than to lower environmental variability and unpredictability,
allowing their offspring to persist to increasing variability and unpredictability even
future extreme events (Chevin ¢ Hoffmann, 2017). Therefore, in the absence of
non-catastrophic events, subtle less predictable conditions could promote rapid adaptation
or increasing plasticity, and they may increase vitality and population growth rates.

The relevance of precipitation predictability on plants’ early life

The effects of precipitation predictability were higher during the early stage than during
the late stage (Table 1), as suggested by other studies (Burton ¢ Metcalfe, 2014).
Seedling emergence and survival in early stages could only be affected by early treatment
and not by late treatment (see Fig. 1). However, the effects of early treatment on these traits
were remarkable for both species (Table 1). Furthermore, in P. rhoeas, survival during
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the late stage was affected by the interaction of year with early treatment and with late
treatment, but while early treatment induced differences in some years (Fig. 2C),

there were not any significant differences between late treatment levels (Fig. S3).

The reproductive individual rate in O. viciifolia was significantly affected by the early
treatment but not by the late treatment, showing that lower early precipitation
predictability entail more reproductive individuals. These results show that environmental
conditions in early stages strongly influence later performance (Jonsson ¢ Jonsson, 2014)
in terms of survival and reproductive efforts.

The consistent effects of environmental predictability on early life could potentially
entail cascading effects, changing the behavioral dynamics on subsequent life-cycles
(Post et al., 2008). This is corroborated by the higher population growth rate on early
treatment. While the effect of precipitation predictability in P. rhoeas only appears during
the early treatment (Table 1) and not during late treatment, both early and late
predictability influence the population growth of O. viciifolia. However, the strongest effect
was found during the early treatment (Table 1). This trend suggests that predictability
conditions during early development may change subsequent phenotypic expressions
(Burghardt et al., 2015), preparing plants for long-term fitness consequences
(Cam, Monnat ¢ Hines, 2003), and potentially influencing the response of future
generations (Burton ¢ Metcalfe, 2014).

Transgenerational responses

The effects of precipitation-predictability on transgenerational performance were found in
P. rhoeas (an annual species) but not in O. viciifolia (a perennial species). This could
indicate that short-lived species may be more sensitive to predictability than long-lived
species (Morris et al., 2008) and that the life strategy of O. viciifolia could delay potential
selective pressures. However, studies with more different annual and perennial species
are needed to corroborate this hypothesis. We found that, under both more and less
predictability treatments, descendants of P. rhoeas had significantly greater seedling
emergence than ancestors (Fig. 3A). This result shows that, as seedling emergence is

the earliest life stage, it is a process very susceptible to be subjected to selective pressures
(Donohue et al., 2010), as other studies found under warmer parental temperatures
(Bernareggi et al., 2016). The proportion of emerged seeds increased steeply and

was significantly higher in descendants subjected to less predictable precipitation (Fig. 3A).
The rapid transgenerational response in seedling emergence could suggest an increase of
phenotypic plasticity (Reed et al., 2010; Merild ¢ Hendry, 2014; March-Salas et al.,
2018, unpublished data) that was quicker under less predictable conditions. In variable and
less predictable environments, traits may evolve to either enhance the emergence of
seeds in response to cues predicting favorable conditions or limit the risk of seedling
emergence under unfavorable conditions by increasing variance in the timing of
emergence (Gremer, Kimball ¢» Venable, 2016). Evidence of adaptation and selective
processes on seedling emergence were previously described (Donohue et al., 2010), but this
experiment shows empirical evidence of transgenerational processes that occurred due to
precipitation-predictability levels.

March-Salas and Fitze (2019), PeerdJ, DOI 10.7717/peerj.6443 16/22


http://dx.doi.org/10.7717/peerj.6443/supp-4
http://dx.doi.org/10.7717/peerj.6443
https://peerj.com/

Peer/

Species survival may depend as much on keeping pace with moving climates as the
climate’s ultimate persistence (Loarie et al., 2009). Over time, the persistence of
higher predictability treatments significantly increase the survival on descendants of
P. rhoeas compared to their ancestors (Fig. 3B), while under less predictable treatment,
survival increased but not significantly. This agrees with a slower evolutionary response
under environmental variability on long-term survival (Kingsolver ¢» Buckley, 2015).
The results in P. rhoeas point out to a rapid response to immediate changes in
precipitation predictability (Bradshaw, 2006), since transgenerational response in terms
of seedling emergence, which occurs during early life, was affected by early treatment
(Fig. 3A), and transgenerational response in terms of late survival was affected by
late treatment (Fig. 3B).

CONCLUSIONS

Our experiment suggests that some plants would be able to cope with reducing
environmental predictability, at least in the absence of extreme events. Still, the
transgenerational responses to less predictable environments that we found here suggest
that plants might be preadapted to increasing variability and unpredictability (Chevin ¢
Hoffmann, 2017), but studies testing this hypothesis are needed. The effect of subtle
reductions in precipitation predictability was mostly positive, or at least not negative, in
every vital trait and along the entire plant’s life-cycle and for both species. This shows
that (1) the effect was consistent, (2) the effect of environmental predictability is
immediately observed, and (3) it can trigger changes in multiple life stages, leading to
potential increases in population growth rates instead of the expected decline under
an important component of climate change (Clark et al., 2011). Moreover, since the yield
of future ecosystems could be affected by small shifts in rates of seedling emergence and
establishment in certain species (Classen et al., 2010), these results may be also very
relevant for ecosystem productivity. We also found that the effects were higher if
predictability acts during early life, and show that plants behavior during first phases of
life could lead to a benefit drag throughout life, with potential consequences in plants
population dynamics. In summary, this study suggests tolerance capacities of some
plants to short-term reduced predictability. If the increase in environmental variability
and associated reduced predictability is not eventual and rather a progressive and
gradual trend, plastic responses could be acquired with time and may reduce the impact
of future catastrophic and non-catastrophic climatic scenarios, allowing plants to
persist across their current plasticity range.

ACKNOWLEDGEMENTS

We thank Guillermo Mercé, Blanca Santamarfa, Diana [fiigo and Miguel Moreno for
practical assistance with the experiment, and Maria Urieta and Helena Clavero for
technical assistance. We also thank Federico Fillat and Luis Villar for fruitful discussions
about plant ecology, and Emily Haeuser, Gemma Palomar, Guillem Mas6, Juan Lorite and
Mark van Kleunen for their productive inputs.

March-Salas and Fitze (2019), PeerdJ, DOI 10.7717/peerj.6443 17/22


http://dx.doi.org/10.7717/peerj.6443
https://peerj.com/

Peer/

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

Funding was provided by the Spanish Ministry of Economy and Competitiveness
(CGL2012-32459, CGL2016-76918 to Patrick S. Fitze) and the Swiss National Foundation
(PPOOP3_128375, PPO0P3_152929/1 to PSF). Marti March-Salas was supported by a
PhD grant (BES-2013-062910) financed by the Spanish Ministry of Economy and
Competitiveness and a travel grant of the University King Juan Carlos. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

Spanish Ministry of Economy and Competitiveness: CGL2012-32459 and CGL2016-76918.
Swiss National Foundation: PPOOP3_128375 and PPOOP3_152929/1.

Spanish Ministry of Economy and Competitiveness: BES-2013-062910.

University King Juan Carlos.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Marti March-Salas conceived and designed the experiments, performed the experiments,
analyzed the data, contributed reagents/materials/analysis tools, prepared figures and/or
tables, authored or reviewed drafts of the paper, approved the final draft.

e Patrick S. Fitze conceived and designed the experiments, contributed reagents/materials/
analysis tools, approved the final draft.

Data Availability
The following information was supplied regarding data availability:
Raw data is available in the Supplemental Materials.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/

peerj.6443#supplemental-information.

REFERENCES

Adler PB, HilleRisLambers J, Kyriakidis PC, Guan Q, Levine JM. 2006. Climate variability has a
stabilizing effect on the coexistence of prairie grasses. Proceedings of the National Academy of
Sciences of the United States of America 103(34):12793-12798 DOI 10.1073/pnas.0600599103.

Anderson JT. 2016. Plant fitness in a rapidly changing world. New Phytologist 210(1):81-87
DOI 10.1111/nph.13693.

Bailey LD, Ens BJ, Both C, Heg D, Oosterbeek K, van de Pol M. 2017. No phenotypic plasticity in

nest-site selection in response to extreme flooding events. Philosophical Transactions of the
Royal Society B: Biological Sciences 372(1723):20160139 DOI 10.1098/rstb.2016.0139.

March-Salas and Fitze (2019), PeerdJ, DOI 10.7717/peerj.6443 18/22


http://dx.doi.org/10.7717/peerj.6443#supplemental-information
http://dx.doi.org/10.7717/peerj.6443#supplemental-information
http://dx.doi.org/10.7717/peerj.6443#supplemental-information
http://dx.doi.org/10.1073/pnas.0600599103
http://dx.doi.org/10.1111/nph.13693
http://dx.doi.org/10.1098/rstb.2016.0139
http://dx.doi.org/10.7717/peerj.6443
https://peerj.com/

Peer/

Baskin JM, Baskin CC. 1982. Effects of wetting and drying cycles on the germination of seeds
of Cyperus inflexus. Ecology 63(1):248-252 DOI 10.2307/19370409.

Bates D, Michler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects models using Ime4.
Journal of Statistical Software 67(1):1-48 DOI 10.18637/jss.v067.i01.

Bernareggi G, Carbognani M, Mondoni A, Petraglia A. 2016. Seed dormancy and germination
changes of snowbed species under climate warming; the role of pre- and post-dispersal
temperatures. Annals of Botany 118(3):529-539 DOI 10.1093/aob/mcw125.

Botero CA, Weissing FJ, Wright J, Rubenstein DR. 2015. Evolutionary tipping points in the
capacity to adapt to environmental change. Proceedings of the National Academy of Sciences of
the United States of America 112(1):184-189 DOI 10.1073/pnas.1408589111.

Bradshaw WE. 2006. Evolutionary response to rapid climate change. Science 312(5779):1477-1478
DOI 10.1126/science.1127000.

Burghardt LT, Metcalf CJE, Wilczek AM, Schmitt J, Donohue K. 2015. Modeling the influence of
genetic and environmental variation on the expression of plant life cycles across landscapes.
American Naturalist 185(2):212-227 DOI 10.1086/679439.

Burton T, Metcalfe NB. 2014. Can environmental conditions experienced in early life
influence future generations? Proceedings of the Royal Society B: Biological Sciences
281(1785):20140311 DOI 10.1098/rspb.2014.0311.

Cam E, Monnat J-Y, Hines JE. 2003. Long-term fitness consequences of early conditions in the
kittiwake. Journal of Animal Ecology 72(3):411-424 DOI 10.1046/j.1365-2656.2003.00708 x.

Chevin L-M, Hoffmann AA. 2017. Evolution of phenotypic plasticity in extreme environments.
Philosophical Transactions of the Royal Society B: Biological Sciences 372(1723):20160138
DOI 10.1098/rstb.2016.0138.

Chevin L-M, Lande R, Mace GM. 2010. Adaptation, plasticity, and extinction in a changing
environment: towards a predictive theory. PLOS Biology 8(4):e1000357
DOI 10.1371/journal.pbio.1000357.

Childs DZ, Metcalf CJE, Rees M. 2010. Evolutionary bet-hedging in the real world: empirical
evidence and challenges revealed by plants. Proceedings of the Royal Society B: Biological Sciences
277(1697):3055-3064 DOI 10.1098/rspb.2010.0707.

Clark JS, Bell DM, Hersh MH, Nichols L. 2011. Climate change vulnerability of forest
biodiversity: climate and competition tracking of demographic rates. Global Change Biology
17(5):1834-1849 DOI 10.1111/j.1365-2486.2010.02380.x.

Classen AT, Norby RJ, Campany CE, Sides KE, Weltzin JF. 2010. Climate change alters
seedling emergence and establishment in an old-field ecosystem. PLOS ONE 5(10):e13476
DOI 10.1371/journal.pone.0013476.

Clauss MJ, Venable DL. 2000. Seed germination in desert annuals: an empirical test of adaptive bet
gedging. American Naturalist 155(2):168-186 DOI 10.1086/303314.

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

Donohue K, Rubio de Casas R, Burghardt L, Kovach K, Willis CG. 2010. Germination,
postgermination adaptation, and species ecological ranges. Annual Review of Ecology, Evolution,
and Systematics 41(1):293-319 DOI 10.1146/annurev-ecolsys-102209-144715.

Easterling DR, Meehl GA, Parmesan C, Changnon SA, Karl TR, Mearns LO. 2000.

Climate extremes: observations, modeling, and impacts. Science 289(5487):2068-2074
DOI 10.1126/science.289.5487.2068.

March-Salas and Fitze (2019), PeerdJ, DOI 10.7717/peerj.6443 19/22


http://dx.doi.org/10.2307/1937049
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1093/aob/mcw125
http://dx.doi.org/10.1073/pnas.1408589111
http://dx.doi.org/10.1126/science.1127000
http://dx.doi.org/10.1086/679439
http://dx.doi.org/10.1098/rspb.2014.0311
http://dx.doi.org/10.1046/j.1365-2656.2003.00708.x
http://dx.doi.org/10.1098/rstb.2016.0138
http://dx.doi.org/10.1371/journal.pbio.1000357
http://dx.doi.org/10.1098/rspb.2010.0707
http://dx.doi.org/10.1111/j.1365-2486.2010.02380.x
http://dx.doi.org/10.1371/journal.pone.0013476
http://dx.doi.org/10.1086/303314
http://dx.doi.org/10.1016/0022-5193(67)90050-1
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144715
http://dx.doi.org/10.1126/science.289.5487.2068
http://dx.doi.org/10.7717/peerj.6443
https://peerj.com/

Peer/

Estay SA, Clavijo-Baquet S, Lima M, Bozinovic F. 2011. Beyond average: an experimental test of
temperature variability on the population dynamics of Tribolium confusum. Population Ecology
53(1):53-58 DOI 10.1007/s10144-010-0216-7.

Fay PA, Schultz MJ. 2009. Germination, survival, and growth of grass and forb seedlings: effects of
soil moisture variability. Acta Oecologica 35(5):679-684 DOI 10.1016/j.acta0.2009.06.007.

Fenner M, Thompson K. 2005. The ecology of seeds. Cambridge: Cambridge University Press.

Finch-Savage WE, Steckel JRA, Phelps K. 1998. Germination and post-germination growth to
carrot seedling emergence: predictive threshold models and sources of variation between sowing
occasions. New Phytologist 139(3):505-516 DOI 10.1046/j.1469-8137.1998.00208 x.

Friedman J, Rubin M]J. 2015. All in good time: understanding annual and perennial strategies
in plants. American Journal of Botany 102(4):497-499 DOI 10.3732/ajb.1500062.

Ghalambor CK, McKay JK, Carroll SP, Reznick DN. 2007. Adaptive versus non-adaptive
phenotypic plasticity and the potential for contemporary adaptation in new environments.
Functional Ecology 21(3):394-407 DOI 10.1111/j.1365-2435.2007.01283 x.

Gherardi LA, Sala OE. 2015. Enhanced interannual precipitation variability increases plant
functional diversity that in turn ameliorates negative impact on productivity. Ecology Letters
18(12):1293-1300 DOI 10.1111/ele.12523.

Gonzalez A, Ronce O, Ferriere R, Hochberg ME. 2013. Evolutionary rescue: an emerging focus at
the intersection between ecology and evolution. Philosophical Transactions of the Royal Society
B: Biological Sciences 368(1610):20120404 DOI 10.1098/rstb.2012.0404.

Gremer JR, Kimball S, Venable DL. 2016. Within- and among-year germination in Sonoran
Desert winter annuals: bet hedging and predictive germination in a variable environment.
Ecology Letters 19(10):1209-1218 DOI 10.1111/ele.12655.

Gremer JR, Venable DL. 2014. Bet hedging in desert winter annual plants: Optimal
germination strategies in a variable environment. Ecology Letters 17(3):380-387
DOI 10.1111/ele.12241.

Hoyle GL, Venn SE, Steadman KJ, Good RB, Mcauliffes EJ, Williams ER, Nicotra AB. 2013.
Soil warming increases plant species richness but decreases germination from the alpine soil seed
bank. Global Change Biology 19(5):1549-1561 DOI 10.1111/gcb.12135.

Intergovernmental Panel on Climate Change (IPCC). 2014. Summary for Policymakers. Climate
Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects.
Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change. Meteorological Organization, Geneva, Switzerland.

DOI 10.1017/CBO9781107415324.

Jones SK, Collins SL, Blair JM, Smith MD, Knapp AK. 2016. Altered rainfall patterns increase
forb abundance and richness in native tallgrass prairie. Scientific Reports 6(1):1-10
DOI 10.1038/srep20120.

Jonsson B, Jonsson N. 2014. Early environment influences later performance in fishes.

Journal of Fish Biology 85(2):151-188 DOI 10.1111/jfb.12432.

Karl TR, Knight RW, Plummer N. 1995. Trends in high-frequency climate variability in the
twentieth century. Nature 377(6546):217-220 DOI 10.1038/377217a0.

Katz RW, Brown BG. 1992. Extreme events in changing climate: variability is more important
than averages. Climatic Change 21(3):289-302 DOI 10.1007/BF00139728.

Kingsolver JG, Buckley LB. 2015. Climate variability slows evolutionary responses of Colias
butterflies to recent climate change. Proceedings of the Royal Society B: Biological Sciences
282(1802):1-8 DOI 10.1098/rspb.2014.2470.

March-Salas and Fitze (2019), PeerdJ, DOI 10.7717/peerj.6443 20/22


http://dx.doi.org/10.1007/s10144-010-0216-7
http://dx.doi.org/10.1016/j.actao.2009.06.007
http://dx.doi.org/10.1046/j.1469-8137.1998.00208.x
http://dx.doi.org/10.3732/ajb.1500062
http://dx.doi.org/10.1111/j.1365-2435.2007.01283.x
http://dx.doi.org/10.1111/ele.12523
http://dx.doi.org/10.1098/rstb.2012.0404
http://dx.doi.org/10.1111/ele.12655
http://dx.doi.org/10.1111/ele.12241
http://dx.doi.org/10.1111/gcb.12135
http://dx.doi.org/10.1017/CBO9781107415324
http://dx.doi.org/10.1038/srep20120
http://dx.doi.org/10.1111/jfb.12432
http://dx.doi.org/10.1038/377217a0
http://dx.doi.org/10.1007/BF00139728
http://dx.doi.org/10.1098/rspb.2014.2470
http://dx.doi.org/10.7717/peerj.6443
https://peerj.com/

Peer/

Knapp AK, Fay PA, Blair JM, Collins SL, Smith MD, Carlisle D, Harper CW, Danner BT,
Lett MS, McCarron JK. 2002. Rainfall variability, carbon cycling, and plant species diversity in a
mesic grassland. Science 298(5601):2202-2205 DOI 10.1126/science.1076347.

Lande R, Engen S, Saether BE. 2003. Stochastic population dynamics in ecology and conservation.
Oxford: Oxford University Press on Demand.

Lawson CR, Vindenes Y, Bailey L, van de Pol M. 2015. Environmental variation
and population responses to global change. Ecology Letters 18(7):724-736
DOI 10.1111/ele.12437.

Lefcheck JS. 2015. piecewiseSEM: piecewise structural equation modeling in R for ecology,
evolution, and systematics. Methods in Ecology and Evolution 7(5):573-579
DOI 10.1111/2041-210X.12512.

Lenth RV. 2016. Least-Squares Means: The R Package lsmeans. Journal of Statistical Software
69(1):1-33 DOI 10.18637/jss.v069.i01.

Loarie SR, Duffy PB, Hamilton H, Asner GP, Field CB, Ackerly DD. 2009. The velocity of
climate change. Nature 462(7276):1052-1055 DOI 10.1038/nature08649.

Merild J, Hendry AP. 2014. Climate change, adaptation, and phenotypic plasticity: the problem
and the evidence. Evolutionary Applications 7(1):1-14 DOI 10.1111/eva.12137.

Morris WF, Pfister CA, Tuljapurkar S, Haridas CV, Boggs CL, Boyce MS, Bruna EM,
Church DR, Coulson T, Doak DF, Forsyth S, Gaillard J-M, Horvitz CC, Kalisz S, Kendall BE,
Knight TM, Lee CT, Menges ES. 2008. Longevity can buffer plant and animal populations
against changing climate variability. Ecology 89(1):19-25 DOI 10.1890/07-0774.1.

Olson-Manning CF, Wagner MR, Mitchell-Olds T. 2012. Adaptive evolution: evaluating
empirical support for theoretical predictions. Nature Reviews Genetics 13(12):867-877
DOI 10.1038/nrg3322.

Pardo D, Jenouvrier S, Weimerskirch H, Barbraud C. 2017. Effect of extreme sea surface
temperature events on the demography of an age-structured albatross population.
Philosophical Transactions of the Royal Society B: Biological Sciences 372(1723):20160143
DOI 10.1098/rstb.2016.0143.

Parmesan C, Root TL, Willig MR. 2000. Impacts of extreme weather and climate on
terrestrial biota. Bulletin of the American Meteorological Society 81:443-450
DOI 10.1175/1520-0477(2000)081<0443:I0EWAC>2.3.CO;2.

Post ES, Pedersen C, Wilmers CC, Forchhammer MC. 2008. Phenological sequences reveal
aggregate life history response to climatic warming. Ecology 89(2):363-370
DOI 10.1890/06-2138.1.

Postma FM, 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(27):7590-7595 DOI 10.1073/pnas.1606303113.

Primack RB. 1979. Reproductive effort in annual and perennial species of Plantago
(Plantaginaceae). American Naturalist 114(1):51-62 DOI 10.1086/283453.

R Development Core Team. 2016. R: a language and environment for statistical computing.
Vienna: The R Foundation for Statistical Computing. Available at http://www.R-project.org/.

Reed TE, Waples RS, Schindler DE, Hard JJ, Kinnison MT. 2010. Phenotypic plasticity and
population viability: the importance of environmental predictability. Proceedings of the Royal
Society B: Biological Sciences 277(1699):3391-3400 DOI 10.1098/rspb.2010.0771.

Rivaes R, Rodriguez-Gonzalez PM, Albuquerque A, Pinheiro AN, Egger G, Ferreira MT. 2013.
Riparian vegetation responses to altered flow regimes driven by climate change in
Mediterranean rivers. Ecohydrology 6(3):413-424 DOI 10.1002/eco.1287.

March-Salas and Fitze (2019), PeerdJ, DOI 10.7717/peerj.6443 21/22


http://dx.doi.org/10.1126/science.1076347
http://dx.doi.org/10.1111/ele.12437
http://dx.doi.org/10.1111/2041-210X.12512
http://dx.doi.org/10.18637/jss.v069.i01
http://dx.doi.org/10.1038/nature08649
http://dx.doi.org/10.1111/eva.12137
http://dx.doi.org/10.1890/07-0774.1
http://dx.doi.org/10.1038/nrg3322
http://dx.doi.org/10.1098/rstb.2016.0143
http://dx.doi.org/10.1175/1520-0477(2000)081%3C0443:IOEWAC%3E2.3.CO;2
http://dx.doi.org/10.1890/06-2138.1
http://dx.doi.org/10.1073/pnas.1606303113
http://dx.doi.org/10.1086/283453
http://www.R-project.org/
http://dx.doi.org/10.1098/rspb.2010.0771
http://dx.doi.org/10.1002/eco.1287
http://dx.doi.org/10.7717/peerj.6443
https://peerj.com/

Peer/

Stearns SC. 1992. The evolution of life histories. Oxford: Oxford University Press.

Thomas CD, Cameron A, Green RE, Bakkenes M, Beaumont L], Collingham YC, Erasmus BFN,
de Siqueira MF, Grainger A, Hannah L, Hughes L, Huntley B, van Jaarsveld AS, Midgley GF,
Miles L, Ortega-Huerta MA, Townsend Peterson A, Phillips OL, Williams SE. 2004.
Extinction risk from climate change. Nature 427(6970):145-148 DOI 10.1038/nature02121.

van de Pol M, Vindenes Y, Saether B-E, Engen S, Ens BJ, Oosterbeek K, Tinbergen JM. 2010.
Effects of climate change and variability on population dynamics in a long-lived shorebird.
Ecology 91(4):1192-1204 DOI 10.1890/09-0410.1.

Walck JL, Hidayati SN, Dixon KW, Thompsons K, Poschlod P. 2011. Climate change
and plant regeneration from seed. Global Change Biology 17(6):2145-2161
DOI 10.1111/j.1365-2486.2010.02368.x.

March-Salas and Fitze (2019), PeerdJ, DOI 10.7717/peerj.6443 22/22


http://dx.doi.org/10.1038/nature02121
http://dx.doi.org/10.1890/09-0410.1
http://dx.doi.org/10.1111/j.1365-2486.2010.02368.x
http://dx.doi.org/10.7717/peerj.6443
https://peerj.com/

	A multi-year experiment shows that lower precipitation predictability encourages plants’ early life stages and enhances population viability ...
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


