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Current climate change is characterized by an increase in weather variability,
which includes altered means, variance and predictability of weather
parameters, and which may affect an organism’s ecology and evolution. Few
studies have experimentally manipulated the variability of weather parameters, and very little is known about the effects of changes in the intrinsic
predictability of weather parameters on living organisms. Here, we experimentally tested the effects of differences in intrinsic precipitation-predictability on
two herbaceous plants (Onobrychis viciifolia and Papaver rhoeas). Lower precipitation-predictability led to phenological advance and to an increase in
reproductive success, and population growth. Both species exhibited rapid
transgenerational responses in phenology and fitness-related traits across
four generations that mitigated most effects of precipitation-predictability on
fitness proxies of ancestors. Transgenerational responses appeared to be the
result of changes in phenotypic plasticity rather than local adaptation. They
mainly existed with respect to conditions prevailing during early, but not
during late growth, suggesting that responses to differences in predictability
during late growth might be more difficult. The results show that lower
short-term predictability of precipitation positively affected fitness, rapid
transgenerational responses existed and different time scales of predictability
(short-term, seasonal and transgenerational predictability) may affect organisms differently. This shows that the time scale of predictability should be
considered in evolutionary and ecological theories, and in assessments of the
consequences of climate change.

1. Introduction
Current global climate change affects averages and variance of environmental
conditions and it decreases the temporal predictability of weather events (the
degree of the temporal autocorrelation; [1]). Changes in the intrinsic environmental predictability [2] may affect individual life histories and phenotypic
expression [3,4]. Theoretical work shows that the effects of differences in environmental predictability may be greater than those of differences in demographic
stochasticity, because environmental predictability is predicted to operate at all
population sizes with equal strength [4]. Low environmental predictability may
negatively affect life-history traits [5] and thereby population growth. Low
environmental predictability also favours earlier reproduction [6], but while classic theory states that this should be at the cost of investment in individual offspring
[7], more recent theory states that it should increase investment in individual
offspring at the cost of the number of offspring [8]. Moreover, the degree of intrinsic environmental predictability might be key to whether and how organisms may
adapt to environmental change [9]. Greater predictability favours adaptive
changes [10], while lower predictability rather favours changes of phenotypic
plasticity [10–12]. However, these theories remain largely untested [13].
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Current climate change is characterized by increased
variation (increased fluctuations around the average) of
different weather parameters [14] and a reduction in the
predictability of precipitation [15], which may potentially
affect selection acting on many living organisms [16].
Moreover, lower predictability may increase extinction risk
and reduce population persistence [4] and it has different
temporal dimensions. It can refer to the regularity in the
timing and magnitude of environmental fluctuations over a
short time scale (e.g. autocorrelation among daily or weekly
measures), or it can refer to fluctuations over larger time
scales (e.g. autocorrelation among seasonal or annual
measures, [17]). The effects of weather predictability and
different temporal dimensions are far from being understood,
despite their potential importance for organisms, especially in
the current era of rapid climate change.
Here we experimentally tested the effects of differences in
intrinsic intra- and inter-seasonal predictability on two plant
species. For the intrinsic intra-seasonal predictability, we
simulated more (M) and less (L) predictable daily precipitation, i.e. differences in the predictability of the summed
simulated and natural daily precipitation. In M, the probability and timing of rainfall were more predictable (higher
autocorrelation among days), while in L, both were less
predictable. For the intrinsic inter-seasonal predictability,
we simulated more and less predictable precipitation
between seasons (between spring: during early plant
growth, and summer: during late plant growth). 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 and late growth (electronic supplementary material, figure S1). To test whether treatment
effects may depend on the year, this experimental design
was repeated in four consecutive years.
Widely accepted theory claims that high transgenerational
predictability may lead to rapid adaptation [9,12]. This
suggests that populations in all experimental predictability
regimes (LL, MM, LM, ML) should rapidly respond if subsequent generations are exposed to the same precipitation
regime (i.e. if transgenerational predictability is high).
We tested this hypothesis by planting in the following three
years (2013, 2014 and 2015) descendant seeds (G1, G2 and
G3, respectively) in plots exposed to the treatment combination experienced by their mother (e.g. seeds of LL mothers
were planted in LL plots; electronic supplementary material,
figure S1). This design allowed tracking transgenerational
responses within matrilines over three descendant generations
(G1–G3; electronic supplementary material, figure S1). To test
for local adaptation to simulated intrinsic precipitationpredictability, G2- and G3-descendant seeds of the four types
of matrilines (LL, MM, LM, ML) were planted, in the
matriline’s treatment and also in the other three treatment combinations (in 2014 and 2015, respectively), using a
reciprocal transplant experiment [18].
According to theory, we expected that: (i) less predictable
precipitation will lead to a phenological advance, (ii) less predictable precipitation will negatively affect reproductive
success and population growth; and (iii) both species may
exhibit rapid transgenerational responses allowing them to
cope with differences in the predictability of precipitation. If
transgenerational responses reflect local adaptation to precipitation-predictability, we expected that (iv) descendants of a

given matriline will perform better in the matriline’s treatment
than descendant of matrilines of the other precipitation
treatments.

2. Material and methods
(a) Study species and sowing design
Onobrychis viciifolia Scop. (Fabaceae, perennial) and Papaver rhoeas
L. (Papaveraceae, annual) seeds (electronic supplementary
material, study species) were sown in natural environments located
at the experimental field station ‘El Boalar’ (Jaca, Huesca, Spain)
and exposed to different intrinsic precipitation-predictability
regimes. These seeds originated from geographically close sites,
which exhibit higher precipitation than the study site, but otherwise similar climates (electronic supplementary material, seed
origin), and they are hereafter referred to as the ancestral generation
(G0). G0 seeds used for the experiments were randomly chosen and
individually sown in early April of four consecutive years (2012–
2015) in each of 16 enclosures (electronic supplementary material,
figure S2). Enclosures consisted of two planting plots each (one
for P. rhoeas and one for O. viciifolia). Seeds produced by G0 are
hereafter referred to as G1, those produced by G1 as G2, and
those produced by G2 as G3. G1, G2 and G3 are thus descendants
and they were sown in 2013 (G1), 2014 (G2) and 2015 (G3) in the
same treatment combination as their mother (electronic supplementary material, figure S1) to test whether predictability
treatments induce differences in the strength and direction of transgenerational responses. 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 owing
to variation among years, while differences between ancestors
and descendants growing in the same plot and year represent
transgenerational responses. To test for local adaptation to the
matriline’s precipitation-predictability treatment, a reciprocal
transplant experiment was conducted [18], and G2- and G3-descendants of the four types of matrilines were sown in 2014 and 2015 in
all four treatment combinations (LL, LM, ML, MM). To make sure
that treatment-induced transgenerational responses would not be
confounded with transgenerational responses to plot specific
conditions, seeds were never planted in the plot in which the
mothers had been growing previously. To increase the chance
that one seedling emerged per planting position, multiple seeds
were sown per planting position. In the case that several seedlings
emerged in the same planting position, all but one of the seedlings
was thinned to avoid competition. There were no significant differences between thinned and non-thinned seedlings (all p ≥ 0.8;
electronic supplementary material, experimental system, sowing
and thinning protocol). To test whether initial seed mass predicts
reproductive success, each seed of O. viciifolia was individually
weighed previous to sowing, and in P. rhoeas, 10 randomly
chosen seeds produced by the same mother were weighed to
determine the average seed mass.

(b) Precipitation-predictability treatment
For each species, eight experimental outdoor plots were subjected
to more (M) and another eight plots to less (L) predictable precipitation. To simulate differences in intrinsic intra-seasonal
precipitation-predictability, the field site’s (natural) precipitation-predictability was manipulated by providing M- and
L-plots with supplemental precipitation at regular and random
intervals, respectively, using an automatic sprinkler system.
M-plots were irrigated 14 times per week, each irrigation event
lasted 5 min and irrigation happened at constant time-intervals,
i.e. for 10 min on each day. L-plots were also irrigated 14 times
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per week, each irrigation event lasted 5 min, and irrigation happened at randomly chosen time points. Each plot and treatment
obtained the same number of precipitation events and the same
amount of total (natural + supplemental) precipitation per week.
Irrigation happened from sowing to the end of the plant’s
annual life cycle (for approx. 4.25 months) and each irrigation
event provided 1.3 mm m−2 of supplemental precipitation,
which sums up to approximately 330.2 mm of additional supplemental precipitation per year, and together with the natural
precipitation it corresponds to the natural precipitation conditions
from where the seeds stemmed from (electronic supplementary
material, text). During 2013–2015, precipitation falling at the
field site exhibited no seasonality (electronic supplementary
material, figure S3a), the average annual precipitation at the
field site was 916 mm (2012–2015), and maximum annual precipitation registered at the field site in the last 10 years was
1265 mm m−2. The intrinsic predictability of the total precipitation
(natural + supplemental) estimated by permutation entropy [2]
was 0.77 in the M-plots, which was equal to the predictability of
the natural precipitation of the study site. In L-plots, it was 0.86,
and thus, 11.2% lower than that of the M-plots [19]. Supplemental
precipitation was provided during the entire annual life cycle
of the plants (4.25 months), which can last in some natural
populations until September [20]. This design allowed for an
assessment of differences in the intrinsic precipitation-predictability on different above-ground components (including late
life-stages), and it avoided the drying up of the plants owing to
rapidly raising ambient temperatures (high evapotranspiration).
At the field site, average monthly temperatures rise from February
to July/August (maximum average monthly temperature was
19.74°C ± 0.5 s.e. in August—mean of the four experimental
years; electronic supplementary material, figure S3b), and
drying up can occur from June to August when the average
monthly temperatures are greater than 16°C, i.e. before the
plants complete their annual life cycle. The experimental design
thus represents a conservative measure of the effects of intrinsic
precipitation-predictability, as the experimental plants were able
to complete their life cycle. Moreover, in each plot, the total precipitation (natural precipitation + supplemental precipitation)
was within the natural limits registered historically at the study
site. The minimum daily precipitation at the study site was identical to the minimum total precipitation in the plots, and the
maximum total precipitation did not significantly exceed the natural precipitation or variance observed at the study site during the
growing season (F1,62 ≤ 0.0003, p ≥ 0.98).
To simulate differences in intrinsic inter-seasonal predictability, half of the plots of each early treatment (spring) were either
changed to the other treatment (ML, LM) or the same treatment
was maintained (MM, LL) during late growth (summer), i.e.
from the end of June/beginning of July until end of October.
Thus, MM and LL plots were exposed to more, and ML and
LM plots to less predictable inter-seasonal precipitation (electronic supplementary material, figure S1, precipitation regime).

(c) Data collection
Emergence of seedlings was checked daily during the first four
weeks to determine the probability that a seedling emerged and
to determine the time (number of days) passed from sowing to
seedling emergence. The time to flowering corresponds to the
number of weeks passed from seedling emergence to the appearance of the flower bud in P. rhoeas and to the opening of the first
flower in O. viciifolia. Once fruits were ripe, seeds of each fruit
and plant were stored in separate paper bags under cold and
dry conditions. Once all seeds of a plant had been collected, the
plant was harvested by carefully digging it out. Plants that did
not produce seeds were harvested at the end of the growing
season (i.e. annual cycle). Of all reproductive plants, individual

seed mass (in mg for P. rhoeas and in g for O. viciifolia) and the
number of produced seeds were recorded.

(d) Statistical analysis
Statistical analyses were conducted for each species separately,
using generalized linear mixed-effect models (GLMMs) and the
lme4 package in R (version 3.3.1; [21]). All models contained
the fixed factors: early treatment (levels: more versus less predictable precipitation), late treatment (more versus less predictable
precipitation) and year (2012, 2013, 2014, 2015), their interactions
and plot as a random factor.
The probability of seed production was defined as the probability that a planted seed germinated (i.e. the probability that at
least one planted seed per planting position germinated; see the
electronic supplementary material, text), survived and reproduced. Per capita population growth rate was calculated
following the Ricker’s (r) equation: r = ln(Nt/Nt−1) [22]. One
seedling per planting position was allowed to grow and Nt−1
thus corresponds to the number of positions per plot (electronic
supplementary material, figure S2), while Nt corresponds to the
number of produced seeds per plot.
Treatment effects on fitness-related traits of ancestors were
tested in four years (2012–2015) and transgenerational responses
in descendants (G1, G2, G3) were tested in 2013, 2014 and 2015,
by comparing descendants and ancestors (G0) grown in the
same plot. GLMMs on transgenerational responses additionally
included a fixed factor: potential transgenerational response
(PTR, with two levels: ancestors and descendants), all possible
interactions with PTR and the random factor matriline identity
(ID) (ID of the G0 mother). In these analyses, a significant PTR ×
treatment interaction shows that ancestors and descendants
respond differently to the precipitation treatments, which
points to a transgenerational response. A significant treatment ×
year × PTR interaction indicates that the treatment-induced
transgenerational response differs among generations.
Analyses of the reciprocal transplant experiment additionally
included descendant treatment (the treatment to which a descendant seed was exposed) and matriline treatment as fixed factors,
their interactions and plot and matriline ID as random factors.
The power to detect a significant interaction between descendant
treatment × matriline treatment in G2- and G3-descendants of the
magnitude of the late treatment effect observed in ancestors
(figure 1e,f ) was calculated using G*POWER 3.1.9.2 [23].
Models with binomial error distribution were used for the
probability of seed production, and for all other variables,
models with Gaussian error distributions were used. For all statistical analyses, the most parsimonious model was determined using
stepwise backward elimination, and all significant parameters
in the full models were confirmed in the reduced models, and
vice versa. Post hoc tests (lsmeans package) were applied using
Tukey’s HSD test, whenever significant factors (main effects or
included in interactions) consisted of more than two levels. For
all statistical models, the underlying assumptions were tested,
and in the cases where the normality assumption was not met,
the response variable was transformed (electronic supplementary
material, tables S1, S3 and S4). In the presence of heteroscedasticity
and if transformation did not resolve the problem, weighted
least square regression was applied. There was no evidence for
overdispersion and zero-inflation in any of the binomial models.

3. Results
(a) Effect of precipitation-predictability on phenology,
reproduction and population growth
In the more predictable treatment (M), seedlings of ancestors
of P. rhoeas emerged 19.94 ± 0.56 s.e. days after sowing, and
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Figure 1. Treatment effects on phenology and fitness-related traits of ancestors of P. rhoeas and O. viciifolia. Early treatment effect on time to seedling emergence
of P. rhoeas (a) and O. viciifolia (b). Late treatment effect on time to flowering of P. rhoeas (c) and O. viciifolia (d ). Effect of late treatment on fitness-related traits:
average seed mass of P. rhoeas (e) and number of seeds produced by O. viciifolia. ( f ) Significant differences between less and more predictable precipitation are
indicated with asterisks (*0.05 > p ≥ 0.01; **0.01 > p ≥ 0.001; ***p < 0.001). Means ± s.e. of absolute measures are shown and above the estimates sample size
(N ) per treatment level.
in the less predictable treatment (L), 21.71 ± 0.59 s.e. days
after sowing (figure 1a). In M, O. viciifolia seedlings emerged
11.85 ± 0.18 s.e. days after sowing, and in L, 13.14 ± 0.34 s.e.
days after sowing (figure 1b). Thus, P. rhoeas and O. viciifolia
emerged 1.8 and 1.3 days earlier in the less predictable treatment, showing that significant (electronic supplementary
material, table S1) but small treatment effects on emergence
time existed in both species. In M of the late treatment, flowering started on average 72.03 ± 1.61 s.e. and 103.18 ± 2.17 s.e.
days after emergence in P. rhoeas and O. viciifolia, while in
L of the late treatment, flowering started 69.23 ± 1.33 s.e.
and 90.79 ± 1.82 s.e. days after emergence. In P. rhoeas,
flowering thus started on average 2.8 days earlier in the
less predictable treatment (figure 1c), while in O. viciifolia,
it started 12.4 days earlier (figure 1d ). In both species, these
differences were significant (electronic supplementary
material, table S1), showing that treatment affected the
phenology of both species.
Fitness-related traits were significantly and positively
affected by L (electronic supplementary material, table S1;
figure 1e,f ). First, in both species, earlier flowering in L was
associated with a higher probability of seed production
(electronic supplementary material, table S1: Pseed production).
While O. viciifolia exposed to L during early and late growth
increased the probability of seed production in all 4 years
(i.e. there were no significant interactions of treatments with
year), in P. rhoeas, treatment effects depended on the year
(electronic supplementary material, table S1: significant early ×
year and late × year interactions), suggesting that inter-annual

differences affect P. rhoeas more than O. viciifolia. Second, treatment did not affect the number of produced seeds in P. rhoeas
(treatments effect: x21  1:147, p ≥ 0.3, electronic supplementary
material, table S2), and O. viciifolia produced significantly more
seeds when exposed to L during late growth (electronic supplementary material, table S1; figure 1f ). Third, in P. rhoeas, L
positively affected per offspring investment (electronic supplementary material, table S1: average seed mass; figure 1e),
whereas in O. viciifolia per offspring investment depended on
the year-specific effects of early and late treatment (significant
three-way interaction; electronic supplementary material,
table S1).
To assess the relevance of individual seed mass for both
plant species, we tested its effect on different multiplicative fitness components (electronic supplementary material, table
S3). In O. viciifolia, the probabilities of seedling emergence
and seed production, and the number and mass of produced
seeds were not significantly affected by initial seed mass (all
p ≥ 0.5, electronic supplementary material, table S3), showing
that in O. viciifolia, treatment-induced differences in seed mass
and inter-annual variation in seed mass (electronic supplementary material, table S1) do not affect reproductive
success. In P. rhoeas, initial seed mass positively affected the
number of produced seeds ( p = 0.006), but not the probabilities of seedling emergence and reproduction, or the average
mass of the produced seeds (all p ≥ 0.1, electronic supplementary material, table S3). Moreover, in both species, the number
of produced seeds was not significantly affected by interactions between treatments and the covariates appearing in

electronic supplementary material, table S3 (all p > 0.1), which
suggests that the strength of selection acting on these traits was
similar in all four treatment combinations.
In O. viciifolia, the per capita population growth rate in L
of the early and late treatment was 38% and 28% higher than
in M (early treatment: x21 ¼ 12:57, p < 0.001; late treatment:
x21 ¼ 7:29, p = 0.007). Similarly, in P. rhoeas, per capita population growth rate was 28% higher in L of the early
treatment (x21 ¼ 4:18, p = 0.041), and it was not affected by
the late treatment (x21 ¼ 0:90, p = 0.342).

(b) Transgenerational responses
PTR was significant in most traits and in both species
(figure 2; electronic supplementary material, table S4). For
example, in P. rhoeas, the probability of seed production
was affected by a significant year × PTR (ancestors versus
descendants) interaction (figure 2a; electronic supplementary
material, table S4). No significant differences existed between
G1-descendants and ancestors (in 2013), G2–descendants
were more likely to produce seeds than ancestors (in 2014)
and G3-descendants were significantly more likely to produce
seeds than ancestors (in 2015). Over only three generations,
the transgenerational response exhibited by P. rhoeas
increased the probability that a sown seed would result in a
successfully reproducing plant by 16% (figure 2a).
Interactions between treatments and PTR show that
transgenerational responses existed with respect to precipitation-predictability. Significant interactions existed in the
probability of seed production (figure 2b) and the number of
produced seeds (figure 2f ) in O. viciifolia, in average seed mass
(figure 2c) in P. rhoeas and in phenological traits of both species
(figure 2d,e; electronic supplementary material, table S4). In
O. viciifolia, the probability of seed production was lower in
ancestors exposed to M, while no differences existed in descendants (figure 2b). Similarly, ancestors of P. rhoeas exposed to late
M produced lighter seeds than those exposed to late L (figure 2c)
and those exposed to early M produced heavier seeds than those
exposed to early L (electronic supplementary material, figure
S4), while in descendants, no significant differences existed
between treatment levels (figure 2c, electronic supplementary
material, figure S4). Thus, in both species, transgenerational
responses cancelled out treatment effects on fitness-related
traits detected in ancestors.
There existed a significant early treatment × PTR interaction
on time to flowering of O. viciifolia (figure 2d; electronic supplementary material, table S4). In ancestors, no significant
treatment differences existed, while descendants exposed
to L flowered significantly earlier than those exposed to
M. Moreover, significant three-way interactions including
year, PTR and treatment show that the strength of the transgenerational response varied among years (electronic
supplementary material, table S4). In time to the emergence
of P. rhoeas (figure 2e), no significant transgenerational response
existed in G1, because no significant differences existed
between ancestors and descendants in 2013 (figure 2e). However, significant transgenerational responses existed in G2 and
G3, given the differences between ancestors and descendants
in 2014 and 2015. Within-treatment contrasts show that the
speed of the response was faster in L than in M (figure 2e). In
L, G2 emerged significantly earlier than G1, while in M, significant differences existed later, between G2 and G3 (figure 2e). A
significant early × late treatment × PTR interaction existed on

the number of seeds produced by O. viciifolia (figure 2f; electronic supplementary material, table S4). While in MM and
LL, descendants had higher average seed production than
their ancestors, the reverse pattern existed in ML and LM
(figure 2f ), suggesting that the inter-seasonal predictability
affected the transgenerational response.
In the reciprocal transplant experiment, the interactions
between matriline treatment and descendant treatment were
not significant in any of the traits measured in O. viciifolia
and P. rhoeas (all interactions: x29  14:9; p ≥ 0.1). In these analyses, the power to detect a treatment effect in descendants of
the effect size observed in ancestors was greater than 99%.

4. Discussion
We experimentally tested whether differences in intrinsic
precipitation-predictability affect life-history traits and population growth of two plant species and whether intrinsic
precipitation-predictability triggers transgenerational responses.
Under less predictable precipitation, both plants exhibited accelerated phenology, but contrary to expectations, reproductive
success and population growth were positively affected. Both
species exhibited transgenerational responses that mitigated
treatment effects detected in ancestors.
Advanced phenology in less predictable conditions
(figure 1a–d) is in line with our first prediction and theory
that lower predictability should favour earlier reproduction
[6]. Onobrychis viciifolia exposed to less predictable precipitation produced more seeds (electronic supplementary
material, table S1; figure 1f ), and P. rhoeas exposed to less predictable precipitation produced heavier seeds (electronic
supplementary material, table S1; figure 1e) that will have
higher reproductive success than lighter seeds (electronic
supplementary material, table S3; see ‘initial seed mass’
effect on ‘N seeds produced’). Differences in the response to
precipitation-predictability between the two species may
have arisen owing to their different life-history strategies.
While O. viciifolia exhibits a K-strategy (high investment in
seed quality), P. rhoeas exhibits an r-strategy (high investment
in seed quantity; [6]). Thus, our results suggest that, to
increase their reproductive success, both plants invested in
the ‘non-priority’ trait (O. viciifolia in seed number; P. rhoeas
in seed quality), which is congruent with earlier beliefs that
‘no organism is completely ‘r-selected’ or completely ‘Kselected’, but all must reach some compromise between the
two extremes’ [6]. This also suggests that both species first
invested in the trait determining the plant’s strategy (O. viciifolia in seed size and P. rhoeas in seed number) and, if
possible, also in the ‘non-priority’ trait. In addition to the
above-mentioned effects on fitness-related traits, in both
species, the probability of reproducing increased under less
predictable conditions (electronic supplementary material,
table S1). Consequently, in both plant species, earlier reproduction was associated with an increase in reproductive
success, immediate population growth (increased per capita
growth rate) and future population growth (in P. rhoeas
owing to the treatment effect on seed mass and its effect on
seed production; electronic supplementary material, table
S3). These results contradict predictions from theoretical
models ( prediction (ii)), i.e. that earlier reproduction reduces
the investment in individual offspring or offspring number
[7,8], and they provide experimental support for the
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Figure 2. Transgenerational responses of P. rhoeas and O. viciifolia. Significant interactions of year and/or treatments (early and/or late treatment) with PTR (ancestors versus descendants) are shown (electronic supplementary material, table S4). (a) Significant treatment-unrelated transgenerational response of P. rhoeas on the
probability of producing seeds. (b) Effects of early treatment on the transgenerational response in the probability of seed production of O. viciifolia. (c) Effects of late
treatment on the transgenerational response in the average seed mass of P. rhoeas. (d ) Effects of early treatment on the transgenerational response in the time to
flowering of O. viciifolia. (e) Significant early treatment × year × PTR interaction on the time of seedling emergence of P. rhoeas. Significant within-year contrasts
between ancestors and descendants are indicated with asterisks *0.05 > p ≥ 0.01; **0.01 > p ≥ 0.001; ***p < 0.001 and significant between-year contrasts within
treatment levels with letters. Grey letters are used for descendants and black letters for ancestors. Italicized letters correspond to the L and normal letters to the M
treatment. ( f ) Significant early treatment × late treatment × PTR interaction on the number of produced seeds by O. viciifolia. (Online version in colour.)

hypothesis that variable and less predictable environments
can increase population growth rates [4,24].
As expected (prediction (iii)), both plant species exhibited
rapid transgenerational responses with respect to the simulated
precipitation-predictability (electronic supplementary material,
table S4; figure 2b–f ). In most cases, treatment-induced differences were independent of the year (figure 2b–d,f), showing
that transgenerational responses affected each descendant generation similarly (G1–3). In the reciprocal transplant experiment,
matriline treatment × descendant treatment interactions were
not significant, which contrasts to prediction (iv): that descendants of a given matriline will perform better in the
matriline’s treatment than descendant of matrilines of the
other precipitation treatments. This suggests that transgenerational responses to precipitation-predictability are not the
result of local adaptation [18]. The high power for detecting a
significant interaction, together with the significant treatment
effects on matriline ancestors and ancestors planted in
the same year and plot (figure 1), suggests that the detected
transgenerational responses changed the phenotypic plasticity.
Transgenerational responses with respect to the precipitation-predictability were mostly immediate, because they
mitigated treatment effects already in the first descendant
generation (figure 2b,c; electronic supplementary material,
figure S4). However, there was one exception: transgenerational responses shifted time to seedling emergence in P.
rhoeas over more than one generation (figure 2e). Descendants
exposed to L exhibited shorter time to emergence in G2 (compared to G1), while in M, time to emergence decreased not
until G3 (figure 2e). This shows that the speed of the response
depended on the precipitation-predictability regime experienced during early growth [25]. There was a significant
early × late treatment × PTR interaction on the number of
seeds produced by O. viciifolia (figure 2f ). In MM and LL,
the average seed number increased from ancestors to descendants, and it decreased in ML and LM (figure 2f ). This
suggests that transgenerational responses to a given predictability regime may depend on inter-seasonal predictability
and not only on high transgenerational predictability. Interestingly, the effects of inter-seasonal predictability only
existed in this trait, suggesting that in P. rhoeas and O. viciifolia
inter-seasonal predictability might be of lower importance.
Similarly, while precipitation-predictability during early
growth induced rapid transgenerational responses, during
late growth precipitation-predictability only induced a
single transgenerational response on average seed mass of
P. rhoeas (figure 2c; electronic supplementary material, table
S4). Given that in ancestors of both plant species, many
traits were affected by late treatment (figure 1c–f; electronic
supplementary material, table S1), this suggests that transgenerational responses mainly exist with respect to early
growth conditions, when plants are most sensitive to environmental changes [26]. This indicates that differences in
precipitation-predictability during late growth may affect
plants most, because responses could be more difficult or

take longer, potentially enhancing extinction risk and reducing population persistence [4], both putting species at risk.
The detected transgenerational responses to precipitationpredictability are in line with theoretical models that
identified environmental predictability as a key parameter
for how organisms respond to environmental change [9].
In conclusion, our study experimentally demonstrates
that low short-term predictability of precipitation causes an
advance in plant phenology and an increase in reproductive
success, and population growth. In contrast to expected negative impacts of lower precipitation-predictability, our study
suggests that at least some plant species may benefit from
lower precipitation-predictability. Plants also exhibited
rapid transgenerational responses that mitigated treatment
effects observed in ancestors, which may have changed phenotypic plasticity, in line with theoretic models showing that
less predictable environments may favour the evolution of
phenotypic plasticity [11,12]. This suggests that low predictability of precipitation events per se, at least as long as no
extreme events occur, may not be as damaging as forecasted.
However, transgenerational responses mainly existed with
respect to early growth conditions, suggesting that during
early life, transgenerational responses to precipitationpredictability might be easier. These findings demonstrate
that the degree of intrinsic predictability per se cannot predict
effects on ecology, and evolution, as different types of
predictability (short-term, seasonal, and transgenerational
predictability) may affect organisms differently. Therefore,
to anticipate the impact of climate change, theoretical
models and mitigation efforts should consider the effects of
different types of intrinsic precipitation-predictability on the
capacity of species responses to new weather situations.
Moreover, our results also suggest that subtle changes in
weather predictability may not be as harmful as forecasted
by global change scenarios.
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