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Abstract 535 

Current climate change is characterized by an increase in weather variability, which includes 536 

altered means, variance and predictability of weather parameters, and which may affect an 537 

organism’s ecology and evolution. Few studies experimentally manipulated the variability of 538 

weather parameters, and very little is known about effects of changes in the intrinsic 539 

predictability of weather parameters on living organisms. Here we experimentally tested effects 540 

of differences in intrinsic precipitation-predictability on two herbaceous plants (Onobrychis 541 

viciifolia and Papaver rhoeas). Lower precipitation predictability led to phenological advance 542 

and to an increase in reproductive success, and population growth. Both species exhibited rapid 543 

transgenerational responses in phenology and fitness-related traits across four generations that 544 

mitigated most effects of precipitation-predictability on fitness proxies of ancestors. 545 

Transgenerational responses appeared to be the result of changes in phenotypic plasticity rather 546 

than local adaptation. They mainly existed with respect to conditions prevailing during early, but 547 

not during late growth, suggesting that responses to differences in predictability during late 548 

growth might be more difficult. The results show that lower short-term predictability of 549 

precipitation positively affected fitness, that rapid transgenerational responses existed, and that 550 

different time-scales of predictability (short-term, seasonal, and transgenerational predictability) 551 

may affect organisms differently. This shows that the time-scale of predictability should be 552 

considered in evolutionary and ecological theories, and in assessments of the consequences of 553 

climate change. 554 

 555 

Key words: local adaptation, environmental predictability, inter-seasonal predictability, 556 

multiple-generation experiment, phenotypic plasticity, transgenerational response.  557 
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Introduction 558 

Current global climate change affects averages and variance of environmental conditions and it 559 

decreases the temporal predictability of weather events (the degree of the temporal 560 

autocorrelation; [1]). Changes in the intrinsic environmental predictability [2] may affect 561 

individual life-histories and phenotypic expression [3,4]. Theoretical work shows that the effects 562 

of differences in environmental predictability may be greater than those of differences in 563 

demographic stochasticity, because environmental predictability is predicted to operate at all 564 

population sizes with equal strength [4]. Low environmental predictability may negatively affect 565 

life-history traits [5], and thereby population growth. Low environmental predictability also 566 

favours earlier reproduction [6], but while classic theory states that this should be at the cost of 567 

investment in individual offspring [7], more recent theory states that it should increase 568 

investment in individual offspring at the cost of the number of offspring [8]. Moreover, the 569 

degree of intrinsic environmental predictability might be key to whether and how organisms may 570 

adapt to environmental change [9]. Greater predictability favours adaptive changes [10], while 571 

lower predictability rather favours changes of phenotypic plasticity [10–12]. However, these 572 

theories remain largely untested [13]. 573 

Current climate change is characterized by increased variation  (increased fluctuations 574 

around the average) of different weather parameters [14] and a reduction in predictability of 575 

precipitation [15], which may potentially affect selection acting on many living organisms [16]. 576 

Moreover, lower predictability may increase extinction risk and reduce population persistence 577 

[4] and it has different temporal dimensions. It can refer to the regularity in the timing and 578 

magnitude of environmental fluctuations on a short time scale (e.g. autocorrelation among daily 579 

or weekly measures), or it can refer to fluctuations over larger time scales (e.g. autocorrelation 580 
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among seasonal or annual measures, [17]). The effects of weather predictability and different 581 

temporal dimensions are far from being understood, despite their potential importance for 582 

organisms, especially in the current era of rapid climate change.  583 

Here we experimentally tested effects of differences in intrinsic intra- and inter-seasonal 584 

predictability on two plant species. For the intrinsic intra-seasonal predictability, we simulated 585 

more (M) and less (L) predictable daily precipitation, i.e., differences in the predictability of the 586 

summed simulated and natural daily precipitation. In M, the probability and timing of rainfall 587 

was more predictable (higher autocorrelation among days), while in L both were less predictable. 588 

For the intrinsic inter-seasonal predictability, we simulated more and less predictable 589 

precipitation between seasons (between spring: during early plant growth, and summer: during 590 

late plant growth). Thus, plants were exposed to higher inter-seasonal predictability (MM, LL) or 591 

lower inter-seasonal (ML, LM) predictability, or in other words, to a higher or lower 592 

autocorrelation of precipitation between early and late growth (Fig. S1). To test whether 593 

treatment-effects may depend on year, this experimental design was repeated in four consecutive 594 

years.  595 

Widely accepted theory claims that high transgenerational predictability may lead to 596 

rapid adaptation [9,12]. This suggests that populations in all experimental predictability regimes 597 

(LL, MM, LM, ML) should rapidly respond if subsequent generations are exposed to the same 598 

precipitation regime (i.e. if transgenerational predictability is high). We tested this hypothesis by 599 

planting in the following three years (2013, 2014, and 2015) descendant seeds (G1, G2 and G3, 600 

respectively) in plots exposed to the treatment combination experienced by their mother (e.g. 601 

seeds of LL mothers were planted in LL plots; Fig. S1). This design allowed tracking 602 

transgenerational responses within matrilines over three descendant generations (G1–G3; Fig. 603 
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S1). To test for local adaptation to simulated intrinsic precipitation predictability, G2- and G3-604 

descendant seeds of the four types of matrilines (LL, MM, LM, ML) were planted, in the 605 

matriline’s treatment and also in the other three treatment combinations (in 2014 and 2015, 606 

respectively), using a reciprocal transplant experiment [18]. 607 

According to theory, we expected (1) that less predictable precipitation will lead to a 608 

phenological advance, (2) that less predictable precipitation will negatively affect reproductive 609 

success, and population growth, and (3) that both species may exhibit rapid transgenerational 610 

responses allowing them to cope with differences in the predictability of precipitation. If 611 

transgenerational responses reflect local adaptation to precipitation predictability, we expected 612 

(4) that descendants of a given matriline will perform better in the matriline’s treatment than 613 

descendent of matrilines of the other precipitation treatments.  614 

 615 

Methods 616 

Study species and sowing design 617 

Onobrychis viciifolia Scop. (Fabaceae, perennial) and Papaver rhoeas L. (Papaveraceae, annual) 618 

seeds (electronic supplementary material, study species) were sown in natural environments 619 

located at the experimental field station ‘El Boalar’ (Jaca, Huesca, Spain), and exposed to 620 

different intrinsic precipitation-predictability regimes. These seeds originated from 621 

geographically close sites, which exhibit higher precipitation than the study site, but otherwise 622 

similar climates (electronic supplementary material, seed origin), and they are hereafter referred 623 

to as the ancestral generation (G0). G0 seeds used for the experiments were randomly chosen, and 624 

individually sown in early April of four consecutive years (2012-2015) in each of 16 enclosures 625 

(Fig. S2). Enclosures consisted of two planting plots each (one for P. rhoeas and one for O. 626 
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viciifolia). Seeds produced by G0 are hereafter referred to as G1, those produced by G1 as G2, and 627 

those produced by G2 as G3. G1, G2 and G3 are thus descendants and they were sown in 2013 628 

(G1), 2014 (G2) and 2015 (G3) in the same treatment combination as their mother (Fig. S1) to test 629 

whether predictability treatments induce differences in the strength and direction of 630 

transgenerational responses. While descendants were potentially able to exhibit a 631 

transgenerational response, by experimental design, ancestors were unable to do a 632 

transgenerational response with respect to the experimental conditions. Thus, differences among 633 

ancestors planted in different years represent differences due to variation among years, while 634 

differences between ancestors and descendants growing in the same plot and year represent 635 

transgenerational responses. To test for local adaptation to the matriline’s precipitation-636 

predictability treatment, a reciprocal transplant experiment was conducted [18], and G2-and G3-637 

descendants of the four types of matrilines were sown in 2014 and 2015 in all four treatment 638 

combinations (LL, LM, ML, MM). To make sure that treatment induced transgenerational 639 

responses would not be confounded with transgenerational responses to plot specific conditions, 640 

seeds were never planted in the plot in which the mothers had been growing previously. To 641 

increase the chance that one seedling emerged per planting position, multiple seeds were sown 642 

per planting position. In the case that several seedlings emerged in the same planting position, all 643 

but one of the seedlings were thinned to avoid competition. There were no significant differences 644 

between thinned and non-thinned seedlings (all P ≥ 0.8; electronic supplementary material, 645 

experimental system, sowing, and thinning protocol). To test whether initial seed mass predicts 646 

reproductive success, each seed of O. viciifolia was individually weighed previous to sowing, 647 

and in P. rhoeas, 10 randomly chosen seeds produced by the same mother were weighed to 648 

determine the average seed mass.  649 
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Precipitation-predictability treatment 650 

For each species, eight experimental outdoor plots were subjected to more (M) and another eight 651 

plots to less (L) predictable precipitation. To simulate differences in intrinsic intra-seasonal 652 

precipitation predictability, the field site’s (natural) precipitation predictability was manipulated 653 

by providing M- and L-plots with supplemental precipitation at regular and random intervals, 654 

respectively, using an automatic sprinkler system. M-plots were irrigated 14 times per week, 655 

each irrigation event lasted 5 minutes, and irrigation happened at constant time-intervals, i.e. for 656 

10 minutes on each day. L-plots were also irrigated 14 times per week, each irrigation event 657 

lasted 5 minutes, and irrigation happened at randomly chosen time points. Each plot and 658 

treatment obtained the same number of precipitation events and the same amount of total (natural 659 

+ supplemental) precipitation per week. Irrigation happened from sowing to the end of the 660 

plant’s annual life-cycle (for approximately 4.25 month) and each irrigation event provided 661 

1.3mm/m2 of supplemental precipitation, which sums up to approximately 330.2 mm of 662 

additional supplemental precipitation per year and together with the natural precipitation it 663 

corresponds to the natural precipitation conditions from where the seeds stemmed from (see 664 

supplemental text).  During 2013-2015, precipitation falling at the field site exhibited no 665 

seasonality (Fig. S3a), the average annual precipitation at the field site was 916 mm (2012-666 

2015), and maximum annual precipitation registered at the field site in the last 10 years was 1265 667 

mm/m2. The intrinsic predictability of the total precipitation (natural + supplemental) estimated 668 

by permutation entropy [2] was 0.77 in the M-plots, which was equal to the predictability of the 669 

natural precipitation of the study site. In L-plots, it was 0.86, and thus, 11.2% lower than that of 670 

the M-plots [19]. Supplemental precipitation was provided during the entire annual life-cycle of 671 

the plants (4.25 month), which can last in some natural populations until September [20]. This 672 
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design allowed for an assessment of differences in the intrinsic precipitation-predictability on 673 

different above-ground components (including late life-stages), and it avoided the drying up of 674 

the plants due to rapidly raising ambient temperatures (high evapotranspiration). At the field site, 675 

average monthly temperatures raise from February to July/August (maximum average monthly 676 

temperature was 19.74°C ± 0.5SE in August – mean of the four experimental years; Fig. S3b), 677 

and drying up can occur from June to August when the average monthly temperatures are greater 678 

than 16°C, i.e., before the plants complete their annual life-cycle. The experimental design thus 679 

represents a conservative measure of the effects of intrinsic precipitation-predictability, since the 680 

experimental plants were able to complete their life-cycle. Moreover, in each plot, the total 681 

precipitation (natural precipitation + supplemental precipitation) was within the natural limits 682 

registered historically at the study site. The minimum daily precipitation at the study site was 683 

identical to the minimum total precipitation in the plots, and the maximum total precipitation did 684 

not significantly exceed the natural precipitation or variance observed at the study site during the 685 

growing season (F1,62 ≤ 0.0003, P ≥ 0.98).  686 

To simulate differences in intrinsic inter-seasonal predictability, half of the plots of each 687 

early treatment (spring) were either changed to the other treatment (ML, LM) or the same 688 

treatment was maintained (MM, LL) during late growth (summer), i.e., from the end of 689 

June/beginning of July until end of October. Thus, MM and LL plots were exposed to more, and 690 

ML and LM plots to less predictable inter-seasonal precipitation (Fig. S1; electronic 691 

supplementary material, precipitation regime). 692 

Data collection 693 

Emergence of seedlings was checked daily during the first four weeks to determine the 694 

probability that a seedling emerged, and to determine the time (number of days) past from 695 
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sowing to seedling emergence. The time to flowering corresponds to the number of weeks past 696 

from seedling emergence to the appearance of the flower bud in P. rhoeas and to the opening of 697 

the first flower in O. viciifolia. Once fruits were ripe, seeds of each fruit and plant were stored in 698 

separate paper bags under cold and dry conditions. Once all seeds of a plant had been collected, 699 

the plant was harvested by carefully digging it out. Plants that did not produce seeds were 700 

harvested at the end of the growing season (i.e. annual cycle). Of all reproductive plants, 701 

individual seed mass (in mg for P. rhoeas and in g for O. viciifolia) and the number of produced 702 

seeds were recorded.  703 

Statistical analysis 704 

Statistical analyses were conducted for each species separately, using Generalized Linear Mixed-705 

effect Models (GLMMs) and the lme4 package in R (version 3.3.1; [21]). All models contained 706 

the fixed factors: early treatment (levels: more vs less predictable precipitation), late treatment 707 

(more vs less predictable precipitation), and year (2012, 2013, 2014, 2015), their interactions, 708 

and plot as random factor.  709 

The probability of seed production was defined as the probability that a planted seed 710 

germinated (i.e. the probability that at least one planted seed per planting position germinated; 711 

see supplemental text), survived and reproduced. Per capita population growth rate was 712 

calculated following the Ricker’s (r) equation: r = ln(Nt/Nt-1) [22]. One seedling per planting 713 

position was allowed to grow and Nt-1 thus corresponds to the number of positions per plot (Fig. 714 

S2), while Nt corresponds to the number of produced seeds per plot.  715 

Treatment effects on fitness-related traits of ancestors were tested in four years (2012-716 

2015) and transgenerational responses in descendants (G1, G2, G3) were tested in 2013, 2014 and 717 

2015, by comparing descendants and ancestors (G0) grown in the same plot. GLMMs on 718 
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transgenerational responses additionally included a fixed factor: potential transgenerational 719 

response (PTR with two levels: ancestors and descendants), all possible interactions with PTR, 720 

and the random factor matriline ID (ID of the G0 mother). In these analyses, a significant PTR × 721 

treatment interaction shows that ancestors and descendants respond differently to the 722 

precipitation-treatments, which points to a transgenerational response. A significant treatment × 723 

year × PTR interaction indicates that the treatment-induced transgenerational response differs 724 

among generations.  725 

Analyses of the reciprocal transplant experiment, additionally included descendant 726 

treatment (the treatment to which a descendent seed was exposed) and matriline treatment as 727 

fixed factors, their interactions, and plot and matriline ID as random factors. The power to detect 728 

a significant interaction between descendant treatment x matriline treatment in G2- and G3-729 

descendants of the magnitude of the late treatment effect observed in ancestors (Fig. 1e,f) was 730 

calculated using G*Power 3.1.9.2 [23]. 731 

Models with binomial error distribution were used for the probability of seed production, 732 

and for all other variables models with Gaussian error distributions were used. For all statistical 733 

analyses, the most parsimonious model was determined using stepwise backward elimination, 734 

and all significant parameters in the full models were confirmed in the reduced models, and vice 735 

versa. Post-hoc tests (lsmeans package) were applied using Tukey’s HSD test, whenever 736 

significant factors (main effects or included in interactions) consisted of more than two levels. 737 

For all statistical models, the underlying assumptions were tested, and in the cases where the 738 

normality assumption was not met, the response variable was transformed (Tables S1, S3, S4). In 739 

the presence of heteroscedasticity and if transformation did not resolve the problem, weighted 740 
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least square regression was applied. There was no evidence for overdispersion and zero-inflation 741 

in any of the binomial models. 742 

 743 

Results 744 

Effect of precipitation-predictability on phenology, reproduction, and population growth  745 

In the more predictable treatment (M), seedlings of ancestors of Papaver rhoeas emerged 19.94 746 

± 0.56 SE days after sowing, and in the less predictable treatment (L), 21.71 ± 0.59 SE days after 747 

sowing (Fig. 1a). In M, Onobrychis viciifolia seedlings emerged 11.85 ± 0.18 SE days after 748 

sowing, and in L 13.14 ± 0.34 SE days after sowing (Fig. 1b). Thus, Papaver rhoeas and O. 749 

viciifolia emerged 1.8 and 1.3 days earlier in the less predictable treatment, showing that 750 

significant (Table S1) but small treatment effects on emergence time existed in both species. In 751 

M of the late treatment, flowering started on average 72.03±1.61 SE and 103.18±2.17 SE days 752 

after emergence in P. rhoeas and O. viciifolia, while in L of the late treatment flowering started 753 

69.23±1.33 SE and 90.79±1.82 SE days after emergence. In P. rhoeas, flowering thus started on 754 

average 2.8 days earlier in the less predictable treatment (Fig. 1c), while in O. viciifolia it started 755 

12.4 days earlier (Fig. 1d). In both species, these differences were significant (Table S1), 756 

showing that treatment affected the phenology of both species.  757 

Fitness-related traits were significantly and positively affected by L (Table S1; Figs. 758 

1e,f). First, in both species, earlier flowering in L was associated with a higher probability of 759 

seed production (Table S1: P seed production). While O. viciifolia exposed to L during early and late 760 

growth increased the probability of seed production in all four years (i.e. there were no 761 

significant interactions of treatments with year), in P. rhoeas, treatment effects depended on the 762 

year (Table S1: significant early × year and late × year interactions), suggesting that inter-annual 763 



 

12 
 

differences affect P. rhoeas more than O. viciifolia. Second, treatment did not affect the number 764 

of produced seeds in P. rhoeas (treatments effect: χ12 ≤ 1.147, P ≥ 0.3, Table S2), and O. 765 

viciifolia produced significantly more seeds when exposed to L during late growth (Table S1; 766 

Fig. 1f). Third, in P. rhoeas, L positively affected per offspring investment (Table S1: average 767 

seed mass; Fig. 1e), whereas in O. viciifolia per offspring investment depended on the year-768 

specific effects of early and late treatment (significant three-way interaction; Table S1). 769 

To assess the relevance of individual seed mass for both plant species, we tested its effect 770 

on different multiplicative fitness components (Table S3). In O. viciifolia, the probabilities of 771 

seedling emergence and seed production, and the number and mass of produced seeds were not 772 

significantly affected by initial seed mass (all P ≥ 0.5, Table S3), showing that in O. viciifolia, 773 

treatment-induced differences in seed mass and inter-annual variation in seed mass (Table S1) do 774 

not affect reproductive success. In P. rhoeas, initial seed mass positively affected the number of 775 

produced seeds (P = 0.006), but not the probabilities of seedling emergence and reproduction, or 776 

the average mass of the produced seeds (all P ≥ 0.1, Table S3). Moreover, in both species, the 777 

number of produced seeds was not significantly affected by interactions between treatments and 778 

the covariates appearing in Table S3 (all P > 0.1), which suggests that the strength of selection 779 

acting on these traits was similar in all four treatment combinations.  780 

In O. viciifolia, the per capita population growth rate in L of the early and late treatment 781 

was 38% and 28% higher than in M (early treatment: χ12 = 12.57, P < 0.001; late treatment: χ12 = 782 

7.29, P = 0.007). Similarly, in P. rhoeas, per capita population growth rate was 28% higher in L 783 

of the early treatment (χ12 = 4.18, P = 0.041), and it was not affected by the late treatment (χ12 = 784 

0.90, P = 0.342). 785 

 786 
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Transgenerational responses 787 

Potential transgenerational response (PTR) was significant in most traits and in both species (Fig. 788 

2, Table S4). For example, in P. rhoeas the probability of seed production was affected by a 789 

significant Year × PTR (ancestors vs descendants) interaction (Fig. 2a, Table S4). No significant 790 

differences existed between G1-descendants and ancestors (in 2013), G2–descendants were more 791 

likely to produce seeds than ancestors (in 2014), and G3–descendants were significantly more 792 

likely to produce seeds than ancestors (in 2015). Over only three generations, the 793 

transgenerational response exhibited by P. rhoeas increased the probability that a sown seed 794 

would result in a successfully reproducing plant by 16% (Fig. 2a).  795 

Interactions between treatments and PTR show that transgenerational responses existed 796 

with respect to precipitation-predictability. Significant interactions existed in the probability of 797 

seed production (Fig. 2b) and the number of produced seeds (Fig. 2f) in O. viciifolia, in average 798 

seed mass (Fig. 2c) in P. rhoeas and in phenological traits of both species (Figs. 2d,e; Table S4). 799 

In O. viciifolia, the probability of seed production was lower in ancestors exposed to M, while no 800 

differences existed in descendants (Fig. 2b). Similarly, ancestors of P. rhoeas exposed to late M 801 

produced lighter seeds than those exposed to late L (Fig. 2c) and those exposed to early M 802 

produced heavier seeds than those exposed to early L (Fig. S4), while in descendants no 803 

significant differences existed between treatment-levels (Figs. 2c, S4). Thus, in both species 804 

transgenerational responses cancelled out treatment-effects on fitness-related traits detected in 805 

ancestors. 806 

There existed a significant early treatment × PTR interaction on time to flowering of O. 807 

viciifolia (Fig. 2d, Table S4). In ancestors, no significant treatment differences existed, while 808 

descendants exposed to L flowered significantly earlier than those exposed to M. Moreover, 809 
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significant three-way interactions including year, PTR, and treatment show that the strength of 810 

the transgenerational response varied among years (Table S4). In time to emergence of P. rhoeas 811 

(Fig. 2e), no significant transgenerational response existed in G1, since no significant differences 812 

existed between ancestors and descendants in 2013 (Fig. 2e). However, significant 813 

transgenerational response existed in G2 and G3, given the differences between ancestors and 814 

descendants in 2014 and 2015. Within-treatment contrasts show that the speed of the response 815 

was faster in L than in M (Fig. 2e). In L, G2 emerged significantly earlier than G1, while in M, 816 

significant differences existed later, between G2 and G3 (Fig. 2e). A significant early × late 817 

treatment × PTR interaction existed on the number of seeds produced by O. viciifolia (Fig. 2f, 818 

Table S4). While in MM and LL descendants had higher average seed production than their 819 

ancestors, the reverse pattern existed in ML and LM (Fig. 2f), suggesting that the inter-seasonal 820 

predictability affected the transgenerational response. 821 

In the reciprocal transplant experiment, the interactions between matriline treatment and 822 

descendant treatment were not significant in any of the traits measured in O. viciifolia and P. 823 

rhoeas (all interactions: χ92 ≤ 14.9; P ≥ 0.1). In these analyses, the power to detect a treatment 824 

effect in descendants of the effect size observed in ancestors was ≥99%. 825 

 826 

Discussion 827 

We experimentally tested whether differences in intrinsic precipitation-predictability affect life-828 

history traits and population growth of two plant species, and whether intrinsic precipitation-829 

predictability triggers transgenerational responses. Under less predictable precipitation, both 830 

plants exhibited accelerated phenology, but contrary to expectations, reproductive success and 831 
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population growth were positively affected. Both species exhibited transgenerational responses 832 

that mitigated treatment effects detected in ancestors.  833 

Advanced phenology in less predictable conditions (Figs. 1a-d) is in line with our first 834 

prediction and theory that lower predictability should favour earlier reproduction [6]. Onobrychis 835 

viciifolia exposed to less predictable precipitation produced more seeds (Table S1; Fig. 1f), and 836 

P. rhoeas exposed to less predictable precipitation produced heavier seeds (Table S1; Fig. 1e) 837 

that will have higher reproductive success than lighter seeds (Table S3; see ‘initial seed mass’ 838 

effect on ‘N seeds produced’). Differences in the response to precipitation-predictability between 839 

the two species may have arisen due to their different life history strategies. While O. viciifolia 840 

exhibits a K–strategy (high investment in seed quality), P. rhoeas exhibits an r-strategy (high 841 

investment in seed quantity; [6]). Thus, our results suggest that, to increase their reproductive 842 

success, both plants invested in the ‘non-priority’ trait (O. viciifolia in seed number; P. rhoeas in 843 

seed quality), which is congruent with earlier believes that “no organism is completely ‘r-844 

selected’ or completely ‘K-selected’, but all must reach some compromise between the two 845 

extremes” [6]. This also suggests that both species first invested in the trait determining the 846 

plant’s strategy (O. viciifolia in seed size and P. rhoeas in seed number) and, if possible, also in 847 

the ‘non-priority’ trait. In addition to the above-mentioned effects on fitness-related traits, in 848 

both species, the probability of reproducing increased under less predictable conditions (Table 849 

S1). Consequently, in both plant species, earlier reproduction was associated with an increase in 850 

reproductive success, immediate population growth (increased per capita growth rate), and future 851 

population growth (in P. rhoeas due to the treatment effect on seed mass and its effect on seed 852 

production; Table S3). These results contradict predictions from theoretical models (prediction 853 

2), i.e., that earlier reproduction reduces the investment in individual offspring or offspring 854 
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number [7,8], and they provide experimental support for the hypothesis that variable and less 855 

predictable environments can increase population growth rates [4,24].  856 

As expected (prediction 3), both plant species exhibited rapid transgenerational responses 857 

with respect to the simulated precipitation-predictability (Table S4, Figs. 2b-f). In most cases, 858 

treatment-induced differences were independent of the year (Figs. 2b-d, 3f), showing that 859 

transgenerational responses affected each descendant generation similarly (G1-3). In the 860 

reciprocal transplant experiment, matriline treatment × descendant treatment interactions were 861 

not significant, which contrasts to prediction 4: that descendants of a given matriline will 862 

perform better in the matriline’s treatment than descendent of matrilines of the other 863 

precipitation treatments. This suggests that transgenerational responses to precipitation-864 

predictability are not the result of local adaptation [18]. The high power for detecting a 865 

significant interaction, together with the significant treatment effects on matriline ancestors and 866 

ancestors planted in the same year and plot (Fig. 1), suggests that the detected transgenerational 867 

responses changed the phenotypic plasticity. 868 

Transgenerational responses with respect to the precipitation-predictability were mostly 869 

immediate, since they mitigated treatment effects already in the first descendent generation (Figs. 870 

2b,c, S4). However, there was one exception: transgenerational responses shifted time to 871 

seedling emergence in P. rhoeas over more than one generation (Fig. 2e). Descendants exposed 872 

to L exhibited shorter time to emergence in G2 (compared to G1), while in M, time to emergence 873 

decreased not until G3 (Fig. 2e). This shows that the speed of the response depended on the 874 

precipitation-predictability regime experienced during early growth [25].  875 

There was a significant early × late treatment × PTR interaction on the number of seeds 876 

produced by O. viciifolia (Fig. 2f). In MM and LL, the average seed number increased from 877 
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ancestors to descendants, and it decreased in ML and LM (Fig. 2f). This suggests that 878 

transgenerational responses to a given predictability regime may depend on inter-seasonal 879 

predictability and not only on high transgenerational predictability. Interestingly, effects of inter-880 

seasonal predictability only existed in this trait, suggesting that in P. rhoeas and O. viciifolia 881 

inter-seasonal predictability might be of lower importance. Similarly, while precipitation-882 

predictability during early growth induced rapid transgenerational responses, during late growth 883 

precipitation-predictability only induced a single transgenerational response on average seed 884 

mass of P. rhoeas (Fig. 2c, Table S4). Given that in ancestors of both plant species, many traits 885 

were affected by late treatment (Figs. 1c-f; Table S1), this suggests that transgenerational 886 

responses are mainly done with respect to early growth conditions, when plants are most 887 

sensitive to environmental changes [26]. This indicates that differences in precipitation 888 

predictability during late growth may affect plants most, since responses may be trickier to do or 889 

take longer, potentially enhancing extinction risk and reducing population persistence [4], both 890 

putting species at risk. The detected transgenerational responses to precipitation predictability are 891 

in line with theoretical models that identified environmental predictability as key parameter for 892 

how organisms respond to environmental change [9] . 893 

In conclusion, our study experimentally demonstrates that low short-term predictability 894 

of precipitation causes an advance in plant phenology and an increase in reproductive success, 895 

and population growth. In contrast to expected negative impacts of lower precipitation-896 

predictability, our study suggests that at least some plant species may benefit from lower 897 

precipitation-predictability. Plants also exhibited rapid transgenerational responses that mitigated 898 

treatment-effects observed in ancestors, which may have changed phenotypic plasticity, in line 899 

with theoretic models showing that less predictable environments may favour the evolution of 900 



 

18 
 

phenotypic plasticity [11,12]. This suggests that low predictability of precipitation events per se, 901 

at least as long as no extreme events occur, may not be as damaging as forecasted. However, 902 

transgenerational responses mainly existed with respect to early growth conditions, suggesting 903 

that during early life transgenerational responses to precipitation predictability might be easier. 904 

These findings demonstrate that the degree of intrinsic predictability per se cannot predict effects 905 

on ecology, and evolution, since different types of predictability (short-term, seasonal, and 906 

transgenerational predictability) may affect organisms differently. Therefore, to anticipate the 907 

impact of climate change, theoretical models and mitigation efforts should consider the effects of 908 

different types of intrinsic precipitation-predictability on the capacity of species responses to new 909 

weather situations. Moreover, our results also suggest that subtle changes in weather 910 

predictability may not be as harmful as forecasted by global change scenarios.  911 
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Figure legends 1001 

Figure-1. Treatment effects on phenology and fitness-related traits of ancestors of P. rhoeas and 1002 

O. viciifolia. Early treatment effect on time to seedling emergence of P. rhoeas (A) and O. 1003 

viciifolia (B). Late treatment effect on time to flowering of P. rhoeas (C) and O. viciifolia (D). 1004 

Effect of late treatment on fitness-related traits: average seed mass of P. rhoeas (E) and number 1005 

of seeds produced by O. viciifolia. (F) Significant differences between less (L; red colour) and 1006 

more (M; blue colour) predictable precipitation are indicated with asterisks (* 0.05 > P ≥ 0.01; 1007 

** 0.01 > P ≥ 0.001; *** P < 0.001). Means ± standard errors of absolute measures are shown, 1008 

and above the estimates sample size (N) per treatment level.  1009 

 1010 

Figure-2. Transgenerational responses of P. rhoeas and O. viciifolia. Significant interactions of 1011 

year and/or treatments (early and/or late treatment) with PTR (ancestors vs descendants) are 1012 

shown (Table S4). A. Significant treatment-unrelated transgenerational response of P. rhoeas on 1013 

the probability of producing seeds. B. Effects of early treatment on the transgenerational 1014 

response in the probability of seed production of O. viciifolia. C. Effects of late treatment on the 1015 

transgenerational response in the average seed mass of P. rhoeas. D. Effects of early treatment 1016 

on the transgenerational response in the time to flowering of O. viciifolia. E. Significant early 1017 

treatment × year × PTR interaction on the time of seedling emergence of P. rhoeas. Significant 1018 

within-year contrasts between ancestors and descendants are indicated with asterisks and 1019 

significant between-year contrasts within treatment levels with letters. Grey letters are used for 1020 

descendants and black letters for ancestors. Italicized letters correspond to the L and normal 1021 

letters to the M treatment. F. Significant Early treatment × late treatment × PTR interaction on 1022 
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the number of produced seeds by O. viciifolia. Asterisk refer to * 0.05 > P ≥ 0.01; ** 0.01 > P ≥ 1023 

0.001; *** P < 0.001. 1024 
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Figure 1 1026 
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Figure 2 1032 
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Supplemental Material 1056 

Supplemental text: 1057 

Study species 1058 

Papaver rhoeas and Onobrychis viciifolia were used for the study because their reproductive 1059 

strategy differs, because the timing of growth is similar, and because wild individuals of both 1060 

plant species occur at the study site. Both species inhabit humid sites and sites with more and 1061 

also with less humidity than the conditions at the study site (e.g. [20,27]).   1062 

Papaver rhoeas (common poppy) is an herbaceous annual plant that grows from sea level 1063 

to 1700 m a.s.l. Its main distribution is in Eurasia and northern Africa. Its height is between 10 1064 

and 50(90) cm, and the flowers are bright red and almost spherical [28]. Flowering begins in 1065 

May and can last until October, and a single individual can produce more than 30 flowers 1066 

throughout the season. The fruit is a capsule that, when ripe (July – September), opens apical 1067 

holes from which numerous >1 mm long, kidney-shaped seeds are dispersed [27].  1068 

Onobrychis viciifolia (common sainfoin) is a perennial forb that grows from sea level to 1069 

2800 m a.s.l. The native distribution is in the Mediterranean, south-eastern Europe and Siberia, 1070 

but it is also widely naturalized in other parts of Eurasia, North America, Australia and New 1071 

Zealand. Onobrychis viciifolia inhabits a broad range of climatic weather conditions [20]. Its 1072 

height is between 20 and 80 cm (sometimes > 100 cm), and it produces dense inflorescences 1073 

with 10-100 pink, zygomorphic, hermaphroditic flowers. A single individual can produce more 1074 

than 60 inflorescences throughout the season. Its flowering period is from June to September. 1075 

The fruit is a small single-seeded pod. Sainfoin is a forage legume, which is grown in many parts 1076 

of the world [29]. 1077 

 1078 

Seed origin 1079 
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Seeds of both species were obtained in 2011 from sites located in the vicinity of the study site, 1080 

but not from the actual study site to make sure that seeds were naive with regard to the 1081 

environmental conditions prevailing at the experimental field site. These sites exhibit higher 1082 

precipitation than the study site, but otherwise a similar climate. Seeds of O. viciifolia originated 1083 

from a farm located in Castillo de Lerés (23 km from the field site), which exhibits more 1084 

precipitation than the field site (on average, approx. 340 mm more per year), and seeds of P. 1085 

rhoeas originated from a farm located in the Ebro Valley (ca. 75 km from the field site). Since 1086 

these seeds were never exposed to the weather conditions prevailing at the study site, we refer to 1087 

these seeds as the ancestral generation (G0). 1088 

 1089 

Experimental system, sowing, and thinning protocol 1090 

All experiments were conducted at the experimental station ‘El Boalar’ (42°33’N, 0°37’W, 705 1091 

m.a.s.l.; IPE-CSIC, Jaca (Huesca), Spain). In 2012, we established 32 experimental plots of 1.2 × 1092 

6.0 m in 16 open-air enclosures (two plots per enclosure, one for each species; a total of 16 plots 1093 

for P. rhoeas, and 16 for O. viciifolia; Fig. S2). Enclosures were covered with a mesh and 1094 

separated with a metal wall that prevented ruminants from grassing. Prior to the start of the 1095 

experiment, the first 30 cm of soil of each plot was loosened and homogenised. All visible 1096 

weeds, roots and seeds were removed to avoid competition with other plant species, and then the 1097 

ground was flattened. In each plot, 28 well-separated planting positions were marked (Fig. S2). 1098 

Moreover, to protect against slug predation, each plot was surrounded with a mesh (30 cm above 1099 

ground and 10 cm below ground). 1100 

Randomly chosen seeds of the ancestral generation (G0) of O. viciifolia and P. rhoeas, 1101 

were sown on the same day in early April in four consecutive years (2012-2015). In 2012, three 1102 
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seeds per species, enclosure, and position were individually labelled (3 × 16 × 28 = 1344 seeds 1103 

per species), and planted at a depth of 2 and 1 cm for O. viciifolia and P. rhoeas, respectively, 1104 

allowing to follow each individual over the entire annual cycle. In the following years, four and 1105 

nine seeds per position (for O. viciifolia and P. rhoeas, respectively) were planted, to increase 1106 

the chance that at least one plant would be growing per planting position. Before sowing, we 1107 

statistically tested that there were no significant differences in average seed mass and variance 1108 

between seeds selected and not selected to be sown, and used in different years, plots, and 1109 

experimental treatments (all P ≥ 0.1, including all interactions). When the first seedling reached 1110 

a height of 5 cm in P. rhoeas and 10 cm in O. viciifolia, the height, diameter, and growth rate (in 1111 

height and diameter) of all seedlings was measured. In the case that several seedlings emerged in 1112 

the same planting position, all but one seedling were thinned per position in 2012 to avoid 1113 

competition among plants as much as possible. In the following years all but one seedling were 1114 

thinned in O. viciifolia and all but three seedlings were thinned per position in P. rhoeas (i.e. 1115 

three ‘sub-positions’ existed per position, and the probability that at least one planted seed per 1116 

sub-position germinated was used to calculate the probability of seed production). There were no 1117 

significant differences in days to seedling emergence, seedling height, seedling diameter, and 1118 

growth rate between thinned and non-thinned seedlings, and all interactions between thinning 1119 

and plot or intrinsic predictability treatment were not significant (all P ≥ 0.8).  1120 

 1121 

Precipitation regime 1122 

The natural precipitation pattern (Fig. S3) was manipulated by supplementing half of the 1123 

enclosures with more predictable and the other half with less predictable supplemental 1124 

precipitation by means of sprinklers, resulting in more predictable (M) and less predictable (L) 1125 
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total (natural + supplemental) precipitation. L- and M-plots, received the same total amount of 1126 

precipitation and permutation entropy [2] showed that the intrinsic precipitation predictability of 1127 

the total precipitation significantly differed among treatment levels [19]. The treatment therefore 1128 

corresponds to more and less predictable precipitation (Fig. S5). Thereafter, i.e., during the late 1129 

growth period (which approximately corresponds to summer), enclosures were exposed to the 1130 

same or the other predictability regime using a two-factorial design (Fig. S1), to simulated inter-1131 

seasonal differences in intrinsic predictability. The two-factorial design consisted of: intra- and 1132 

inter-seasonal (i.e. early growth period vs late growth period) predictability; resulting in four 1133 

different regimes of intrinsic environmental predictability (i.e. four treatment combinations): (1) 1134 

less predictable during early growth and less predictable during late growth (LL), (2) more 1135 

predictable in both periods (MM), (3) less predictable during early and more predictable during 1136 

late growth (LM), and (4) more predictable during early and less predictable during late growth 1137 

(ML). Enclosures were irrigated individually using an automatic irrigation system and four 1138 

sprinklers per enclosure, one in each corner, to provide homogenous irrigation in the whole 1139 

enclosure. Each year, irrigation treatments started shortly before sowing and ended after plant 1140 

harvesting (i.e. from mid-March to mid-October), and treatments were changed in the middle of 1141 

the plant’s phenological cycle (at the end of June/beginning of July) to manipulate the intrinsic 1142 

predictability between spring and summer seasons (i.e. inter-seasonal predictability). 1143 

Experimental plots of the same plant species were 10 to 50 m away from the closest plot 1144 

belonging to the same treatment and plots were separated by metal walls and mesh. 1145 

 1146 

Experimental protocol used for descendants 1147 
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To test whether treatments induce differences in the direction and strength of transgenerational 1148 

responses, produced seeds were stored during winter. In the following spring, a random 1149 

subsample of mothers (a similar number of mothers from each plot and treatment combination: 1150 

7-8 mothers) and a random subsample of the seeds produced by them (a similar number of seeds 1151 

per mother) was selected, planted and followed up. Seeds were sown in the same treatment 1152 

combination experienced by their mother (Fig. S1), but not in the plot where the mother has been 1153 

growing, to avoid transgenerational responses with respect to plot-specific idiosyncrasies. Before 1154 

sowing, we statistically tested that there were no significant differences between the selected and 1155 

not selected mothers in the mean and variance of the emergence time (days), maximum height 1156 

(in mm), maximum diameter (mm), number and mass of produced seeds, and flowering period 1157 

among treatment combinations, mother enclosure, and treatment × mother enclosure 1158 

combinations (all P > 0.2). Similarly, we tested that the mean and variance of the seed mass of 1159 

selected and not selected seeds (per mother) did not differ (P ≥ 0.1). The number of selected 1160 

mothers of each treatment combination was as similar as possible and did not significantly differ 1161 

among treatment combinations in any year (P ≥ 0.1).  1162 

Seeds belonging to the subset of a given mother were equally distributed among one to 1163 

three plots that were exposed to the treatment combination experienced by the mother, and seeds 1164 

were not planted in the plot where the mother had been growing to avoid local adaptation to the 1165 

conditions of a particular enclosure.   1166 
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Supplemental Tables 1177 

Table-S1: Treatment effects on ancestors (G0) of P. rhoeas and O. viciifolia across four years. 1178 
Analysed traits are: Time (t) to emergence (in days), t to flowering (in weeks), probability (P) of 1179 
seed production, number (N) of seeds produced, and average (Ø) seed mass (in g). Shown are 1180 
results of minimal adequate models resulting from stepwise backward model selection. All 1181 
significant parameters are shown, while non-significant parameters included in the minimal 1182 
adequate model are not shown here, but are given in Table S2A. Test statistics and significance 1183 
levels (* 0.05 > P ≥ 0.01; ** 0.01 > P ≥ 0.001; *** P < 0.001) are given. Early and Late refer to 1184 
the treatment applied during the early and late growth season. For main effects of the early and 1185 
late predictability treatment, estimates ± standard errors for the more predictable treatment (M) 1186 
(compared to L) are given. These estimates refer to estimates of the treatment effect across years. 1187 
N refers to the analysis’ sample size.  1188 
 1189 

Papaver rhoeas 
Response variable Parameter Test statistic P Estimate±SE N 
t to emergence

 ƒ Early [M] χ1
2 = 4.77 * 1.584 ± .797 1304 

  Year χ3
2 = 255.10 ***     

t to flowering 
† Late [M] χ1

2 = 8.81 ** .031 ± .010 457 
  Year χ3

2 = 59.40 ***     
P seed production Early [M] χ1

2 = 4.49  * -2.062 ± .384 1456 

 Early × Year χ3
2 = 30.54 ***   

 Late × Year χ3
2 = 17.12 **   

  Year χ3
2 = 18.95 ***     

Ø seed mass 
‡ Late [M] χ1

2 = 34.73 *** -.052 ± .009 384 

 Year χ3
2 = 59.40 ***   

Onobrychis viciifolia 
Response variable Parameter Test statistic P Estimate±SE N 
t to emergence Early [M] χ1

2 = 3.95 * .041 ± .020 1366 
  Year χ3

2 = 115.26 ***     
t to flowering 

§ Late [M] χ1
2 = 20.65 *** .186 ± .041 211 

  Year χ3
2 = 127.65 ***     

P seed production Early [M] χ1
2 = 15.83 *** -.916 ± .230 784 

 Late [M] χ1
2 = 4.01 * -.458 ± .229  

  Year χ3
2 = 40.77 *     

N seeds produced 
# Late [M] χ1

2 = 7.81 ** -.902 ± .323 211 
  Year χ3

2 = 30.34 ***     
Ø seed mass 

∫ Late [M] χ1
2 = 6.84 ** .230 ± .135 211 

 Year χ3
2 = 28.49 ***   

 Late × Year χ3
2 = 10.78 *   

  Early × Late × Year χ3
2 = 14.82 **     

transformations: ƒ^-1.8; †^0.2; §ln; #^0.4; ‡^0.55; ∫scaled variable  1190 
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Table-S2: Fixed parameters included in the statistical analyses of the traits analysed in the full 1191 
models for P. rhoeas and O. viciifolia. A. Results of the full models on the ancestral generation 1192 
(G0; see Table S1 for reduced models). B. Results of the full models on the ancestral and 1193 
descendant generation that allow testing for a transgenerational response (see Table S4 for 1194 
reduced models). Shown are all fixed parameters included in the full model. Non-significant 1195 
parameters that were excluded during the stepwise backward elimination are indicated with an 1196 
‘X’. The significance level of parameters included in the minimal adequate models is given with 1197 
asterisks (* 0.05 > P ≥ 0.01; ** 0.01 > P ≥ 0.001; *** P < 0.001), or with ‘-’ for non-significant 1198 
parameters. Because emergence only occurred during the early treatment, late treatment and 1199 
interactions including late treatment were not included in the model on time to emergence.  1200 
 1201 
A. 1202 

Sps. Variables \ Parameters  Early Late Year 
Early 
× Late 

Early 
× Year 

Late × 
Year 

Early 
× Late 
× Year 

Pa
pa

ve
r 

rh
oe

as
 t to emergence *   ***   X    

t to flowering X ** *** X X X X 

P seed production * - *** X *** ** X 

N seeds produced  X X X X X X X 

Ø seed mass X *** *** X X X X 

O
no

br
yc

hi
s 

vi
ci

ifo
lia

 

t to emergence *   ***   X    

t to flowering X *** *** X X X X 
P seed production *** * * X X X X 
N seeds produced  X ** *** X X X X 
Ø seed mass - ** *** - - * ** 

*‘plot’ was included as random factor in every model shown in this table.  1203 
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 1204 
B. 1205 

Sps. 
Variables \ 
Parameters  Early Late Year PTR 

Early 
× 
Late 

Early 
× 
PTR 

Early 
× 
Year 

Late 
× 
PTR 

Late 
× 
Year 

Year 
× 
PTR 

Early 
× 
Late 
× 
PTR 

Early 
× 
Late 
× 
Year 

Early 
× 
Year 
× 
PTR 

Late 
× 
Year 
× 
PTR 

Early 
× 
Late 
× 
Year 
× 
PTR 

Pa
pa

ve
r 

rh
oe

as
 

t to 

emergence *   *** *   - -     ***     **   
 

t to 

flowering X X *** *** X X X X X *** X X X X X 
P seed 

production X - *** *** X X X X *** *** X X X X X 
N seeds 

produced  X X *** X X X X X X X X X X X X 
Ø seed 

mass 
- *** *** * X * X * X ** X X X X X 

O
no

br
yc

hi
s 

vi
ci

ifo
lia

 t to 

emergence *   ** -   X X     **     X    
t to 

flowering * ** *** - X * * X X * X X X X X 
P seed 

production *** ** *** - X * - X X - X X * X X 
N seeds 

produced  - - * - - - X - X X * X X X X 
*‘plot’ and ‘matriline ID’ were included as random factors in every model shown in this table.1206 
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Table-S3: Fitness correlates in P. rhoeas and O. viciifolia. Results of multiple regression on 1207 
multiplicative fitness components: probability (P) of seedling emergence, probability (P) of seed 1208 
production, number (N) of seeds produced, and average (Ø) seed mass. As independent parameter 1209 
we used seed mass of the initially sown seeds (initial seed mass), time (t) to emergence, time (t) to 1210 
flowering, and average (Ø) seed mass. Test statistics, significance (P-value), and estimates ± 1211 
standard errors are given. R2 refers to partial R2, i.e., the variance explained by a model parameter. 1212 
Transformations of the response variables are indicated below the table. 1213 
 1214 
Response variable Parameter Test statistic P Estimate ± SE R2 

      

Papaver rhoeas 
P of emergence      

  initial seed mass χ1
2 = 2.70 .100 1469.9 ± 893.4 .23 

P seed production       

 initial seed mass χ1
2 = .09 .762 428.5 ± 1410.9 .02 

  t to emergence χ1
2 = 2.87 .090 .018 ± .011 .67 

N seeds produced *  
 

   
 initial seed mass F1,127 = 7.73 .006 .003 ± .001 .15 
 t to emergence F1,126 = 3.19 .076 .013 ± .007 3.32 
 t to flowering F1,125 = 2.76 .096 -.049 ± .029 .80 

  Ø seed mass F1,127 = 44.97 <.001 -.007 ± .001 13.21 
Ø seed mass †   

 
   

 initial seed mass F1,129 = 1.16 .284 3.8 ± 4.15 1.17 
 t to emergence F1,130 = 14.22 <.001 -9.6E-05 ± 2.6E-05 11.54 
 t to flowering F1,127 = .03 .867 1.8E-05 ± 1.1E-04 .01 
 N seeds produced F1,130 = 38.29 <.001 -2.4E-07 ± 3.9E-08  20.13 
      

Onobrychis viciiolia 
P of emergence      

  initial seed mass χ1
2 = .04 .833 6.0E-05 ± 2.9E-04 .00 

P seed production      

 initial seed mass χ1
2 = .05 .819 -7.56 ± 33.05 .02 

  t to emergence χ1
2 = 7.51 <.001 -.073 ± .037 2.19 

N seeds produced †   
  

 

 initial seed mass F1,114 = .19 .660 54.143 ± 122.827 .32 
 t to emergence F1,116 = 2.82 .096 -.284 ± .165 4.17 
 t to flowering F1,116 = 16.32 <.001 -.664 ± .163 10.77 

  Ø seed mass F1,115 = .43 .512 -45.541 ± 70.583 .36 
Ø seed mass *   

 
   

 Initial seed mass F1,116 = .36 .549 .467 ± .700 .36 
 t to emergence F1,117 = 2.32 .130 .003 ± .003 3.15 
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 t to flowering F1,118 = 24.40 <.001 -.005 ± .001 17.13 
  N seeds produced F1,114 = .01 .938 1.6E-06 ± 2.6E-05  1.90 

Transformations: *^0.20; †^0.5 1215 
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Table-S4: Transgenerational responses of P. rhoeas and O. viciifolia in: Time (t) to emergence 1216 
(days); t to flowering (weeks); probability (P) of producing at least one seed per planted seed 1217 
(Pseed production); number of seeds produced; average seed mass (g). While ancestors were unable to 1218 
do a potential transgenerational response (PTR), descendants may have exhibited a PTR. Since 1219 
only significant treatment × PTR interactions point to transgenerational responses with respect to 1220 
the precipitation treatments, we only show significant interactions including PTR as well as 1221 
simple PTR effects (for full models, see table S2B). Test statistic and significance (* 0.05 > P ≥ 1222 
0.01; ** 0.01 > P ≥ 0.001; *** P < 0.001) are given. Estimates ± standard errors of main effects 1223 
are given for descendants compared to ancestors. N refers to the analysis’ sample size. Early and 1224 
Late refer to the predictability treatment during the early and late growth period. 1225 
 1226 

Papaver rhoeas 
Response variable Parameter Test statistic P Estimate±SE  N 
            
t to emergence

 ƒ          
 PTR [descendants] χ1

2 = 3.83 * .003 ± .006 1410 
 Year × PTR χ2

2 = 199.55 ***   

  Early × Year × PTR χ2
2 = 11.39 **     

t to flowering 
†          

  Year × PTR χ2
2 = 5.98 *   466 

P seed production          
 PTR[descendants] χ1

2 = 15.54 *** .002 ± .182 2060 
  Year × PTR χ2

2 = 15.22 ***                
Ø seed mass 

‡          
 PTR[descendants] χ1

2 = 4.01 * .024 ± .017 450 
 Early × PTR χ1

2 = 6.05 *   

 Late × PTR χ1
2 = 4.74 *   

 Year × PTR χ2
2 = 12.38 **   

      
Onobrychis viciifolia 

Response variable Parameter Test statistic P Estimate±SE N 
            
t to emergence 

ß           
  Year × PTR χ2

2 = 12.86 **   998 
t to flowering £           
 Early × PTR χ1

2 = 4.83 *  177 
 Year × PTR χ2

2 = 6.06 *   

P seed production           
 Early × PTR χ1

2 = 4.32 *  467 
  Early × Year × PTR χ2

2 = 6.00 *     
N seeds produced 

#           
  Early × Late × PTR χ1

2 = 3.908 *   177 
 Transformations: ƒ^-1.5; †ln; #^0.4; £^0.5; ‡^0.64; ß^-1.91227 
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Supplemental Figures 1228 

 1229 

Figure-S1: Two factorial within-year design of intrinsic environmental predictability with 1230 

factors intra- and inter-seasonal predictability simulated in four consecutive years (see upper line 1231 

of each treatment combination). Intra-seasonal predictability consisted of two levels: less (red 1232 

colour) and more predictable precipitation (blue colour), corresponding to lower and higher 1233 

autocorrelation of daily precipitation. Inter-seasonal predictability consisted of two levels: higher 1234 

precipitation predictability between the early and late growth season (MM, LL) vs lower 1235 

precipitation predictability (ML, LM), or in other words, to higher and lower autocorrelation 1236 

between seasons. To test for the consistency of the treatment effects, ancestor seeds (G0) were 1237 

planted in four experimental years (upper line of each treatment combination). To test for 1238 

transgenerational responses to the simulated predictability regimes, descendants were planted in 1239 

three years, allowing to track transgenerational responses over three descendant generations (G1 1240 

to G3; see lower line of each treatment combination), and individuals belonging to the same 1241 

maternal line (i.e. matriline) were exposed to the same intra- and inter-seasonal predictability 1242 



 

40 
 

regime. Treatments on the same dotted line correspond: to the same individual within years (fine 1243 

dotted line), and among years, to the same maternal line (thick dotted line). 1244 

  1245 
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 1246 

Figure-S2: Experimental system located at ‘El Boalar’, consisting of 16 enclosures. In each 1247 

enclosure, two plots were established: one for P. rhoeas, and another one for O. viciifolia. Shown 1248 

are schemas of the arrangement of the plots (left to the photo) and the planting positions within a 1249 

plot (above the photo), and a photograph of the experimental system. Planting positions (red 1250 

dots) were 40 cm away from each other and from the borders of the plot, to avoid competition 1251 

with other plants [29]. More than one seed was sown per position to increase the chance that at 1252 

least one seedling per position emerged. If more than one seedling emerged per position, they 1253 

were thinned (for additional details, see ‘Methods’ and ‘Supplemental text’).  1254 



 

42 
 

 1255 

 1256 

Figure S3: Monthly natural precipitation and average temperature in each year in Jaca (Huesca, 1257 

Spain), where experiment was conducted. A. Monthly precipitation (in mm) in each year. B. 1258 

Average monthly temperatures (in ºC) in each year. Colored lines represent different 1259 

experimental years (2012-2015). 1260 
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 1261 

Figure-S4: Transgenerational response of P. rhoeas on average seed mass (significant 1262 

interaction of early treatment and PTR; Table S4). The dashed line represents the less predictable 1263 

treatment (L) and the solid line the more predictable treatment (M). Average seed mass of 1264 

ancestors and descendants are shown with circles with a black outline and filled circles, 1265 

respectively.  1266 
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 1267 

Figure-S5: Intrinsic precipitation predictability of plots exposed to more (panel A) and less 1268 

(panel B) predictable total (natural + supplemental) precipitation. Shown is the number of daily 1269 

precipitation events per experimental day. Experimental days refer to the days from sowing to 1270 

harvesting and data from different experimental years (2012-2015) are concatenated. In both 1271 

treatment levels, the total amount of precipitation over the duration of the entire experiment was 1272 

identical (c2 < 0.001, P = 0.992), and the autocorrelation of total precipitation between days was 1273 

significantly higher in the more predictable treatment (c2 = 605.49, P < 0.001). 1274 
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 1275 
 1276 


