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BACKGROUND
Current climate change alters mean climatic conditions, weather variability, and en-
vironmental predictability. Climatic models forecast strong increases in weather vari-
ability and decreases of environmental predictability, i.e. in the level of temporal au-
tocorrelation of weather events. This suggests that in the future, organisms will face 
great challenges. However, little experimental evidence for these predictions exists, and 
the scarce experimental studies simulated droughts and/or extreme events, both being 
detrimental for many organisms. Therefore, the effects of changes in environmental 
predictability remain largely untested. 

Environmental predictability is suggested to affect functional traits, phenotypic ex-
pression and physiology, especially in sessile organisms like plants. More predictable 
environments may pose fewer challenges, and theoretic studies suggest that they lead 
to lower phenotypic variation. In contrast, less predictable environments are expected 
to favour advances in phenology, potentially altering reproductive success, survival, 
and population growth. Since plants derive important resources through their roots, root 
investment strategies and their plasticity might be key to cope with changes in environ-
mental predictability. In addition, lower environmental predictability may entail grea-
ter intra-population and intra-individual variability, and greater physiological changes, 
which potentially affects ecosystem services. Finally, environmental predictability may 
also affect the speed and direction of adaptive evolution, and the shape and strength of 
selective regimes. Theoretic models further forecast that higher environmental predic-
tability favours adaptive evolution, while lower predictability rather leads to increased 
phenotypic plasticity. However, these theoretical predictions remain largely untested. 

OBJECTIVES
The general objective of this doctoral thesis is to experimentally test whether and how 
lower precipitation predictability affects phenotypic and transgenerational responses of 
two plant species: the common sainfoin Onobrychis viciifolia and the common poppy 
Papaver rhoeas. The specific objectives are: First, investigating whether less predict-
able precipitation leads to phenological changes, and whether they affect reproduction, 
survival and population growth (Chapter 1 and 3). Second, testing whether and how 
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less predictable precipitation affects the selective regime, root functional traits, root 
investment strategies, and whether observed responses may affect plant performance 
(Chapter 2). Third, testing whether environmental predictability mainly affects a given 
life-stage or whether it affects all life-stages similarly (Chapter 1-5). Fourth, testing 
whether the speed and direction of transgenerational responses depend on precipitation 
predictability (Chapter 1-3). Fifth, testing whether rapid transgenerational responses 
induced by differences in precipitation predictability are congruent with adaptive evolu-
tion and/or with an increase in phenotypic plasticity (Chapter 1). Sixth, testing whether 
less predictable precipitation modulates intra-population and intra-individual variation, 
and reproduction, and whether observed changes are transmitted to the next generation 
(Chapter 4). Seventh, investigating whether precipitation predictability changes physio-
logical response, and whether such changes may affect ecosystem services (Chapter 5).

METHODOLOGY
Seeds of Onobrychis viciifolia (Fabaceae) and Papaver rhoeas (Papaveraceae) were 
sown during four consecutive years in experimental field plots situated at an experi-
mental research station located near Jaca (Huesca, Spain). More and less predictable 
precipitation was simulated at daily and inter-seasonal time-scales, using an automatic 
irrigation system. To test for treatment differences in phenology and reproduction, many 
functional traits of both species were weekly measured. At the end of the annual cy-
cle, offspring seeds were individually collected, measured, and stored over the winter. 
To test whether differences in precipitation predictability affected ecosystem services, 
lignin, carbon and nitrogen content of the plant’s above- and below-ground parts were 
determined. To test whether precipitation predictability affects the speed and direction 
of transgenerational responses, three generations of stored offspring seeds (descend-
ants) were sown in the subsequent year. In each of the three years, descendants were 
sown in the same plot, under the same precipitation conditions, and at the same time as 
the ancestral seeds (i.e. seeds that were naive with regard to the simulated predictability 
conditions), and their development trajectories and traits were compared. To disentan-
gle between evolutionary change and evolution of phenotypic plasticity, descendant 
seeds of the second and third generation were planted in all treatment combinations.

RESULTS
Chapter 1 shows that lower short-term predictability of precipitation leads to pheno-
logical advance and to an increase in reproductive success and population growth. Both 
species exhibited rapid transgenerational responses that mitigated treatment differences 
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observed in ancestors. The detected transgenerational responses were in line with in-
creased phenotypic plasticity, rather than a shift in trait expression. Moreover, transgen-
erational responses mainly existed with respect to early growth conditions. Chapter 2 
demonstrates that, in both species, root investment depends on precipitation predictabil-
ity, and that investment changes lead to increased performance. Moreover, precipitation 
predictability induced differences in the strength of selection but not in the type of the 
selective regime. Chapter 3 shows that decreased precipitation predictability enhances 
seedling emergence, survival and reproductive rates in both species. Mainly treatment 
during early growth affected survival and reproduction, while treatment during late 
growth let to smaller differences. Descendants of P. rhoeas exhibited increased via-
bility compared to ancestors (in both treatments), and this difference was greater when 
exposed to less predictable precipitation. Chapter 4 evidences that precipitation pre-
dictability significantly affected intra-population and intra-individual variability, both 
being greater when exposed to less predictable precipitation. Intra-individual variabil-
ity in reproductive traits is under stabilizing selection, and precipitation predictability 
affected the location of the optima, optimal reproduction, as well as the strength of 
selection, but not type of selection (i.e. stabilizing vs directional selection, etc). Chapter 
5 demonstrates that less predictable precipitation led to lower lignin content, higher 
ANPP (Aboveground Net Primary Productivity), more aboveground biomass, and high-
er nitrogen content in roots and leaves. This shows that less predictable precipitation 
altered plant physiology, which positively affected ecosystem services.

CONCLUSIONS 
In contrast to the expected negative effects of decreased environmental predictability, 
our study shows that at least some plant species may benefit from a lower precipitation 
predictability, and that this positively affected ecosystem services. Earlier reproduction 
observed in less predictable precipitation is in line with theory, but led to increased 
reproductive success, survival, and population growth, rather than affecting them neg-
atively. This difference most likely exists, because the theoretical models assume that 
earlier reproduction will be associated with shorter reproductive periods, while in this 
study it was associated with a longer reproductive period. The positive responses are 
also congruent with rapid and plastic responses exhibited by root functional traits, and 
are in line with recent studies showing that plants were affected by the predictability of 
soil nutrients. Less predictable precipitation increased intra-population variability but 
also intra-individual variability, which demonstrates that intra individual variability is 
a highly plastic trait that is under natural selection, rather than phenotypic noise. These 
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results also suggests that higher intra-individual variance may affect population dy-
namics and biodiversity. Moreover, under decreased precipitation predictability, plants 
exhibited rapid transgenerational responses, which were congruent with increases in 
phenotypic plasticity, and mainly existed with respect to precipitation predictability 
during early growth. In contrast, reproduction of ancestors was chiefly affected by late 
predictability. This suggests that it is important to consider the developmental stage at 
which organisms are exposed to differences in environmental predictability, in evolu-
tionary and ecological theories. The findings reveal that many herbaceous plants may be 
able to cope with increasing environmental uncertainties, thanks to investment chang-
es, existing, and evolving phenotypic plasticity. Therefore, to anticipate the impact of 
climate change, theoretical models and mitigation efforts should take into account that 
plants may rapidly respond to changes in climatic predictability, and that selective re-
gimes may change as well. This suggests that lower climatic predictability may induce 
less biodiversity losses than expected by climatic models.
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resumen

ANTECEDENTES
El actual cambio climático altera las condiciones climáticas medias, la variabilidad 
ambiental y la predictibilidad ambiental. Los modelos climáticos pronostican fuertes 
aumentos en la variabilidad ambiental y disminuciones en la predictibilidad ambiental, 
es decir, en el nivel de autocorrelación temporal de los eventos climáticos. Esto sugiere 
que, en el futuro, los organismos se someterán a mayores desafíos. Sin embargo, existe 
poca evidencia experimental de estas predicciones, y los escasos estudios experimenta-
les simulaban sequías y/o eventos extremos, los cuales son desfavorables para la gran 
mayoría de organismos. Por lo tanto, todavía no se han testado los efectos de los cam-
bios en la predictibilidad ambiental. 

Los estudios previos sugieren que la predictibilidad ambiental afecta a los rasgos 
funcionales, a la expresión fenotípica y a la respuesta fisiológica de las especies, es-
pecialmente en organismos sésiles como las plantas. Los entornos más constantes y 
predecibles pueden conllevar menores presiones sobre los organismos y los modelos 
teóricos sugieren que estas condiciones conducen a una menor variación fenotípica. 
Por otra parte, se espera que los ambientes menos predecibles favorezcan un avance 
fenológico, lo que podría alterar el éxito reproductivo, la supervivencia y el crecimiento 
poblacional. Dado que las plantas obtienen importantes recursos a través de sus raíces, 
las estrategias de inversión radicular y su plasticidad podrían ser clave para poder sobre-
llevar los cambios en la predictibilidad ambiental. Además, una menor predictibilidad 
ambiental puede conllevar una mayor variabilidad dentro de poblacionales e individuos, 
y mayores cambios fisiológicos, lo que potencialmente afectaría a los servicios ecosisté-
micos. Finalmente, la predictibilidad ambiental también puede afectar la velocidad y la 
dirección de la evolución adaptativa y el tipo y grado de régimen selectivo. Los modelos 
teóricos también prevén que una mayor predictibilidad ambiental favorece la evolución 
adaptativa, mientras que una menor predictibilidad conduce más bien a una mayor plas-
ticidad fenotípica. Sin embargo, estos supuestos teóricos siguen sin ser probados.

OBJETIVOS
El objetivo general de esta tesis doctoral consiste en evaluar experimentalmente si una 
menor predictibilidad de precipitaciones afecta las respuestas fenotípicas y transgene-
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racionales de dos especies de plantas: la esparceta Onobrychis viciifolia y la amapola 
Papaver rhoeas. La tesis doctoral tiene, además, los siguientes objetivos específicos. 
Primero, investigar si una precipitación menos predecible conduce a cambios fenológi-
cos y si éstos afectan a la reproducción, la supervivencia y el crecimiento poblacional 
(Capítulo 1 y 3). Segundo, evaluar si las precipitaciones menos predecibles afectan al 
régimen selectivo, a los rasgos funcionales de la raíz y a las estrategias de inversión 
radicular, y si las respuestas observadas pueden afectar el rendimiento de la planta (Ca-
pítulo 2). Tercero, testar si la predictibilidad ambiental afecta principalmente a un esta-
dio de vida determinado, o si en cambio afecta a todas las etapas de la vida de manera 
similar (Capítulo 1-5). Cuarto, estimar si la velocidad y la dirección de las respuestas 
transgeneracionales dependen de la predictibilidad de precipitaciones (Capítulo 1-3). 
Quinto, analizar si rápidas respuestas transgeneracionales, inducidas por las diferencias 
en la predictibilidad de precipitaciones, son congruentes con una evolución adaptativa 
y/o con un aumento de la plasticidad fenotípica (Capítulo 1). Sexto, evaluar si las pre-
cipitaciones menos predecibles modulan la variación y la reproducción dentro de la po-
blación y dentro de individuos, y si los cambios observados se transmiten a la siguiente 
generación (Capítulo 4). Séptimo, investigar si la predictibilidad de precipitaciones in-
duce cambios en la respuesta fisiológica de la planta, y si dichos cambios pueden afectar 
a los servicios ecosistémicos (Capítulo 5).

METODOLOGÍA
Se sembraron semillas de Onobrychis viciifolia (Fabaceae) y Papaver rhoeas (Papave-
raceae) durante cuatro años consecutivos en parcelas experimentales en condiciones se-
minaturales. Las parcelas estaban situadas en una estación experimental ubicada cerca 
de Jaca (Huesca, España). Se simularon tratamientos con mayor y menor predictibilidad 
de precipitaciones a escalas temporales diarias e inter-estacionales, utilizando un siste-
ma de riego automatizado. Para probar las diferencias entre tratamientos en fenología y 
reproducción, se midieron semanalmente rasgos funcionales de ambas especies. Al final 
del ciclo anual, las semillas resultantes (los descendientes) se recolectaron, midieron 
y almacenaron separadamente durante el invierno. Para probar si las diferencias en la 
predictibilidad de precipitaciones afectaron a los servicios ecosistémicos, se determinó 
el contenido de lignina, carbono y nitrógeno de las hojas y las raíces de la planta. Para 
probar si la predictibilidad de precipitaciones afectó a la velocidad y dirección de las 
respuestas transgeneracionales, al año siguiente de su producción, se fueron sembran-
do las tres generaciones de semillas descendientes previamente almacenadas. En cada 
uno de los tres años, los descendientes se sembraron en la misma parcela, en el mismo 
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tratamiento, y al mismo tiempo que las semillas de los ancestros (es decir, semillas reco-
lectadas previamente que no habían estado sometidas con anterioridad a las condiciones 
experimentales de predictibilidad), y se compararon sus trayectorias de desarrollo y 
rasgos funcionales. Para determinar si existía un cambio evolutivo y una evolución de 
la plasticidad fenotípica, se plantaron semillas descendientes de la segunda y tercera 
generación en todas las combinaciones de tratamiento.

RESULTADOS
El Capítulo 1 muestra que, a corto plazo, una menor predictibilidad de precipitaciones 
conduce a un avance fenológico y también a un aumento del éxito reproductivo y creci-
miento poblacional. Ambas especies presentaron rápidas respuestas transgeneracionales 
que atenuaron las diferencias entre tratamientos observadas en los ancestros. Las respues-
tas transgeneracionales detectadas coinciden con un aumento de la plasticidad fenotípica, 
en lugar de con un cambio en la expresión del rasgo. Además, las respuestas transgenera-
cionales existieron principalmente con respecto a las condiciones tempranas de crecimien-
to. El Capítulo 2 demuestra que, en ambas especies, la inversión radicular depende de la 
predictibilidad de precipitaciones, y que los cambios en la inversión conducen a un mayor 
rendimiento. Además, la predictibilidad de precipitaciones conllevó a diferencias en la 
fuerza de selección, pero no en el tipo de régimen selectivo. El Capítulo 3 identifica que 
la disminución de la predictibilidad de precipitaciones mejora la germinación, la supervi-
vencia y las tasas reproductivas en ambas especies. El tratamiento durante el crecimiento 
temprano afectó a la supervivencia y la reproducción, mientras que el tratamiento durante 
el crecimiento tardío conllevó a menores diferencias entre tratamientos. Los descendientes 
de P. rhoeas mostraron una mayor viabilidad en comparación con los ancestros (en ambos 
niveles de tratamiento) y esta diferencia fue aún mayor cuando se expuso a precipitacio-
nes menos predecibles. En el Capítulo 4 la predictibilidad de las precipitaciones afectó 
significativamente a la variabilidad intra-poblacional e intra-individual, siendo ambas ma-
yores cuando estuvieron expuestas a precipitaciones menos predecibles. La variabilidad 
intra-individual en los rasgos reproductivos sufrió una selección estabilizadora, y la pre-
dictibilidad de precipitaciones afectó en qué punto se ubicaban los óptimos (la óptima 
reproducción) así como la fuerza de la selección, pero no el tipo de selección (por ejemplo, 
no hubo una selección direccional versus estabilizadora entre tratamientos, etc.). El Capí-
tulo 5 demuestra que una precipitación menos predecible lleva a un menor contenido de 
lignina, un mayor ANPP (productividad primaria neta), más biomasa y a un mayor conte-
nido en nitrógeno en raíces y hojas. Por tanto, la precipitación menos predecible alteró la 
fisiología de la planta, lo que afecta positivamente a los servicios ecosistémicos.
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CONCLUSIONES 
A pesar de que estudios teóricos prevén efectos negativos de la disminución de la pre-
dictibilidad ambiental, nuestro estudio demuestra que al menos algunas especies de 
plantas pueden beneficiarse de una menor predictibilidad de precipitaciones y que esto 
afecta positivamente a los servicios ecosistémicos. El avance en la floración observa-
do bajo precipitaciones menos predecibles concuerda con la teoría, pero conduce a un 
aumento del éxito reproductivo, de la supervivencia y del crecimiento poblacional, en 
lugar de afectarlos negativamente, como muchas de estas teorías prevén. Esta diferencia 
entre nuestros resultados y la teoría existe probablemente porque los modelos teóricos 
asumen que el avance fenológico se asociará con períodos reproductivos más cortos, 
mientras que en nuestro estudio este avance aumentó el período reproductivo. Las res-
puestas positivas también son congruentes con las respuestas rápidas y plásticas de los 
rasgos funcionales de la raíz y concuerdan con estudios recientes que muestran que las 
plantas se ven afectadas por la predictibilidad de los nutrientes del suelo. La precipi-
tación menos predecible incrementó la variabilidad intra-poblacional, pero también la 
variabilidad intra-individual, lo que demuestra que la variabilidad intra-individual es 
un rasgo altamente plástico que se encuentra bajo selección natural, en lugar de ser un 
“ruido” dentro del fenotipo. Estos resultados también sugieren que una mayor varianza 
intra-individual puede afectar a la dinámica poblacional y a la biodiversidad. Además, 
con una disminución de la predictibilidad de precipitaciones, las plantas mostraron res-
puestas transgeneracionales rápidas debido a un aumento de la plasticidad fenotípica, 
y estas respuestas existieron principalmente sobre estadios tempranos de crecimiento. 
Por el contrario, la reproducción de los ancestros   se vio afectada principalmente por 
los efectos de la predictibilidad en estadios tardíos de crecimiento. Esto sugiere que las 
teorías eco-evolutivas deberían de considerar las etapas de desarrollo de los organismos 
para conocer con mayor precisión los efectos de los cambios en la predictibilidad am-
biental. Nuestros resultados revelan, por consiguiente, que muchas plantas herbáceas 
pueden sobrellevar y adaptarse a las crecientes incertidumbres ambientales, gracias a 
sus cambios en la inversión, a la plasticidad fenotípica existente y a la evolución de 
la misma. Por lo tanto, para anticipar los potenciales impactos venideros del cambio 
climático, los modelos teóricos y los planes de gestión ambiental deben tener en cuenta 
que las plantas pueden responder rápidamente a los cambios en la predictibilidad climá-
tica y que los regímenes selectivos también pueden cambiar. Todo esto sugiere que una 
menor predictibilidad climática puede inducir menos pérdidas en biodiversidad de las 
esperadas por los modelos climáticos.
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ENVIRONMENTAL VARIABILITY AND PREDICTA-
BILITY: AN OVERVIEW
Current climate change alters averages, variability, and the predictability of weather 
conditions (Katz & Brown 1992; Karl et al. 1995; IPCC 2013). This suggests that cli-
mate change may drastically affect ecology, evolution and ecosystem services (Vázquez 
et al. 2015). Changes in climatic variability may exist due to changes in the frequency 
and intensity of weather events, which may affect environmental heterogeneity and the 
occurrence of extreme events (Easterling et al. 2000; Smith 2011a). Changes in envi-
ronmental predictability refers to changes in the temporal correlation between weather 
events, which may affect the temporal predictability of resources (Marshall & Burgess 
2015; Ashander et al. 2016; Tonkin et al. 2017). Climatic models predict that environ-
mental variability will increase (Karl & Trenberth 2003; Schär et al. 2004; Trenberth 
2011; Mora et al. 2013), and its predictability will decrease (Reed et al. 2010; Morice et 
al. 2012), in line with changes in anthropic activities. Variability and predictability can 
be measured on different temporal intervals (i.e. time-scales), namely, on an inter-annu-
al, inter- and intra-seasonal, weekly or daily intervals. For this reason, studies suggest 
that responses to environmental changes may depend on the time-scale (e.g. Räisänen 
2002; Groisman et al. 2005; Bradshaw 2006; Fischer & Schär 2009). Moreover, studies 
suggest that changes in environmental variability and predictability are more important 
than changes in average and demographic stochasticity (Katz & Brown 1992), because 
both operate at all population sizes equally (Ashander et al. 2016). However, despite 
their suggested strong impacts on the ecology and distribution of species, effects of en-
vironmental variability and predictability remain largely untested.

Environmental predictability and environmental variability are independent pheno-
mena (Burgess & Marshall 2014; Tonkin et al. 2017), and thus, an increase in variability 
does not necessarily lead to a decrease in environmental predictability (Fig. 1). Chan-
ges in environmental variability refer to changes in the fluctuation around the average, 
and predictability refers to the strength of the temporal correlation between weather 
events, i.e. to the strength of their autocorrelation (Marshall & Burgess 2015; Ashander 
et al. 2016). High environmental variability and high predictability can, in fact, simul-
taneously occur if fluctuations are large and highly correlated over time (see Fig. 1A; or 
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the opposite; Fig. 1D). Despite these obvious differences, experimental studies at best 
tested the effects of environmental variability (e.g. Knapp et al. 2002; Fay et al. 2003; 
Gherardi & Sala 2015a), while experimental studies on environmental predictability are 
almost absent. 

Figure 1. Examples of environmental scenarios showing that in some cases environmental va-
riability and predictability coincide (A y D) and in others not (B y C), due to the degree of envi-
ronmental fluctuation and the level of temporal autocorrelation. Grey line shows mean environ-
mental conditions that are equal between the different scenarios.

Theoretic studies on environmental predictability suggest that lower precipitation 
predictability will negatively affect life-history traits and population dynamics (Dewar 
& Richard 2007; Marshall & Burgess 2015; Ashander et al. 2016). However, testing 
responses to lower predictability is complex (Vázquez et al. 2015), given that lower 
predictability may lead to longer period of droughts or extreme events, similar to ex-
periments increasing environmental variance (e.g. Knapp et al. 2002; Fay et al. 2003; 
Gherardi & Sala 2015a). Because droughts and extremes are detrimental for many or-
ganisms, and thus, to test the consequences of changes in environmental predictability 
per se, experimental studies should explicitly manipulate environmental predictability 
while holding environmental means constant. 
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EFFECTS AND CONSEQUENCES OF CHANGES IN 
ENVIRONMENTAL PREDICTABILITY
Changes in the predictability, variability, and averages of environmental parameters may 
impose different challenges for organisms (Smith 2011b; Bozinovic et al. 2013; Parepa et 
al. 2013; Burgess & Marshall 2014). Environmental predictability will affect the accuracy 
with which individuals can foresee future environmental conditions, and also the type and 
intensity of individual, transgenerational, and population responses (Burgess & Marshall 
2014; Botero et al. 2015; Marshall & Burgess 2015). It is generally thought that a constant 
and predictable environment is less challenging for organisms, since successful strategies 
applied at present will as well be successful in the future (Loreau et al. 2001). However, 
in nature, highly predictable conditions are rare (Matesanz et al. 2010; Sergio et al. 2011), 
and low predictability is rather the norm (Dey et al. 2016). This suggests that most species 
may have evolved strategies to cope with differences in environmental predictability, e.g., 
by means of changes in investment strategies, physiology, phenotype expression, and the 
type and speed of transgenerational responses (Calsbeek et al. 2012; Fig. 2). Such strat-
egies may have important consequences, for example, strategies that affect physiological 
parameters can feed back into ecosystems (e.g. Manning et al. 2006; De Deyn et al. 2008; 
Faucon et al. 2017), by altering ecosystem processes, functioning and services (Fig. 2).

Figure 2. Diagram summarizing potential effects of lower environmental predictability on eco-
logical, evolutionary and physiological plant responses, and on associated ecosystem services. 
Solid and dotted arrows represent direct and indirect effects of environmental predictability, 
respectively.
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Organisms may respond to changes in environmental conditions in at least three 
ways. First, organisms may not cope with the new conditions, and thus go extinct. Se-
cond, organisms may move to more suitable habitats (e.g. Vázquez et al. 2015; Bucha-
rova et al. 2016). Third, they may adapt to the new conditions by means of shifts in trait 
expression and/or by behavioural adaptation (e.g. through plastic changes in investment 
strategies; Anderson et al. 2012; Anderson & Gezon 2015). Whether organisms will 
remain in the same place, adaptation depends on their capacity to vary the phenotype 
(i.e. on the limits of the existing phenotypic plasticity), and on their adaptive potential 
(Mora et al. 2013), being phenotypic plasticity the prime mechanism for coping with 
changing environments (Matesanz et al. 2010). Since sessile organisms, such as plants, 
cannot escape from unfavourable environments, immediate dispersal is not possible, 
suggesting that short-term responses may have evolved (Fig. 2). 

Short-term responses in plants
Plants can only disperse by means of seed or gametic dispersal. Therefore, strategies 
allowing to deal with unpredictable conditions might be crucial for survival and repro-
duction, and they may include strategic phenological changes (Cleland et al. 2007), 
investment changes (Stearns 1989, 1992; Hermans et al. 2006; Adler et al. 2014), and 
changes in phenotypic plasticity (Matesanz et al. 2010). For example, in less predictable 
environments, plants may speed up reproduction to reduce the chance of being exposed 
to adverse conditions (e.g. Franks et al. 2007), under which they may die (Thomas et 
al. 2004; Rouyer et al. 2012). In this case, they may trade phenological advantages with 
fitness (Stearns 1989, 1992; Obeso 2002), since models predict that early development 
and fast growth may entail fitness costs (Obeso 2002; van Kleunen & Fischer 2007; 
Ezard et al. 2014), which can manifest in reduced number and reduced size of seeds. 
Plants may also modify resource allocation to different traits. For example, perennial 
plants may modify shoot-root allocation (Aerts et al. 1991) by investing into roots un-
der adverse conditions, and into vegetative growth under benign conditions (Hermans et 
al. 2006; Edwards et al. 2013). Moreover, under less predictable conditions, plants may 
rapidly exploit newly available resources to enhance growth rate and the development 
of different functions (Wright et al. 2004), e.g., by modifying allocation to different root 
traits (Hermans et al. 2006). 

Furthermore, phenotypic plasticity allows plants to cope with changing environ-
mental conditions (Nicotra et al. 2010; Valladares et al. 2014). For example by adjus-
ting seedling emergence strategies, investment strategy, growth, phenology, and repro-
duction (Sultan 2000; Cleland et al. 2007). While the degree of phenotypic plasticity 
is crucial for immediate survival and reproduction (Nicotra et al. 2010), phenotypic 
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plasticity can also evolve over time, and less predictable environments is suggested to 
favour increases in phenotypic plasticity (e.g. Matesanz et al. 2010).  

Tolerance and vulnerability of plants to changes in environmental predictability may 
mainly depend on investment strategies, and phenotypic plasticity (Nicotra et al. 2010; 
Lande 2014). Tolerance refers to the capacity of plants to withstand changes in environ-
mental conditions, even when environmental resources are limited (Craine et al. 2012), 
and vulnerability refers to the risk of suffering from reduced fitness or survival (Adger 
2006). Previous studies suggest that tolerance and vulnerability may differ among li-
fe-stages (Burghardt et al. 2015; Fig. 3). During early life-stages, plants are suggested to 
be more sensible to changes in weather conditions (i.e. higher vulnerability; Donohue et 
al. 2010; Burton & Metcalfe 2014), which may alter their growth rates and affect their 
survival (Donohue et al. 2010). During the adult stage, however, plants increase their 
capacity to deal with environmental uncertainties or resources limitations, and thus, their 
survival is less affected (i.e., their tolerance is high). Therefore, the reproduction of adult 
stages might be more influenced by changes in environmental predictability than their 
survival (Fig. 3). However, environmental changes experienced on early (i.e. develop-
mental) stages can also influence performance of the late life stages (Cam et al. 2003; 
Burton & Metcalfe 2014; Jonsson & Jonsson 2014). Therefore, the analysis of different 
life-history traits in different life-time phases is key for the understanding of the ecologi-
cal mechanisms and strategies of plants exposed to lower environmental predictability.

Figure-3. Diagram of a plant’s life stages. Triangles represent a plant’s vulnerability and tole-
rance to environmental conditions. A plants’ vulnerability to die decreases with advanced deve-
lopment and it is generally low in late life-stages (Donohue et al. 2010). In contrast, a plants’ 
tolerance to environmental conditions increases over time, and is highest during reproduction 
(Donohue et al. 2010).
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Adaptive responses to selective regimes imposed by environmental predic-
tability
It has been suggested that environmental predictability might be essential for adaptive 
evolution (Matesanz et al. 2010; Anderson et al. 2011). To provide solid evidence for 
this hypothesis, three questions should be tested: (i) Will organisms be able to rapidly 
adapt to changes in environmental predictability? (ii) Will changes in environmental 
predictability affect the speed and direction of adaptive change? and (iii) will observed 
responses be congruent with changes in phenotypic plasticity or shifts in trait expres-
sion? Answers based on robust experimental evidence will be crucial to shed light on 
how organisms will respond to the forecasted decreasing environmental predictability.

It has generally been suggested that adaptation requires genetic change, and thus, 
that adaptation requires long time periods (i.e. multiple generations). However, exam-
ples of rapid adaptations are accumulating  (Davis et al. 2005; Hoffmann & Sgrò 2011; 
Ravenscroft et al. 2015), e.g., by means of transgenerational responses (Wadgymar et 
al. 2018). The few studies that tested effects of climate change on adaptive responses, 
simulated changes in environmental means but, to our knowledge, no experimental stu-
dies tested for adaptive responses to differences in environmental predictability. Un-
der more predictable conditions, no adjustments may be required (Burgess & Marshall 
2014; Ashander et al. 2016), or progenitors may predispose their progeny to more pre-
dictable conditions (Mousseau & Fox 1998). Under less predictable conditions, pro-
genitors may also predispose their progeny to less predictable conditions (Burgess & 
Marshall 2014; Wadgymar et al. 2018), both responses potentially reflecting an adap-
tive response. However, such transgenerational responses are only predicted to evolve 
if the conditions to which the progeny is exposed are correlated with those experienced 
by progenitors (Olson-Manning et al. 2012; Burgess & Marshall 2014). This suggests 
that transgenerational responses will be independent of environmental predictability as 
long as inter-generational predictability is high. As stated above, transgenerational res-
ponses may lead to a shift in trait expression or to an increase in phenotypic plasticity 
(van Kleunen et al. 2007; Matesanz et al. 2010; Burgess & Marshall 2014; Franks et al. 
2014), the latter potentially increasing tolerance to different environmental conditions, 
and thereby maintaining performance. 

Physiological responses and potential underlying effects on ecosystem 
services
Changes in environmental conditions, including changes in environmental predictabili-
ty, may also affect ecosystem properties, ecosystem functioning and ecosystem services, 
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and thereby different aspects related to human life. For instance, it has been suggested 
that environmental change may explain more than 60% of the changes in crop yields 
(Ray et al. 2015). 

Effects of environmental changes on ecosystem properties, functioning and services 
(including crop yields) can arise in two ways (Manning et al. 2006). First, environmen-
tal changes may directly modify soil biogeochemistry. Second, environmental changes 
may alter plant physiology and performance, and thereby, indirectly, ecosystem pro-
perties, functioning and services (Fay et al. 2003; Manning et al. 2006; De Deyn et al. 
2008). For example, many ecosystems provide grazing grounds and fodder for livestock 
(Fig. 4), and less predictable environments may affect fodder quality, due to changes 
of a plant’s primary production, nutritional composition and defensive strategy (Coley 
1998; Thomey et al. 2011; Sala et al. 2012). Moreover, less predictable environments 
may affect feedbacks on nutrient cycles, e.g., due to changes in the rate of litter decom-
position, carbon sequestration and nitrogen accumulation in roots (Knapp et al. 2002; 
Thomey et al. 2011; Freschet et al. 2013). This suggests that the anticipated climatic 
change-induced decline of ecosystem functioning and services (Naeem et al. 2009; Lo-
bell et al. 2011) requires analyses of physiological and functional plant traits (Ackerly 
et al. 2000; Faucon et al. 2017).

Figure-4. Onobrychis viciifolia used as animal fodder in the Aísa valley (Huesca, Spain).
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Effects of environmental predictability on different levels of biological 
organization
Environmental predictability may not only affect mean growth, phenology, and repro-
duction, but also the variability at different levels of biological organization (Fig. 5; 
Stebbins 1950, 1970). For example, differences in environmental predictability may 
affect intra-individual variability (i.e. the coefficient of variance within a given trait), in 
phenology, growth, and reproduction (Herrera 2009). Moreover, it is usually assumed 
that intra-individual variability is small compared to variability at the population level 
(Herrera 2009), and intra-individual variability has mainly been attributed to phenotyp-
ic noise. However, it has recently been suggested that intra-individual variability may 
respond to changes in environmental conditions and that it may be under selection (Her-
rera 2009; Herrera & Bazaga 2013). Intra-individual variability may reflect a plant’s 
strategy to optimize flowering, physiology and reproduction (Herrera 2009, 2017; Aus-
ten et al. 2015; Dai et al. 2016), and thus, it may contribute to responses of populations 
and communities. However, there are no experimental studies that tested whether in-
tra-individual variability responds to environmental predictability, and whether poten-
tial responses have reproductive and functional implications. 

 

Figure-5. Phenotypic variability existing at different levels of biological organization, from 
ecosystem to traits. The photo shows variability within seeds, i.e. variability in the ripening time 
and variability in seed size.



27

Traditionally, one of the most important issues for evolutionary ecologists has been to un-
derstand whether and how plants are able to cope and adapt to changes in environmental 
predictability. This is especially relevant given the current climate change. During this 
doctoral thesis, effects of precipitation predictability on short-term and transgenerational 
responses of plants were studied over four years. Two herbaceous plants, Onobrychis 
viciifolia Scop. (common sainfoin, Fabaceae) and Papaver rhoeas L. (common poppy, 
Papaveraceae), were used as model species. Naive seeds (i.e. seeds whose progenitors did 
not previously experienced the simulated environmental conditions; hereafter referred as 
ancestors or G0) were sown in a field set-up, located at the experimental field station ‘El 
Boalar de Jaca’ (Huesca, Spain), where daily and inter-seasonal precipitation predictabil-
ity were manipulated. Less and more predictable precipitation, as evidenced by permuta-
tion entropy (Masó et al. unpublished data; Garland & Bradley 2015; Pennekamp et al. 
2018), were simulated at different time-scales, without changing the total amount of pre-
cipitation. Each week, plants were individually monitored, to follow up their phenological 
development and to measure different functional traits (Fig. 6). 

Figure-6. Generation of matrilines (i.e. maternal lines), handling, and individual monitoring. 
Seeds of a given matriline were collected, stored, sown in the same treatment combination as 
their mother (see Fig. 7), and their development was followed up during one year.

CONTRIBUTION AND GENERAL 
OBJECTIVES
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To test for transgenerational responses with respect to the simulated predictability 
regimes, we exposed descendants from a given matriline to the same and different pre-
cipitation predictability scenarios experienced by their mother, using a full-factorial de-
sign (Fig. 7). This experimental design allowed to test for transgenerational responses, 
adaptive evolution, and changes in phenotypic plasticity (Fig. 7). 

Figure-7. Experimental design of this thesis. In each of the four years, G0-seeds (grey squares) 
were sown in the four treatment combinations. ‘L’ and ‘M’ refer to less and more predictable 
daily precipitation, and ‘LL’, ‘LM’, ‘ML’ and ‘MM’ refer to the combination of early and late 
treatment. LL and MM correspond to higher inter-seasonal predictability and LM and ML to 
lower inter-seasonal predictability. Matrilines were produced and exposed to the same treatment 
combination over four generations (G0-G3) and they are delineated with thick arrows. To test for 
potential trait shifts or changes in plasticity over generations, G2- and G3-descendant seeds were 
seeded in all treatment combinations. Significant treatment differences in G0 in 2014 and 2015, 
and significantly better performance of descendants exposed to the matriline’s treatment (compa-
red to descendants exposed to the other three treatments), indicate transgenerational shifts in trait 
expression. Significant treatment differences in G0 in 2014 and 2015, and absence of differences 
between descendants exposed to the matriline’s treatment and those exposed to the other three 
treatments, indicate changes in phenotypic plasticity.

In addition to phenological and morphological measurements in the field, physiolo-
gical traits were studied. The chemical plant composition of the aboveground and root 
part was analysed in the laboratory. More specifically, the proportion of fibre, carbon 
and nitrogen of Onobrychis viciifolia were determined, to unravel whether precipita-
tion predictability regimes provoke different physiological responses, and to understand 
whether precipitation predictability affects ecosystem processes, ecosystem functio-
ning, and ecosystem services. 
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The general objective of this PhD thesis is providing robust experimental evidence 
about whether and how differences in environmental predictability affect phenology, 
growth, and reproduction of herbaceous plants, whether they exhibit short-term and 
transgenerational responses to differences in precipitation predictability, and whether 
ecosystem services might be affected. The specific objectives of this PhD thesis are:

1. Experimentally testing whether and how differences in precipitation predicta-
bility alter the phenology, functional investment, viability and reproduction of two 
herbaceous plant species (Chapter 1-4). 
2. Identifying whether precipitation predictability mainly affects a given life-stage 
(early or late-stage) or whether it affects all life-stages similarly (Chapter 1-5).
3. Investigating whether and how differences in precipitation predictability affect 
selective regimes, root functional traits, root investment strategies, and whether ob-
served responses may affect plant performance (Chapter 2).
4. Experimentally testing whether changes in precipitation predictability induce 
rapid transgenerational responses, and whether precipitation predictability modifies 
the speed and direction of these response (Chapter 1-3).
5. Identifying whether rapid transgenerational responses are congruent with adap-
tive evolution and/or with the evolution of phenotypic plasticity (Chapter 1).
6. Unravelling whether precipitation predictability leads to differences in in-
tra-population and intra-individual variability, whether intra-individual variability 
is under selection, and whether intra-individual variability is correlated among an-
cestors and descendants (Chapter 4).
7. Experimentally testing whether and how differences in precipitation predicta-
bility change O. vicciifolia’s physiology, and evaluate whether the detected differ-
ences may alter ecosystem properties, functioning and services (Chapter 5).
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ABSTRACT
Current climate change is characterized by an increase in climatic variability, which 
alters environmental predictability and potentially affects ecology, and evolution. The 
few studies that experimentally manipulated climatic predictability focused on extreme 
events, but little is known about effects of more subtle changes in the predictability of 
precipitation events. Here we experimentally tested effects of differences in precipita-
tion-predictability across four generations of two herbaceous plants. Lower predictabil-
ity of precipitation led to phenological advance and to an increase in reproductive suc-
cess, and population growth. Both species exhibited rapid transgenerational responses 
in phenology and fitness-related traits across four generations that mitigated effects of 
precipitation predictability on ancestors, through an increase in phenotypic plasticity. 
Transgenerational responses mainly existed with respect to conditions prevailing during 
early, but not during late growth, suggesting that responses to differences in predictabil-
ity during late growth might be more difficult. These results show that lower short-term 
predictability of precipitation is not always deleterious to fitness, that rapid adaptation 
is possible, and that different time-scales of predictability (short-term, seasonal, and 
transgenerational predictability) may affect organisms differently. This suggests that it 
is important to include the time-scale of predictability in evolutionary and ecological 
theories, and in assessments of the consequences of climatic change.

KEYWORDS.- adaptive evolution, environmental predictability, inter-seasonal predict-
ability, multiple-generation experiment, phenotypic plasticity, population growth, trans-
generational response.
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INTRODUCTION
Environmental predictability is suggested to affect individual life-histories and pheno-
typic expression (Sala et al. 2000, Ashander et al. 2016). Theoretic work on the impor-
tance of environmental predictability (the level of temporal autocorrelation) is growing 
and shows that differences therein may be more important than differences in demo-
graphic stochasticity, because environmental predictability operates at all population 
sizes equally (Ashander et al. 2016). It has been proposed that low environmental pre-
dictability negatively affects life-history traits (Dewar and Richard 2007) and popula-
tion growth (Estay et al. 2011), and that it changes functional diversity (Gherardi and 
Sala 2015), e.g. through its effect on variance. Low environmental predictability also 
favours rapid reproduction, but while classic theory says that this should be at the cost 
of investment in individual offspring (MacArthur 1972), more recent theory says that it 
should increase investment in individual offspring at the cost of the number of offspring 
(Einum and Fleming 2004). Moreover, the degree of environmental predictability might 
be key to whether and how organisms may adapt to environmental change (Mora et 
al. 2013, Botero et al. 2015). Greater predictability favours adaptive evolution (Ol-
son-Manning et al. 2012, Merilä and Hendry 2014), while reduced predictability rather 
favours the evolution of phenotypic plasticity (Ghalambor et al. 2007, Reed et al. 2010, 
Hallsson and Björklund 2012, Merilä and Hendry 2014, Ehrenreich and Pfennig 2015). 
However, as experimental tests are rare (Marshall and Burgess 2015), these theories 
remain largely untested.

Current climate change is characterized by increased variation in weather conditions 
(Karl et al. 1995), which particularly affects the predictability of precipitation. As water 
availability is one of the main drivers of plant growth (Peñuelas et al. 2007) and a ma-
jor selective force (Siepielski et al. 2017), studies focusing on changes in precipitation 
patterns are of particular interest. In the few experimental studies, the negative effect of 
reduced precipitation-predictability resulted from increased drought in the less predic-
table treatment (Knapp et al. 2002, Jones et al. 2016). Drought induces physiological 
stress and reduces growth (Peñuelas et al. 2007), and an increase in drought reflects an 
extreme environmental change beyond the usual range of background environmental 
fluctuations (Lande 2009), thus a change to which species are most likely not adapted. 
Moreover, if predictability in an unknown environment is below a critical level, evo-
lutionary rescue (i.e. the arrest of population decline by rapid evolutionary adaptation; 
Gonzalez et al. 2013) is unlikely (Ashander et al. 2016).

Environmental predictability and changes therein, however, do not need to reflect 
extreme events beyond the usual range of environmental fluctuations. By definition, ex-
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treme events are very rare as they refer to events in the upper and lower 10th percentiles 
of the probability distribution (IPCC 2014). Yet, whether and how the predictability 
of the remaining 80% of events (hereafter referred to as ‘more subtle’ events) affects 
ecology and evolution, is far from being understood. Moreover, environmental predic-
tability has different temporal dimensions. It can refer to the regularity in the timing 
and magnitude of environmental fluctuations on 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). In an era of rapid climate 
change, where an increase in precipitation variance will occur at different temporal 
scales (Räisänen 2002, Beier et al. 2012), it is thus crucial to understand the effects of 
more subtle differences in environmental predictability and the temporal dimension of 
predictability, both being important for designing actions that mitigate the impact of 
climate change. 

Here we experimentally tested effects of differences in intra- and inter-seasonal 
predictability on two plant species. For the intra-seasonal predictability, we simulated 
more (M) and less (L) predictable daily precipitation. In M, the probability and timing 
of rainfall was more predictable (higher autocorrelation among days), while in L both 
were less predictable. For the 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-sea-
sonal 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 (Fig. 1). To test whether predictability treatment-effects may depend on year, 
this experimental design was repeated in four consecutive years. 

Widely accepted theory claims that high transgenerational predictability may lead 
to rapid adaptation (Mousseau and Fox 1998, Reed et al. 2010, Botero et al. 2015). 
This suggests that populations in all experimental predictability regimes (LL, MM, LM, 
ML) should rapidly respond if subsequent generations are exposed to the same precipi-
tation 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; Fig. 1). This design 
allowed tracking transgenerational responses within matrilines over three descendant 
generations (G1–G3; Fig. 1). Here we define transgenerational responses as responses of 
the offspring/descendants to conditions experienced by the progenitors, i.e. responses 
that manifest in the subsequent generation. Transgenerational responses may exist due 
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to maternal effects (Mousseau and Fox 1998) or adaptive evolution (Merilä and Hendry 
2014), which includes evolutionary adaptation to the experienced conditions (i.e. adap-
tive changes that will drive populations toward new local fitness optima (Hoffmann and 
Sgrò 2011, Diamond and Martin 2016)) and evolution of phenotypic plasticity (Merilä 
and Hendry 2014, Ehrenreich and Pfennig 2015). To disentangle between evolutionary 
change and evolution of phenotypic plasticity, G2- and G3-descendant seeds of the four 
types of matrilines (LL, MM, LM, ML) were planted in all four treatment combinations 
(in 2014 and 2015, respectively).

According to theory, we expected (1) that less predictable precipitation will lead 
to earlier reproduction, (2) that less predictable precipitation will negatively affect re-
productive success, and population growth, and (3) that both species may exhibit rapid 
transgenerational responses allowing to cope with differences in the predictability of 
precipitation. If transgenerational responses reflect evolutionary adaptation or maternal 
effects, we expected (4) that descendants of a given matriline will perform better when 
exposed to the matriline’s treatment than when exposed to the other three treatment 
combinations. If transgenerational responses reflect evolution of phenotypic plasticity, 
we expected (5) that descendants of a given matriline will perform equally well in all 
treatment combinations, while performance differences will exist in ancestors.

MATERIALS AND METHODS

Study species and sowing design
Onobrychis viciifolia Scop. (Fabaceae, perennial) and Papaver rhoeas L. (Papaverace-
ae, annual) seeds (for details, see ‘Supporting Information: Study species’), originating 
from geographically close sites (see ‘Supporting Information: Seed origin’), were sown 
in natural environments located at the experimental field station ‘El Boalar’ (Jaca, Hues-
ca, Spain) and exposed to different precipitation-predictability regimes. These seeds 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 (Fig. S1). Enclosures consisted of two planting 
plots each (one for P. rhoeas and one for O. viciifolia). Seeds produced by G0 are here-
after 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 (Fig. 1) to test whether predict-
ability treatments induce differences in the strength and direction of transgenerational 
responses. To test whether plants may exhibit transgenerational responses to the pre-
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cipitation predictability regimes via evolutionary adaptation or phenotypic plasticity, 
G3-descendants of the four types of matrilines (a line of descendants from the same 
maternal ancestor that experienced the same predictability treatment –LL, LM, ML, 
or MM– across three generations –from 2012 to 2015–) were sown in 2015 in all four 
treatment combinations (LL, LM, ML, MM, see below). 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 plant sur-
vived per planting position, multiple seeds were sown per planting position. In the cases 
where several seedlings emerged in the same planting position, they were thinned to one 
seedling to avoid competition. There were no significant differences between thinned 
and non-thinned seedlings (all P ≥ 0.8; for details see ‘Supporting Information’). To test 
whether the initial seed mass predicts reproductive success, previous to sowing, each 
seed was individually weighed in O. viciifolia, and in P. rhoeas 10 randomly chosen 
seeds produced by the same mother plant were weighed to determine the average seed 
mass. 

Precipitation-predictability treatment
To simulate differences in intra-seasonal predictability, eight experimental outdoor plots 
per species were provided with more predictable rainfall (M) during early growth, and 
another eight plots were provided with less predictable rainfall (L) using an automatic 
sprinkler system. In M, the same amount of supplemental precipitation was provided 
twice a day. Together with the natural background precipitation, this resulted in precip-
itation falling twice a day on 76.8 % and more than twice a day on 23.2 % of the days. 
In L and M, the same number of supplemental precipitation events and the same amount 
of supplemental precipitation was provided per week, but the events were randomly 
distributed within each week in L. Consequently, in L precipitation was falling less than 
twice a day on 30.4 %, twice a day on 22.6 %, and more than twice a day on 47% of the 
days. All experimental plots obtained the same amount of precipitation and the same 
number of precipitation events. Moreover, the simulated variance in daily precipitation 
measured over one week was within the natural limits, since the minimum variance was 
zero variance in natural precipitation and in both treatment levels, while the maximum 
variance did not significantly differ from the natural precipitation, neither in M (P = 1), 
nor in L (P = 0.98). 

To simulate differences in inter-seasonal predictability, in half of the plots of each 
early treatment, precipitation regimes were either changed to the other treatment or 
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maintained during late growth, i.e., from the end of June/beginning of July until Oc-
tober. As a result, four combinations of the early and late precipitation regime existed: 
MM, LL, ML and LM. MM and LL plots were exposed to more, and ML and LM plots 
to less predictable inter-seasonal precipitation (Fig. 1; for more details, see ‘Supporting 
information: Precipitation regime’).

Figure-1. Two factorial within-year design of environmental predictability with factors intra- 
and inter-seasonal predictability simulated in four consecutive years (see upper line of each 
treatment combination). Intra-seasonal predictability consisted of two levels: less (red colour) 
and more predictable precipitation (blue colour), corresponding to lower and higher autocorre-
lation among days of precipitation. Inter-seasonal predictability consisted of two levels: higher 
precipitation predictability between the early and late growth season (MM, LL) vs lower preci-
pitation predictability (ML, LM), or in other words, to higher and lower autocorrelation between 
seasons. To test for the consistency of the treatment effects, ancestor seeds (G0) were planted in 
four experimental years (upper line of each treatment combination). To test for trans-generatio-
nal responses to the simulated predictability regimes, descendants were planted in three years, 
allowing to track transgenerational responses over three descendant generations (G0 to G3; see 
lower line of each treatment combination). In the latter case, individuals belonging to the same 
maternal line (i.e. matriline) were exposed to the same intra- and inter-seasonal predictability 
regime. Treatments on the same dotted line correspond: to the same individual within years (fine 
dotted line), and among years, to the same maternal line (thick dotted line).

Testing for transgenerational responses
To test for transgenerational responses with respect to precipitation-predictability, we 
planted descendant seeds (G1, G2 and G3) of both plant species in the subsequent years 
(Fig. 1). Descendants from a given maternal line were subjected to the same treatment 
combination as the initial mother (G0). Given that differences among descendant gen-
erations might be confounded with simple variation among years, differences between 
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descendants and ancestors (G0) planted in the same year and plot were compared in 2013, 
2014, and 2015. While descendants were potentially able to exhibit a transgenerational re-
sponse, by experimental design, ancestors were unable to do a transgenerational response 
with respect to the experimental conditions. Thus, differences among ancestors planted 
in different years represent differences due to variation among years, while differences 
between ancestors and descendants growing in the same plot and year represent transgen-
erational responses. To disentangle between evolutionary adaptation and evolution of phe-
notypic plasticity, G2- and G3-descendant seeds of the four types of matrilines (LL, MM, 
LM, ML) were planted in all four treatment combinations in 2014 and 2015, respectively.

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 days past from sowing to seed-
ling emergence. The time to flowering corresponds to the number of weeks past 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 put in separate paper bags, and then stored in a cold and dry environment. 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. year cycle). Of all plants, individual seed mass (in mg for P. rhoeas and in g for O. 
viciifolia) and number of seeds per fruit were measured. 

Statistical analysis
We first tested for ancestors whether precipitation-treatments affected phenological 
(time to emergence and time to flowering) and fitness-related traits (probability of seed 
production, number of produced seeds and average seed mass), and population growth 
rates. The probability of seed production corresponds to the probability that a plant-
ed seed germinated, survived and reproduced. Per capita population growth rate was 
calculated following the Ricker’s (r) equation: r = ln(Nt/Nt-1). To avoid competition 
among plants, only one seedling per position was allowed to grow, and thus Nt-1 corre-
sponds to the number of positions per plot (Fig. S1), in which seeds were sown at the 
beginning of a year and Nt to the seed population at the end of the year (Estay et al. 
2011). The calculated per capita population growth thus reflects an unbiased measure 
of per capita population growth. For each species separately, we run Generalized Lin-
ear Mixed-effect Models (GLMMs) implemented in the lme4 package in R (version 
3.3.1; R Development Core Team, 2016). As fixed terms, we included early treatment 
(levels: more vs less predictable treatment), late treatment (more vs less predictable 



CHAPTER 1

45

treatment), year (2012, 2013, 2014, 2015) and their interactions, and plot was included 
as random factor. 

Second, to test for transgenerational responses, we used data collected during 2013, 
2014 and 2015, when plants of the descendant generations (G1, G2, G3) were grown in 
the same plots as plants of the ancestral generation (G0). In descendants, a potential 
transgenerational response (PTR) with respect to the experimental conditions is pos-
sible since their mothers experienced the same experimental conditions. In contrast, 
mothers of ancestors were not exposed to the experimental conditions, and thus trans-
generational responses with respect to the experimental conditions were not possible. 
Growing descendant and ancestral generations together in the same plot, thus allows 
to detect potential transgenerational responses done by descendants even in the pre-
sence of potential huge differences among years and plots, since differences between 
ancestors and descendants can be analysed on the plot level. GLMM on transgenera-
tional responses included, early treatment, late treatment, potential transgenerational 
response (PTR with the levels: ancestors, that were not able to do a PTR with respect 
to the experimental conditions, versus descendants, that may have done a PTR), and 
year (2013, 2014, 2015). In ancestors, year corresponds to the year of sowing, and in 
descendants it also refers to the Nth descendant generation: 2013 is equivalent with G1, 
2014 with G2, and 2015 with G3. Models also included all possible interactions among 
the fixed factors, and the random factor plot and matriline ID (ID of the G0 mother). 
In these analyses, a significant PTR × treatment interaction would show 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. Sin-
ce in 2012 no descendants existed, plants growing in 2012 were not included in these 
analyses. 

Third, to test for differences among G2- and G3-descendants exposed to the different 
precipitation treatments, the descendant treatment, the matriline’s treatment, and their 
interaction were included as fixed factors, and plot and matriline ID were included as 
random effects. A significant interaction between the descendant’s and the matriline’s 
treatment would be in line with evolutionary adaptation or maternal effects with respect 
to precipitation predictability, while no significant interaction and significant treatment 
differences in ancestors would be in line with an increase in phenotypic plasticity. Since 
absence of an interaction and a treatment effect on G2- and G3-descendants may result 
from a lack of power, we calculated for G2- and G3-descendants the power to detect the 
treatment effect observed in ancestors using G*Power 3.1.9.2 (Faul et al. 2007)
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For binary variables, models with binomial error distribution were used and for all 
other variables we used models with Gaussian error distributions. In all statistical analy-
ses, the most parsimonious model was determined using stepwise backward elimina-
tion. 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, fulfilment of the underlying assumptions was statis-
tically tested. In several Gaussian models the normality assumption was not met, and 
the response variables were thus transformed (used transformations to meet the model 
assumptions are indicated in tables 1 and 2). In the presence of heteroscedasticity and 
if transformation did not resolve the problem, weighted least square regressions were 
applied. There was no evidence for overdispersion and zero-inflation in any of the bi-
nomial models.

RESULTS

Effect of precipitation-predictability on phenology, reproduction, and 
population growth 
In the more predictable treatment (M), seedlings of ancestors of Papaver rhoeas 
emerged 19.94±0.56 SE days after sowing and in the less predictable treatment (L) 
21.71±0.59 SE days after sowing (Fig. 2a). In M, Onobrychis viciifolia seedlings 
emerged 11.85±0.18 SE days after sowing and in L 13.14±0.34 SE days after sowing 
(Fig. 2b). Papaver rhoeas and O. viciifolia emerged 1.8 and 1.3 days earlier in the less 
predictable treatment, showing that significant (Table 1), but small treatment effects 
on emergence times existed in both species. In M of the late treatment, flowering 
started on average 72.03±1.61 SE after emergence in P. rhoeas and 103.18±2.17 SE 
days after emergence in O. viciifolia, while in L of the late treatment flowering started 
69.23±1.33 SE and 90.79±1.82 SE days after emergence. In P. rhoeas, flowering thus 
started 2.8 days earlier in the less predictable treatment (Fig. 2c), while in O. viciifolia 
it started 12.4 days earlier (Fig. 2d). In both species, these differences were significant 
(Table 1), showing that treatment affected the phenology of both species.
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Table-1: Treatment effects on individuals of the ancestral generation (G0) of P. rhoeas and O. 
viciifolia across four years. Analysed traits are: Time (t) to emergence (in days), t to flowering 
(in weeks), probability (P) of seed production, number (N) of seeds produced, and average (Ø) 
seed mass (in g). Shown are results of the minimal adequate model resulting from stepwise 
backward model selection. All significant parameters are shown, while non-significant param-
eters included in the minimal adequate model are not shown here, but are given in table S2A. 
Test statistics and significance levels (* 0.05 > P ≥ 0.01; ** 0.01 > P ≥ 0.001; *** P < 0.001) 
are given. Early and Late refer to the treatment applied during the early and late growth season. 
For main effects of the early and late predictability treatment estimates ± standard errors for the 
more predictable treatment (M) (compared to L) are given. These estimates refer to estimates of 
the treatment effect across years. N refers to the analysis’ sample size. 

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 3348 

 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
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Fitness-related traits were positively affected by L (Table 1; Figs. 2e,f). First, in both 
species earlier flowering in L was associated with an increased probability of seed produc-
tion (Table 1: P seed production). While O. viciifolia exposed to L during early and late growth 
increased the probability of seed production in all four years (i.e. there were no significant 
interactions of treatments with year), in P. rhoeas, treatment effects depended on the year 
(Table 1: interactions early × year and late × year), 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: χ1

2 ≤ 1.147, P ≥ 0.3), and O. viciifolia 
exposed to L during early growth produced more seeds than when exposed to M (Table 1; 
Fig. 2f). Third, in P. rhoeas, L positively affected per offspring investment (Table 1: ave-
rage seed mass; Fig. 2e), whereas in O. viciifolia offspring investment depended on the 
year-specific effects of early and late treatment (significant three-way interaction in Table 1).

Figure-2. Treatment effects on phenology and fitness-related traits of ancestors of P. rhoeas and 
O. viciifolia. Early treatment effect on time to seedling emergence (days) of P. rhoeas (A) and O. 
viciifolia (B). Late treatment effect on time to flowering (days) of P. rhoeas (C) and O. viciifolia 
(D). Effect of late treatment on fitness-related traits: average seed mass (mg) of P. rhoeas (E) 
and number of seeds produced by O. viciifolia. (F) Significant differences between less (L; red 
colour) and more (M; blue colour) predictable treatment are indicated with asterisks (* 0.05 > P ≥ 
0.01; ** 0.01 > P ≥ 0.001; *** P < 0.001). Sample size (N) for each treatment level is represented 
above the estimates. Means ± standard errors of absolute measures are given.
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To assess the relevance of individual seed mass for both plant species, we determi-
ned initial seed mass and tested its effect on different multiplicative fitness components 
(Table S1). In O. viciifolia, seedling emergence, the probability of reproducing, and the 
number and mass of produced seeds were not significantly affected by initial seed mass 
(Table S1), showing that in O. viciifolia, treatment-induced differences in seed mass and 
inter-annual variation in seed mass (Table 1) do not affect reproductive success. In P. 
rhoeas, initial seed mass positively affected the number of produced seeds, but not the 
probabilities of seedling emergence and reproduction, or the average mass of the seeds 
produced (Table S1). Moreover, in both species the number of produced seeds was not 
no significantly affected by interactions between treatments and the covariates (all P > 
0.05), which suggests that the strength of selection acting on these traits was similar in 
all four treatment combinations. 

The per capita population growth rate in O. viciifolia was 38% and 28% higher in L 
of the early and late treatment, respectively (early treatment: χ1

2 = 12.57, P < 0.001; late 
treatment: χ1

2 = 7.29, P = 0.007). Similarly, in P. rhoeas, per capita population growth 
rate was 28% higher in L of the early treatment (χ1

2 = 4.18, P = 0.041). 

Transgenerational responses
Rapid transgenerational responses were found in most traits and in both species (see 
Potential Transgenerational Response (PTR) effects and year × PTR interactions; Ta-
ble 2). For example, in P. rhoeas the probability of seed production was affected by a 
significant Year × PTR (ancestors vs descendants) interaction (Table 2). 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; Fig. 3a). This in-
dicates that, 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%. 

Interactions between treatments and PTR show that transgenerational responses 
were done with respect to the precipitation-treatments. Significant interactions existed 
in the probability of seed production and the number of produced seeds in O. viciifolia, 
in average seed mass in P. rhoeas and in phenological traits of both species (Table 2). In 
O. viciifolia, the probability of seed production was lower in ancestors exposed to M, 
while no differences existed in descendants (Fig. 3b). Similarly, ancestors of P. rhoeas 
exposed to late M produced lighter seeds than those exposed to late L (Fig. 3c) and those 
exposed to early M produced heavier seeds than those exposed to early L (Fig. S2), whi-
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le in descendants no significant differences existed between treatment-levels (Figs. 3c, 
S2). Thus, in both species transgenerational responses cancelled out treatment-effects 
on fitness-related traits detected in ancestors.

Table-2: Transgenerational responses of P. rhoeas and O. viciifolia in: Time (t) to emergence 
(days); t to flowering (weeks); probability (P) of producing at least one seed per planted seed 
(Pseed production); number of seeds produced; average seed mass (g). While ancestors were unable to 
do a potential transgenerational response (PTR), descendants may have exhibited a PTR. Since 
only significant treatment × PTR interactions point to transgenerational responses with respect 
to the precipitation treatments, we only show significant interactions including PTR as well as 
simple PTR effects (for full models, see table S2B). Test statistic and significance (* 0.05 > P ≥ 
0.01; ** 0.01 > P ≥ 0.001; *** P < 0.001) are given. Estimates ± standard errors of main effects 
are given for descendants compared to ancestors. N refers to the analysis’ sample size. Early and 
Late refer to the predictability treatment during the early and late growth period.

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 4202 
  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^-1.9
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There existed a significant early treatment × PTR interaction on time to flowering of 
O. viciifolia (Table 2). In ancestors, no significant treatment differences existed, while 
descendants exposed to L flowered significantly earlier than those exposed to M (Fig. 
3d). Moreover, significant three-way interactions including year, PTR, and treatment 
show that the strength of the transgenerational response varied among years (Table 2). 
In time to emergence of P. rhoeas, no significant transgenerational response was de-
tected in G1, since in 2013 no significant differences existed between ancestors and 
descendants (Fig. 3e). However, significant differences existed between ancestors and 
descendants in 2014 and 2015, and thus in G2 and G3. The within-treatment contrasts 
show that the speed of the response was faster in L than in M (Fig. 3e). In L, G2 emerged 
significantly earlier than G1, while in M, significant differences existed later, between 
G2 and G3 (Fig. 3e). A significant early × late treatment × PTR interaction existed on 
the number of seeds produced by O. viciifolia (Table 2). While descendants had higher 
average seed production than their ancestors in MM and LL (Fig. 3f), the reverse was 
true in ML and LM (Fig. 3f), suggesting that the inter-seasonal predictability affected 
the transgenerational response.

To disentangle between transgenerational plastic responses and evolutionary adap-
tation, we tested for treatment differences in trait-expression of G2- and G3-descendants 
belonging to the same matriline and exposed to the four treatment combinations. For all 
traits measured in O. viciifolia and in P. rhoeas, the interaction between the matriline’s 
treatment and the treatment to which their offspring/descendants were exposed was not 
significant (all interactions: χ9

2 ≤ 14.9; P ≥ 0.1). In these analyses, the power to detect a 
treatment effect of the effect size observed in ancestors was 100%.

DISCUSSION
We experimentally tested whether differences in precipitation-predictability affect 
life-history traits, and population growth, and whether they trigger transgenerational 
responses. In less predictable conditions, both plants exhibited accelerated phenology, 
but contrary to expectations, reproductive success and population growth were positive-
ly affected. Both species exhibited transgenerational responses that mitigated treatment 
effects detected in ancestors. 

Advanced phenology in less predictable conditions (Figs. 2a-d) is in line with pre-
diction 1 (see Introduction) and theory that lower predictability should favour rapid 
reproduction (Stearns 1992, Franks 2015). Onobrychis viciifolia exposed to less predic-
table precipitation produced more seeds (Table 1; Fig. 2f), and P. rhoeas exposed to less 
predictable precipitation produced heavier seeds (Table 1; Fig. 2e) that will have higher 
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reproductive success than lighter seeds (Table S1; see ‘initial seed mass’ effect on ‘N 
seeds produced’). Consequently, in both plant species, earlier reproduction was associa-
ted with an increase in reproductive success, immediate population growth (see effect 
on per capita growth rate), and future population growth, the latter due to the treatment 
effect on seed mass. These results contradict predictions from theoretic models (predic-
tion 2), i.e., that earlier reproduction reduces the investment in individual offspring or 
offspring number (MacArthur 1972, Einum and Fleming 2004), and it provides robust 
experimental support for the hypothesis that lower environmental predictability can in-
crease population growth rates (Lawson et al. 2015). 

As expected (prediction 3, see Introduction), both plant species exhibited rapid 
transgenerational responses with respect to the simulated precipitation-predictability 
(Table 2, Figs. 3b-f). In most cases, treatment-induced differences were independent of 
the year (Figs. 3B-D, 3f), showing that transgenerational responses already existed in 
the first descendant generation (G1) and also in the following descendant generations 
(G2, G3). Differences in the treatment’s effect between G0 and G1 and absence of dif-
ferences between G1, G2, and G3, may be explained by maternal effects (Mousseau and 
Fox 1998). However, there were no significant matriline treatment × G2,3-descendant 
treatment interactions in any of the measured descendant traits. This finding contrasts 
to prediction 4 (that descendants of a given matriline will perform better when exposed 
to the matriline’s treatment), and thus, it is unlikely that maternal effects or evolution-
ary adaptation account for the observed transgenerational responses. The absence of 
significant matriline treatment × G2,3-descendant treatment interactions, together with 
the significant treatment effects in matriline ancestors and ancestors planted in the same 
year (Fig. 2) and the high power with which treatment effect sizes observed in ancestors 
would have been detected in G2,3-descendants, shows that, in most cases transgenera-
tional responses mitigated treatment effects over a few generations (Figs. 3b,c,e,f). This 
is in line with prediction 5 (see Introduction), and thus with an increase in phenotypic 
plasticity (West-Eberhard 2003) and fast assimilation to the different precipitation re-
gimes (Ehrenreich and Pfennig 2015).
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Figure-3. Transgenerational responses of P. rhoeas and O. viciifolia. Significant interactions 
of year and/or treatments (early and/or late treatment) with PTR (ancestors vs descendants; see 
Table 2) are shown. A. Significant treatment-unrelated transgenerational response of P. rhoeas 
on the probability of producing seeds. B. Effects of the early treatment on the transgenerational 
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response in the probability of seed production of O. viciifolia. C. Effects of the late treatment 
on the transgenerational response in the average seed mass of P. rhoeas.  D. Effects of the early 
treatment on the transgenerational response in the time to flowering (in days) 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 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 interac-
tion on the number of produced seeds by O. viciifolia. Asterisk refer to * 0.05 > P ≥ 0.01; ** 
0.01 > P ≥ 0.001; *** P < 0.001.

Transgenerational responses were mostly immediate (see above and Fig. 3), with 
the exception of time to emergence in P. rhoeas descendants, which decreased across 
several descendant generations (Fig. 3e) and depended on precipitation predictability. 
Descendants exposed to L exhibited shorter time to emergence in G2 (compared to G1), 
while in M, time to emergence decreased not until G3 (Fig. 3e), showing that the speed 
of the response depended on the precipitation-predictability regime experienced during 
early growth (Gomez-Mestre and Jovani 2013). While time to emergence of ancestors 
was affected by predictability-treatment differences (Fig. 2a), the transgenerational re-
sponses mitigated the treatment effects (Fig. 3e) and G2,3 was no longer affected by pre-
cipitation predictability (absence of a significant matriline treatment × G2,3-descendant 
treatment and a G2,3-descendant treatment interaction). This is also congruent with an 
increase in phenotypic plasticity (see above; prediction 5). 

The significant early × late treatment × PTR interaction on the number of seeds pro-
duced by O. viciifolia (Fig. 3f) and the absence of treatment effects on the number of 
seeds produced by G2- and G3-descendants is also in line with an increase in phenotypic 
plasticity. While in MM and LL the average seed number increased from ancestors to 
descendants, it decreased in ML and LM (Fig. 3f). This suggests that transgenerational 
responses to a given predictability regime may depend on inter-seasonal predictability 
and not only on high transgenerational predictability. Interestingly, effects of inter-seaso-
nal predictability only existed in this trait, suggesting that in P. rhoeas and O. viciifolia 
inter-seasonal predictability might be of reduced importance. Similarly, while the pre-
cipitation-predictability during early growth induced rapid transgenerational responses, 
only a single transgenerational response with respect to the precipitation-predictability 
during late growth existed in average seed mass of P. rhoeas (Table 2, Fig. 3c). Given 
that in ancestors of both plant species, many traits were affected by the late treatment 
(Table 1), this suggests that transgenerational responses are mainly done with respect to 
early growth conditions, when plants are most sensitive to environmental changes (Bur-
ton and Metcalfe 2014). Consequently, different predictability patterns during early and 
late growth may put species at risk. The results on transgenerational responses to preci-
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pitation predictability are in line with theoretical models that identified environmental 
predictability as being key to how organisms respond to environmental change (Botero 
et al. 2015), and they suggest that responses to changes in environmental predictability 
during late growth might be more difficult, potentially enhancing extinction risk and 
reducing population persistence (Ashander et al. 2016).

In conclusion, our study experimentally demonstrates, to our knowledge for the 
first time, 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 reduced precipitation-predictability, our study shows 
that at least some plant species may benefit from reduced precipitation-predictability. 
Plants also exhibited rapid transgenerational responses that mitigated treatment-effects 
observed in ancestors through an increase in phenotypic plasticity, in line with theoretic 
models showing that less predictable environments also favour the evolution of pheno-
typic plasticity (Ghalambor et al. 2007, Reed et al. 2010). This suggests that low predic-
tability 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 the evolution of 
phenotypic plasticity and/or assimilation to changes in the precipitation-predictability 
might be easier. These findings demonstrate that the predictability per se cannot predict 
effects on ecology, and evolution, since different types of predictability (short-term, sea-
sonal, 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 precipitation-predictability on the capa-
city of species to assimilate, acclimatize and adapt to new climatic situations. Moreover, 
they should consider that subtle changes in climatic predictability may not be as harmful 
as forecasted by global change scenarios.
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SUPPORTING INFORMATION

Supplementary text

Study species
Papaver rhoeas and Onobrychis viccifolia were used for the study because they differ in 
the reproductive strategy, because they have a similar growth timing and because wild 
individuals of both plant species occur on the study site. 

Papaver rhoeas (common poppy) is an herbaceous annual plant that grows from 
sea level to 1700 m a.s.l. Its main distribution is in Eurasia and northern Africa, where 
it occurs from dry to high humidity habitats (McNaughton and Harper 1964). Its hei-
ght is between 10 and 50(90) cm, and the flowers are bright red and almost spherical 
(Franklin-Tong and Franklin 1992). Flowering begins in May and can last until October. 
The fruit is a capsule that, when ripe (July – September), opens apical holes from which 
numerous >1 mm long, kidney-shaped seeds are dispersed (McNaughton and Harper 
1964). 

Onobrychis viciifolia (common sainfoin) is a perennial forb frequently used as a 
forage legume that grows from sea level to 2800 m a.s.l. The native distribution is in 
the Mediterranean, south-eastern Europe and Siberia, but it is also widely naturalized 
in other parts of Eurasia, North America, Australia and New Zealand. Onobrychis vici-
ifolia inhabits a broad range of climatic, soil, and humidity conditions (Carbonero et 
al. 2011). Its height is between 20 and 80 cm (rarely > 100 cm), and it produces dense 
inflorescences with 10-100 pink, zygomorphic, hermaphroditic flowers. Its flowering 
period is from June to September. The fruit is a small single-seeded pod. 

Seed origin
Seeds of both species were obtained in 2011 from sites located in the vicinity of the 
study site, but not from the actual study site to make sure that seeds were naive with 
regard to the local environmental conditions in the experimental field site. Collected 
seeds originated from sites with similar climatic conditions that were geographically 
close to the field site. Seeds of O. viciifolia originated from a farm located in Castillo 
de Lerés (23 km from the field site) and seeds of P. rhoeas from a farm located in the 
Ebro Valley near Zaragoza (ca. 75 km from the field site). Since these seeds were never 
exposed to the experimentally simulated climatic conditions, we refer to these seeds as 
the ancestral generation (G0).
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Experimental system and sowing protocol
All experiments were conducted at the experimental station ‘El Boalar’ (42°33’N, 
0°37’W, 705 m.a.s.l.; IPE-CSIC, Jaca (Huesca), Spain). The experimental station is 
characterized by an average natural precipitation of 2.62 mm per day from March to 
October and average precipitation intervals of 5.9 days (range: 1-24 days).

In 2012, we established 32 experimental plots of 1.2 × 6.0 m in 16 open-air enclosu-
res (two plots per enclosure, one for each species; a total of 16 plots for P. rhoeas, and 
16 for O. viciifolia; Fig. S1). Enclosures were covered with a mesh and separated with a 
metal wall that prevented ruminants from grassing. Prior to the start of the experiment, 
the first 30 cm of soil of each plot was loosened and homogenised. All visible weeds, 
roots and seeds were removed to avoid competition with other plant species, and then 
the ground was flattened. In each plot, 28 well-separated planting positions were mar-
ked (Fig. S1). Moreover, to protect against slug predation, each plot was additionally 
surrounded with a mesh (30 cm above ground and 10 cm below ground).

To experimentally test for effects of predictability in the timing of precipitation on 
phenology and life-history traits of O. viciifolia and P. rhoeas, randomly chosen seeds 
of the ancestral generation (G0), were sown on a single day in early April in four con-
secutive years (2012-2015) in each enclosure and planting position. In 2012, three seeds 
per species, enclosure, and position were individually labelled, and planted at a depth 
of 2 and 1 cm for O. viciifolia and P. rhoeas, respectively, allowing to follow each indi-
vidual over the entire year cycle. In the following years, four and nine seeds per position 
(for O. viciifolia and P. rhoeas, respectively) were planted, to increase the chance that at 
least one plant would be growing per planting position. Before sowing, we statistically 
tested that there were no significant differences in averages and variances of seed mass 
of seeds selected or not selected to be used in this experiment, among seeds used in dif-
ferent years, plots, and experimental treatments (all P ≥ 0.1, including all interactions). 
When the first seedling reached a height of 5 cm in P. rhoeas and 10 cm in O. viciifolia, 
the height, diameter and growth rate (in height and diameter) of all seedlings were mea-
sured. In the case that several seedlings emerged in the same planting position, all but 
one seedling were thinned per position to avoid competition among plants as much as 
possible. There were no significant differences in days to seedling emergence, seedling 
height, seedling diameter and growth rate between thinned and non-thinned seedlings, 
and all interactions between thinning and plot or predictability treatment were not sig-
nificant (all P ≥ 0.8).
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Precipitation regime
Enclosures were submitted to two different regimes of predictability during the ear-
ly growth period, to which we refer as “early treatment”: half of the enclosures were 
exposed to more predictable (M) and the other half to less predictable precipitation 
regimes (L). The M plots were irrigated twice a day for 10 minutes; at 9 am and at 7 
pm, i.e. 14 times per week. The L plots were also irrigated 14 times during 10 minutes 
but at randomly chosen time points during the week (between 9 am and 7 pm). Both, 
the L and M plots, received the same total amount of supplemental precipitation, while 
differing in the predictability and variability of the precipitation events. All plots were 
also exposed to natural precipitation, and thus the treatment corresponds to more and 
less predictable precipitation regimes (Fig. S3). Thereafter, i.e., during the late growth 
period (which approximately corresponds to summer), enclosures were exposed to the 
same or the other predictability regime using a two-factorial design (Fig. 1), to simu-
lated inter-seasonal differences in predictability. The two-factorial design consisted of: 
intra- and inter-seasonal (i.e. early growth period vs late growth period) predictability; 
resulting in four different regimes of environmental predictability (i.e. four treatment 
combinations): (1) less predictable during early growth and less predictable during late 
growth (LL), (2) more predictable in both periods (MM), (3) less predictable during 
early and more predictable during late growth (LM), and (4) more predictable during 
early and less predictable during late growth (ML). Enclosures were irrigated individu-
ally using an automatic irrigation system and four sprinklers per enclosure, one in each 
corner, to provide homogenous irrigation in the whole enclosure. Each year, irrigation 
treatments started shortly before sowing and ended after plant harvesting (i.e. from mid-
March to mid-October), and treatments were changed in the middle of the plant’s phe-
nological cycle (at the end of June/beginning of July) to manipulate the predictability 
between spring and summer seasons (i.e. inter-seasonal predictability).

Experimental protocol used for descendants
To test whether treatments induce differences in the direction and strength of transgen-
erational responses, produced seeds were stored during winter. In the following spring, 
a random subsample of mothers (a similar number of mothers from each plot and treat-
ment combination: 7-8 mothers) and a random subsample of the seeds produced by 
them (a similar number of seeds per mother) was selected, planted and followed up. 
Seeds were sown in the same treatment combination experienced by their mother (Fig. 
1), but not in the plot where the mother has been growing, to avoid transgenerational 
responses with respect to plot-specific idiosyncrasies. Before sowing, we statistically 
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tested that there were no significant differences between the selected and not selected 
mothers in the mean and variance of the emergence time (days), maximum height (in 
mm), maximum diameter (mm), number and mass of produced seeds, and flowering 
period among treatment combinations, mother enclosure, and treatment × mother enclo-
sure combinations (all P > 0.2). Similarly, we tested that the mean and variance of the 
seed mass of selected and not selected seeds (per mother) did not differ (P ≥ 0.1). The 
number of selected mothers of each treatment combination was as similar as possible 
and did not significantly differ among treatment combinations in any year (P ≥ 0.1). 

Seeds belonging to the subset of a given mother were equally distributed among 
one to three plots that were exposed to the treatment combination experienced by the 
mother, and seeds were not planted in the plot where the mother had been growing to 
avoid local adaptation to the conditions of a particular enclosure. 
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Supplementary tables

Table-S1: Fitness correlates in P. rhoeas and O. viciifolia. Results of multiple regression on 
multiplicative fitness components: probability (P) of seedling emergence, probability (P) of seed 
production, number (N) of seeds produced, and average (Ø) seed mass. As independent parame-
ter we used initial seed mass sown, time (t) to emergence, time (t) to flowering, and average (Ø) 
seed mass. Test statistic, significance (P-value) and estimates ± standard errors are given. R2 re-
fers to the variance explained by the model parameter. Transformations of the response variables 
are indicated below the table

transformations: *^0.20; †^0.5

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 
 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 
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Table-S2: Fixed parameters included in the statistical analyses of the traits analysed in table 1 
and 2 for P. rhoeas and O. viciifolia. A. Models on the ancestral generation (G0; see Table 1). 
B. Models on the ancestral and descendant generation that allow testing for a transgenerational 
response (see Table 2). Shown are all fixed parameters included in the starting model. Non-sig-
nificant parameters that were excluded during the stepwise backward elimination are indicated 
with an ‘X’. The significance level of parameters included in the minimal adequate models are 
given with asterisks (* 0.05 > P ≥ 0.01; ** 0.01 > P ≥ 0.001; *** P < 0.001), or with ‘-’ for 
non-significant parameters. Because emergence only occurred during the early treatment, the 
late treatment cannot have affected emergence. Thus, late treatment and interactions including 
late treatment were not included in the model on time to emergence. 

A.

 

Sps. Variables \ Parameters  Early Late Year 

Early 
× 
Late 

Early 
× 
Year 

Late 
× 
Year 

Early 
× 
Late 
× 
Year 
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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 
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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 - ** *** - - * ** 
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Supplementary figures

Figure-S1. Experimental system located at ‘El Boalar’, consisting of 16 enclosures. In each 
enclosure, two plots were established: one for P. rhoeas, and another one for O. viciifolia. 
Shown are a schema of the arrangement of the plots and the planting positions within a plot, 
and a photograph of the experimental. Planting positions (red dots) were 40 cm away from 
each other and from the borders of the plot, to avoid competition with other plants (Liu et al. 
2008).

Figure-S2. Transgenerational response of P. rhoeas on average seed mass (significant interac-
tion of early treatment and PTR; Table 2). The dashed line represents the less predictable treat-
ment (L) and the solid line the more predictable treatment (M). Average seed mass of ancestors 
and descendants are shown with circles with a black outline and filled circles, respectively.



Figure-S3. An example of a more and less predictable environmental conditions during a rando-
mly selected period from the 4th of June to the 1st of July 2012. Shown is the total precipitation 
received (in mm) per day, i.e. supplemental plus natural precipitation, in the more (solid line) and 
less predictable (dashed line) treatment. In each treatment level, the average precipitation (thin 
grey line) over the duration of the entire experiment (2012-2015) was identical (χ2 < 0.001, P = 
0.992), and the variance in the daily precipitation probability was significantly higher in the less 
predictable treatment (χ2 = 605.49, P < 0.001).
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ABSTRACT
Climate change does not only affect climatic means, but it also affects the climatic 
predictability. Since plants derive important resources through their roots, immediate 
plastic and long-term transgenerational changes might be key to how they cope with 
changing conditions. However, empirical evidence is scarce. Here we experimental 
tested whether and how differences in daily and inter-seasonal predictability of pre-
cipitation affect the investment into root functional traits, selective regimes, plant per-
formance, and transgenerational responses, using a four-year field experiment and two 
plant species: Onobrychis viciifolia and Papaver rhoeas. Less predictable precipitation 
led to a lower investment in secondary roots, rooting depth, and root biomass, which in-
creased performance. Differences in daily and inter-seasonal precipitation predictability 
induced differences in the strength of selection but not in the selective regime (i.e. direc-
tional, stabilizing, disruptive selection), and P. rhoeas exhibited rapid transgenerational 
responses in the investment in root biomass, but not on particular root traits. Our study 
shows that root functional traits rapidly responded to differences in environmental pre-
dictability and that lower predictability may not necessarily constrain a plants response. 
Our results also indicate that root functional traits are highly plastic, that investment 
strategies are adaptive, and that transgenerational responses maintain plasticity, indicat-
ing that belowground investment strategies might be key for a deeper understanding of 
whether and how plants will deal with increasing climatic uncertainties.

KEYWORDS.- daily and inter-seasonal predictability, precipitation, root branching, 
rooting depth, root functional traits, root weight ratio (RWR), selection gradients, trans-
generational responses.
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INTRODUCTION
Climatic variability has increased over the last decades, and projections anticipate an 
increased frequency of extreme events (IPCC, 2013). This will lead to less predictable 
environments and uncertainties in the availability of resources (Karl, Knight, & Plum-
mer, 1995; Matías, Castro, & Zamora, 2011; Mora et al., 2013). Phenotypic plasticity 
and behavioural changes may buffer potentially negative effects of changing conditions 
(e.g. Reich et al., 2003) and if environmental changes persist, adaptation to the new 
conditions may happen (Ghalambor, McKay, Carroll, & Reznick, 2007). It has been 
suggested, however, that more variable climatic conditions may impose less consistent 
selection, resulting in slower evolutionary responses (Kingsolver & Buckley, 2015) and/
or the evolution of higher phenotypic plasticity (Hallsson & Björklund, 2012; Reed, 
Waples, Schindler, Hard, & Kinnison, 2010; Wennersten & Forsman, 2012). In con-
trast, more predictable environments should impose stronger selection (Caro, Griffin, 
Hinde, & West, 2016; Cohen & Levin, 1991), and may weaken the evolution of plas-
ticity (Gomez-Mestre & Jovani, 2013). However, the theoretical assumptions are not 
consistent (e.g. Botero & Rubenstein, 2012; Travis, 2001), and experimental studies 
testing how organisms deal and evolve with changes in environmental variation are, to 
our knowledge, absent.

While many animals may rapidly acclimate to climatic changes by migration and 
behavioural changes, plants may acclimate by changing their investment in functio-
nal traits, particularly those affecting resource uptake (Bardgett, Mommer, & De Vries, 
2014; Schmid, 1992; Weemstra et al., 2016). For example, when water becomes more 
limiting, plants may invest into deeper roots that access soil moisture present in deeper 
soil layers (Balachowski & Volaire, 2018). Such changes may be subject to trade-offs 
(e.g. Reich, 2014), where higher investment in one trait may lead to lower investment 
in another trait. The investment strategies may strongly differ between species with 
different life-histories (Friedman & Rubin, 2015). Annual species should only increase 
investment in root functional traits if this increases current reproduction (Hodge, 2004; 
Koevoets, Venema, Elzenga, & Testerink, 2016; Roumet, Urcelay, & Díaz, 2006). In 
contrast, perennial species may not necessarily aim at high current reproduction, sin-
ce doing so may compromise future reproduction (Friedman & Rubin, 2015; Perrin, 
Christe, & Richner, 1996). Consequently, under suboptimal conditions, perennial spe-
cies may invest in roots at the expense of current reproduction (Koevoets et al., 2016). 

Assessing whether and how differences in climatic predictability affect root functio-
nal traits and selection on them is fundamental for understanding resource uptake, re-
production and vulnerability of plants under climate change. Nevertheless, most studies 
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investigating effects of anticipated climatic change on plant functional traits, adaptive 
strategies and selective regimes focussed on changes in environmental means (e.g. An-
derson & Gezon, 2015; Donelson, Munday, McCormick, & Pitcher, 2012; Emmett et 
al., 2004), and very little is known about how plants will deal with changes in environ-
mental predictability (but see Liu & van Kleunen, 2017; Parepa, Fischer, & Bossdorf, 
2013). Moreover, the few studies investigating effects of climatic variation and predic-
tability generated climatic extreme events (e.g. severe droughts or floods; Fay, Carlisle, 
Knapp, Blair, & Collins, 2003; Knapp et al., 2015; Lázaro-Nogal et al., 2016). Thus, 
effects of more subtle differences (representing 80% of the climatic events; IPCC, 2014) 
on functional traits, investment strategies, and adaptive evolution are far from being 
understood.

Here we tested experimentally how differences in the predictability of precipitation 
affect root functional traits (root biomass, number of secondary roots, and maximal roo-
ting depth), investment strategies (relative investment into roots, secondary roots, and 
rooting depth) and selective regimes of the annual common poppy (Papaver rhoeas) 
and the perennial common sainfoin (Onobrychis viciifolia). We manipulated the predic-
tability of precipitation, because water availability is likely to become less predictable 
in the future due to changes in precipitation patterns and changes in temperature, i.e. 
changes in evaporation (IPCC, 2013; Karl & Trenberth, 2003). Moreover, water availa-
bility is one of the main drivers of plant growth (Peñuelas et al., 2007), and thus likely 
to be a strong selective force (Siepielski et al., 2017). As roots are crucial for water 
acquisition, as well as for nutrient uptake, anchorage, storage of resources and many 
ecosystem processes (Bardgett et al., 2014), we focussed in our study on root traits. 

Environmental predictability has different temporal dimensions. It can refer to the 
predictability and magnitude of environmental fluctuations on a short time scale (e.g. 
daily, weekly) or it can refer to fluctuations over larger time scales (e.g. seasonal, an-
nual). While it is generally believed that a lower predictability on short time scales 
induces changes in phenology and negatively affects reproduction (Dewar & Richard, 
2007), theory predicts that high transgenerational predictability is required for rapid 
adaptation (Botero, Weissing, Wright, & Rubenstein, 2015; Mousseau & Fox, 1998; 
Reed et al., 2010). Therefore, we tested if and how plants buffer differences in daily 
and inter-seasonal precipitation predictability. Moreover, we exposed three subsequent 
generations of descendants to the same predictability regime as plants of the ancestral 
generation, to test whether, in presence of high inter-generation predictability fast trans-
generational acclimation to the different predictability regimes exists. To test whether 
treatment-induced responses may be adaptive, we derived linear and non-linear selec-
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tion gradients for the measured functional root traits, in order to understand to which 
selective regime they are exposed (e.g. directional, stabilizing or disruptive selection). 
Moreover, we tested whether selection is congruent among ancestors and descendants. 

We tested the following major questions: (1) How do root traits of plants respond 
to less predictable precipitation at shorter and longer time scales? (2) Do environments 
with less predictable precipitation decrease plant performance? (3) Do reduced daily 
and inter-seasonal predictability impose weaker selection? (4) Do plants exhibit rapid 
transgenerational responses with respect to precipitation predictability? (5) Are respon-
ses to differences in predictability adaptive?

MATERIALS AND METHODS

Experimental setup
In 2012, we established 32 open-air plots of 1.2 × 6.0 m, two per enclosure (see Chap-
ter 1 - Fig. S1), at the experimental station ‘El Boalar’ (42°33’N, 0°37’W, 705 m a.s.l.; 
IPE-CSIC, Jaca, Huesca, Spain). In one of the two plots per enclosure, we sowed P. 
rhoeas L., Papaveraceae, and in the other plot, we sowed O. viciifolia Scop., Fabaceae. 
These species were used because of their similar growth seasons, the different life his-
tories, and because they naturally grow at ‘El Boalar’ (for species detail, see Supporting 
Information). The enclosures were surrounded by metal walls and covered by a mesh 
(mesh width: 1.6 × 1.6 cm) to protect the plants against large herbivores and allowing 
access of pollinators. Each plot was additionally protected with a mosquito mesh (30 
cm aboveground and 10 cm belowground) against slug predation. Before the start of 
the experiment, we loosened and homogenised the top 30 cm of the soil in each plot. 
All weeds, roots and visible seeds were removed to avoid competition with other plant 
species, and the ground was smoothed. In each plot, we marked 28 planting positions 
separated by 40 cm (see Chapter 1 - Fig. S1). 

Experimental procedures
The used seeds were naive with regard to the local environmental conditions in the ex-
perimental field site, and originated from nearby sites with similar climatic conditions. 
Seeds of P. rhoeas and O. viciifolia were collected in 2011 on farms located in the Ebro 
Valley (Aragón, Spain: near Zaragoza, provided by Semillas Montaraz S.A.) and in Cas-
tillo de Lerés (Aragón, Spain: near Huesca, provided by a local farmer), respectively, 
both located 75 and 25 km from the experimental field site. We refer to these seeds as the 
ancestral generation, to distinguish them from their descendants (see below). 
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The experiment was performed during four consecutive years (2012-2015). In 2012, 
randomly selected seeds were sown in 28 positions per plot (see Chapter 1 - Fig. S1). 
In subsequent years, we sowed randomly selected descendants and randomly selected 
seeds of the ancestral generation, the latter in seven of the 28 positions per plot. To make 
sure that the randomly selected subsamples were representative for the entire seed lot, 
we tested before sowing for differences in average and variance of seed mass between 
seeds of the subsample and the remaining seeds, among seeds used in different years, 
plots, and experimental treatments. No significant differences existed (all P ≥ 0.1, inclu-
ding all interactions).

Enclosures were subjected to two different temporal scales of predictability. First, 
we manipulated the intra-seasonal predictability by manipulating the timing of preci-
pitation within each week and thus the daily predictability of precipitation. During the 
early growth period (hereafter referred to as “early treatment”), eight enclosures were 
exposed to more predictable (M) and the other eight to less predictable (L) precipitation. 
In M, plots were irrigated twice a day for 10 minutes at 9 am and at 6 pm (i.e. 14 times 
per week), and in L, 14 times for 10 minutes at randomly chosen time points during 
the week (between 9 am and 7 pm). All enclosures were exposed to the same natural 
background precipitation. Thus, the two precipitation regimes correspond to more (M) 
and less (L) predictable precipitation events (see Chapter 1 - Fig. S3). Enclosures of the 
more predictable treatment received two rain events (experimental and natural events 
included) per day on 76.8 % of the days and more than two events per day on 23.2 % 
of the days, whereas enclosures of the less predictable treatment received less than two 
rain events per day on 30.4 % of the days, two events per day on 22.6 % of the days, 
and more than two events per day on 47% of the days. Thus, the timing of precipitation 
differed between treatments, while the number of precipitation events and the quantity 
of precipitation were identical.

Second, inter-seasonal predictability was manipulated by either exposing enclosu-
res during the late growth period (hereafter referred to as “late treatment”) to the same 
or to the other intra-seasonal predictability regime as during the early growth period. 
This resulted in a two-factorial design with four treatment combinations of daily pre-
cipitation: (1) more predictable during early growth and more predictable during late 
growth (MM), (2) less predictable in both periods (LL), (3) more predictable during ear-
ly growth and less predictable during late growth (ML), and (4) less predictable during 
early growth and more predictable during late growth (LM). LL and MM exhibit higher 
inter-seasonal predictability, and LM and ML lower inter-seasonal predictability. As 
switch point between the early and late growth period (when we changed the intra-sea-
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sonal predictability regime), we chose the middle of the phenological cycle of both 
species, i.e. at the end of June/beginning of July. Each year, the irrigation treatments 
started a couple of days before sowing and ended after plant harvesting (i.e. precipita-
tion treatments lasted from mid-March to mid-October). Each enclosure was irrigated 
individually using an automatic irrigation system with four sprinklers per enclosure, one 
in each corner, to provide the whole enclosure with homogenous precipitation. 

To test whether treatments induce differences in the direction and strength of trans-
generational responses, seeds produced by experimental mother plants were stored over 
winter, and a random subsample (see above for how random choice was verrified) of 
those seeds was sown in the experimental plots in the subsequent year. For each of 
these maternal lines, treatment combination was kept constant across all generations. 
For example, all descendants of MM mothers were exposed to MM. Each maternal line 
consisted of four generations: the ancestral generation G0, and the G1, G2 and G3 descen-
dant generations. In April 2013, a randomly chosen subset of descendants (774 for P. 
rhoeas and 252 for O. viciifolia) from a random subset of mother plants (7-8 maternal 
lines per treatment combination and species) was sown in the same treatment combi-
nation experienced by the mother. No significant differences existed between used and 
non-used mothers in mean and variance of emergence time (days), maximum height (in 
mm), maximum diameter (mm), number and mass of produced seeds, flowering period, 
and above-ground and root biomass (g) within treatment combinations, mother enclo-
sure, and treatment × mother enclosure combinations (all P > 0.2) and between used 
and not used descendant in mean and variance of seed mass (all P ≥ 0.1). To avoid local 
adaptation to idiosyncrasies of a particular enclosure, and thus to conditions other than 
the experimental precipitation regime, descendants of a particular enclosure, were never 
sown in the same enclosure where the mother had been growing. The same experimental 
design was applied in third and fourth year. 

Data collection
At the end of the growing season (i.e. when all fruits of a given plant were ripe), we in-
dividually harvested above-ground and root biomass. Roots were carefully dug out and 
washed to remove the substrate (Fig. 1). The number of secondary roots was counted as 
an estimate of root branching and the length of the longest root was measured as an es-
timate of maximum rooting depth (precision of 1 mm). As secondary roots, we counted 
all root branches >1 cm long in the case of P. rhoeas and >2 cm long in the case of O. 
viciifolia. The weights of above-ground and root biomass (in g) were determined after 
drying them at 50ºC for four days. To test whether treatments affected root functional 
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traits and a plant’s root-investment strategies, the following traits were calculated: (1) 
root weight ratio (RWR; root biomass / total biomass); (2) relative root branching (num-
ber of secondary roots / root biomass); and (3) the relative rooting depth (rooting depth 
/ root biomass). 

Figure-1. Root diversity in Onobrychis viciifolia and Papaver rhoeas. Examples of different 
root architectures are shown. From left to right: roots with decreasing numbers of secondary 
roots. Scale bars representing 50 mm are given for each species (note that the scale bars differ 
between species).

Statistical analysis
The two species were analysed separately, using three main types of analysis. First, we 
tested for treatment effects on root traits of the ancestral generation across the four years. 
Second, we tested whether root traits are related to plant performance and whether their 
relationship depends on the different treatment combinations to assess differences in 
selective regimes. Third, we tested whether root traits of the descendant generations 
differed from those of the ancestral generation, grown in the same year.

Effects of the early and late precipitation treatments, and of year on root traits of the 
ancestral generation were tested using Linear Mixed-effect Models (LMM) implemen-
ted in the lme4 package (Bates, Mächler, Bolker, & Walker, 2015) in R (version 3.3.1; 
R Development Core Team, 2016). As fixed factors, we included early treatment (less 
predictable vs more predictable), late treatment (less predictable vs more predictable), 
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year (2012, 2013, 2014, 2015) and their two- and three-way interactions, and as random 
factor we included plot. 

To test how the root traits relate to plant performance in each of the four precipi-
tation regimes, we used regression analyses to estimate selection gradients. We first 
did this for the ancestral plants only. As a performance proxy, we used total biomass, 
because it is linked with seed number and seed mass (e.g. Younginger, Sirová, Cruzan, 
& Ballhorn, 2017), renders comparable performance estimates for plants exhibiting di-
fferences in the offspring size-number trade-off, and integrates investment in current (in 
annuals and perennials) and future reproduction (in perennials). In both P. rhoeas and 
O. viciifolia, total biomass was strongly correlated with the number of produced seeds 
(F1,455 = 249.48, P < 0.001, β = 0.6; F1,588 = 115.16, P < 0.001, β = 0.4, respectively). 
Prior to the analyses, total biomass and all root traits were ln-transformed and standar-
dized to obtain standardized selection gradients (Lande & Arnold, 1983). Thereafter, 
LMMs were applied in which total biomass was the response variable, early treatment, 
late treatment and year were modelled as fixed factors, and the root trait of interest as a 
co-variate. To account for non-independence of plants measured in the same year and in 
the same plot, year and plot were included as random factors. To test for stabilizing or 
disruptive selection, linear and quadratic terms of the root trait of interest were included. 
The full model also contained all two- and three-way interactions between treatments 
and the co-variates. To test whether selective regimes differed among ancestors and 
descendants, an additional set of analyses was done in which the data of ancestors and 
descendants from 2013, 2014 and 2015 were analysed together. In these analyses, the 
factor generation (ancestor vs descendant) and its interactions with the other variables 
were added to the above-mentioned model. 

To test whether descendants exhibited a transgenerational response in root traits 
with respect to the imposed treatments, data of ancestors and descendants of the last 
three years (2013, 2014, 2015) was analysed using LMMs. As fixed factors, we inclu-
ded generation (ancestral vs descendants), early treatment, late treatment, year and their 
interactions, and as random factors we included the ID of the maternal line and plot. 

In all statistical analyses, the most parsimonious model was determined using 
stepwise backward elimination. Post-Hoc tests (lsmeans package; Lenth, 2016) were 
applied using Tukey’s HSD test, whenever there were significant main effects or interac-
tions with factors containing more than two levels. If the three-way interaction between 
the co-variate, the early, and the late precipitation treatment was significant, we used the 
lstrends function to test for significant differences between slopes. For all Gaussian mo-
dels, the assumptions of normality and homoscedasticity of the residuals were tested. If 



CHAPTER 2

78

the normality assumption was not met, response variables were transformed (see trans-
formations used in Table 1). In the presence of heteroscedasticity, and if transformation 
did not result in homoscedasticity, weighted least square regressions were applied.

RESULTS

Predictability effects on root functional traits
In the ancestral generation of Papaver rhoeas, there was a significant three-way inter-
action between early treatment, late treatment and year on root biomass (Table 1; Fig. 
S1a). In 2015, post-hoc contrasts revealed significant treatment effects showing that root 
biomass was significantly higher in LL than in ML and LM (both P < 0.05). All other 
contrasts in 2015 and all contrasts in the other years were not significant (P ≥ 0.15). The 
number of secondary roots was affected by two significant two-way interactions: early 
× late treatment and late treatment × year (Table 1, Fig. 2a). The number of secondary 
roots was significantly lower in ML than in the other treatment combinations (Fig. 2a), 
and in 2013, but not in the other years (P ≥ 0.79), plants in the more predictable treat-
ment (M) had significantly more secondary roots than in the less predictable treatment 
(L; P = 0.006). There were no significant treatment effects on maximum rooting depth 
(Table 1). 

The root biomass of the ancestral generation of Onobrychis viciifolia, was affec-
ted by three significant two-way interactions: early × late treatment, early treatment × 
year, and late treatment × year (Table 1). Roots of plants growing in MM were lighter 
than those of the other treatment combinations (Fig. 2b), and the other two interactions 
indicated that in 2014, but not in the other years, root biomass was significantly lower 
in M than in L (Fig. S1b). The number of secondary roots was affected by a signifi-
cant three-way interaction (Table 1, Fig. S1c). There were significant differences among 
treatment combinations in 2012, but not in the other years. In 2012, plants in LL had 
significantly fewer secondary roots than those in LM and MM, and a similar number of 
secondary roots as those in ML (Fig. S1c). Two significant two-way interactions existed 
in maximum rooting depth: early treatment × year and late treatment × year (Table 1), 
both indicating that roots were significantly shorter in M compared to L in 2014 but not 
in the other years (Fig. S1d).
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Table 1: Treatment effects on root functional traits and investment strategies of Papaver rhoe-
as and Onobrychis viciifolia. Response variables are root biomass, number (N) of secondary 
roots, maximum rooting depth; root weight ratio (RWR); relative root branching (i.e. number of 
secondary roots / root biomass), and relative rooting depth (i.e. maximum rooting depth / root 
biomass). Significant treatment effects (“Early” and “Late” refer to early and late treatment) and 
all significant interactions including treatment are shown. Significant parameters at lower hie-
rarchical levels are not shown. Estimates ±SE are given for significant main factors and square 
brackets indicate the treatment level to which the estimate corresponds (M: more predictable 
precipitation). For significant interactions the number of the figure showing the effect is given. 

transformations: §^0.1; #^0.2; ƒ^0.25; ‡^0.3;  ∫^0.4; £^0.6; †log; 

Papaver rhoeas (N = 458) 

Response variable Parameter Chi-sq df P-value Estimate±SE / 
Figure 

Root biomass§      
 Early × Late × Year 16.78 3 0.001 Fig. S1a 

N of secondary roots      
 Early × Late 8.96 1 0.003 Fig. 2a 
 Late × Year 8.09 3 0.044  

Maximum rooting depth∫       
 Year 109.64 3 <0.001  

Root weight ratio£      
  Early × Late × Year 55.86 3 <0.001 Fig. S1e 

Relative root branching†      
  Early [M] 8.65 1 0.003 0.449±0.153 

Relative rooting depth†      
  Late [M] 10.52 1 0.001 -0.535±0.171 

Onobrychis viciifolia (N = 590) 

Response variable Parameter Chi-sq df P-value Estimate±SE / 
Figure 

Root biomassƒ      

 Early × Late 4.56 1 0.033 Fig. 2b 

 Early × Year 32.59 3 <0.001 Fig. S1b 

 Late × Year 23.68 3 <0.001  

N secondary roots‡      

 Early × Late × Year 8.90 3 0.031 Fig. S1c  

Maximum rooting depth∫      

 Early × Year 35.40 3 <0.001  

 Late × Year 23.72 3 <0.001 Fig. S1d 

Root weight ratio#      
  Late [M] 7.59 1 0.006 0.017±0.006 

Relative root branching†      
 Early × Year 29.73 3 <0.001 Fig. S2a 

  Late × Year 14.79 3 0.007 Fig. S2b 

Relative rooting depth†      
  Late × Year 12.36 3 0.006 Fig. S1f 
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Figure-2. Treatment effects on root functional traits of P. rhoeas and O viciifolia. Shown are 
means ± SE of the significant two-way interactions: early treatment × late treatment interaction 
on the number of secondary roots of P. rhoeas (A) and root biomass of O viciifolia (B). Letters 
above the estimates represent post-hoc contrasts and different letters represent significant diffe-
rences between treatment combinations.
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Predictability effects on root investment strategies
In the ancestral generation of Papaver rhoeas, there was a significant three-way inter-
action between early treatment, late treatment and year in the root weight ratio (RWR; 
Table 1; Fig. S1e). Post-hoc contrasts revealed significant treatment effects in 2015, 
where RWR was significantly higher in LL than in ML and LM. The other contrasts and 
all contrasts in the other years were not significant (P ≥ 0.15). Relative root branching 
(i.e. number of secondary roots / root biomass) was significantly higher in the M than in 
the L early treatment (Table 1), and it was not affected by the late treatment (χ1

2 = 1.72, 
P = 0.190). Relative rooting depth was significantly higher in the L late treatment (Table 
1), and it was not affected by the early treatment (χ1

2 = 1.14, P = 0.286).
In the ancestral generation of Onobrychis viciifolia, RWR was significantly higher 

in the M late treatment (Table 1), and it was not affected by the early treatment (χ1
2 = 

1.02, P = 0.313). For the relative root branching, there were two significant two-way 
interactions (Table 1). In three of the four years, the relative root branching was higher 
in the more compared to the less predictable treatment during early (Fig. S2a) and in 
two of the four years during late growth (Fig. S2b). In both growth periods, it was sig-
nificantly higher in 2014 in the more predictable treatment (P < 0.001 and P = 0.045; 
Fig. S2a, b). Relative rooting depth was significantly affected by a late treatment × year 
interaction (Table 1, Fig. S1f). In L, relative rooting depth was significantly higher in 
2012 than in the other years (all P < 0.001), while no significant differences among years 
existed in M (all P ≥ 0.12, Fig. S1f). 

Effect of predictability on selection acting on root functional traits and 
investment strategies
In the ancestral generation of P. rhoeas, the selection gradients for maximum rooting 
depth, RWR and relative rooting depth were significant and indicated quadratic rela-
tionships, whereas significant linear relationships existed for number of secondary roots 
and relative root branching (Table 2). No significant differences in selection gradients 
existed among treatments (i.e. no significant interactions with treatment; Table 2). Se-
lection gradients for number of secondary roots showed that performance increased 
with increasing number of secondary roots (Fig. 3a), and performance decreased with 
increasing maximum rooting depth until reaching minimum performance at 2.6 and it 
thereafter increased with increasing maximum rooting depth. The relationship between 
performance and RWR was convex and showed that performance was highest at 0.102 
in the non-transformed data (Fig. 4a). The relationship between performance and rel-
ative root branching was linear, and performance declined with increasing values of 
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relative root branching (Fig, 4b). The relationship between performance and relative 
rooting depth was concave and the higher the investment into rooting depth the smaller 
was the decline in performance (Fig. 4c).

Figure-3. Selection acting on root functional traits of P. rhoeas and O. viciifolia per predictabi-
lity level. Model predictions of selection gradients are shown for number of secondary roots, and 
maximum rooting depth of P. rhoeas (A-B) and O. viciifolia (C-D). In P. rhoeas, no significant 
interactions with treatment existed and model predictions of significant quadratic relationships 
are shown for (A-B). In O. viciifolia, model predictions of significant terms (Table 2) including 
interactions with treatments are shown: early treatment × Number of secondary roots (C), and 
early × late treatment × Maximum rooting depth (D). Colours correspond to different treatment 
combinations: red (LL, and L in panel C), orange (LM), light blue (ML) and dark blue (MM, and 
M in panel C).

In the ancestral generation of O. viciifolia, the selection gradient for the number of 
secondary roots was affected by a significant interaction with early treatment, and the 
selection gradient for maximum rooting depth was affected by a significant three-way 
interaction with early and late treatment (Table 2). The overall positive relationship be-
tween performance and number of secondary roots was slightly concave in L, whereas it 
was slightly convex in M (Fig. 3c). The positive relationship between performance and 
maximum rooting depth was significantly steeper in MM and LL compared to ML and 
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LM (Fig. 3d). This shows that more secondary roots and deeper roots lead to higher per-
formance in all treatments and the significant treatment effects reflect differences in the 
magnitude of the performance increase with respect to a standard increase in number of 
secondary roots, and maximum rooting depth. 

The selection gradients in RWR significantly differed among levels of the late treat-
ment (Table 2). In both treatments, the relationship between performance and RWR was 
convex (Fig. 4a), and the optimum performance was reached at higher RWRs (back-trans-
formed RWR = 0.123) in the less compared to the more predictable treatment (back-trans-
formed RWR = 0.095). The selection gradients of relative root branching and relative 
rooting depth, were affected by early and late treatment (Table 2). MM and LL imposed 
stronger selection on relative root branching than LM (Fig. 4e, P ≤ 0.05) and MM imposed 
stronger selection on relative rooting depth than the other treatment combinations (Fig. 
4f, LL, LM and ML compared to MM P ≤ 0.05). Moreover, ML imposed significantly 
weaker selection on relative rooting depth than LL (Fig. 4f, P = 0.045). In summary, hi-
gher relative root branching and higher relative rooting depth let to lower performance in 
all treatment combinations, and the significant treatment effects reflect differences in the 
magnitude of the performance decrease with respect to a standard increase in relative root 
branching and relative rooting depth.

Table 2: Treatment differences in selection gradients of root functional traits and investment 
strategies for Papaver rhoeas and Onobrychis viciifolia. Dependent and independent variables 
were ln-transformed and standardized prior to analyses, and independent variables (i.e. root 
traits) and significant two- and three-way interactions between treatments and linear or quadratic 
root traits are shown. Significant P- values are shown in italics. 

 
  Papaver rhoeas (N = 458)                                     Onobrychis viciifolia (N = 590) 

Parameter χ2 df P- value χ2 df P- value 

N secondary roots 244.05 1 <0.001 4.28 1 0.039 
N secondary roots × Early    6.70 1 0.010 
N secondary roots 2    0.45 1 0.504 

N secondary roots 2 × Early       5.19 1 0.023 
Maximum rooting depth 20.57 1 <0.001 302.39 1 <0.001 
Maximum depth × Early × Late    4.18 1 0.041 
Maximum rooting depth2 68.56 1 <0.001       
Root weight ratio 13.93 1 <0.001 17.90 1 <0.001 
Root weight ratio2 18.20 1 <0.001 28.70 1 <0.001 

Root weight ratio2 × Late        3.94 1 0.047 
Relative root branching 477.93 1 <0.001 645.98 1 <0.001 
Relative root branching × Early × Late        6.91 1 0.009 
Relative rooting depth 98.81 1 <0.001 1,331.10 1 <0.001 
Relative rooting depth × Early × Late    18.14 1 <0.001 
Relative rooting depth2 37.29 1 <0.001     
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Diifferences between ancestors and descendants in root functional traits 
and investment strategies
In the three years that plants of the ancestor and descendant generations were grown 
together, a significant two-way interaction between early treatment and generation (i.e. 
ancestor vs. descendant) existed for root biomass of P. rhoeas (χ1

2 = 5.10, P = 0.024). 
Root biomass of ancestors was significantly larger in the less compared to the more 
predictable early treatment (post-hoc contrast: P = 0.012) and no significant differenc-
es between early treatment levels existed in descendants (contrast: P = 0.4; Fig. 5a). 
There were no significant differences between ancestors and descendants in number 
of secondary roots and maximum rooting depth (main effect and all interactions in-
cluding generation and treatment: P ≥ 0.05). In RWR, there was a significant two-way 
interaction between generation and early treatment (χ1

2 = 4.86, P = 0.027, Fig. 5b). De-
scendants of the less predictable treatment invested relatively less in root biomass (i.e. 
lower RWR) than ancestors in the same treatment (P = 0.022), whereas no differences 
existed between ancestors and descendants in the more predictable treatment (P = 0.22; 
Fig. 5b). There were no significant differences between ancestors and descendants in 
relative root branching and relative rooting depth (main effect and all interactions in-
cluding generation and treatment: P ≥ 0.1). In O. viciifolia, no significant differences 
existed among ancestors and descendants in any of the root traits (main effect and all 
interactions including generation and treatment: P ≥ 0.1). 

Selection gradients for root functional traits and investment strategies did not sig-
nificantly differ among ancestors and descendants, neither in P. rhoeas nor in O. vicii-
folia (all: χ1

2 ≤ 5.02, P ≥ 0.05).

DISCUSSION
How differences in environmental predictability affect organisms is of high interest giv-
en the projected reduction in climatic predictability, but few experimental studies have 
addressed predictability effects and none investigated the importance of different time 
scales. Here we tested in a large 4-year field experiment the effects of subtle, non-cata-
strophic differences in daily and inter-seasonal predictability on two plant species with 
different life-histories, the annual Papaver rhoeas and the perennial Onobrychis vicii-
folia. Our study provides new insights into how root traits respond to subtle changes in 
precipitation predictability, how this affects plant performance, and whether root traits 
changes across generations.
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Treatment effects on root traits
Treatment effects on the number of secondary roots of P. rhoeas and root biomass of O. 
viciifolia were congruent in all four years (no significant treatment x year interaction; 
Table 1), which is hereafter referred to as a ‘consistent’ treatment effect. In P. rhoeas, 
the number of secondary roots was lower in ML, and in O. viccifolia root biomass was 
lower in MM compared to the other treatment combinations, and in both cases, LL and 
LM exhibited the highest values (Fig. 2). In the other functional traits, treatment effects 
were either absent (P. rhoeas maximum rooting depth), or mainly manifested in a single 
year (P. rhoeas root biomass, Fig. S1a; O. viciifolia number of secondary roots, Fig. 
S1c and maximum rooting depth, Fig. S1d). There were consistent treatment effects on 
investment strategies of both species (Table 1). First, O. viciifolia consistently invested 
less into roots (i.e. had a lower RWR) in the less compared to the more predictable late 
treatment (Table 1). Second, both species reduced the relative root branching under less 
predictable conditions (Table 1). Papaver rhoeas invested consistently less in relative 
root branching in the less predictable early treatment, and O. viciifolia invested less in 
the less predictable early treatment in 2013 and 2015, and significantly less in 2014 (Fig. 
S2a). This is in line with improved drought tolerance due to reduce metabolic costs of 
soil exploration and greater rooting depth (Zhan, Schneider, & Lynch, 2015), which is 
particularly important in spring and early summer when growth is maximal. This shows 
that both species directly respond to reduced predictability of precipitation during early 
life. Third, under less predictable conditions during late growth, P. rhoeas exhibited 
consistently higher relative rooting depth (Table 1). Long roots allow to access deep soil 
layers (Balachowski & Volaire, 2018) exhibiting more constant humidity conditions 
(e.g. Sala, Lauenroth, & Parton, 1992). This is particularly important during summer, 
when ambient temperatures are 10-20°C higher and drying out of shallow soil layers is 
more likely than in the early season. Thus, the higher relative rooting depth under less 
predictable precipitation may avoid dehydration (Balachowski & Volaire, 2018; Hoep-
pner & Dukes, 2012). While the predictability of daily precipitation affected investment 
strategies, root functional traits were also affected by early × late treatment interactions 
(Table1), which indicates that roots may have been affected by changes in inter-seasonal 
predictability. However, the interactions were mainly caused by early conditions and 
not by more and less predictable inter-seasonal precipitation (i.e. MM and LL versus 
ML and LM; Fig 2a,b). Consequently, the experimental results provide no evidence that 
inter-seasonal predictability per se affected investment into roots or the expression of 
root traits.
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Selection imposed on root functional traits and investment strategies
In both species, several functional traits and investment strategies were under direc-
tional selection (see number of secondary roots, Fig. 3a,c; relative root branching and 
relative rooting depth, Fig. 4b,c,e,f; rooting depth of  O. viccifolia, Fig. 3d). Evidence 
for disruptive selection existed in root length of P. rhoeas (Fig. 3b) and stabilizing se-
lection existed on RWR of both species (Fig. 4a,d). Treatments differently affected the 
strength of selection acting on all measured traits of O. viciifolia, while they did not 
significantly affect selection on root traits of P. rhoeas (Fig. 3, 4). In most root traits of 
O. viciifolia, treatments induced quantitative, but not qualitative changes in selection 
gradients (Fig. 3c,d; Fig. 4e,f) and thus plants of all treatment combinations should 
adopt the same strategies to increment performance, which is similar to the results for 
P. rhoeas (Fig. 3, 4). Only in RWR, O. viciifolia should differently invest to optimize 
performance (Fig. 4d), because the optimal RWR in the less predictable late treatment 
was reached at higher RWR values (i.e. at a 2.78% higher investment) compared to the 
more predictable late treatment (Fig. 4d). Thus, O. viciifolia exposed to less predictable 
precipitation needs to invest more into roots to reach the optimum. However, in both 
treatment levels stabilizing selection existed, showing that in all measured root traits of 
both species, differences in the predictability did not impose fundamentally different 
selective regimes. In other words, differences in precipitation-predictability imposed 
differences in the strength of selection, as predicted by Siepielski et al. (2017), but it 
did not alter the regime of selection (e.g. from directional to stabilizing or disruptive 
selection). 

Differences in precipitation predictability affected the strength of selection acting on 
root traits of O. viciifolia. Less predictable precipitation during early and/or late growth 
(LL, LM, ML) imposed weaker selection on the number of secondary roots and relative 
rooting depth (Fig. 3c; Fig. 4f), and lower inter-seasonal predictability (ML and LM) impo-
sed weaker selection on maximum rooting depth and relative root branching (Fig. 3d, 4e). 
In the less predictable late treatment higher investment into roots (higher RWR) was re-
quired to reach the optima, but the strength of selection did only marginally differ between 
treatment levels (Fig. 4d). These results show that both, more predictable daily precipita-
tion and more predictable inter-seasonal precipitation regimes provide stronger selection, 
which is in line with theoretical predictions that more predictable selective regimes will 
provide stronger selection (Caro et al., 2016; Cohen & Levin, 1991; Kingsolver & Buc-
kley, 2015). However, the analyses as well show that these general predictions are not valid 
for all species, since in the annual P. rhoeas the same differences in the predictability of 
precipitation did not impose differences in selective regimes (Table 2; Fig. 3a,b; Fig. 4a-c). 
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Figure-4. Selection acting on root investment strategies by P. rhoeas and O. viciifolia per pre-
dictability level. Selection gradients are shown for root weight ratio (RWR), relative root bran-
ching, and relative rooting depth of P. rhoeas (A-C) and O. viciifolia (D-F). In P. rhoeas, no 
significant interactions with treatment existed and model predictions of significant quadratic 
relationships are shown for (A-C). In O. viciifolia, model predictions of significant terms (Table 
2) including interactions with treatments are shown: late treatment × RWR interaction (D), early 
× late treatment × Relative root branching (E), and early × late treatment × Relative rooting depth 
in O. viciifolia (F; Table 2). Colours correspond to different treatment combinations: red (LL, 
and L in panel D), orange (LM), light blue (ML) and dark blue (MM, and M in panel D).
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Performance consequences of differential investment in root functional traits
Selection gradients allow to understand to which regime of selection (e.g. directional, 
stabilizing or disruptive) a given trait is subjected, and thus, which strategy should be 
adopted to optimize performance. This knowledge was used to test whether treatment-in-
duced differences in investment strategies let to the optimization of the performance or to 
its reduction, the latter pointing to constraints imposed by changes in precipitation predict-
ability (Chevin, 2013). In P. rhoeas, the relative rooting depth was significantly higher in 
the less predictable late treatment, but maximum rooting depth did not differ among treat-
ments. According to the selection gradients, increased relative rooting depth in L leads to 
reduced performance (Fig. 4c; reduction of 0.52% with respect to M; mean performance: 
L = 4.946, M = 4.972). If plants exposed to the less predictable treatments would not have 
adjusted the investment and thus would have produced shorter roots, they would have 
suffered from a performance loss of 0.95% (calculated according to the selection gradients 
and the assumption that no differences in relative investment exist). These results suggest 
that P. rhoeas invested relatively more into rooting depth to avoid a more severe perfor-
mance loss, and thus, by investing more they actually increased performance by 0.43%. 
Moreover, P. rhoeas reduced their relative root branching in the less predictable early 
treatment (Table 1) and the number of secondary roots was significantly bigger in LL and 
LM compared to ML and it was bigger than in MM (Fig. 2a). Both, lower relative root 
branching and higher number of secondary roots lead to higher performance (Fig. 4b, 3a). 
Similarly, O. viciifolia invested relatively less into root biomass (i.e. RWR) in the less 
predictable late treatment (Table 1), and root biomass was bigger in LL and ML compared 
to MM (Fig. 2b). Average RWR in late L was 0.155 (which corresponds to x = 5.836 in 
Fig. 4d) and it was closer to the optimal RWR (x = 5.937 in Fig. 4d) than in M (0.178, x = 
6.269; Fig. 4d). Reduced RWR in late L thus led to increased performance (Fig. 4d). This 
shows that under less predictable precipitation both species adjusted their root investment 
strategies in order to increase the performance, which is in line with high plasticity of root 
functional traits and rapid responses to environmental changes (Bardgett et al., 2014; 
Hodge, 2004). In contrast, under more predictable conditions the investment into second-
ary roots (relative root branching) by P. rhoeas and the investment into root biomass by O. 
viciifolia entailed performance costs, that were not compensated (see Fig. 4a,d). This is in 
line with previous findings showing that more predictable daily precipitation is not always 
beneficial (March-Salas et al. unpublished). These results contradict the negative effects 
expected under reduced climatic predictability (e.g. Ashander, Chevin, & Baskett, 2016; 
Dewar & Richard, 2007), but they are in line with positive effects of lower inter-annual 
predictability on functional diversity (Gherardi & Sala, 2015). 
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Transgenerational responses
The consistent treatment effects and the absence of differences between ancestors and 
descendants in selection acting on root traits are in line with high transgenerational 
predictability, and thus with conditions that favour rapid adaptive responses (Botero 
et al., 2015; Mousseau & Fox, 1998; Reed et al., 2010). Transgenerational responses 
were detected in P. rhoeas, but not in O. viciifolia. In the less predictable treatment, the 
root biomass of ancestors of P. rhoeas was significantly higher, and no significant dif-
ferences among treatments existed in descendants, pointing to a transgenerational and 
treatment-induced change (Fig. 5a). Under less predictable precipitation, descendants of 
P. rhoeas exhibited lower RWR than ancestors (Fig. 5b), whereas in more predictable 
conditions no significant differences existed between descendants and ancestors. Re-
duced RWR in descendants under less predictable conditions leads to a 13.42% increase 
in performance (Fig. 4a). This points to a rapid adaptive response of P. rhoeas and 
the absence of treatment effects during late growth and of inter-seasonal predictability 
suggest that transgenerational responses were principally done with respect to early 
growth conditions (when plants are most sensitive to environmental changes; Burton & 
Metcalfe, 2014). Moreover, there was no evidence for rapid transgenerational changes 
in investment in relative root branching and relative rooting depth, which suggests that 
plasticity in root functional traits might be maintained to successfully cope with differ-
ences in the predictability of precipitation.

In contrast, no rapid transgenerational responses were observed in O. viciifolia. The 
lack of rapid responses in root investment and root functional traits, might be explained 
by O. viciifolia’s deeper reaching roots, which reduce its dependency on water from 
shallow soil layers and thereby its vulnerability to dehydration. The differences between 
P. rhoeas and O. viciifolia are in line with predictions for annual and perennial species, 
the former principally favouring current reproduction and thus intending to reduce in-
vestment into roots in order to increase performance, and the latter having deeper roots 
that reduce the probability of dehydration. Our results also suggest that O. viciifolia is 
more resilient to changes in environmental conditions – a necessity if exposed to low 
inter-annual predictability (e.g. Dewar & Richard, 2007).
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Figure-5. Transgenerational acclimation of P. rhoeas in root biomass and RWR. Shown are 
means ± SE of the two significant two-way interactions: early treatment x generation (ances-
tors vs. descendants) on root biomass (A) and RWR (B). Different black letters denominate 
significant treatment differences within ancestors or descendants. Red and blue letters represent 
post-hoc contrasts between ancestors and descendants in the less and in the more predictable 
treatment, respectively.
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CONCLUSIONS
Our study experimentally demonstrates that root functional traits rapidly responded to 
differences in environmental predictability. This shows that a species’ immediate re-
sponse to environmental changes depends not only on average conditions, but also on 
how predictable the environmental conditions are (Jackson, Betancourt, Booth, & Gray, 
2009; Lawson, Vindenes, Bailey, & van de Pol, 2015; Stenseth et al., 2002). However, 
lower predictability may not necessarily constrain a plants response, but may allow a 
plant to rapidly respond by changing its investment in different root traits. Whereas, 
more predictable conditions may impose important constraints, which is in line with 
theoretic predictions by Lawson et al. (2015) and studies on the predictability of nu-
trients (Liu & van Kleunen, 2017; Parepa et al., 2013). Immediate transgenerational 
responses existed in P. rhoeas but not in O. viciifolia, showing that root functional 
traits of some species may rapidly acclimatize to changes in precipitation predictability. 
However, rapid acclimatization only existed in investment into root biomass and only 
to differences in predictability experienced during early growth. In contrast, no accli-
matization existed in rooting depth nor in root branching, nor with respect to changes 
in inter-seasonal predictability. This suggests that plants may conserve the mechanisms 
allowing for fast responses, which is important for the exploitation of temporally and 
spatially unpredictable resources. It also suggests that thanks to investment changes 
and differential expression of root functional traits, many plant species may be able 
to cope with climate change induced reductions of the predictability of precipitation 
(Reed et al., 2010), at least as long as no extreme events exist. Such changes may have 
important consequences on different hierarchical levels, since they may not only affect 
a single plant, but even plant communities and ecosystem processes (Bardgett et al., 
2014; Gherardi & Sala, 2015; Hodge, 2004). This further suggests that belowground in-
vestment strategies might be key for a deeper understanding of whether and how plants 
will deal with increasing climatic uncertainties.
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SUPPORTING INFORMATION

Supplementary text

Species description
Papaver rhoeas (common poppy) is an herbaceous annual plant that grows from sea 
level to 1700 m a.s.l. Its main distribution is in Eurasia and northern Africa (McNaught-
on & Harper, 1964), where it occurs in dry to high humidity habitats (McNaughton & 
Harper, 1964). Its height is between 10 and 50(90) cm, and its flowers are bright red and 
almost spherical (Franklin-Tong & Franklin, 1992). Flowering begins in May and can 
last until October. The fruit is a capsule, which, when ripe (July – September), opens 
apical holes from which numerous >1 mm long, kidney-shaped seeds are dispersed 
(McNaughton & Harper 1964). It has a slender tap-root, sometimes with numerous 
secondary roots (Fig. 1). 

Onobrychis viciifolia (common sainfon) is a perennial forb that grows from sea le-
vel to 2800 m a.s.l. The native distribution is in the Mediterranean, south-eastern Euro-
pe and Siberia, but it is also widely naturalized in other parts of Eurasia, North America, 
Australia and New Zealand. Onobrychis viciifolia inhabits a broad range of climatic, 
soil and humidity conditions (Carbonero, Mueller-Harvey, Brown, & Smith, 2011). Its 
height is between 20 and 80 cm (rarely > 100 cm), and it produces dense inflorescences 
with 10-100 pink, zygomorphic, hermaphroditic flowers. Its flowering period is from 
May to August. The fruit is a small single-seeded pod. Onobrychis viciifolia has a deep 
taproot (reaching >1 m of depth), sometimes with numerous secondary roots and thin 
lateral roots (Mohajer, Jafari, Taha, & Bakrudeen Ali Ahmed, 2012; Fig. 1).
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Supplementary figures

Figure-S1. Significant treatment x year interactions on root functional traits of ancestors.  (A) 
Interaction between early treatment, late treatment, and year on root biomass of P. rhoeas. (B) 
Significant interaction between early treatment and year on root biomass of O. viciifolia. (C) 
Interaction between early treatment, late treatment, and year on number of secondary roots of 
O. viciifolia. (D) Significant interaction between late treatment and year on maximum rooting 
depth of O. viciifolia. (E) Interaction between early treatment, late treatment, and year on 
RWR of P. rhoeas. (F) Interaction between late treatment and year on relative rooting depth of 
O. viciifolia. Means ± SE are shown. Significant post-hoc contrasts among treatment combina-
tions within a given year are indicated with letters.
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Figure-S2. Significant two-way interactions between early (A) or late treatment (B) and year on 
the root branching frequency of O. viciifolia. Means ± SE per treatment and year combination 
are shown. Significant post-hoc contrasts between treatment levels within a given year are indi-
cated with black letters.
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ABSTRACT
Climate change is a key factor that may cause the extinction of species. The associat-
ed reduced weather predictability may alter the survival of plants, especially during 
their early life stages, when individuals are most fragile. While it is expected that ex-
treme weather events will be highly detrimental for species, the effects of more sub-
tle environmental changes have been little considered. In a four-year experiment on 
two herbaceous plants, Papaver rhoeas and Onobrychis viciifolia, we manipulated the 
predictability of precipitation events while maintaining average precipitation constant, 
leading to more and less predictable treatments. We assessed the effect of predictability 
on plant viability in terms of seedling emergence, survival, seed production, and pop-
ulation growth rate. We found greater seedling emergence, survival, and population 
growth for plants experiencing lower intra-seasonal predictability, but more so during 
early compared to late life stages. Since predictability levels were maintained across 
four generations, we have also tested whether descendants exhibited transgenerational 
responses to previous predictability conditions. In Papaver rhoeas, descendants had in-
creased the seedling emergence compared to ancestors under both treatments, but more 
so under lower precipitation-predictability. However, higher predictability in the late 
treatment induced higher survival in descendants, showing that these conditions may 
benefit long-term survival. This experiment highlights the ability of some plants to rap-
idly exploit environmental resources and increase their survival under less predictable 
conditions, especially during early life stages. Therefore, this study provides relevant 
evidence of the survival capacity of some species under current and future short-term 
environmental alterations.

KEYWORDS.- climatic variability, environmental predictability, life-cycle, vital rates, 
survival, population growth, transgenerational response, Onobrychis viciifolia, Papa-
ver rhoeas.
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INTRODUCTION
Species survival is closely linked to environmental changes (Thomas et al., 2004), 
which are increasing due to anthropogenic influences. If these changes exceed a species’ 
tolerance limits, many individuals will not be able to adapt and will disappear (Gonzalez 
et al., 2013). This is especially true for plants, since, as sessile organisms, they cannot 
move away from unfavorable habitats. Rapid adaptive capacity is therefore becoming 
increasingly important for plants in rapidly altering environments (Loarie et al., 2009). 
Mean climatic conditions usually change very gradually (Katz & Brown, 1992), which 
can allow plants to develop coping strategies. Reduced environmental predictability, 
however, might be more difficult to buffer against. While several studies have demon-
strated that organisms are particularly sensitive to climatic extremes (Parmesan et al. 
2000, and references therein), still little is known about the effects of the subtle decreas-
es of environmental predictability driven by climate change (IPCC, 2014).

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

Whereas highly predictable environments are expected to help maintain constant 
population sizes in the long-term and favors plants adaptation (Olson-Manning, Wagner 
& Mitchell-Olds, 2012), ecologists commonly assume population decreases in habitats 
of lower predictability (Stearns, 1992; Lande, Engen & Saether, 2003), since they an-
ticipate a depression in viability and fitness components (Anderson, 2016). However, 
other studies contradict this assumption, since they found that environmental variability 
and associated reduced predictability maintains diversity (Adler et al., 2006; Gherardi 
& Sala, 2015; Jones et al., 2016) and may lead to an increase of phenotypic plasticity 
(Ghalambor et al., 2007; Merilä & Hendry, 2014; March-Salas et al. unpublished data). 
Moreover, if plants of the preceding generation (i.e. ancestors) were growing under 
weather variations, this may lead their descendants to assimilate these conditions as the 
most appropriate to develop, or at least, ancestors could prevent descendants of weather 
alterations (e.g. via maternal effects). Thus, environmental conditions would be less 
harmful than models and theories project (e.g. Chevin et al. 2010, Botero et al. 2015). 
The effect of environmental predictability on intra- and inter-generations is still largely 
underappreciated (Reed et al., 2010), and these effects are key to foresee the future 
consequences of the growing weather instability for individuals and even populations.

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

MATERIALS AND METHODS

Experimental system and procedures
Seeds of Papaver rhoeas L. (common poppy; Papaveraceae) and Onobrychis viciifolia 
Scop. (common sainfoin; Fabaceae) were sown in natural environments located at the 
experimental field station ‘El Boalar’ (42°33’N, 0°37’W, 705 m.a.s.l.; IPE-CSIC, Jaca, 
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Huesca, Spain) and exposed to different precipitation-predictability regimes (see below) 
during four consecutive years (2012-2015). Papaver rhoeas and O. viciifolia were se-
lected as model species because of their similar growth season but different life histories 
and reproductive strategies (for species details, see ‘Supplementary material’). Also, 
wild individuals of both plant species occur on the study site. Seeds of P. rhoeas and O. 
viciifolia were obtained in 2011 and were never previously exposed to the experimen-
tally simulated conditions, but still came from geographically close sites with similar 
climatic conditions. Seeds of O. viciifolia originated from a farm located in Castillo de 
Lerés (23 km apart from the field site) and seeds of P. rhoeas from a farm located in the 
Ebro Valley near Zaragoza (ca. 75 km apart from the field site). Since these seeds were 
naive with regard to the experimental conditions, they were referred as the ancestral 
generation (G0) and distinguish them from their descendants (G1-3; see below).

In 2012, 16 open-air enclosures were established, each with two experimental plots 
of 1.2 × 6.0 m (see Chapter 1 - Fig. S1). In one of the two plots (per enclosure), we 
sowed P. rhoeas at a depth of 1 cm, and in the other plot, we sowed O. viciifolia at 
a depth of 2 cm. The enclosures were surrounded by metal walls and covered by a 
mesh (mesh width: 1.6 × 1.6 cm) that protected the plants against large herbivores, but 
which allowed access for insects (including pollinators). Each plot was additionally 
surrounded with a mosquito mesh (30 cm above ground and 10 cm below ground) to 
protect against slug predation. Before the beginning of the experiment, we loosened 
and homogenised the top 30 cm of the soil in each plot. All weeds, roots and visible 
seeds were removed to avoid competition with other undesirable plant species, and the 
ground was smoothed. For each species in different plots, in the first year, randomly se-
lected seeds were sown in 28 positions (i.e. three seeds per position) per plot regularly 
distributed and separated by 40 cm each (see Chapter 1 - Fig. S1). In subsequent years 
(2013-2015), when we sowed descendants of the preceding generation, we also always 
sowed randomly-selected seeds of the original ancestral generation in seven of the 28 
positions (i.e. four seeds per position) in each plot in order to quantify potential trans-
generational responses (i.e. acting as control individuals; see below). Before sowing, 
to assure that the randomly selected subsamples each year were representative for the 
entire ancestral seed lot, we statistically tested that there were no significant differences 
in averages and variances of seed mass of seeds selected or not selected to be used in this 
experiment, among seeds used in different years, plots, and experimental treatments (P 
≥ 0.1 in all cases). When the first emerged seedlings reached 5 cm in P. rhoeas and 10 
cm in O. viciifolia, seedling height and the seedlings maximal diameter were measured 
to the nearest millimeter. In the case that more than one seedling was present in a given 
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position, one seedling was randomly selected and the other ones were thinned, to avoid 
competition among seedlings. To this aim, from seedling emergence, we statistically 
tested by Linear Mixed-effect Models (LMM) that here were no significant differences 
in days to seedling emergence, seedling height, seedling diameter and relative growth 
rate (in height and diameter) among thinned and non-thinned seedlings, and all interac-
tions between thinning and enclosure or thinning treatments were not significant (P ≥ 
0.8 in all cases).

Precipitation-predictability treatment
Precipitation predictability (i.e. the level of temporal autocorrelation of environmental 
parameters) was manipulated at two different temporal scales: intra- and inter-seasonal-
ly. First, for intra-seasonal predictability, we simulated more (M) and less (L) predictable 
precipitation treatments by manipulating the timing of precipitation within each week, 
thus varying the daily predictability of precipitation. In M, the probability and timing of 
rainfall was more predictable (higher autocorrelation among days), while in L both were 
less predictable. Treatments were applied during two different periods (i.e. seasons) 
within each year: from early spring to late spring (spring season), and from early to late 
summer (summer season). Spring season started in March-April and extended until the 
end of June, and it was associated with early plant stage. Thus, we hereafter referred it 
to as ‘early treatment’. Summer season started at the end of June-beginning of July and 
extended until October, and it was associated with late plant stage. Thus, we hereafter 
referred it to as ‘late treatment’. Each year, the irrigation treatments started a couple of 
weeks before sowing and ended after plant harvesting. Each enclosure was irrigated 
individually using an automatic irrigation system with four sprinklers per enclosure, 
one in each corner, to provide homogenous precipitation in the whole enclosure. Thus, 
during the early and late treatment, half of the enclosures (eight of 16) were exposed 
to M and the other half to L (Fig. 1). The M treatment was imposed by irrigating plots 
twice a day for 10 minutes at regular intervals between 9 a.m. and 7 p.m. (i.e. 14 times 
per week), and the L treatment was imposed by also irrigating 14 times for 10 minutes 
but at randomly chosen time points during the week (between 9 a.m. and 7 p.m.). All 
enclosures were exposed to the same natural background precipitation and thus, en-
closures of the more predictable treatment received two rain events (experimental and 
natural events combined) per day on 76.8 % of the days and more than two events per 
day on 23.2 % of the days, whereas enclosures of the less predictable treatment received 
less than two rain events per day on 30.4 % of the days, two events per day on 22.6 %, 
and more than two events per day on 47% of the days. Thus, the timing of precipitation 
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and humidity conditions differed between treatments, while the number of precipitation 
events and the total amount of precipitation were identical (e.g. see Chapter 1 - Fig. 
S3). The simulated variance in daily precipitation measured over one week was within 
the natural limits, since the minimum variance was zero in natural precipitation and in 
both treatment levels, while the maximum variance did not significantly differ from the 
natural precipitation, neither in M, nor in L.

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

Second, inter-seasonal predictability (i.e. the level of autocorrelation between 
spring and summer) was manipulated by exposing eight enclosures during the late plant 
stage (summer) to either the same or to the other intra-seasonal predictability regime as 
during the early plant stage (spring; Fig. 1). This thus resulted in a two-factorial design 
with four early treatment-by-late treatment combinations (Fig. 1): (1) more predictable 
during early stage and more predictable during late stage (MM), (2) less predictable in 
both periods (LL), (3) more predictable during early stage and less predictable during 
late stage (ML), and (4) less predictable during early stage and more predictable during 
late stage (LM). Thus, plants were exposed to higher inter-seasonal predictability (MM, 
LL) or lower inter-seasonal (ML, LM) predictability, or in other words, to a higher or 
lower autocorrelation of precipitation between early (spring) and late plant stage (sum-
mer; Fig. 1). For the changing point between early and late stage, we chose the middle 
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of the phenological life-cycle of both species (i.e. when first’s flower buds appeared). 
This was, depending on the year, at the end of June or beginning of July, proximate with 
the change of spring-summer season.

Testing for transgenerational responses
To test for transgenerational responses with respect to precipitation-predictability, off-
spring/descendant seeds produced by a subset ancestral plants (G0) were stored over 
winter, and a randomly chosen subsample of those seeds (774 for P. rhoeas and 252 
for O. viciifolia from 7-8 maternal lines per treatment combination and species) was 
sown again in the experimental plots in the subsequent year. No significant differences 
existed between used and non-used mothers (i.e. selection of progenitors to be used 
for providing seed progeny in the following year) in mean and variance of emergence 
time (days), maximum height (in mm), maximum diameter (mm), number and mass of 
produced seeds, beginning of flowering period, and above-ground and root biomass (g) 
within treatment combinations, mother enclosure, and treatment × mother enclosure 
combinations (P > 0.2 in all cases) and between used and not used descendant in mean 
and variance of seed mass (P ≥ 0.1 in all cases). 

For each of these maternal lines, we kept the treatment combinations (i.e. MM, LL, 
LM, ML) constant across all generations. Thus, we had four generations exposed to the 
same conditions: the G0 ancestral generation, and the G1 (in 2013), G2 (in 2014) and G3 
(in 2015) as descendant generations. While descendants were potentially able to exhibit 
a transgenerational response, by experimental design, ancestors were unable to do a 
transgenerational response with respect to the experimental conditions. Thus, differ-
ences among ancestors planted in different years represent differences due to variation 
among years, while differences between ancestors and descendants growing in the same 
plot and year represent transgenerational responses. Moreover, to avoid local adaptation 
to specific conditions, of a particular plot beyond the experimental precipitation regime, 
we sowed the descendants in other plot than where the ancestor had been growing.

Data collection
From each seed sown, seedling emergence was checked daily during the first four weeks 
of the experiment to determine the seedling emergence. The plant survival during the 
early stage was assessed weekly from seedling emergence to the end of the early stage. 
Alive thinned seedlings (see above) in this period were also considered as survivors. 
For seedlings that were alive and non-thinned during the early stage, we determined the 
plant survival during the late stage (i.e. from the end of the early stage until the end of 
their annual cycle). Seeds were collected weekly when they ripen and the seeds from 
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the same individual were counted. These seeds were included in the same paper bag and 
were stored in a cool and dry environment at room conditions, out of direct sunlight and 
under consistent temperature. Once all seeds were collected, the plant was harvested. 
Plants that did not produce seeds were collected at the end of their annual cycle as well. 
These data allowed us to determine the reproductive individual rate, and separate the 
individuals that produced at least one seed from those that did not produce any seed. Per 
capita plot-population growth rate was calculated following the Ricker’s (r) equation: 
r = ln(Nt/Nt-1) (for an example, see Estay et al., 2011). To avoid competition among 
plants, only one seedling per position was allowed to grow, and thus Nt-1 corresponds 
to the number of positions per plot (see Chapter 1 - Fig. S1), in which seeds were sown 
at the beginning of a year and Nt to the seed produced per plot at the end of the year 
(Estay et al., 2011). Thus, each plot of each year was considered as a population and the 
calculated per capita population growth thus reflects an unbiased measure of per capita 
population growth.

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

For the first question, we tested how predictability treatments affect the seedling 
emergence, the plant survival during the early and the late stage, and the reproducti-
ve individual rate, all as binary dependent variables. To this aim, Generalized Linear 
Mixed-effect Models (GLMMs) using a binomial distribution were conducted for each 
species separately, using the lme4 package (Bates et al., 2015) in R 3.3.1 version (R 
Development Core Team, 2016). To test the effects on the seedling emergence and plant 
survival during the early stage (i.e. early survival), we included early treatment (less 
predictable vs more predictable), year (2012, 2013, 2014, 2015) and their two-way in-
teraction as fixed factors, and plot as a random factor. The interaction between year and 
treatment led us to determine whether the treatment effect was consistent or change 
among years. Because survival during the late stage (late survival) and reproductive 
individual rate could be affected by both early and late treatment, we therefore for these 
metrics used the model as previously described, but we also included late treatment (less 
predictable vs more predictable) as an additional fixed factor, as well as its two- and 
three-way interactions with the other factors. To test the effects of precipitation predic-
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tability on the per capita population growth rate, as a continuous dependent variable, 
LMM were conducted, including early treatment, late treatment, year and their two- and 
three-way interactions as fixed factors and plot as random factor. As a response variable 
with Gaussian distribution, the population growth rate variable for normality and ho-
mogeneity of variance using Shapiro-Wilks and Bartlett tests were tested. To meet the 
normality of residuals assumption, response variables were transformed (see transfor-
mations in Table 1). In the presence of heteroscedasticity, and if a transformation did not 
result in homocedasticity, weighted least square regressions were applied. 

To test whether descendants exhibited a transgenerational response with respect to 
the imposed treatments, data collected during 2013, 2014 and 2015 was used, when 
plants of the descendant generations (G1, G2, G3) were grown in the same plots as plants 
of the ancestral generation (G0). Thus, in ancestors, year corresponds to the year of 
sowing, and in descendants it also refers to the Nth descendant generation: 2013 is equi-
valent with G1, 2014 with G2, and 2015 with G3. Since in 2012 no descendants existed, 
plants growing in 2012 were not included in these analyses. Growing descendant and 
ancestral generations together in the same plot, thus allows to detect potential trans-
generational responses done by descendants even in the presence of potential huge di-
fferences among years and plots, since differences between ancestors and descendants 
can be analysed on the plot level. Here, the same variables as in the first question were 
analysed using GLM, GLMM and LMM, and included generation (ancestral vs descen-
dant), early treatment, late treatment, year and their two-, three- and four-way interac-
tions as fixed factors, and plot and the ID of the maternal line as random factors. 

In all statistical analyses, the most parsimonious model was determined using 
stepwise backward elimination. Marginal and conditional R2 values were calculated for 
all reduced models using the rsquared function in the piecewiseSEM package (Lefcheck, 
2015). Post-hoc tests (lsmeans package; Lenth, 2016) were applied using Tukey’s HSD 
test, whenever there were significant main effects or interactions with factors containing 
more than two levels.

RESULTS

Immediate effects of precipitation-predictability
In the ancestral generation of Papaver rhoeas, which were grown all four years, an av-
erage of 30.24±0.78 SE % of the seeds emerged across all years and treatments. There 
was a significant early predictability-treatment × year two-way interaction effect on 
the seedling emergence (Table 1). The seedling emergence was significantly higher in 
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2013 in the less predictable treatment (post-hoc contrast: P < 0.001; Fig. 2A), and no 
significant treatment differences existed in the other years (P ≥ 0.96 in all three post-hoc 
contrast; Fig. 2A). Moreover, in the less predictable treatment, seedling emergence was 
higher in 2013 than in 2012, 2014 and 2015 (P ≤ 0.009 in all three post-hoc contrast), 
but no significant differences existed among other years or with the more predictable 
treatment (P ≥ 0.19 in all post-hoc contrasts). On average, 50.23 ± 0.01 SE % of the 
emerged seeds survived during the early stage. For survival during the early stage, there 
was a significant early treatment × year two-way interaction effect (Table 1). In 2012, 
the survival during the early stage was significantly higher in the less predictable treat-
ment (post-hoc contrast: P < 0.001; Fig. 2B), and no significant treatment differences 
existed in the other years (P ≥ 0.79 in all post-hoc contrasts; Fig. 2B). Moreover, in the 
less predictable early treatment, survival during the early stage was lower in 2012 and 
2013 than in 2014 and 2015 (P ≤ 0.01 in all four post-hoc contrasts). In the more pre-
dictable early treatment, the lowest survival during the early stage was found in 2012 (P 
≤ 0.01 in all three post-hoc contrasts), and survival in 2013 was lower than in 2014 and 
2015 (P ≤ 0.01 in all two post-hoc contrasts).

Of the plants surviving the early stage across all years and treatments, 53.19±0.02 
SE % were also survival during the late stage. There were two significant two-way inter-
actions: early treatment × year and late treatment × year on the survival during the late 
stage effects (Table 1). The survival in the late stage was higher in the less predictable 
early treatment of 2012 (post-hoc contrast: P < 0.001; Fig. 2C), while no significant 
differences existed between early predictability treatments in the subsequent years (P ≥ 
0.39 in all three post-hoc contrasts; Fig. 2C). Moreover, in both early treatment levels, 
survival was lower in 2012 than in other years (P < 0.001 in all post-hoc contrasts) 
and besides, survival was higher in 2013 than in 2014 in the less predictable treatment 
(post-hoc contrast: P = 0.04). There was not significant late treatment differences in the 
survival during the late stage in any year (P ≥ 0.19 in all four post-hoc contrasts; Fig. 
S1), but differences between years in both late treatments were found, since the lowest 
survival was found in 2012 (P < 0.001 in all post-hoc contrasts), and it was higher in 
2015 than in 2014 in the less predictable treatment (post-hoc contrast: P = 0.01). More-
over, a marginally significant effect was found in the early × late two-way interaction 
(χ1

2 = 2.91, P = 0.088), representing a significant higher proportion of survival during 
the late stage in LL and LM than in ML (two post-hoc contrasts: P < 0.001). 
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Table 1: Results of the GLMM and LMM models showing the effects of the predictability treat-
ment on vital rates variables and on the population growth rate of the ancestral generation of 
Papaver rhoeas and Onobrychis viciifolia. Treatment effects (‘Early’ and ‘Late’ refer to early 
and late treatment), year and their interactions of the reduced models are shown. Estimates ± SE 
are given for significant main factors and square brackets indicate the treatment level (M: more 
predictable treatment) to which the estimate corresponds (e.g. negative estimates indicate that 
M is significantly lower than L), and the figure number is given for each significant interactions. 
Marginal and conditional R2 (in %) are reported for all reduced models. Sample size (N) of each 
model is included. For each species, transformation in the population growth rate are given be-
low the table and must be taken into account to understand the estimates ± SE of this variable.

Transformations: # ^3.7; ƒ ^5

Treatment effects on ancestors (G0) 
Papaver rhoeas 

Response variable Parameter Chi-sq Df P-value Estimates±SE 
/ Figure 

Marginal 
R2 

Conditional 
R2 N 

Seedling emergence          
Early 2.53 1 0.112   

19.84 22.49 3472 Year 351.39 3 <0.001 ***  
Early × Year 20.50 3 <0.001 *** Fig. 2A 

Early plant 
survival 

         
Early 3.06 1 0.080 ·   

32.68 35.88 1304 Year 211.88 3 <0.001 ***  
Early × Year 26.67 3 <0.001 *** Fig. 2B 

Late plant survival           
Early 15.67 1 <0.001 ***  

55.17 57.75 831 

Late 1.77 1 0.183   
Year 169.62 3 <0.001 ***  

Early × Late 2.91 1 0.088 ·   
Early × Year 22.87 3 <0.001 *** Fig. 2C 

Late × Year 10.14 3 0.017 *   
Population growth 

rate #          

Early [M] 7.49 1 0.006 ** 
-6124.0 ± 

2238.3 25.48 40.72 64 
Onobrychis viciifolia 

Response variable Parameter Chi-sq Df P-value Estimates±SE 
/ Figure 

Marginal 
R2 

Conditional 
R2 N 

Seedling emergence          

Early 0.100 1 0.752   
1.60 3.23 2576 Year 22.16 3 <0.001 ***  

Early × Year 8.23 3 0.042 * Fig. 2D 
Early plant 

survival 
         

Early [M] 4.36 1 0.037 * -0.350±0.168 5.19 8.18 1362 
Reproductive 

individual rate 
         

Early [M] 8.25 1 0.004 ** -0.692±0.241 7.99 17.40 590 
Population growth 

rate ƒ          

Early [M] 8.33 1 0.004 ** -121618±42130 30.69 48.15 64 
Late [M] 6.56 1 0.010 * -107939±42130 
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From the individuals of P. rhoeas that finally survived across all years and treat-
ments, 86.68±0.02 SE % were reproductive individuals (i.e. producing at least one 
seed). The highest reproductive individual rate was found in LL (88.00±0.03 SE %) 
and the lowest in LM (85.91±0.03 SE %), but no significant differences in treatment or 
treatment interactions were found (χ1

2 ≤ 3.48, P ≥ 0.32). Finally, the per capita plot-pop-
ulation growth rate in P. rhoeas was 49% significantly higher in the less predictable 
early treatment (Table 1) and no significant differences were found in the late treatment 
(χ1

2 = 0.90, P = 0.342). 
In the ancestral generation of Onobrychis viciifolia, which were grown all four 

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

During the late stage, 99.32±0.00 SE % of the plants survived until harvesting, and 
factor levels exhibited no variance. Across all years and treatments, 35.76±0.02 SE % 
of individuals survived produced at least one seed. The reproductive individual rate was 
affected by the early treatment (Table 1), being 41% significantly higher in the less pre-
dictable (44.63±0.03 SE %) than in the more predictable (26.15±0.03 SE %) early treat-
ment. However, the reproductive individual rate was not affected by the late treatment 
(χ1

2= 2.59, P = 0.108). The per capita plot-population growth rate in O. viciifolia was 
77% and 72% significantly higher under less predictable conditions of the early (Table 
1) and late treatments (Table 1), respectively.
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Figure-2. Precipitation predictability-treatment and year effect on vital rate traits of ancestral 
generation. Significant early treatment × year two-way interaction (A) on the seedling emer-
gence, (B) on the survival during the early stage, and (C) on the survival during the late stage in 
ancestors of P. rhoeas. (D) Significant two-way interaction effect between early treatment and 
year on the ancestors’ seedling emergence in O. viciifolia. Other significant early and/or late 
predictability-treatment (without interaction with year parameter) effects are shown in the Table 
1. Red and dashed lines represent the less predictable treatment and blue and solid line represent 
the more predictable treatment. Means ± SE are shown for each early treatment × year combina-
tion. Significant post-hoc contrasts between less and more early predictable treatment within 
each year are indicated with asterisk (* 0.05 > P ≥ 0.01; ** 0.01 > P ≥ 0.001; *** P < 0.001). 
Colored letters represent post-hoc contrast differences across years in each treatment level (red: 
less predictable treatment; blue: more predictable treatment).

Differential effect of precipitation-predictability between ancestors and 
descendants
In Papaver rhoeas, the proportion of descendants’ seeds that emerged was 39.88±0.01 
SE %, while the proportion in ancestors was 30.52±0.01 SE %. There was a significant 
early treatment × generation (i.e. ancestors vs. descendants) two-way interaction effect 
on the seedling emergence (χ1

2 = 4.04, P = 0.044; Fig. 3A). The proportion of emergence 
significantly increased in descendants with respect to ancestors from 31% to 42% in 
the less predictable treatment (post-hoc contrast: P < 0.001) and from 30% to 36% in 
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the more predictable treatment (post-hoc contrast: P < 0.001). Thus, while no treatment 
differences were found in ancestors, a significantly higher proportion of descendant 
seedlings emerged under less predictable than under more predictable conditions (post-
hoc contrast: P = 0.049; Fig. 3A). Early treatment did not yield significant differences 
between ancestor and descendant survival in the early stage (χ1

2 = 1.50, P = 0.22). How-
ever, there was a late treatment × generation two-way interaction effect on the survival 
in the late stage (χ2

2 = 4.10, P = 0.043; Fig. 3B). Descendants in the more predictable 
treatment exhibited significantly higher survival during the late stage (97.5%) than an-
cestors (81%; post-hoc contrast: P = 0.04, Fig. 3B), while no significant transgenera-
tional differences existed in the less predictable treatment (85% in descendants, 80% in 
ancestors; post-hoc contrast: P = 0.66). As a result, descendants survival during the late 
stage tended to be higher in the more predictable than in the less predictable treatment 
(post-hoc contrast: P = 0.06). Moreover, treatment did not induce significant differences 
between ancestors and descendants on the reproductive individual rate (χ1

2 ≤ 2.20, P ≥ 
0.14), that overall was 86.73±0.01 SE %, or plot-population growth rate (χ1

2 ≤ 2.01, P 
≥ 0.37).

Figure-3. Treatment-induced transgenerational responses. In P. rhoeas, differences between an-
cestral generation and descendant generation according to (A) the early treatment on the seedling 
emergence, and according to (B) the late treatment on the survival during the late stage. Signifi-
cant differences between more and less predictable treatment in descendants are indicated with 
asterisk (* 0.05 > P ≥ 0.01). Significant post-hoc contrasts between descendants and ancestors 
within each treatment are indicated with different colored letters (red: less predictable treatment; 
blue: more predictable treatment).
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In Onobrychis viciifolia, the proportion of descendants’ seeds that emerged was 
61.32±0.03 SE % in the less predictable and 46.13±0.03 SE % in the more predictable 
treatment, while the proportion of ancestors was 58.77±0.02 SE % in the less predict-
able and 52.73±0.02 SE % in the more predictable treatment. However, treatment did 
not induced significantly differences between ancestors and descendants (χ1

2 = 1.13, P 
= 0.29). The survival in the early stage between descendants (81.12±0.02 SE %) and 
ancestors (79.02±0.02 SE %) was also not affected by the treatment (χ1

2 = 0.03, P = 
0.86). 98.36±0.01 SE % of the plants surviving the early stage period also survived 
until harvesting, thus, survival during the late stage exhibited not enough variance to 
run statistical tests. The reproductive individual rate was significantly higher in descen-
dants (68.67±0.05 SE %) than in ancestors (43.01±0.03 SE %; χ1

2 = 3.90, P = 0.048), 
but treatment-induced differences were not found (χ1

2 ≤ 0.27, P ≥ 0.60). Population 
growth rate was 16% higher in descendants but treatments did not induce significant 
differences between ancestors and descendants (χ1

2 ≤ 0.41, P ≥ 0.51). However, in both, 
ancestors and descendants, the reproductive individual rate was lower in MM (ancestors 
= 24.56±0.06 SE %; descendants = 45.00±0.11 SE %) than in the other treatment com-
binations (overall in LL, LM and ML, the reproductive individual rate was ≥36.11% in 
ancestors and ≥70.19% in descendants). The plot-population growth rates were negative 
and lower in MM (rancestors = -0.41±1.50 SE; rdescendants = -2.26±1.90 SE) compared to other 
treatment combinations, where they were positive (LL, LM and ML, rancestors ≥ 1.76 and 
rdescendants ≥ 2.80). 

DISCUSSION
In an era of rapid and less predictable weather changes (Bradshaw, 2006), models aim 
to project how will the future of the individuals be considering the accelerated rates of 
these changes (Botero et al., 2015). However, previous experimental tests of the effects 
of increasing weather variability and associated reduced precipitation predictability on 
seedling emergence and plant survival have mainly concentrated on extreme events or 
increased drought (e.g. Knapp et al., 2002; Rivaes et al., 2013; Bailey et al., 2017; Par-
do et al., 2017). Experimentally simulating more subtle climate events, we reveal that 
lower precipitation-predictability can actually stimulate the vitality of P. rhoeas and O. 
viciifolia, rather than leading to increased mortality. In our experiments, plant vital rates 
were not negatively affected by lower precipitation predictability, in agreement with 
bet-hedging models (Clauss & Venable, 2000). In fact, contrary to other suggestions 
(e.g. Anderson 2016), greater short-term survival and reproduction success were found 
under less predictable conditions, increasing the plot-population growth rate (hereafter 
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referred as population growth). This was consistent across life stages. Moreover, trans-
generational responses did not show negative effects of either lower intra- or inter-sea-
sonal predictability. Descendants exhibited stable or greater transgenerational responses 
when they were subjected to less predictable conditions. The results of this experiment 
suggest that decreased environmental predictability may not always negatively affect 
all plants.

Effects of precipitation-predictability on vital rates traits
The first phenotypic expression of plants when testing the effects of climate changes 
appear through seedling emergence (Donohue et al., 2010). In our experiment, seedling 
emergence was higher with lower precipitation-predictability in 2013 for P. rhoeas and 
in 2014 for O. viciifolia (Figs. 2A,D), but differences between treatments did not appear 
in other years. Although the quantity of precipitation was identical in both treatments, 
the less predictable treatment led to more changes on soil moisture, varying between 
dry and wet soils during the emergence period, due to its associated inconsistency (by 
experimental design). While soil warming and water scarcity generally reduces seedling 
emergence (Classen et al., 2010; Hoyle et al., 2013), inconsistent soil moisture (e.g. 
seeds experiencing a series of hydration and dehydration) could promote a greater seed 
activation or dormancy break (Baskin & Baskin, 1982; Fenner & Thompson, 2005; 
Walck et al., 2011; Gremer & Venable, 2014). Therefore, seedling emergence could 
be favored if precipitation events are less predictable (Clauss & Venable, 2000) as this 
is among the most effective seed dormancy-breaking factors (Walck et al., 2011). As 
differences were not found in every year, the effects of predictability on seedling emer-
gence were not very consistent but suggest that seed germination may be sensitive and 
may benefit from lower environmental predictability (Fay & Schultz, 2009). Further-
more, seeds also emerged faster under less predictable precipitation (March-Salas et al. 
unpublished data). Greater and earlier seedling emergence could provide competitive 
and fitness advantages (Cohen 1967, Gremer et al. 2016, March-Salas et al. unpub-
lished data), such as maximizing the available resources or allowing plants to grow 
larger before reproduction (Donohue et al., 2010).

We found that lower precipitation-predictability enhanced the overall survival 
during the early stage in O. viciifolia (Table 1) and the survival during the early and the 
late stage in P. rhoeas in 2012 (Figs. 2B,C). Contrary, Gremer & Venable (2014) found 
that post-germination growth and survival were reduced in variable and less predict-
able environments. The effect on O. viciifolia was consistent and independent of the 
year. However, the effect of year in P. rhoeas shows fewer consistency and it could be 
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explained by the lower proportion of survived plants in 2012 compared to 2013-2015. 
Survival in the early stage was at least 19% significantly lower in 2012 than in other 
years, and survival in the late stage was at least 52% significantly lower in 2012 than 
in other years. This is probably explained by the drier late spring and summer in 2012 
compared to other years (Fig. S2). This suggests that differences between predictabil-
ity levels could increase when mean precipitation is lower or when survival is lower. 
Other hypotheses can arise from the life strategy of P. rhoeas. This annual species has 
to produce seeds in a single year, and, consequently, their populations could be more 
plastic since they should survive under all environments, including adverse conditions 
(Friedman & Rubin, 2015).

Survivorship can increase at the expense of seed production, but plants that arrive to 
the end of their life-cycle aim to invest their resources in offspring production (Morris et 
al., 2008). In P. rhoeas, no differences were found in the reproductive individual rates. 
This can be explained because, in all treatments, more than 86% of surviving plants pro-
duced seeds, since annual species should invest all their reproductive efforts in their sole 
year of life (Primack, 1979). However, as perennial species, O. viciifolia can choose 
between an immediate performance, or delay seed production, keeping resources for the 
following year. We found 41% higher reproductive individual rate in the less predictable 
than in the more predictable treatment. This result suggests that, in the short-term, O. 
viciifolia may use bet-hedging strategies to minimize risks of future reduced predict-
ability (e.g. Childs et al. 2010), investing more resources in seed production during their 
first year. Therefore, subtle precipitation changes generate uncertainties that could be 
solved by promoting rapid reproductive response in order to ensure plant viability, as a 
conservative strategy.

Plant viability under subtle vs. extreme precipitation changes
In P. rhoeas, the population growth rate increased significantly in the less predictable 
(mean ± standard error: 3.31±0.56 SE) versus the more predictable (1.69±0.74 SE) early 
treatment. Onobrychis viciifolia also had higher population growth rates in the less pre-
dictable (L) compared to the more predictable (M) treatment, but during both early (L 
= 2.62±0.69 SE; M = 0.61±0.85 SE) and late stages (L = 2.52±0.69 SE; M = 0.71±0.85 
SE). It is widely assumed that climate change is already modifying the distribution of 
organisms and endangering the future of many species (Thomas et al., 2004), but stud-
ies testing whether and how lower environmental predictability affects plant vitality are 
scarce (van de Pol et al., 2010). This is an experimental evidence that lower environ-
mental predictability do not necessarily reduce population growth rates, but can actually 
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increase them, as recently suggested (Lawson et al., 2015). Thus, not all environmental 
changes will depress vitality and reproductive components, as suggested by Anderson 
(2016). However, our experiment simulates precipitation predictability that does not 
exceed the current range of precipitation variance, and omits the increasing existence 
of extreme events (Katz & Brown, 1992; Easterling et al., 2000). Therefore, short-
term population growth rates could be favored if current environmental changes are 
stabilized, since species may experience an increase of plasticity if new environmental 
conditions fall within the plastic tolerance limits of several species (Ghalambor et al., 
2007).

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

The relevance of precipitation-predictability on plants’ early life
The effects of precipitation-predictability were higher during the early stage than during 
the late stage (Table 1), as suggested by other studies (Burton & Metcalfe, 2014). Seed-
ling emergence and survival in early stages could only be affected by early treatment 
and not by late treatment (see Fig. 1). However, the effects of early treatment on these 
traits were remarkable for both species (Table 1). Furthermore, in P. rhoeas, survival 
during the late stage was affected by the interaction of year with early treatment and 
with late treatment, but while early treatment induced differences in some years (Fig. 
2C), there were not any significant differences between late treatment levels (Fig. S1). 
The reproductive individual rate in O. viciifolia was significantly affected by the early 
treatment but not by the late treatment, showing that lower early precipitation-predicta-
bility entail more reproductive individuals. These results show that environmental con-
ditions in early stages strongly influence later performance (Jonsson & Jonsson, 2014) 
in terms of survival and reproductive efforts.



CHAPTER 3

118

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

Transgenerational responses
The effects of precipitation predictability on transgenerational performance were 
found in P. rhoeas (an annual species) but not in O. viciifolia (a perennial species). 
This could indicate that short-lived species may be more sensitive to predictability 
than long-lived species (Morris et al., 2008) and that the life strategy of O. viciifolia 
could delay potential selective pressures. However, studies with more different annual 
and perennial species are needed to corroborate this hypothesis. We found that, under 
both more and less predictability treatments, descendants of P. rhoeas had signifi-
cantly greater seedling emergence than ancestors (Fig. 3A). This result shows that, 
as seedling emergence is the earliest life stage, it is a process very susceptible to be 
subjected to selective pressures (Donohue et al., 2010), as other studies found under 
warmer parental temperatures (Bernareggi et al., 2016).The proportion of emerged 
seeds increased steeply and was significantly higher in descendants subjected to less 
predictable precipitation (Fig. 3A). The rapid transgenerational response in seedling 
emergence could suggest an increase of phenotypic plasticity (Reed et al., 2010; 
Merilä & Hendry, 2014; March-Salas et al. unpublished data) that was quicker un-
der less predictable conditions. In less predictable environments, traits may evolve 
to either enhance the emergence of seeds in response to cues predicting favorable 
conditions or limit the risk of seedling emergence under unfavorable conditions by 
increasing variance in the timing of emergence (Gremer, Kimball & Venable, 2016). 
Evidence of adaptation and selective processes on seedling emergence were previous-
ly described (Donohue et al., 2010), but this experiment shows empirical evidence of 
transgenerational processes that occurred due to precipitation-predictability levels.
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Species survival may depend as much on keeping pace with moving climates as the 
climate’s ultimate persistence (Loarie et al., 2009). Over time, the persistence of higher 
predictability treatments significantly increase the survival on descendants of P. rhoeas 
compared to their ancestors (Fig. 3B), while under less predictable treatment, survival 
increased but not significantly. This agrees with a slower evolutionary response under 
environmental variability on long-term survival (Kingsolver & Buckley, 2015). The re-
sults in P. rhoeas point out to a rapid response to immediate changes in precipitation 
predictability (Bradshaw, 2006), since transgenerational response in terms of seedling 
emergence, which occurs during early life, was affected by early treatment (Fig. 3A), 
and transgenerational response in terms of late survival was affected by late treatment 
(Fig. 3B).

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

Species description
Papaver rhoeas is an herbaceous annual plant that grows from sea level to 1700 m a.s.l. 
It is widely distributed in Eurasia and northern Africa (McNaughton & Harper, 1964), 
where it occurs in dry to high humidity habitats (McNaughton & Harper, 1964). Its 
height is between 10 and 50(90) cm and its flowers are bright red and almost spherical 
(Franklin-Tong & Franklin, 1992). Flowering begins in May and can last until October. 
The fruit is a capsule that, when ripe (July–September), opens apical holes from which 
numerous >1 mm long, kidney-shaped seeds are dispersed (McNaughton & Harper 
1964). It has a slender tap-root, sometimes with numerous secondary roots.

Onobrychis viciifolia is a perennial forb that grows from sea level to 2800 m a.s.l. 
Its native distribution covers the Mediterranean, south-eastern Europe and Siberia, but 
it is also widely naturalized in other parts of Eurasia, North America, Australia and New 
Zealand. Onobrychis viciifolia inhabits a broad range of climatic, soil, and humidity 
conditions (Carbonero et al., 2011). Its height is between 20 and 80 cm (rarely > 100 
cm), and it produces dense inflorescences with 10-100 pink, zygomorphic, hermaphro-
ditic flowers. Its flowering period is from May to August. The fruit is a small single-seed-
ed pod. Onobrychis viciifolia has a deep taproot (reaching >1 m of depth), sometimes 
with numerous secondary roots and thin lateral roots (Mohajer et al., 2012).



CHAPTER 3

126

Suplementary figures

Figure–S1. Two-way interaction effect between late treatment and year on the survival during 
the late stage in the ancestral generation of P. rhoeas. Red and dashed lines represent the less 
predictable treatment and blue and solid line represent the more predictable treatment. There was 
not significant differences at post-hoc contrasts between less predictable and more predictable 
early treatment within any year. Colored letters represent post-hoc contrast differences across 
years in each treatment level (red: less predictable treatment; blue: more predictable treatment).
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Figure-S2. Monthly natural precipitation and average temperature in each year in Jaca (Huesca, 
Spain), where experiment was conducted. A. Monthly precipitation (in mm) in each year. B. 
Average monthly temperatures (in ºC) in each year. Colored lines represent different experimen-
tal years (2012-2015).
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ABSTRACT
Changing environments can affect mean trait expression, but very little is known about 
their effect on variance at the population and individual level. Ecological studies fre-
quently ignore effects on intra-individual and intra-population variance, although the-
ories suggest that changes in trait variance may affect reproductive success. Moreover, 
intra-individual variance might be under selection rather than reflecting noised, and it 
might be transmissible from mothers to their offspring, but evidence for these hypothe-
ses is thin. Here, we experimentally tested how decreased environmental predictability 
affects intra-individual and intra-population variability, and whether intra-individual 
variability is under selection. Under field-conditions, we subjected Onobrychis vicii-
folia to less and more predictable precipitation during four years and over four gen-
erations. Start of flowering, inflorescence length, and the number of produced seeds 
were measured for each inflorescence, and the mass of each seed was measured. For 
each trait, the coefficient of variation was calculated per individual (i.e. intra-individual 
variability) as well as intra-population variability based on averages of individual traits. 
Less predictable conditions enhanced intra-population and intra-individual variability. 
Selection gradients further showed that intra-individual variability in reproductive traits 
is under stabilizing selection, and precipitation predictability affected the location of 
the optima, optimal reproduction, as well as the strength of selection, but not type of 
selection (i.e. stabilizing vs directional selection, etc). Moreover, intra-individual varia-
bility of mothers and offspring were positively correlated, in line with transgenerational 
effect. Our results experimentally show that intra-individual is a highly plastic trait that 
is under natural selection, rather than phenotypic noise, and that it affects reproductive 
success. Therefore, intra-individual variability might be an important determinant of 
how plants will be able to cope with changes in environmental predictability due to the 
currently observed climatic change.

KEYWORDS.- environmental predictability, environmental uncertainties, fitness, func-
tional traits, individual heterogeneity, subindividual, within-plant variance.
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INTRODUCTION
Theoretical studies suggest that more predictable environments may pose less chal-
lenges for individuals, and that they may reduce phenotypic variation (Pigliucci 1996; 
Matesanz et al. 2010). Less predictable environments, however, may promote greater 
challenges (Vázquez et al. 2015), and thereby enhance phenotypic variation (Nicotra 
et al. 2010; Valladares et al. 2014). In other words, in more predictable environments, 
where current and future selective regimes are more similar, selection for different phe-
notypic characteristics is smaller (Ashander et al. 2016), and intra-individual variation 
may become smaller (Gomez-Mestre & Jovani 2013). However, under less predictable 
conditions, higher phenological, morphological, and reproductive intra-individual vari-
ability might be positively selected due to its benefits on individual fitness (Castellanos 
et al. 2008; Herrera 2009). Theoretical studies suggest that differences in intra-indi-
vidual variability might be the result of differences in environmental predictability and 
thus, that intra-individual variability might be under selection (Dai et al. 2016; Hamel 
et al. 2018; Nater et al. 2018). However, frequently, it is assumed that intra-individual 
variability might be phenotypic noise (Sultan 1987; Herrera 2009). 

While most studies suggest that environmental parameters directly feedback on in-
dividuals (Fox et al. 2019), environmental parameters can also indirectly feedback on 
individuals, through their effect on populations (e.g. Romero-diaz et al. 2017). This 
suggests that environmental predictability, and its currently observed decrease (IPCC 
2013), may affect ecological and evolutionary patterns and processes at multiple bio-
logical levels, including communities, species, populations and individuals (Vázquez 
et al. 2015). Theories predict that decreased predictability may increase the variability 
within a population (Lande & Shannon 1996; Boyce et al. 2006; Lawson et al. 2015), 
and thereby affect intra- and inter-generational competition (Schlichting & Pigliucci 
1998). Under more predictable conditions, intra- and inter-generational competition are 
predicted to remain relative invariant (Reed et al. 2010). Changes in intra-individual va-
riability, i.e. in intra-individual phenology, may be directly related with environmental 
predictability, since they may reduce inter-individuals competition in nutrients, water, 
light, and even in biotic interactions (Nosil & Reimchen 2005; Elzinga et al. 2007), 
which may increase individual performance (Liu & van Kleunen 2017), and thereby the 
persistence of populations (Bolnick et al. 2011).

Moreover, it has been suggested that intra-individual variability might be under ma-
ternal control, by means of transgenerational effects (Gangloff et al. 2017), and that 
intra-individual variability may be determined by early life conditions (e.g. silver-spoon 
effect; Grafen 1988), and only have immediate effects on survival (Vedder & Bouwhuis 
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2018). However, to our knowledge, there is no experimental evidence that intra-indivi-
dual variability is a plastic trait and that difference in environmental predictability affect 
intra-individual variability. Also, there is very few evidence for the functional, ecologi-
cal and evolutionary significance of intra-individual variability in different environmen-
tal scenarios (Alonso et al. 2018). In addition, the few experimental studies testing these 
theories, analysed intra-individual variance among different ontogenetic life-stages or 
years (Hamel et al. 2018), and thus differences can arise due to ontogeny-dependent, 
age-dependent, or environment-dependent strategies. Thus, disentangling among the 
sources of intra-individual variance remains speculative. In contrast, experimental tests 
of the plasticity of intra-individual variance, and its selective consequences within the 
same ontogenetic life-stage and season, would be most suited to provide ultimate res-
ponses, given that the three sources of variance will not be confounded.

Here we experimentally test whether intra-individual variability in plant reproducti-
ve traits depends on environmental predictability, whether it is under selection, whether 
it is determined by early and/or late growth conditions, and whether it might be under 
maternal determination. Moreover, we examine whether effects of environmental pre-
dictability on intra-individual and intra-population variability are congruent. We used 
the common sainfoin Onobrychis viciifolia L. (Fabaceae) as model species, since plants 
are ideal organism to test these hypotheses, because they are modular organisms that 
exhibit intra-individual variability within the same trait, ontogenetic stage, and season 
(De Kroon et al. 2005; Herrera 2009). Plants are sessile organisms which cannot move 
away from unfavorable environments, and the only possibility to respond to changes in 
environmental factors is the modification of the phenotype and of the investment strate-
gies (Adler et al. 2014). Therefore, intra-individual variation might be highly beneficial, 
since it could reduce competition (e.g. for pollinators, for light, for resources, etc). Mo-
reover, modular organisms have a high potential to adapt to local conditions, and thus 
changes in the environmental predictability may directly affect a plants phenotype and 
strategy (Pigliucci 1996; De Kroon et al. 2005).

We manipulated the daily and season predictability of precipitation during four con-
secutive years under semi-natural conditions. Each year, seeds were sown in 16 popu-
lations, which were exposed to more or less predictable daily precipitation during early 
and during late growth using a two-factorial design. Of each individual, we measured 
different reproductive traits (time to flowering per inflorescence, inflorescence length, 
number of seeds per inflorescence, individual seed mass), and the intra-individual coe-
fficient of variation was calculated. Moreover, offspring seeds (hereafter referred as des-
cendants) were planted in the subsequent year in order to investigate maternal determi-
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nation of intra-individual variability. Based on this experimental design, we evaluated 
three hypotheses: H1. Less predictable environments promote greater intra-individual 
and intra-population variability than more predictable conditions and differences during 
early growth mainly affect intra-individual variability. H2. Intra-individual variability 
in reproductive traits is under selection, and selections depends on precipitation pre-
dictability. H3. Intra-individual variability of the offspring is related to intra-individual 
variability of the mothers, and this relationship depends on precipitation predictability.

METHODOLOGY

Experimental system and sowing procedures
Seeds of Onobrychis viciifolia Scop. (common sainfoin; Fabaceae; for species descrip-
tion see ‘Supplementary material’) were sown during four consecutive years (2012-
2015) in experimental field plots located at the experimental field station ‘El Boalar’ 
(42°33’N, 0°37’W, 705 m a.s.l.; IPE-CSIC, Jaca, Huesca, Spain). Used seeds were ob-
tained in 2011 from a farm located in Castillo de Lerés (23 km from the field site), which 
exhibits similar climatic conditions as ‘El Boalar’. These seeds are hereafter referred to 
as the ancestral generation (G0), while subsequent generations produced at ‘El Boalar’ 
are referred to as descendants (G1-3; see below).

In 2012, 16 experimental open-air plots of 1.2 × 6.0 m were established in 16 diffe-
rent enclosures of 100 m2. Each enclosure was delimited by metal walls that were 1 m 
high and extended 1 m below ground, and they were covered by a mesh that protected 
plants against large herbivores. The used mesh width (1.6 × 1.6 cm) allowed access for 
pollinators. In each plot, randomly selected ancestral seeds were sown in 28 planting 
positions at a depth of 2 cm. Planting positions were aligned in a quadratic grid and 
separated by 40 cm. Before the beginning of the experiment, the top 30 cm of the soil 
of each plot were loosened and homogenised. All weeds, roots and visible seeds were 
removed to avoid competition with non-experimental plants, and the ground was smoo-
thed. Randomly selected subsamples of G0 were sown in all planting positions in 2012 
and in seven positions of each plot in 2013 – 2015, to test for effects of precipitation 
predictability on naive seeds across years. Before sowing, statistical analyses were con-
ducted to assure that no significant differences in average and variance of seed mass 
existed between the sample and the subsamples, between years, plots, and experimental 
treatments (P ≥ 0.1 in all cases).
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Precipitation treatment
Intra- and inter-seasonal precipitation predictability (i.e. the level of temporal autocor-
relation of precipitation) were manipulated. More (M) or less (L) predictable intra-sea-
sonal precipitation was simulated, each treatment in eight enclosures (16 enclosures in 
total), by varying the daily predictability of precipitation using an automatic irrigation 
system with four sprinklers per enclosure, one in each corner, which provided homog-
enous precipitation in the whole enclosure (e.g. San-Jose et al. 2014). M plots were 
irrigated twice a day for 10 minutes at 9 a.m. and 7 p.m. (i.e. 14 times per week) and 
together with the natural precipitation, this treatment corresponds to more predictable 
precipitation (higher autocorrelation among days). L plots were irrigated 14 times per 
week for 10 minutes at randomly chosen time points between 9 a.m. and 7 p.m. Togeth-
er with the natural precipitation, the irrigation treatment simulated less predictable pre-
cipitation. M plots received two rain events per day on 76.8 % of the days and more than 
two events per day on 23.2 % of the days, whereas L plots received less than two rain 
events per day on 30.4 % of the days, two events per day on 22.6 %, and more than two 
events per day on 47% of the days. Thus, the timing of precipitation differed between 
treatments, while the number of precipitation events and the total amount of precipita-
tion were identical. The simulated variance in the daily predictability of precipitation 
measured over one week was within the natural range, since the minimum variance was 
zero in both treatment levels, which is identical to the natural precipitation predictability 
at the study site, while the maximum variance did not significantly differ from the natu-
ral precipitation, neither in M, nor in L (F1,62 ≤ 0.0003, p ≥ 0.98). 

Predictability treatments were applied in spring, from early spring to late spring 
(spring season), and thus during early plant growth, and during late plant growth, from 
early to late summer (summer season). Treatments applied during spring are hereafter 
referred to as ‘early treatment’ and treatments applied during summer to ‘late treat-
ment’. Inter-seasonal predictability (i.e. the level of autocorrelation between spring and 
summer) was manipulated by exposing half of the plots to the same or to the other 
predictability regime during early and late growth, resulting in a two-factorial design 
with four early treatment by late treatment combinations (see Fig. 1 of March-Salas & 
Fitze. 2019): MM - more predictable during early growth and more predictable during 
late growth; LL - less predictable in both periods; ML -  more predictable during early 
and less predictable during late growth; and LM - less predictable during early and 
more predictable during late 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 (spring) and 
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late growth (summer). In ML and LM, treatments were changed in the middle of the 
phenological life-cycle (i.e. when the first flower buds appeared), in late June or early 
July. Each year, the irrigation treatments started a couple of weeks before sowing and 
ended after plant harvesting. 

Multi-generation experiment
All descendent seeds were collected, dried, and stored over the winter. Seeds produced 
by G0 mothers in 2012 are hereafter referred to as G1, those produced by G1 mothers (in 
2013) as G2, and seeds produced by G2 mothers (in 2014) as G3. In each of three years 
(2013-2015), a subsample of seeds of a subsample of mothers was selected to be sown. 
There existed no significant differences between used and not used mothers in mean 
and variance of emergence time of mothers (days), maximum height (mm), maximum 
diameter (mm), number and average mass of produced seeds (g), beginning of flowering 
period, and above-ground root biomass (g) of mothers within treatment combinations, 
mother enclosure, and treatment × mother enclosure combinations in any of the years 
(P ≥ 0.2 in all cases). Similarly, there existed no significant differences in mean and 
variance of seed mass (g) between used and not used seeds produced by the same moth-
er and the interactions with the treatment combinations (i.e. LL, LM, ML, MM) were 
non-significant (P ≥ 0.1 in all cases). Of all selected mothers, descendants were planted 
in all four treatment combinations (i.e. LL, LM, ML, MM), but not in the plot where the 
mother was growing, to avoid local adaptation to specific conditions of a particular plot. 
To control for differences among years and plots, descendant seeds and ancestral seeds 
were planted in all plots, allowing for a precise estimate of transgenerational responses, 
thanks to intra-plot comparisons. 

Measured traits 
The date of seedling emergence and the beginning of the flowering period were deter-
mined for each sown seed and for each plant, by daily checking seedling emergence 
and the opening of the first flower. Height and the maximum diameter (mm) of each 
plant were measured each week. For each inflorescence, the day of the first open flower 
was determined (Fig.1A), to determine the time from seedling emergence to flowering. 
The length (mm) and the number of produced seeds of each inflorescence were meas-
ured when all seeds of the inflorescence were ripe (Fig.1B). Ripe seeds were collected 
(Fig.1B), seeds of the same inflorescence were stored in the same paper bag, and all 
paper bags were maintained in a cold and dry environment. Once all seeds of a plant 
were collected, the plant was harvested by carefully excavating the roots. Plants that 
did not produce seeds were harvested at the end of the growing season. Above- and be-
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low-ground dry biomass of each plant and the mass of each seed were measured with a 
Mettler Toledo balance (precision: 0.01 mg). 

Author: Martí March-Salas

Figure- 1: Seeds and inflorescences of O. viciifolia. (A) Appearance of the first flower of the 
inflorescence, (B) seeds, and (C) inflorescences belonging to the same plant. To follow-up the 
development of each inflorescence, inflorescences was individually marked (see attached num-
ber). All photos stem from experimental plants growing at ‘El Boalar’ (Jaca, Huesca, Spain).
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Data analyses
As a standardized measure of intra-individual variability, the coefficient of variation 
of each plant (intra-individual CV = standard deviation/mean) was calculated for four 
different reproductive traits: individual seed mass, week of an inflorescence’s flower-
ing start (hereafter referred to as ‘flowering start’), number of seeds per inflorescence, 
and inflorescence length. Intra-plot variability (intra-plot CV) of each reproductive trait 
was calculated for each plot and year as the standard deviation of the individual means 
divided by the average of the individual means. All CVs were standardized and ln-trans-
formed previous to statistical analyses.  

First, we tested whether intra-individual variability (a) and intra-plot variability (b) 
differ among predictability-treatments and whether the treatment effect is consistent 
among years (H1). To this end, linear mixed-effect models (LMMs) were run with in-
tra-individual CVs (a) or intra-plot CVs (b) of G0 plants as dependent variables. Early 
and late predictability treatments (factor levels: less vs more predictable) and year were 
modelled as fixed factors and their interactions included. Plot was modelled as random 
factor. 

Second, we tested whether intra-individual variability in reproductive traits of G0 
are under selection and whether the selective regime depends on precipitation predicta-
bility (H2). For each trait, LMMs were run with seed number as dependent variable, li-
near and quadratic intra-individual CV as covariates, early treatment, late treatment, and 
year as fixed factors and all possible interactions. Plot was modelled as random factor.

Third, we tested whether intra-individual CV of the mothers is correlated with in-
tra-individual CV of the descendants and whether treatment affects this relationship 
(H3). Intra-individual CVs were calculated for all descendants (G1, G2, and G3) and for 
their mothers. LMMs were run with intra-individual CVs of descendants as dependent 
variable, intra-individual CV of their mother as a covariate, early and late treatment as 
fixed factors and all possible two- and three-way interactions. Plot, year, and matriline 
were included as random factor

All statistical analyses were carried out using R (version 3.5.0; R Development Core 
Team 2017). The lmer function from the lme4 package was used to fit mixed-effect 
models (Bates et al. 2015). Function sjp.lmer and tab_model from the sjPlot package 
(Lüdecke 2017) were used to check assumptions of mixed-effects models and calculate 
the marginal and conditional R-squared statistics, based on Nakagawa et al. 2017. As 
model selection criteria, we applied a stepwise backward model selection procedure 
using the drop1 function to select a minimum adequate model.
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RESULTS
Across all years and treatments, 724 individuals reproduced. They produced 8205 in-
florescences (11.27 inflorescences ± 0.39 SE / per plant) of an average length of 130.39 
mm ± 0.64 SE and an average of 11.69 seeds ± 0.12 SE per inflorescence. A total of 
95,946 seeds were produced and average seed mass was 21.07 mg ± 0.003 SE.

Effects of precipitation predictability on intra-individual and intra-plot 
variability
There was a significant two-way interaction between early and late treatment on in-
tra-individual variability (CV) of seed number per inflorescence of G0 (χ1

2 = 8.155, p 
= 0.004). Intra-individual CV of seed number per inflorescence tended to be higher in 
LL than in ML (t = 2.530, p = 0.059), were significantly higher in LL than in LM (t = 
3.134, p = 0.011), and did not significantly differ from MM (t ≤ |1.596|, p ≥ 0.394). Less 
predictable (L) late precipitation led to significantly higher intra-individual CV of flow-
ering start (χ1

2 = 6.979, p = 0.008). Early predictability treatment did not significantly 
affect any of the intra-individual CVs (χ1

2 ≤ 0.82, p ≥ 0.37), and none of the treatments 
affected intra-individual CV of seeds mass and inflorescence length (χ1

2 ≤ 6.17, p ≥ 
0.10). 

Intra-plot variability (CV) of seed number per inflorescence and flowering start 
were significantly higher in the less predictable compared to the more predictable late 
treatment (seed number per inflorescence: χ1

2 = 4.307, p = 0.038; flowering start: χ1
2 

= 7.016, p = 0.008). Intra-plot CV of inflorescence length tended to be higher in the 
less predictable late treatment (χ1

2 = 3.501, p = 0.061), and intra-plot CV of seed mass 
was not significantly affected by treatments (χ1

2 ≤ 0.758, p ≥ 0.384). Intra-plot CV of 
flowering start tended to be higher in the less predictable early treatment (χ1

2 = 3.351, p 
= 0.067), and early treatment did not significantly affect the other intra-individual CVs 
(χ1

2 ≤ 1.983, p ≥ 0.159). In any of these models existed significant interactions (χ3
2 ≤ 

6.059, p ≥ 0.108).

Effects of precipitation predictability on selection acting on intra-indivi-
dual variability 
Significant stabilizing selection existed on intra-individual CVs of seed number per 
inflorescence and flowering start, and its strength significantly depended on early treat-
ment (Fig. 2A, B, Table 1: early treatment × CV2). In the more predictable early treat-
ment, slightly higher intra-individual CVs of seed number per inflorescence (optimal 
intra-individual CV: M = 0.314; L = 0.305) let to maximal reproduction, and optimal 
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CVs let to higher reproduction in the less compared to the more predictable treatment 
(Fig. 2A). Moreover, selection was slightly weaker in the more predictable treatment 
(i.e. slightly flatter relationship; Fig. 2A). Optimal intra-individual CV of flowering start 
was reached at smaller intra-individual CVs in the more predictable early treatment (L: 
1.712; M: 1.334; Fig. 2B). Optimal intra-individual CVs let to higher reproduction in 
the less compared to the more predictable early treatment, and selection was stronger in 
the more predictable treatment (i.e. steeper decreases with increasing distance from op-
tima; Fig. 2B). Significant stabilizing selection as well existed on intra-individual CVs 
of inflorescence length and seed mass (Table 1). 

Figure-2. Precipitation predictability effect in the relationship between the number of seeds pro-
duced and the intra-individual CV in the seeds number per inflorescence (A), start of flowering 
(B), inflorescence length (C), and seed mass (D). Differences between less and more predictable 
early treatments are shown in A, B and D, and differences between the late treatments are shown 
in C. Dots represent raw data, and lines predicted relationships.
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Late treatment affected selection acting on intra-individual CVs of inflorescence 
length (Fig. 2C; Table 1 – late treatment × CV2), while less predictable early condi-
tions positively increased reproduction, but not the shape, the location of the optimum 
(intra-individual CV in seed mass = 0.128), and the intensity of selection acting on 
intra-individual CV of seed mass (Fig. 2D; Table 1 – simple treatment effect). Optimal 
reproduction was achieved at slightly lower intra-individual CVs of inflorescence length 
in the less compared to the more predictable late treatment (L=0.501; M=0.519 ; Fig. 
2C); and optimal intra-individual CVs let to higher reproduction in the less compared to 
the more predictable treatment. Moreover, weaker selection acted in the more predict-
able treatment (i.e., flatter relationship; Fig. 2C). 

Precipitation predictability effects on the relationship between intra-indivi-
dual variability of mothers and intra-individual variability of descendants.
Intra-individual CV of flowering start and seed mass of descendants were significantly 
and positively correlated with the intra-individual CV of flowering start and seed mass 
of their mother (hereafter referred to as maternal CV; Table S1), and no significant 
correlation existed with maternal CV of seed number per inflorescence and inflores-
cence length. Early and late treatment (in both cases L was larger than M) significantly 
affected intra-individual CV of flowering start of descendants, and the less predictable 
late treatment significantly increased the intra-individual CV  of seed number per inflo-
rescence and inflorescence length of descendants (Table S1). In none of the models, the 
correlation between intra-individual CV of descendants and the maternal CV  was sig-
nificantly affected by treatments (p > 0.1; see Table S1), nor was the interaction among 
treatments (Table S1). 

DISCUSSION
This experimental study shows that intra-population and intra-individual variability are 
significantly affected by precipitation predictability, and, to our knowledge, it shows for 
the first time that intra-individual variability in reproductive traits is under selection. The 
results in intra-individual variability and intra-plot variability (as a proxy of intra-popula-
tion variability) are congruent since both increased when precipitation was less predictable, 
in line with theories that climatic changes may affect intra-individual and intra-population 
variability (Starrfelt & Kokko 2012; Lawson et al. 2015; Hamel et al. 2018). Moreover, 
intra-individual variability was under stabilizing selection, and precipitation predictabil-
ity affected the location of the optima, optimal reproduction, as well as the strength of 
selection, but not the type of selection. The descendants’ intra-individual variability was 
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positively related with intra-individual variability of their mothers, and the strength of the 
transgenerational correlation was unaffected by precipitation predictability.

Effects of environmental predictability in intra-population and intra-indi-
vidual variability
In agreement with ‘hypothesis 1’, both, intra-population and intra-individual variability 
(CV) of flowering start and seeds number per inflorescence were significantly higher 
in the less predictable compared to the more predictable treatment, and no differenc-
es were found in the others CV. The direction of the precipitation predictability’s ef-
fect was identical in both hierarchical levels, and it affected in both hierarchical levels 
the same traits. Thus, the effects of precipitation predictability on intra-population and 
intra-individual CV were congruent, in line with predictions from theoretical models 
(Schlichting & Pigliucci 1998; Starrfelt & Kokko 2012). Moreover, this experimentally 
demonstrates that environmental predictability affects variance at different hierarchical 
levels, and not only changes in mean trait expression (e.g. Chapter 1-3). 

Daily precipitation predictability during the late growth affected intra-individual 
and intra-population CV of flowering start and intra-population CV of seed number per 
inflorescence. There was a significant early × late treatment interaction on intra-individ-
ual CV of seeds number per inflorescence. However, this interaction was mainly caused 
by late conditions (i.e. significant differences between LL and LM and a tendency for 
LL versus ML (P =0.059), and no significant posthoc contrasts between higher (MM, 
LL) and lower (ML, LM) inter-seasonal predictably: t = -1.650, p = 0.110), and not 
by more and less predictable inter-seasonal precipitation. Moreover, daily precipitation 
predictability during the early growth only tended to affect flowering start at the popula-
tion level. This shows that mainly late treatment affected reproductive traits, suggesting 
that the environmental predictability to which they are exposed during the development 
of a certain trait is most important for O. viciifolia, rather than previously experience 
environmental predictability. This result is in line with previous observations that indi-
vidual heterogeneity in early survival was affected by early-life conditions, the latter 
having no effects on long-term proxies of quality (Vedder & Bouwhuis 2018). Both 
studies thus provide evidence that the environmental conditions to which an individual 
is exposed during the development of a certain trait is most important (Vedder & Bou-
whuis 2018), and they provide no evidence for carry-over effects on later life-stages.

Greater intra-individual CV of flowering start might be the consequence of a longer 
reproductive period. Longer reproductive activity may lead to flowering over longer 
time periods, which may enhance reproductive success (Franks et al. 2014). Flowering 
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over longer time periods may also reduce the competition for resources and pollinators, 
in line with theories suggesting that plants anticipate the best time to initiate reproduc-
tion (Elzinga et al. 2007; Reed et al. 2010), which may depend on resources availability 
(Nosil & Reimchen 2005; Elzinga et al. 2007; ; Liu & van Kleunen 2017). 

Effects of environmental predictability on selection acting on intra-indivi-
dual variability
In agreement with ‘hypothesis 2’, intra-individual variability of all reproductive traits was 
under stabilizing selection (see significant quadratic relationship in Table 1; Fig. 2; Elzin-
ga et al. 2007), and differences in precipitation predictability treatment affected the loca-
tion of the optima, reproductive success at optimal intra-individual CVs, and the strength 
of selection, while it did not change the shape of selection (Fig. 2). This show that intra-in-
dividual variability is under selection, rather than reflecting phenotypic noise, which is in 
line with theory (De Kroon et al. 2005; Elzinga et al. 2007). These results demonstrate, 
to our knowledge for the first time, that intra-individual variability is a plastic trait that is 
shaped by environmental predictability and environmental conditions per se, in agreement 
with the modular characteristics of plants (De Kroon et al. 2005). 

The selective regime of three of four reproductive traits (selection on seeds number 
per inflorescence –Fig. 2A-, flowering start –Fig. 2B- and seed mass –Fig. 2D-) was 
significantly affected by early precipitation predictability, and the selective regime of 
inflorescence length was affected by late treatment (Fig. 2D). Less predictable precipi-
tation shifted the optima towards smaller intra-individual variability in seeds number 
per inflorescence and inflorescence length, and it shifted the optima towards bigger 
values of flowering start. Meanwhile, precipitation predictability did not affect optimal 
intra-individual variability of seed mass. For all measured reproductive traits, optimal 
intra-individual variability when exposed to less predictable precipitation let to higher 
reproductive success than optimal intra-individual variability. These analyses show that 
intra-individual variability may be under strong selection and that plant’s may plasti-
cally adjust intra-individual variability in reproductive traits to increase reproductive 
success (Elzinga et al. 2007; Vermeulen 2015; see below).  

Evolutionary implications of intra-individual variability
For seed mass and flowering start, intra-individual CV of the mothers was positively 
correlated with the intra-individual CV of their offspring, and precipitation predicta-
bility did not significantly affect the mother-offspring correlation. This suggests that 
intra-individual variability might be transmitted from mothers to offspring (Winn 1996), 
and that the strength of the transgenerational correlation is unaffected by environmental 
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predictability. Moreover, less predictable late precipitation increased the descendants’ 
intra-individual CV of seeds number per inflorescence, inflorescence length, and flow-
ering start (Table S1). Thus, precipitation predictability had the qualitatively same effect 
on intra-individual variability of descendants and ancestors. 

This indicates that intra-individual CV of mothers and their offspring are similarly 
affected by precipitation predictability, which may explain why the effects of maternal 
CV on offspring CV did not depend on treatment (no significant maternal CV × treat-
ment interactions, Table S1). Absence of treatment × maternal CV interactions may 
point to genetic determination of intra-individual variability and to absence of plastic 
maternal responses. However, to test the latter hypothesis, offspring need to be exposed 
to the same treatment combination as the mother and as well to other treatment combi-
nations. Only this experimental design would allow to understand whether mothers may 
plastically affect the offspring’s strategy of intra-individual variability. 

CONCLUSION
This study experimentally demonstrates that precipitation predictability significantly af-
fects intra-population and intra-individual variability in reproductive traits of O. viciifo-
lia, showing that not only trait averages will be affected by climatic conditions, but also 
their variance (Benedetti-Cecchi 2003; Bolnick et al. 2011). Decreased predictability en-
hanced intra-individual and intra-population variance (Vázquez et al. 2015), suggesting 
that effects of reduced predictability can be generalized to several hierarchical levels. Our 
results further show that intra-individual variability is a plastic trait which is under stabi-
lizing selection, suggesting that changes in intra-individual variability may allow plants 
to rapidly adapt to environmental changes, in line with the modular nature of plants (De 
Kroon et al. 2005). Intra-individual variability may be thus understood as a trait itself, 
rather than be a phenotypic noise. Moreover, there existed a significant mother-offspring 
correlation in the intra-individual variance in seeds number per inflorescence and flower-
ing time, i.e. two close fitness proxies (see Chapter 1), suggesting at least partial genetic 
and/or maternal determination of intra-individual strategies. This finding is in line with 
genetic and plastic components of most traits exhibiting plastic responses, and it suggests 
that intra-individual variance might be important to how plants will be able to cope with 
changes in environmental predictability, and more specifically, with the predicted in-
crease in environmental uncertainty (Morice et al. 2012; Tonkin et al. 2017). Therefore, 
our findings suggest that increased intra-population and intra-individual variability may 
be very relevant for species persistence and performance under climate change (Bolnick 
et al. 2011; Cochrane et al. 2015; Vindenes & Langangen 2015).
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SUPPORTING INFORMATION

Species description
Onobrychis viciifolia (common sainfon) is a perennial forb that grows from sea level 
to 2800 m a.s.l. The native distribution is in the Mediterranean, south-eastern Europe 
and Siberia, but it is also widely naturalized in other parts of Eurasia, North America, 
Australia and New Zealand. Onobrychis viciifolia inhabits a broad range of climatic, 
soil and humidity conditions (Carbonero et al. 2011). Its height is between 20 and 80 
cm (rarely > 100 cm), and it produces dense inflorescences with 10-100 pink, zygomor-
phic, hermaphroditic flowers. Its flowering period is from June to September. The fruit 
is a small single-seeded pod. Onobrychis viciifolia has a deep taproot, sometimes with 
numerous secondary roots and thin lateral roots (Mohajer et al. 2012).
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ABSTRACT 
Current climate change alters the frequency and intensity of precipitation events, and 
the temporal autocorrelation between these events (i.e. their predictability). Little is 
known about how differences in predictability affect a plant’s physiology and chemical 
composition, and whether such differences may affect provided ecosystem services. 
Here we experimentally tested this question by simulating more and less predictable 
daily and seasonal precipitation, using a two-factorial four-year field experiment and 
the forage legume Onobrychis viciifolia. Using an individual trait-based approach we 
show that less predictable precipitation let to higher aboveground biomass, ANPP, and 
nitrogen content in leaves and roots, and consequently, to an increase in the productivity 
of O. viciifolia. In contrast, lignin content and the C:N ratio were lower when exposed 
to less predictable precipitation, which favours palatability, digestibility and litter de-
cay. This indicates that ecosystem services provided by O. viciifolia, agriculture, and 
even, economy may benefit from less predictable precipitation, suggesting that climate 
change might be less negative than previously thought. 

KEYWORDS.- aboveground net primary productivity (ANPP), digestibility, environ-
mental predictability, ecosystem functioning, nitrogen, nutrient cycles, plant physiolo-
gy, precipitation.
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INTRODUCTION
Global warming and droughts are the most studied components of climate change, and 
both may strongly affect species and ecosystems (Dillon et al. 2010). While in the past 
it has been assumed that changes in mean climatic conditions are most important, evi-
dence is accumulating that the predictability and variability of the weather events may 
at least be as important (Easterling et al. 2000; Reed et al. 2010). While changes in 
average temperatures are well accepted, climate change also rapidly affects weather pre-
dictability and variability (Katz & Brown 1992; Jetz & Rubenstein 2011; IPCC 2013). 
In fact, rapid changes in the frequency and intensity of precipitation have already been 
described (Groisman et al. 2005), potentially affecting the availability of humidity and 
soil resources (Beier et al. 2012). Consequently, changes in precipitation predictability 
may alter phenology, morphology, and the biochemical composition of plants (Manning 
et al. 2006; De Deyn et al. 2008; Vázquez et al. 2015). Such changes may affect func-
tional traits, soil properties, nutrient cycles, and thereby ecosystem properties (Grime 
1998; Garnier et al. 2004; Faucon et al. 2017), ecosystem functioning (Manning et al. 
2006), as well as services to humankind (i.e. ecosystem services; Table 1). 

Under adverse and less predictable conditions, theory predicts that plants will in-
crease resource acquisition such a carbon (C) or nitrogen (N), in order to ensure survival 
(De Deyn et al. 2008; Weemstra et al. 2016). It is also expected that less predictable 
conditions may promote greater plasticity of a plants’ organic composition and enhance 
a plant’s growth rate (e.g. Chapin IIIi et al. 1993), the latter mainly being modulated 
by increasing nitrogen content (Chapin III et al. 1987). Moreover, while some studies 
indicate that climatic variability will decrease aboveground biomass, plant productivity 
(in terms of aboveground net primary productivity; ANPP) and forage quality (Knapp et 
al. 2002; Walter et al. 2012), other studies propose an increase of aboveground biomass 
and plant productivity (Thomey et al. 2011; Schuster et al. 2016), and the effects of 
lower predictability are unknown. Therefore, the effect of changes in predictability on 
a plant’s chemical composition and ecosystem services should be tested, while holding 
environmental means and variances constant.

Changes of the chemical composition and other functional traits of plants may affect 
mineralization, nutrient influx (Manning et al. 2006; Faucon et al. 2017) and plant-soil 
feedback (Silver & Miya 2001; Manning et al. 2006; De Deyn et al. 2008), and the-
reby nutrient cycles (Hobbie 1992, 2015; Freschet et al. 2013). Moreover, the ratio of 
chemical elements may be of great importance (e.g. Hobbie 1992; Aerts & Chapin III 
2000; Hermans et al. 2006). For example, aboveground C:N and lignin:N ratios are an 
indicator of how plants regulate the nutrient release to soil, since both are relevant to 
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mineralization and litter decay (Table 1), and their ratio also alters the nutritional value 
of forage plants (Melillo et al. 1982; Fox et al. 1990; Hobbie 1992; Waghorn & McNa-
bb 2003). Mineralization, nutrient influx and transference to the soil may occur during 
a plant’s life or after death (Bardgett et al. 2014), and they might be affected by preci-
pitation predictability. This suggests that precipitation predictability may affect forage 
quantity and quality, plant productivity, soil processes, and consequently, ecosystem 
services provided by plants and ecosystem functioning.

Table-1: Review of potential consequences of the functional traits measured in this study for 
ecosystem functioning and ecosystem services. For each trait, we show whether increases in this 
trait will have positive or negative effects (i.e. relation) on ecosystem functioning and services. 
References that provide evidence for the listed effect are shown.

Trait Ecosystem function / service Effect Reference 
    

Aboveground 
biomass 

Forage and litter production Positive Aerts (1989); Pierce et al. (1998) 
Net primary production Positive Aerts (1989) 

Leaf nitrogen 
content 

Light capture / Photosynthesis Positive Field et al. (1983); Agren & Ingestad (1987); 
Chapin III et al. (1987); Craine et al. (2001); 
Muñoz-Huerta et al. (2013) 

Leaf nitrogen 
content 

Productivity Positive Craine et al. (2002) 
Litter decomposition Positive Hobbie (1992); Craine et al. (2002) 
Mineralization Positive Walter et al. (2012) 
Accelerate N cycling Positive Craine et al. (2002); Muñoz-Huerta et al. 

(2013) 
Crop yield Positive Muñoz-Huerta et al. (2013) 
Palatability for herbivores Positive Aerts & Chapin III (2000) 

ANPP CO2 uptake Positive Knapp et al. (2002) 
 Nutrient and carbon cycle Positive Mcnaughton et al. (1989); Gaitán et al. (2014)  
 Forage availability Positive Gaitán et al. (2014) 
Lignin content Palatability / Digestibility Negative Waghorn & McNabb (2003); Vanholme et al. 

(2010) 
Proportion of fat in milk Negative Waghorn & McNabb (2003) 
Litter decomposition Negative Aerts & Chapin III (2000); De Deyn et al. 

(2008) 
Carbon input to ecosystem Negative De Deyn et al. (2008) 

C:N Litter decomposition and quality Negative Hobbie (1992); De Deyn et al. (2008)  
 N acquisition Negative Hermans et al. (2006) 
 Palatability / Digestibility Negative Melillo et al. (1982); Fox et al. (1990); Hobbie 

(1992); De Deyn et al. (2008) 

 Root lifespan Negative   Silver & Miya (2001); Weemstra et al. (2016) 

 Pollination efficiency Negative Poulton et al. (2001) 
Lignin:N Palatability / Digestibility Negative Aerts & Chapin III (2000)  
 Litter decomposition Negative Melillo et al. (1982); Fox et al. (1990); Hobbie 

(1992); Aerts & Chapin III (2000)  
Root carbon 
content 

C cycle Positive Van Veen et al. (1989); Hobbie (1992); Palta & 
Gregory (1997); Trumbore & Gaudinski 
(2003); De Deyn et al. (2008); Heimann & 
Reichstein (2008); Bardgett et al. (2014) 

Root nitrogen 
content 

Rate of plant growth Positive Roumet et al. (2006) 
N cycle and soil processes Positive Craine et al. (2002); Roumet et al. (2006); De 

Deyn et al. (2008); Bardgett et al. (2014) 
Mineralization Positive Bardgett et al. (2014) 
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Here we experimentally test whether and how precipitation predictability affects the 
chemical composition of Onobrychis viciifolia L. (Common sainfoin, Fabaceae), and 
thereby ecosystem services and functioning. We used O. viciifolia as model species, 
since it has a great nutritional value, is used as fodder crop and since legumes also pro-
vide nutrients to the soil (Fig. 1; Table 1; De Deyn et al. 2008; Carbonero et al. 2011). 
Onobrychis viciifolia is a perennial forb that inhabits a broad range of climatic and 
soil conditions, exhibits high drought tolerance (Carbonero et al. 2011), and establishes 
symbiotic relationships with rhizobium bacteria, and with mycorrhizal fungi, located in 
its root nodules (Fig. S1). This confers O. viciifolia the ability to fix atmospheric nitro-
gen (Hume et al. 1985; Liu et al. 2008). For this reason, as other legumes, O. viciifolia 
is frequently used as green manures to enrich the soil with nitrogen.

Figure-1. Functions of aboveground and belowground parts of Onobrychis viciifolia and traits 
(abbreviated with symbols) used to estimate the functions’ effect.

The effects of precipitation predictability on aboveground biomass, ANPP, above-
ground lignin and nitrogen content, root nitrogen and carbon content of O. viciifolia 
were measured, i.e. on traits that affect ecosystem functioning (Mcnaughton et al. 1989; 
Gaitán et al. 2014; Faucon et al. 2017), and that reflect services provided to humankind 
(Table 1). More specifically, the measurement of these traits allowed testing whether 
and how precipitation predictability affects forage quantity (aboveground biomass), fo-
rage quality (lignin and nitrogen content), nitrogen accumulation, carbon storage, and 
plant productivity, i.e., important ecosystem services (Fig. 1; Table 1). This experiment 
was carried out to answer the following questions: 
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1. Does precipitation predictability affect plant functional traits and a plant’s 
chemical composition? If yes, which of these traits are affected?
2. Does lower precipitation predictability negatively affect ecosystem services 
and crop production, or does it enhance them?

MATERIALS AND METHODS

Experimental system and sowing procedures
Seeds of Onobrychis viciifolia Scop. (common sainfoin; Fabaceae) were sown during 
four consecutive years (2012-2015) in experimental field plots located in a meadow at 
the experimental station ‘El Boalar’ (42°33’N, 0°37’W, 705 m a.s.l.; IPE-CSIC, Jaca, 
Huesca, Spain). Used seeds were obtained in 2011 from a farm located in Castillo de 
Lerés (23 km from the field site), which exhibits similar climatic conditions as ‘El Bo-
alar’, and they were not exposed to the experimentally simulated conditions previously. 

In 2012, 16 experimental open-air plots of 1.2 × 6.0 m were established in 16 diffe-
rent enclosures. Each enclosure was delimited by metal walls that were 1 m high and ex-
tended 1 m below ground, and they were covered by a mesh that protected plants against 
large herbivores. The used mesh width (1.6 × 1.6 cm) allowed access for pollinators. In 
each plot, randomly selected seeds were sown in 28 planting positions at a depth of 2 
cm. Planting positions were aligned in a quadratic grid and separated by 40 cm. Before 
the beginning of the experiment, the top 30 cm of the soil of each plot were loosened 
and homogenised. All weeds, roots and visible seeds were removed to avoid competi-
tion with non-experimental plants, and the ground was smoothed. Randomly selected 
subsamples of seeds were sown in all positions in 2012 and in seven positions of each 
plot in 2013–2015, to test for effects of predictability across years. Before sowing, sta-
tistical analyses were conducted to assure that no significant differences in average and 
variance of seed mass existed between the sample and the subsample, between years, 
plots, and experimental treatments (P ≥ 0.1 in all cases).

Precipitation predictability treatment

Intra- and inter-seasonal precipitation predictability (i.e. the level of temporal autocor-
relation of precipitation; Ashander et al. 2016) were manipulated. More (M) or less 
(L) predictable intra-seasonal precipitation was simulated in eight enclosures each (16 
enclosures in total), by varying the daily predictability of precipitation using an au-
tomatic irrigation system with four sprinklers per enclosure. Sprinklers were located 
one in each corner providing homogenous precipitation in the whole enclosure (e.g. 
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San-Jose et al. 2014). M plots were irrigated twice a day for 10 minutes at 9 a.m. and 
7 p.m. (i.e. 14 times per week). Together with the natural precipitation, this treatment 
corresponds to more predictable precipitation (higher autocorrelation among daily pre-
cipitation events). L plots were irrigated 14 times per week for 10 minutes at randomly 
chosen time points between 9 a.m. and 7 p.m. Together with the natural precipitation, 
the irrigation treatment simulated less predictable precipitation, which was confirmed 
by differences in permutation entropy (March-Salas & Fitze 2018), while the amount of 
precipitation was identical in all treatments, enclosures and plots (March-Salas & Fitze 
2018). Moreover, in both treatments the variance in the simulated precipitation meas-
ured over one week was within the limits of variance of natural precipitation falling at 
the study site (F1,62 ≤ 0.0003, p ≥ 0.98; March-Salas & Fitze 2018).

Predictability treatments were applied during early plant growth, i.e. in spring, and 
during late plant growth, during summer. Treatments applied during spring are hereafter 
referred to as ‘early treatment’ and treatments applied during summer to ‘late treat-
ment’. Inter-seasonal predictability (i.e. the level of autocorrelation between spring and 
summer) was manipulated using a two-factorial design, which result in four early treat-
ment by late treatment combinations (LL, LM, ML, MM; see Fig. 1 in March-Salas & 
Fitze 2018). Half of the plots were exposed to the same (LL, MM) and the other half 
to different (LM, ML) predictability regimes during early and late 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 pre-
cipitation between early (spring) and late growth (summer). In ML and LM, treatments 
were changed in the middle of the phenological life-cycle (i.e. when the first flower buds 
appeared), in late June. 

Samples collection and measurements
At the end of the growing season (i.e. when all fruits of a given plant were ripe and col-
lected), the aboveground and root part of all plants were individually harvested, by care-
fully digging the plants out. As each plant finished its annual cycle at different times, we 
collected them individually to avoid bias in the phenological state at the time of harvest. 
Roots were washed to remove the substrate. The weights of dry aboveground and root 
biomass (in g) per individual were determined with a Mettler Toledo balance (precision: 
0.01 mg), after drying them at 50ºC for four days. 

The lignin content of O. viciifolia leaves and leaflets was analysed using the van Soest 
(1994) method, an ANKOM200 fiber analyser, and amylase (Van Soest 1994). Measure-
ment of repeatability was established using 0.5 g and 1 g of dried and ground leaves, and 
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repeatability of lignin content did not significantly differ among sample quantities (F1,3 = 
0.076, P = 0.801; r = 0.6 in both quantities; Lessells & Boag 1987). Consequently, lignin 
composition was analysed using 0.5 g of processed leaves. The carbon (C) and nitrogen 
(N) content of a 250 mg sample was determined for each root and for each aboveground 
part (i.e. two samples per plant), by means of combustion using a macro CN analyzer 
(Elemental Vario Max Analyzer). Aboveground biomass and aboveground total carbon 
content were used to estimate individual ANPP (Aboveground Net Primary Productivity; 
Sala & & Austin 2000). The C:N and lignin:N ratios of aboveground part were also deter-
mined. Treatment effects on ecosystem services and functioning were determined using a 
trait-based approach (Table 1; Freschet et al. 2013; Faucon et al. 2017). 

Statistical analyses
Effects of early and late precipitation treatment, and year on chemical and functional 
traits were tested using Linear Mixed-effect Models (LMM) implemented in the lme4 
package (Bates et al. 2015) in R (version 3.5.0; R Development Core Team 2017). Us-
ing separate models, treatment effects on aboveground and root biomass, aboveground 
lignin and nitrogen content, ANPP, aboveground C:N and lignin:N ratios, and root ni-
trogen and carbon content were analysed. Early treatment (less predictable vs more 
predictable), late treatment (less predictable vs more predictable), and year (2012, 2013, 
2014, 2015) were modelled as fixed factors. All possible two- and three-way interac-
tions were included as well as plot modelled as random factor. 

All statistical analyses started with the full model and the most parsimonious model 
was determined using stepwise backward elimination. Post-hoc tests (lsmeans package; 
Lenth, 2016) were applied using Tukey’s HSD test, whenever there were significant 
main effects or interactions with factors containing more than two levels. Model as-
sumptions were tested, e.g. normality and homoscedasticity of the residuals. If the nor-
mality assumption was not met, response variables were transformed (see transforma-
tions used in Table 2 and 3). In the presence of heteroscedasticity, and if transformation 
did not result in homoscedasticity, weighted least square regressions were applied.

RESULTS

Effect of precipitation predictability on aboveground biomass and chemi-
cal composition
Individual aboveground biomass was affected by an early × late treatment interaction 
and two treatment × year interactions (Table 2). Lower daily precipitation predictabil-
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ity during the entire life (LL) or during parts of the life (LM, ML) led to significantly 
greater aboveground biomass than more predictable predictability during the entire life 
(MM; t ≥ 3.735, p ≤ 0.003, Fig. 2A). Less predictable precipitation led to significantly 
greater aboveground biomass in 2013 and 2014 during early and late growth (t ≥ 3.263, 
p ≤ 0.033), and no significant treatment differences existed in 2012 and 2015 (Fig. S2).

Figure-2. Effects of precipitation predictability and year on measured aboveground traits of O. 
viciifolia. A. Early × late treatment interaction on aboveground biomass. B. Late treatment effect 
on lignin content. C. Early × late treatment × year interaction on nitrogen content. D. Early × 
late treatment interaction on ANPP. E. Early × late treatment × year interaction on C:N ratio. F. 
Early × late treatment × year interaction on lignin:N ratio. Different black letters correspond to 
significant differences between treatment levels in figures A, B and D, and to significant differen-
ces between treatments within the same year in figures C, E and F. Bar plots ± standard errors of 
absolute measures are given.
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Less predictable precipitation during late growth led to 11% lower aboveground 
lignin content, and early treatment and the interactions were not significant (Table 2; 
Fig. 2B). Aboveground nitrogen content (N) was affected by a significant early × late 
treatment × year interaction (Table 2). In 2014, individuals subjected to less predictable 
treatment during the entire life or during part of their life (LL, LM, ML) exhibited a sig-
nificantly higher nitrogen proportion than those exposed to MM (t ≥ |3.724|, p ≤ 0.037; 
Fig. 2C). Aboveground Net Primary Productivity (ANPP) was significantly affected by 
an early × late treatment, and two treatment × year interactions (Table 2). ANPP was 
highest in LL (9.40±0.67 gCm-2yr-1), intermediate in LM (8.64±0.45 gCm-2yr-1) and ML 
(8.26±0.51 gCm-2yr-1), lowest in MM (6.10±0.52 gCm-2yr-1), and significant differences 
were found between MM and the other treatment combinations (t ≥ 4.112, p ≤ 0.003; 
Fig. 2D). Less predictable precipitation during early and late growth led to significantly 
higher ANPP in 2014 (t = 5.656, p < 0.001; Fig. S3A), and to significantly higher ANPP 
in 2013 and 2014, respectively (t ≥ 3.898, p ≤ 0.005; Fig. S3B).

The nitrogen to carbon (C:N ratio) and the lignin to nitrogen (lignin:N ratio) pro-
portion were both affected by a significant early treatment × late treatment × year in-
teraction (Table 2). In both traits, more predictable precipitation during the entire life 
(MM) led to significantly higher C:N and lignin:N ratios in 2014 compared to the other 
treatment combinations (C:N ratio t ≥ |3.893|, p ≤ 0.013; Fig. 2E; lignin:N ratio t ≥ 
|4.962|, p < 0.001; Fig. 2F).



CHAPTER 5

161

Ta
bl

e-
2:

  T
re

at
m

en
t e

ffe
ct

s 
on

 a
bo

ve
gr

ou
nd

 b
io

m
as

s 
an

d 
ab

ov
eg

ro
un

d 
ch

em
ic

al
 c

om
po

si
tio

n.
 M

in
im

um
 a

de
qu

at
e 

m
od

el
s 

ar
e 

sh
ow

n 
fo

r e
ac

h 
tra

it.
 

N
on

-s
ig

ni
fic

an
t p

ar
am

et
er

s 
an

d 
in

te
ra

ct
io

ns
 a

re
 in

di
ca

te
d 

as
 --

. L
M

M
s 

co
ns

is
te

d 
of

 th
e 

fix
ed

 p
ar

am
et

er
s 

sh
ow

n 
in

 th
e 

ta
bl

e 
an

d 
pl

ot
 w

as
 m

od
el

le
d 

as
 ra

nd
om

 fa
ct

or
. S

ig
ni

fic
an

t r
es

ul
ts

 a
re

 h
ig

hl
ig

ht
ed

 in
 b

ol
d.

 E
st

im
at

es
 a

nd
 st

an
da

rd
 e

rr
or

s a
re

 sh
ow

ed
 fo

r s
ig

ni
fic

an
t e

ar
ly

 a
nd

 la
te

 tr
ea

tm
en

t. 
‘M

’ i
n 

sq
ua

re
 b

ra
ck

et
s 

in
di

ca
te

s 
th

at
 th

e 
es

tim
at

e 
co

rr
es

po
nd

s 
to

 th
e 

m
or

e 
pr

ed
ic

ta
bl

e 
tre

at
m

en
t. 

M
ar

gi
na

l a
nd

 c
on

di
tio

na
l R

2  v
al

ue
s 

(c
al

cu
la

te
d 

us
in

g 
th

e 
rs

qu
ar

ed
 fu

nc
tio

n 
in

 th
e 

pi
ec

ew
is

eS
EM

 p
ac

ka
ge

; L
ef

ch
ec

k 
20

15
) a

re
 re

po
rte

d 
fo

r a
ll 

re
du

ce
d 

m
od

el
s. 

Sa
m

pl
e 

si
ze

 w
as

 5
90

.

D
ep

en
de

nt
 v

ar
ia

bl
e 

A
bo

ve
gr

ou
nd

 b
io

m
as

s#  
Li

gn
in

 c
on

te
nt

#  
N

itr
og

en
 c

on
te

nt
£  

A
N

PP
#  

C
:N

ф  
Li

gn
in

:N
£  

Fi
xe

d 
fa

ct
or

s 
E

st
. 

SE
 

C
hi

-
sq

 
P 

E
st

. 
SE

 
C

hi
-

sq
 

P 
E

st
. 

SE
 

C
hi

-
sq

 
p 

E
st

. 
SE

 
C

hi
-

sq
 

p 
E

st
. 

SE
 

C
hi

-
sq

 
p 

E
st

. 
SE

 
C

hi
-

sq
 

p 

Ea
rly

 [M
] 

0.
55

1 
0.

18
6 

5.
13

2 
0.

02
3 

-- 
-- 

-- 
-- 

  
 

1.
81

2 
0.

17
8 

0.
21

2 
0.

13
5 

9.
49

6 
0.

00
2 

  
 

2.
06

7 
0.

15
1 

0.
09

1 
0.

03
4 

5.
95

0 
0.

01
5 

La
te

 [M
] 

 
 

1.
08

5 
0.

29
8 

0.
15

1 
0.

04
8 

9.
88

5 
0.

00
2 

  
 

0.
97

7 
0.

32
3 

0.
32

5 
0.

13
5 

5.
03

0 
0.

02
5 

  
 

2.
56

1 
0.

11
0 

0.
04

6 
0.

03
4 

12
.2

07
 

<0
.0

01
 

Y
ea

r 
 

 
55

.6
93

 
<0

.0
01

 
  

 
46

.4
77

 
<0

.0
01

 
  

 
91

.7
32

 
<0

.0
01

 
  

 
72

.5
89

 
<0

.0
01

 
  

 
50

.0
08

 
<0

.0
01

 
  

 
44

.4
19

 
<0

.0
01

 

Ea
rly

 ×
 L

at
e 

 
 

10
.4

63
 

0.
00

1 
-- 

-- 
-- 

-- 
  

 
0.

65
6 

0.
41

8 
  

 
4.

02
8 

0.
04

5 
  

 
2.

50
5 

0.
11

4 
  

 
0.

98
4 

0.
32

1 

Ea
rly

 ×
 Y

ea
r 

 
 

35
.5

75
 

<0
.0

01
 

-- 
-- 

-- 
-- 

  
 

7.
09

3 
0.

06
9 

  
 

35
.9

22
 

<0
.0

01
 

  
 

18
.1

75
 

<0
.0

01
 

  
 

7.
73

3 
0.

05
2 

La
te

 ×
 Y

ea
r 

 
 

23
.1

59
 

<0
.0

01
 

-- 
-- 

-- 
-- 

  
 

38
.8

34
 

<0
.0

01
 

  
 

35
.3

67
 

<0
.0

01
 

  
 

36
.7

10
 

<0
.0

01
 

  
 

12
.8

61
 

0.
00

5 

Ea
rly

 ×
 L

at
e 

× 
Y

ea
r 

-- 
-- 

-- 
-- 

-- 
-- 

-- 
-- 

  
 

17
.9

62
 

0.
00

4 
-- 

-- 
-- 

-- 
  

 
12

.6
69

 
0.

00
5 

  
 

11
.0

23
 

0.
01

2 

  
 

 
 

 
  

 
 

  
  

 
 

  
  

 
 

 
  

 
 

  
  

 
 

 

T
yp

e 
of

 R
2  

M
ar

gi
na

l 
C

on
di

tio
na

l 
M

ar
gi

na
l 

C
on

di
tio

na
l 

M
ar

gi
na

l 
C

on
di

tio
na

l 
M

ar
gi

na
l 

C
on

di
tio

na
l 

M
ar

gi
na

l 
C

on
di

tio
na

l 
M

ar
gi

na
l 

C
on

di
tio

na
l 

 R
2  

0.
85

7 
0.

98
3 

0.
10

9 
0.

15
3 

0.
20

5 
0.

28
7 

0.
22

8 
0.

26
6 

0.
18

0 
0.

25
7 

0.
14

8 
0.

15
7 

 

Tr
an

sf
or

m
at

io
ns

: #
 ^

0.
4;

 £
 ^

0.
3;

 ф
 lo

g 



CHAPTER 5

162

Effect of precipitation predictability on functional root traits
Root biomass was affected by three significant two-way interactions (Table 3). Lower 
predictability during the entire life or parts of the life (LL, LM, ML) led to significantly 
or marginally higher root biomass compared to more predictable precipitation during 
the entire life, MM (t ≥ 2.541, p ≤ 0.079, Fig. 3A). The early treatment × year and the 
late treatment × year interactions show that the treatment effect differs among years. 
In 2014, root biomass was significantly higher in the less predictable treatment and no 
significant differences existed in the other years (Fig. S4). Root nitrogen content was 
affected by a significant early treatment × year interaction (Table 3). Root nitrogen con-
tent was significantly higher in the less predictable treatment in 2013 and 2014, and no 
significant differences existed in the other years (Fig. 3B).

Figure-3. Significant two-way interactions on root traits of O. viciifolia. A. Early × late treat-
ment interaction on root biomass. B. Early treatment × year interaction on root nitrogen content. 
Different black letters delimitate significant differences between treatment levels in panel A, and 
significant posthoc tests between treatment levels of the same year in panel B. Means ± standard 
errors of absolute measures are shown.
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There was a significant early treatment × year interaction on root carbon content 
(Table 3), which tended to be higher in the less predictable treatment in 2013 (Fig. 
S5). Root NPP was affected by two significant treatment × year interactions (Table 3). 
In 2014, less predictable precipitation during early growth led to significantly higher 
root NPP (t = 4.178, p = 0.002), while no significant differences existed in others years. 
Within year contrasts in the late treatment × year interaction were not significant, show-
ing that the direction of the treatment effect was slightly, but not significantly different 
among years. 

Table 3: Treatment effects on functional root traits. Minimum adequate models are shown for 
each trait. Non-significant parameters and interactions are indicated as --. Significant results are 
highlighted in bold. Marginal and conditional R2 values are reported. for more details see legend 
of table 2.

Dependent variable Root biomassβ Root nitrogen contentµ Root carbon contentψ Root NPP¥ 

Fixed factors 
Est. SE Chi-

sq P Est. SE Chi-
sq p Est. SE Chi-

sq P Est. SE Chi-
sq P 

Early 0.167 0.056 3.982 0.046    2.070 0.150    0.637 0.425 0.066 0.040 4.227 0.040 

Late   0.001 0.976    5.722 0.126    7.538 0.057    0.049 0.826 

Year   43.180 <0.001 -- -- -- -- -- -- -- --    48.435 <0.001 

Early × Late   4.555 0.033 -- -- -- -- -- -- -- --    3.293 0.070 

Early × Year   32.592 <0.001    10.115 0.018    7.826 0.049    23.820 <0.001 

Late × Year   23.683 <0.001 -- -- -- -- -- -- -- --    21.467 <0.001 

Early × Late × Year -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 

                     

Type of R2 Marginal Conditional Marginal Conditional Marginal Conditional Marginal Conditional 

 R2 0.549 0.675 0.098 0.175 0.026 0.034 0.155 0.208 
 

Transformations: β ^0.25; µ ^0.1; ψ ^2; ¥ ^0.2 
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DISCUSSION
Here, we used a trait-based approach to experimentally test how precipitation predicta-
bility alters the chemical composition and other functional traits of Onobrychis viciifolia 
and whether precipitation predictability may affect plant productivity, forage quantity 
and quality, nitrogen fixation and soil nutrient cycles, and thereby ecosystem services and 
functions. Our results show that precipitation predictability affected the plant’s chemi-
cal composition. Less predictable precipitation increased nitrogen content, ANPP and 
aboveground biomass, and thus, associated ecosystem services were positively affected 
(Table 1; for further discussion see below). Lignin content, which is inversely related to 
feed digestibility for cattle, decreased under lower predictability, and thus fodder quali-
ty was higher compared to the more predictable precipitation treatment. These findings 
contradict theories that predict negative impacts of increasing environmental uncertainty 
on agriculture (Loreau et al. 2001; Lobell et al. 2011; Wheeler & von Braun 2013), and 
they are in line with experiments showing that higher precipitation variability increased 
plant productivity (Thomey et al. 2011; Schuster et al. 2016). However, while effects of 
differences in the variability of precipitation have been studied, to our knowledge, this is 
the first experimental field-study that experimentally tests how environmental predicta-
bility per se affects plant chemical composition and ecosystem properties and services.

Less predictable precipitation increased nitrogen content of the aboveground tis-
sues. Aboveground nitrogen content is an important determinant of the functioning of 
the ecosystem processes and higher contents improve crop yield (Muñoz-Huerta et al. 
2013). Nitrogen content also plays a key role in light capture and chlorophyll produc-
tion (Craine et al. 2001), and therefore it is closely linked with a plant’s photosynthetic 
capacity (Field et al. 1983; Agren & Ingestad 1987; Chapin III et al. 1987). Moreover, 
plant growth depends on nitrogen productivity and concentration (Agren 1985; Agren & 
Franklin 2003), and nitrogen content is positively related with litter decay rate (Hobbie 
1992). This indicates that lower precipitation predictability may increase photosynthetic 
processes, plant growth and litter decay, and thus, increase crop yields (Table 1). 

Plants exposed to LL exhibited 35%, and those exposed to LM and ML exhibited 
29% and 27% more ANPP than those exposed MM. This shows that plant productivity 
was higher when exposed to less predictable precipitation and it suggests that less predic-
table precipitation increases CO2 capture and affects nutrient cycles (Table 1; Mcnaugh-
ton et al. 1989). More ANPP in less predictable conditions is congruent with more ANPP 
in environments with higher variability (Thomey et al. 2011; Schuster et al. 2016). This 
suggests that both, reduced predictability and increased variance, may increase producti-
vity, mineralization, and litter decomposition, and thereby speed up nutrient cycles. 
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Less predictable precipitation during late growth let to a lower aboveground lig-
nin content, which, together with higher nitrogen content, increases palatability and 
digestibility of the plants by cattle (Table 1; Vanholme et al. 2010), and thereby the 
proportion of fat in milk, and reduces the occurrence of digestion disorders (Table 1; 
Waghorn & McNabb 2003). Moreover, lignin:N and C:N ratios, which are inversely 
related to litter decay (Melillo et al. 1982; Fox et al. 1990; Hobbie 1992), were lower 
under less predictability. Therefore, less predictable precipitation increased forage 
quality, forage quantity, and nutrient release to soil, all of them having important con-
sequences for the ecosystem services provided by aboveground tissues of O. viciifolia 
(Table 1).

Nitrogen content of roots was higher under lower precipitation predictability in 
most years (Fig. 3B, S5), pointing to higher nitrogen fixation (De Deyn et al. 2008). 
Increases in root nitrogen content may entail greater growth and performance (Roumet 
et al. 2006), which is in line with effects on aboveground biomass and ANPP. These 
findings suggest that lower precipitation predictability may also positively affect other 
plant species, since root nutrients (e.g. C and N) will be transferred to soil through 
exudation and decomposition (e.g. by dead roots; Freschet et al. 2013; Bardgett et al. 
2014), potentially leading to acceleration of nutrient cycling (C-cycle and N-cycle; 
Van Veen et al., 1989; Hobbie, 1992; Craine et al., 2002). 

The effect of precipitation predictability on aboveground biomass, lignin content, 
ANPP and root biomass was independent of the year, and thus robust and consistent. 
In contrast, its effect on aboveground nitrogen content, C:N and lignin:N ratios, and 
root nitrogen content depended on the year (Table 2 & 3). While in all of these traits 
precipitation predictability had significant effects in 2014, in 2013 its effect was signi-
ficant in root nitrogen content, and in all traits the treatment effect went into the same 
direction from 2013 to 2015, and differed in 2012 (i.e. either no visible differences in 
averages, or different direction). This, shows that the magnitude of differences in pre-
cipitation predictability depends on the year (Wright et al. 2006), that in most years its 
direction is consistent, and that in some years (here in 2012), precipitation predictabi-
lity will not at all affect these traits. This finding is similar to the effects of climatic va-
riability (Thomey et al. 2011). The experiment also shows that inter-seasonal predic-
tability is important for aboveground and root biomass, ANPP, C:N and lignin:N ratio, 
and that permanently more predictable precipitation (MM) may negatively impact 
productivity, CO2 capture, digestibility, and litter decay, and thus important ecosystem 
services and functions (Table 1). This suggests that it is important to include the ti-
me-scale of predictability in assessments of the consequences for ecosystem services.
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Our results are particularly important, since studies linking plant traits with ecosys-
tem properties mainly focused on physiological changes on aboveground tissues, and 
little is known about the effects of root traits and investment trade-offs between above 
and belowground tissues (McCormack et al. 2017). This study contributes to filling of 
this gap of knowledge, and it suggests that aboveground strategies and functions well 
reflect belowground strategies and functions, and precipitation predictability effects on 
ecosystem services provided by aboveground tissues were largely congruent with preci-
pitation predictability effects on ecosystem services provided by roots (Hermans et al. 
2006; Faucon et al. 2017). The here used trait-based approach importantly expands the 
knowledge about how precipitation predictability affects ecosystem services, however, 
the ultimate proof for the action of precipitation predictability on ecosystem services 
will require experiments that directly measure effects on soil, cattle, and nutrition cy-
cles.

In conclusion, the detected changes show that precipitation predictability affects a 
plant’s chemistry, and has cascading effects on the ecosystem. In contrast to expected 
negative impacts of lower precipitation predictability on agriculture, and consequent-
ly, on economy (Naeem et al. 2009; Lobell et al. 2011; Wheeler & von Braun 2013; 
Weemstra et al. 2016), our study shows that some ecosystem services may benefit from 
lower precipitation predictability. Especially forage quality and quantity, plant producti-
vity and crop yields may benefit from lower precipitation predictability, and also carbon 
cycles (Freschet et al. 2013). The understanding of the investigated effects on ecosys-
tem processes will be important for the management of agroecosystems, and to forecast 
and mitigate effects of climate change on plant physiology and ecosystem properties, 
functioning and services.
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SUPPLEMENTARY INFORMATION

Figure-S1. Fine roots of Onobrychis viciifolia and nitrogen (N) fixing nodules. The photos stem 
from experimental plants growing at ‘El Boalar’ (Jaca, Huesca, Spain).
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Figure-S2. Precipitation predictability × year interactions on aboveground biomass. A. Early 
treatment × year interaction. B. Late treatment × year interaction. Within-year posthoc contrasts 
are shown with black letters, and different letters indicate significant differences between treat-
ment levels. Means ± standard errors of absolute measures are given.
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Figure-S3. Precipitation predictability × year interaction on aboveground net primary productiv-
ity (ANPP). A. Early treatment × year interaction. B. Late treatment × year interaction. Different 
black letters correspond to significant differences between treatments within the same year. Bar 
plots ± standard errors of absolute measures are given.
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Figure-S4. Precipitation predictability × year interaction on root biomass. A. Early treatment × 
year interaction. B. Late treatment × year interaction. Different black letters correspond to signif-
icant differences between treatments within the same year. Means ± standard errors of absolute 
measures are shown.
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Figure-S5. Early precipitation predictability × year interaction on root carbon (C) content. 
Means  ± standard errors of absolute measures are shown.
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Understanding plant responses to changes in environmental predictability is a major 
theme in ecology and evolution given that climatic models foresee a decrease in envi-
ronmental predictability (Easterling et al. 2000b; Karl & Trenberth 2003; IPCC 2013). 
However, while a great amount of experiments investigated increases in environmental 
means and in the variability of weather extremes, there is a dearth of experimental stud-
ies that tested the consequences of changes in environmental predictability. Therefore, 
empirical verification is required that unravels how lower environmental predictability 
affects phenotypic variation and adaptive response (Reed et al. 2010; Marshall & Bur-
gess 2015; Vázquez et al. 2015; Ashander et al. 2016). 

In this thesis, we aimed at providing robust experimental evidence on whether and 
how plants cope with lower environmental predictability. We addressed this question 
by manipulating the precipitation predictability while holding average precipitation 
constant and avoiding extreme events. More specifically, we altered the temporal auto-
correlation between precipitation events, exposing plants to more and less predictable 
precipitation, which may affect soil humidity and water availability. 

In addition, a previous study showed that seasonal differences in environmental 
factors determine the environmental conditions to which an organism’s life-stages are 
exposed, and thereby an organisms’ phenology (Burghardt et al. 2015). Moreover, ear-
ly life-stages are suggested to be more sensitive to environmental conditions than late 
life-stages (Donohue et al. 2010; Burton & Metcalfe 2014), and early as well as late 
life-stages may importantly contribute to adaptation (Postma & Ågren 2016). This su-
ggests that the effects of environmental predictability and the elicited responses may 
differ throughout a plant’s life (Burghardt et al. 2015). Therefore, due to the absence of 
experimental evidence that changes in environmental predictability will elicit different 
life-stage-dependent responses, this hypothesis was assessed here. 

In this doctoral thesis, differences in daily and inter-seasonal precipitation predic-
tability were simulated and effects on different life-stages and on short- and long-term 
plant responses were tested, using a comprehensive and multidisciplinary experimental 
approach. More specifically, effects on plant phenology (Chapter 1 & 4), investment 
strategies (Chapter 2), survival (Chapter 3), reproduction (Chapter 1, 3 & 4), adaptation 
(Chapter 1-4), physiology, and ecosystem services (Chapter 5) were tested, to evaluate 
the consequences for ecology, evolution, physiology, and agricultural yields (Vázquez 
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et al. 2015). Below we discuss the most important findings of this thesis and their im-
plications for future research.

SHORT-TERM RESPONSES TO ENVIRONMENTAL 
PREDICTABILITY
The results of this thesis show that the effects of decreased environmental predictability 
may be less harmful than forecasted by theories and climatic models (e.g. Chevin et 
al. 2010; Reed et al. 2010; Botero et al. 2015; Ashander et al. 2016), because positive 
short-term responses were observed in many functional traits (Chapters 1-4), and eco-
system services (Chapter 5). Lower precipitation predictability let to earlier seedling 
emergence and earlier flowering of Papaver rhoeas and Onobrychis viciifolia (Chapter 
1), and enhanced reproductive success through an increase in seed numbers and seed 
size (Chapter 1). Moreover, under less predictable conditions, plants adjusted their root 
investment and thereby their performance (Chapter 2), pointing to rapid and plastic 
responses in root functional traits (Hodge 2004; Bardgett et al. 2014). In addition, low-
er precipitation predictability enhanced intra-individual and inter-population variabili-
ty (Chapter 4), and positively affected plant survival, viability and population growth 
(Chapters 1 & 3). Thus, no evidence for short-term costs was found (Chapters 1-4).

More specifically, first, advanced phenology in less predictable conditions (Chapter 
1) was in agreement with theory that lower environmental predictability should favour 
earlier and more rapid reproduction (Stearns 1992). Experimental studies found that 
warmer temperatures reduce the time to flowering (Miller-Rushing & Primack 2008; 
Franks et al. 2014), and greater climatic fluctuations led to earlier flowering (Franks 
et al. 2007). Here we experimentally demonstrate, for the first time, that lower pre-
dictability also leads to earlier flowering. Both plant species started to flower earlier, 
and Onobrychis viciifolia started 12.4 days earlier. This suggests that environmental 
predictability may contribute to the currently observed earlier onset of flowering, which 
has been attributed to the ongoing climate change (Miller-Rushing & Primack 2008). 

Second, under lower precipitation predictability, O. viciifolia produced more seeds, 
and P. rhoeas produced heavier seeds, and both traits increased reproductive success 
(Chapter 1). The positive association between advanced phenology and increased repro-
duction, contradicts theories predicting a trade-off between early flowering and repro-
duction (Stearns 1992). These theories suggest that earlier flowering leads to less and/or 
lighter seeds, and thus to important costs (MacArthur 1972; Stearns 1992; Elzinga et al. 
2007), since they assume that the time to accumulate material resources will be reduced 
(MacArthur 1972; Stearns 1992; Elzinga et al. 2007). In contrast to this assumption, 
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in the less predictable treatment the flowering period was longer rather than shorter, 
suggesting that the time to accumulate material resources may have been greater. This 
idea is congruent with increased intra-individual variability in time to flowering under 
less predictable precipitation (Chapter 4), which positively affected seed production. 
In addition to their effect on resource accumulation, longer flowering periods may also 
increase successful pollination (Elzinga et al. 2007), and favour the proper development 
of the reproductive cycle (Franke et al. 2006; Franks 2015). Moreover, as a part of this 
doctoral study, ‘structural equation models’ (‘SEM’ or ‘Path analysis’; Shipley 2009; 
Lefcheck 2015) were run, and they showed that earlier flowering was directly and posi-
tively correlated with a longer flowering period, which had direct effects on the number 
of produced seeds (manuscript in prep.). This study thus shows that model predictions 
(Stearns 1992) may not be valid if earlier reproduction is not associated with shorter 
reproductive periods, and that the suggested trade-off may not necessarily manifest. The 
results are in line with the hypothesis that advanced flowering may lead to greater short-
term reproductive investment (Hickman 1975; Elzinga et al. 2007; Anderson & Gezon 
2015; Blackman 2017), and with the hypothesis that unpredictable environments will 
increase offspring size (Einum & Fleming 2004).

Third, roots rapidly responded to differences in environmental predictability, and, in 
both species, changes in root investment affected plant performance (Chapter 2). Under 
less predictable precipitation, the changes in root investment (i.e. in rooting length, 
in root branching, and root weight ratio) were congruent with a performance increase 
(Chapter 2; e.g. Fig. 8A). However, under more predictable precipitation, root invest-
ment entailed performance costs (e.g. investment into secondary roots or root biomass) 
that were compensated over lifetime. These negative effects are in line with (i) theories 
on resources variability (Lawson et al. 2015), (ii) experiments on the predictability 
of nutrients (Parepa et al. 2013; Liu & van Kleunen 2017; e.g. Fig. 8B-C), (iii) plants 
postponing reproduction (Koevoets et al. 2016; e.g. Fig. 8C), and (iv) trade-offs be-
tween shoot and root investment (e.g. Reich 2014; e.g. Fig. 8C). In summary, the results 
on root investment strategies show that plants rapidly exploit temporally and spatially 
unpredictable resources to maximize growth (Wright et al. 2004; Parepa et al. 2013; 
e.g. Fig. 8A), and they show that more predictable conditions per se do not need to be 
beneficial. This suggests that root plasticity will be crucial to cope with projected chan-
ges in precipitation regimes and soil resource dynamics (Thomey et al. 2011; Grossman 
& Rice 2012).
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Figure-8. Examples of different investments in root traits, aboveground biomass and reproduc-
tion.

Fourth, differences in environmental predictability not only entailed changes in 
mean trait values (e.g. Chapter 1), but also in the variability at population and at in-
tra-individual level (Chapter 4). Both, intra-population and intra-individual variability 
increased under less predictable precipitation, in line with theories that changing condi-
tions may affect individual and population variance (Starrfelt & Kokko 2012; Lawson 
et al. 2015; Hamel et al. 2018). These results also suggest that less predictable environ-
ments may have important consequences on different hierarchical levels, since they may 
not only affect a single plant, but even plant populations, communities and ecosystem 
processes (Hodge 2004; Herrera 2009; Cochrane et al. 2015; Gherardi & Sala 2015).

Furthermore, intra-individual variability was under stabilizing selection (Chapter 4), 
which shows that intra-individual variability is a trait under selection, rather than pheno-
typic noise (De Kroon et al. 2005). Differences in precipitation predictability affected op-
timal investment into intra-individual variability, optimal intra-individual variability let to 
differences in reproductive success (higher in less predictable conditions), and it affected 
the strength of selection in most of the studied reproductive traits (Chapter 4). This sug-
gests that environmental predictability affects an organisms’ response, which is congruent 
with other studies suggesting that difference in precipitation fluctuation impose important 
differences in selection (Hallsson & Björklund 2012; Caruso et al. 2017; Siepielski et al. 
2017). This shows that intra-individual variability is a plastic trait, which is under natural 
selection, and, to our knowledge it provides the first evidence that individuals may res-
pond to changes in environmental predictability by adjusting intra-individual variability. 
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Fifth, although precipitation predictability altered the strength of selection on in-
tra-individual variability (Chapter 4) and root functional traits (Chapter 2), differences 
in environmental predictability did not alter the selective regime (e.g. stabilizing versus 
directional selection, positive versus negative directional selection, etc.). In contrast, 
differences in environmental variance have been shown to alter the direction of selection 
(Kingsolver & Buckley 2015). Stabilizing selection acted on intra-individual variance 
of four reproductive traits and on some root functional traits (Chapter 2 – Fig. 4A,C; 
Chapter 4 – Fig. 2). Differences in precipitation predictability affected the location of 
the optima, reproductive success at optimal intra-individual variance and root invest-
ment, and the strength of selection (Chapter 2 & 4). The selection analyses unraveled 
that responses in root traits optimized performance (Chapter 2). 

Sixth, plant responses and selective regimes were affected by changes in environ-
mental predictability, and both depended on the season. Inter-seasonal predictability 
affected root functional traits (Chapter 2), and precipitation predictability during early 
growth mainly affected selective regimes (Chapter 2 & 4), root functional investments 
(Chapter 2), viability (Chapter 3), and population growth (Chapter 3). In contrast, fit-
ness-related traits (including flowering phenology) and intra-individual variability in 
reproductive traits were mainly affected by precipitation predictability during late grow-
th (Chapter 1 & 4). This shows that lower predictability during early life affects coping 
strategies, and lower predictability during late life affects reproduction and reproduc-
tive strategies. These results underpin previous ideas that the seasonal differences in 
environmental factors determine the environmental conditions to which an organism’s 
life-stages are exposed, and thereby an organisms’ phenology, investment strategies, 
and fate (Burghardt et al. 2015). 

The detected short-term responses to differences in environmental predictability 
show that plants rapidly respond to changes in precipitation predictability, which is in 
line with the plants’ great phenotypic flexibility and thus with predictions for modular 
organisms. The results also suggest that the forecasted changes in environmental predic-
tability may not necessarily lead to drastic negative effects on population dynamics and 
biodiversity. This finding is in line with those of studies on environmental variability, 
which suggested that increased in variability may not necessarily be negative (Adler et 
al. 2006; Folguera et al. 2011; Gratani 2014; Anderson & Gezon 2015).
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EFFECTS OF ENVIRONMENTAL PREDICTABILITY 
ON TRANSGENERATIONAL RESPONSES 
According to theoretical predictions, short-term responses could entail future costs, i.e., 
negative effects on fitness-related traits or on the progeny (e.g. Stearns 1992). Contrary, 
our findings show rapid and positive effects of decreased precipitation predictability on 
reproduction and descendants (Chapter 1-4).

First, both plant species exhibited rapid transgenerational responses to changes in en-
vironmental predictability (Chapter 1-4), in agreement with theoretical predictions (e.g. 
Jump & Peñuelas 2005; Parmesan 2006; Lande 2009). Rapid transgenerational responses 
existed in phenology (Chapter 1), root investment (Chapter 2), plant viability (Chapter 
3), intra-individual variability (Chapter 4), and fitness-related traits (Chapter 1). 

Second, less predictable precipitation led to transgenerational responses in phe-
nology, root investment (RWR), and survival that increased descendant performance 
(Chapter 1 - Fig. 3D,E; Chapter 2 - Fig 5B; Chapter 3 - Fig. 3A). For instance, under 
less predictable precipitation descendants reduced time to flowering (Chapter 1), which 
is in line with theories that flowering phenology is likely to rapidly adapt to changing 
environmental conditions (Parmesan & Yohe 2003; Elzinga et al. 2007), and it is similar 
to increases in environmental variances, which also induced earlier flowering in descen-
dants (Franks et al. 2007). Moreover, lower precipitation predictability increased the 
speed of the trans-generational response (Chapter 1 - Fig. 3E; Chapter 3 - Fig. 3A) and 
its direction (Chapter 2 - Fig 5B), suggesting that lower precipitation predictability may 
affect the speed and direction of adaptive evolution, in agreement with theoretical mo-
dels (Burgess & Marshall 2014; Marshall & Burgess 2015; Wadgymar et al. 2018a, b)

Third, transgenerational responses mainly existed with respect to differences in pre-
dictability during early growth (Chapter 1-3). This shows that transgenerational res-
ponses to predictability differences depend on the developmental stage, suggesting that 
predictability differences during late growth might be more detrimental or less evident 
than those during early growth. Moreover, the rapid responses detected in both species 
also suggest that transgenerational responses may exist in many species.

Fourth, rapid transgenerational responses were congruent with an increase of phe-
notypic plasticity, rather than a shift in trait expression, in agreement with theoretical 
predictions (Ghalambor et al. 2007; Matesanz et al. 2010; Burgess & Marshall 2014; 
Gratani 2014; Marshall & Burgess 2015). Changes in phenotypic plasticity rapidly mi-
tigated differences between predictability treatments detected in fitness-related traits of 
ancestors (Chapter 1). These findings are very novel since there is a great lack of empi-
rical support of how differences in environmental predictability will feed back on trans-
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generational responses (Merilä & Hendry 2014). Moreover, they partially contradict 
results suggesting that lower predictability per se might be negative due to its effects on 
the evolution of plasticity (Ashander et al. 2016) . The increased phenotypic plasticity 
detected under more predictable precipitation  (Chapter 1) contradicts studies sugges-
ting that individuals are unlikely to increase phenotypic plasticity under constant and 
more predictable conditions (DeWitt et al. 1998). This difference may however exist be-
cause spatially and temporal constant conditions are most likely non-existent in nature 
(Matesanz et al. 2010; Sergio et al. 2011), suggesting that theoretical and experimental 
studies should consider more and less predictable conditions rather than completely 
predictable and completely unpredictable conditions.

EFFECTS OF ENVIRONMENTAL PREDICTABILITY 
ON ECOSYSTEM SERVICES
Changes in precipitation predictability altered physiological and functional traits of Ono-
brychis viciifolia, with cascading effects on grassland production and associated ecosys-
tem services (Chapter 5). Less predictable precipitation led to more aboveground biomass, 
lower lignin content, higher ANPP (Aboveground Net Primary Productivity), and higher 
nitrogen content in plant tissues and roots. These are important proxies of ecosystem ser-
vices showing that lower precipitation predictability provides benefits by increasing forage 
quantity, forage quality, plant productivity, CO2 and nitrogen capture, and it positively af-
fected nutrient cycles (i.e. increased litter decomposition due to changes in lignin and C:N 
ratio). Therefore, climate change-induced decreases in the predictability of precipitation 
might accelerate growth, reproduction and nutrition cycles, and thus the pace of life, rather 
than being harmful for plants and crop production (Naeem et al. 2009; Lobell et al. 2011).

A growing number of ecological studies are adopting functional trait-based approach-
es to understand the influence of morphological, phenological and physiological traits on 
ecosystem processes and services (De Deyn et al. 2008; Freschet et al. 2013; Bardgett et al. 
2014; Faucon et al. 2017). However, to our knowledge, this is the first study to test effects 
of changes in precipitation predictability on ecosystem services. Our results are similar to 
those of studies on increased precipitation variability, which also enhanced productivity 
and nutrient cycling rates (Thomey et al. 2011; Schuster et al. 2016). These findings could 
be very relevant for agriculture and of economic interest (Naeem et al. 2009; Lobell et al. 
2011; Wheeler & von Braun 2013). Moreover, because plants exhibited rapid transgenera-
tional responses to precipitation predictability (Chapter 1), they may also exhibit transgen-
erational responses on traits relevant to ecosystem services. In this case, agricultural ad-
aptation to climatic change (Howden et al. 2007) might be achieved by growing offspring 
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produced by local plants. However, to date our data does not provide solid evidence for 
these claims and further research is required.

RELEVANCE OF THIS WORK AND FUTURE IN-
SIGHTS
The work presented here identifies how environmental predictability affects life-history 
traits of plants and plant responses. It provides evidence for rapid responses to changes 
in environmental predictability, modification of selective regimes, and differences among 
seasons and developmental stages. Our results are robust, since they are consistent across 
multiple traits and functions, and they are supported by a large sample size across four 
years. Interestingly, lower precipitation predictability entailed reproductive advantages, 
which were congruent with rapid and plastic changes in functional traits. This suggests that 
decreasing predictability may be less harmful than forecasted by theoretical models, at least 
as long as no extreme events occur. Both studied plant species exhibited similar responses 
and strategies, suggesting that many herbaceous plants might be able to cope with increas-
ing short- and long-term climatic uncertainties. Our results demonstrate the importance of 
environmental predictability and they stress that theoretical models and mitigation efforts 
should generally assume that plants may rapidly respond to changes in environmental pre-
dictability, and that differences in environmental predictability may not affect all life-stages 
equally. Our findings thus suggest that effects of changes in environmental predictability 
on local and global biodiversity will depend on the speed of the change and on the speed 
of the response, rather than on eliciting or not eliciting a response. This suggests, that the 
forecasted negative effects of climatic change might be organism-dependent and smaller 
than forecasted.

In addition, future climatic changes will confront organisms to a variety of unpredicta-
ble challenges (Karl et al. 1995; Easterling et al. 2000b, a). Organisms that evolved greater 
plasticity would be more likely to survive in novel and more extreme conditions (Gratani 
2014; but see Ashander et al. 2016 ). Our results suggest that, thanks to existing and evol-
ving phenotypic plasticity, plants that inhabited less predictable habitats might be better 
able to cope with increasing frequency and severity of extreme events, compared to plants 
from more predictable habitats. Moreover, plants subjected to decreased environmental 
predictability might preadapt their offspring to future extreme events (Chevin & Hoffmann 
2017), which may confer a strong selective advantage. Individual and transgenerational 
plasticity may be relevant for the establishment and persistence of plants in novel, changing 
and even extreme environmental conditions, and the speed of changes in plasticity might be 
especially important for coping with climate change.
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1. Lower precipitation predictability promoted rapid phenological changes, and en-
hanced reproductive success, plant viability and population growth. No short-term costs 
were detected, suggesting that plant responses to changes in environmental predictabil-
ity might be less harmful than forecasted. 

2. Differences in precipitation predictability during early growth crucially affected via-
bility and induced transgenerational responses in both species. Predictability differences 
during late growth chiefly affected reproduction. Thus, plant responses to precipitation 
predictability depended on the plant’s developmental stage. This indicates that the de-
velopment stage importantly determines the effect of predictability, and that it should be 
considered in evolutionary and ecological theories.

3. Root functional traits rapidly responded to differences in precipitation predictability. 
Both species modulated their root investment, and thereby increased their performance. 
They exhibited great plasticity in root traits, suggesting that root plasticity may allow 
plants to deal with climatic uncertainties.

4. Both species exhibited rapid transgenerational responses that mitigated treatment-ef-
fects observed in ancestors through an increase in phenotypic plasticity. This is in line 
with theoretic models, and it points to rapid adaptation with respect to environmental 
predictability, which may favour a plant’s tolerance to the forecasted increases in cli-
matic uncertainty.

5. Our results experimentally show that intra-individual variability is a plastic trait 
which is under stabilizing selection. It further suggests that changes in intra-individual 
variability might allow plants to rapidly respond to environmental changes in an adap-
tive way, in line with the modular nature of plants. 

6. Less predictable precipitation let to higher intra-individual and intra-population var-
iability in seed number per inflorescence and start of flowering. Treatment affected both 
levels in the same direction, showing that effects on both hierarchical levels were con-
gruent. Thus, environmental predictability not only affect mean trait expression, but 
also their variability.

GENERAL CONCLUSIONS
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7. Differences in precipitation predictability let to changes in chemical composition and 
functional traits of Onobrychis viciifolia. Under less predictable precipitation, lignin 
content was lower, and aboveground biomass, aboveground and root nitrogen content, 
and ANPP were greater. Thus, the nutritional value, forage quantity, nitrogen fixation, 
and plant productivity were positively affected by lower precipitation predictability. 
This indicates that less predictable precipitation may positively affect nutrient cycles, 
ecosystem processes, ecosystem functioning, and ecosystem services provided to hu-
mankind. 

8. This thesis used an eco-evolutionary framework to experimentally test the impli-
cations of differences in environmental predictability on different levels of biological 
organization. It provides robust and novel results, which will improve the forecasting 
of effects of climate change on plant responses, crop yield and ecosystem properties.
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Cuando comienzas el camino de la tesis doctoral siempre piensas que vas a tener que 
considerar a mucha gente en todo el proceso, pero al menos yo, no era consciente de que 
serían tantas las personas que formarían parte de ello. Pero, sobre todo, ni por asomo 
imaginaba el cúmulo de sentimientos que acarrearía realizar una tesis y de las conse-
cuencias en todo mi entorno. Sin lugar a dudas, este ha sido el periodo que más ha mar-
cado mi vida hasta el momento, y que muchos de los sentimientos que me ha removido 
no los hubiera vivido en otras situaciones o en otros entornos laborales. Al final, a pesar 
de la dureza de algunas partes del proceso, mi recuerdo siempre va a ser muy positivo, y 
lo recordaré con orgullo y felicidad, y es que no me puedo imaginar muchas profesiones 
más bonitas y estimulantes que esta. Este periodo me ha permitido conocer a personas 
extraordinarios que mantendré de por vida, superarme en muchos aspectos personales 
y profesionales. Me ha emocionado, divertido y las desesperaciones puntuales se han 
convertido siempre en progreso. He podido visitar lugares increíbles, vivido en sitios 
que me han marcado y enseñado mucho, he aprendido muchísimo de investigadores y 
personas espectaculares (esa palabra que tanto repito, lo sé, jeje), me he emocionado 
por lecturas, análisis, resultados…en muchas ocasiones y, sobre todo, hoy me siento 
preparado para lo que viene. Quizás esto último es lo mejor de todo, al ser el culmen. 
Hoy doy un paso más, que es un inicio de un camino; quizás ahora sea un camino más 
exigente, pero a la vez seguro será más libre y lleno de retos extraordinarios que espero 
con muchas ganas. 
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puedo empezar los agradecimientos con otras personas que no sea mi familia. Primero, 
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Del IPE me llevo también a toda su gente, y muchísimo aprendido. En eso Luis 
Villar es el mejor de los maestros. Gracias por tenderme la mano en todo momento, por 
ilustrarme tantísimo, por enseñarme tanto sobre la esparceta y, sobre todo, por acogerme 
siempre con tanto cariño. Gracias por supuesto a Federico Fillat. ¡Qué gusto ha sido co-
nocerte! No he visto a persona más feliz en mi vida, siempre dispuesto a ayudar, a hacer 
cosas, descubrir cosas, enseñarme…y siempre con ese humor. Gracias. También a Pepe 
Azorín y Ricardo, que fueron clave para los análisis de digestibilidad, y que me ense-
ñaron muchísimo, junto a Santiago y Emilio, que siempre estaban dispuestos a echarme 
una mano en el laboratorio (previa queja de Santiago claro). ¡Cómo no a los Vigilantes 
de Seguridad! Ignacio e Iván, que tantas noches me hicieron compañía en Jaca, incluso 
echando alguna mano, y la frutita que ya traía preparada Ignacio para que sacase más 
fuerzas para pesar esas ¡95.946 semillas de Onobrychis! También a María Felipe (y do-
ble gracias), Ángel, Sara, Pablo, Maite, Pilar…y a Pedro Montserrat, a quien le debo en 
parte haber escogido a la esparceta como modelo de estudio.

Por supuesto, gracias también a los que me formaron en la Universidad de Granada 
(UGR) y que me iniciaron en este mundillo. Sobre todo, a Paloma y Juan, que siguen 
estando ahí, apoyándome y ayudándome en todo lo que necesito. Es una suerte haberos 
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tenido y seguir teniéndoos. ¡Ah! ¡Importante! ¡No olvidarme de los R-bloggers! Sin 
ellos esta tesis…….prefiero no pensarlo.

Bueno, ya viene la hora de terminar. Queda ese párrafo final de las conclusiones 
para dar ese ‘punch’ al artículo. Tras estos años, “my findings show that” la tesis es más 
un compendio de sentimientos que un compendio de artículos, mucho más, por todas 
las personas y emociones que lleva consigo. Sinceramente, no soy de los que diría que 
repetiría otra vez una tesis, y no porque no lo haya disfrutado, que ha sido muchísimo, y 
salgo de este tramo enormemente satisfecho, sino porque me genera una enorme ilusión 
lo que viene por delante. La Ciencia es un mundo fascinante y de constante ilusión, por 
muchas trabas que se te crucen, y por muchas cosas que tengan que mejorarse. Precisa-
mente por esa fascinación diaria que me despierta (y bien lo saben los que me conocen), 
es por lo que quiero estar muy unido a ella. Estos años me he dado cuenta, sin embargo, 
que eso no basta, y que conceptos como ambición, empeño, motivación e ilusión por 
querer descubrir son claves para no desviarse del camino. Hoy me siento que tengo todo 
eso; que lo deseo. Pero, sobre todo, este camino me ha confirmado más que ninguno, 
que hay cosas más importantes. Más importante es ser buena persona, querer y que te 
quieran, y yo en eso último creo que no he podido tener mejor suerte.



“La ciencia nunca resuelve un problema sin crear 
otros diez más” George Bernard Shaw.
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