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Abstract 20 

Most studies on consequences of environmental change focus on evolutionary and phenotypic 21 

plastic responses, but parental effects represent an additional mechanism by which organisms 22 

respond to their local environment. Parental effects can be adaptive if they enhance offsprings 23 

ability to cope with environments experienced by their parents, but can also be non-adaptive for 24 

instance when offspring from benign environments are just better provisioned and hence perform 25 

better than offspring from less benign environments. Parental effects originate from both the 26 

abiotic and biotic environmental variation. However, the effects of the parental abiotic and biotic 27 

environment are rarely studied together. We make use of an experimental set-up containing plots 28 

in a natural heath land, where summer precipitation was manipulated to reflect either ambient or 29 

drought conditions. In both plot types, competition from grasses was prevalent. We assessed 30 

survival and reproduction of Hieracium umbellatum offspring originating from ambient and 31 

drought plots grown in a factorial design with two levels of moisture (control and drought) and 32 

two levels of competition (grown with and without a local perennial grass). The maternal 33 

environment strongly affected offspring performance. Biomass and reproduction was higher in 34 

offspring from ambient plots in agreement with the hypothesis of a better maternal provisioning 35 

in the most benign environment. However, adding competition revealed potentially adaptive 36 

responses to survival, and altered allocation to reproduction in offspring from maternal drought 37 

plots. Under combined competition and drought (mimicking maternal drought plots), survival 38 

was only reduced in offspring from ambient plots, and offspring from drought plots survived 39 

best.  When grown in competition under control watering conditions mimicking maternal 40 

ambient plots, offspring from drought plots (growing in an environment different from their 41 

maternal one) showed a 25% reduction in reproduction. Potential adaptive responses to the home 42 
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maternal environment were only revealed when jointly manipulating levels of competition and 43 

water availability. 44 

  45 

 46 

Keywords: Adaptation, abiotic and biotic environment, maternal provisioning, plant ecology  47 
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Introduction 48 

Evolutionary responses to local environments can happen fast, and sometimes over the course of 49 

relatively few generations (Caroll et al 2007).  While responses to local environments are often 50 

considered to be the result of microevolutionary changes, several studies also found that a 51 

portion of the phenotypic changes observed in response to environmental change can be 52 

attributed to transgenerational effects, where the parental environment influences offspring 53 

performance (Roach and Wulff 1987; Marshall and Uller 2007; Bossdorf et al 2008). In such 54 

cases, parental effects represent an additional component of phenotypic variation that has the 55 

potential to boost organism’s capacity to cope with environmental change (Bossdorf et al 2008). 56 

Parental effects might manifest themselves as parents in high resource environments 57 

provisioning their offspring better and produce larger or faster growing offspring than parents in 58 

low resource environments (maternal provisioning) (Stearns 1992; Mousseau and Fox 1998; 59 

Huey et al 1999). Parental effects can also alter expression of genes in their offspring resulting in 60 

short-term heritable variation beyond the mere allelic effects of transmitted genes (Herman and 61 

Sultan 2016). These effects may be adaptive when they enhance the offspring’s ability to cope 62 

with environments that are similar to the environment experienced by their parents (Galloway 63 

2005) (a transgenerational equivalent to the beneficial acclimation hypothesis sensu Huey et al 64 

1999).  However, empirical studies found that transgenerational effects can either enhance or 65 

decrease offspring performance in parental environments, questioning to what degree 66 

transgenerational effects are generally adaptive (Marshall and Uller 2007; Herman and Sultan 67 

2011; Walther et al 2016).  68 

 69 
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Parentally transmitted environmental effects may be particularly important for plants where, 70 

because of their sessile nature, a strong temporal autocorrelation between the maternal and 71 

offspring environments is expected and parental adult environment might be more predictive of 72 

the offspring adult environment than the offspring early life environment (Auge et al. 2017). 73 

Transgenerational effects enable response to abiotic environmental factors such as drought and 74 

heat stress (Marshall and Uller 2007; Walther et al 2016), and light environment (Galloway and 75 

Etterson 2007).  Besides abiotic factors, transgenerational effects attributable to variation in the 76 

parental biotic environment are also documented. For example, phenotypic variation for fitness 77 

traits in offspring can be caused by variation in the levels of competition experienced by their 78 

parents (Violle et al 2009), levels of herbivory (Agrawal 2001; terHorst and Lau 2011), and 79 

species diversity in the parental plant community (Rottstock et al 2017). To better understand the 80 

fitness consequences of transgenerational effects, offspring performance should be evaluated in a 81 

realistic ecological setting reflecting both the abiotic and biotic parental environment. Although 82 

transgenerational effects driven by variation in both abiotic and biotic parental environment have 83 

been reported, their effects have rarely been studied together (but see e.g. Metz et al 2015).  84 

In this study, we use a replicated climate change experiment with ambient (control) and summer 85 

drought treatments established under natural conditions in a species-rich dry heath land (EU 86 

Climoor and Vulcan projects, Beier et al 2004). We study the effects of the maternal 87 

environment on offspring performance in the short-lived perennial herb Hieracium umbellatum. 88 

The effect of maternal environment (ambient or drought) on offspring performance may be a 89 

result of both microevolutionary and transgenerational effects. However, given a very close 90 

proximity of experimental plots with no barrier to pollen and seed flow, combined with a recent 91 
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establishment of our study plant in these plots, we consider differences in offspring performance 92 

between maternal environments to be mostly caused by transgenerational effects.  93 

Given a maternal environmental effect, we expected seeds collected from maternal plants 94 

growing in drought and in ambient experimental plots to differ. Specifically, we tested two non-95 

mutually exclusive hypotheses (Monaghan 2008): According to the maternal provisioning 96 

hypothesis (hypothesis a), offspring produced in the most benign environment (here ambient 97 

plots) perform better than offspring produced in the least benign environment (drought plots) 98 

especially when grown in less benign environments. According to the transgenerational 99 

beneficial acclimation hypothesis (hypothesis b), offspring perform best in the environment 100 

matching their maternal environment. In other words, when growing in ambient conditions, 101 

offspring from maternal ambient environment should perform better than offspring from 102 

maternal drought environment and vice versa when growing in drought conditions, offspring 103 

from maternal drought environment should perform better than offspring from maternal ambient 104 

environment. To add a biotic component, H. umbellatum offspring performance was investigated 105 

when grown either alone or in competition with a locally common perennial grass. We 106 

hypothesized that the addition of a competitor would increase environmental stress to the focal 107 

plants (i.e. through competition for space, water, and/or nutrients) and therefore exacerbate the 108 

detrimental effect of growing either in the least benign (drought) environment (hypothesis a) or 109 

the non-maternal environment (hypothesis b). We note that responses consistent with the 110 

transgenerational beneficial hypothesis would also be consistent with adaptation through 111 

microevolutionary changes in each maternal environment.  112 

 113 

Material and Methods 114 
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Sampling site and experimental climate manipulation 115 

The sampling site was a dry grass/heath land located in East Jutland, Denmark (Mols). The 116 

vegetation was dominated by the dwarf shrub Calluna vulgaris and the perennial grass 117 

Deschampsia flexuosa. A number of perennial and a few annual herbs co-occur with these two 118 

dominant species. The soil was sandy podzol with a pH of approximately 3.9, and water table 119 

was below the root zone of the plants (Sowerby et al 2008). Experimental manipulation of 120 

climate, consisting of three plot types (ambient, drought and warming) each consisting of three 121 

replicated 20 m2 (size 4×5 m) plots, was initiated in 1999. In this study, we only used seeds 122 

collected from plants growing in ambient and drought plot. Light scaffolding was built around all 123 

plots to ensure that any impact of scaffolding occurred in all treatments (Fig. 1). Drought 124 

treatment was put into practice by rain exclusion for two months every year in the 125 

spring/summer growing season. This was achieved by an automated system extending a 126 

transparent waterproof material over the drought treatment plots creating a roof during rain 127 

events greater than 0.2 mm. These plot covers were retracted immediately after a rain event. 128 

Outside the period with rain exclusion, the soil moisture in drought plots were identical to 129 

ambient plots. The drought treatment was found to transiently decrease soil respiration but this 130 

recovered after the drought treatment had ceased (Sowerby et al 2008). Further details of 131 

location and experimental set up are given in Beier et al (2004), and Sowerby et al (2008). Soil 132 

temperature and soil moisture (Table 1) was measured using in-situ thermocouple and time 133 

domain reflectometry sensors that were installed 5 cm below the soil surface, and data was 134 

recorded on an hourly basis using CR1000 data loggers (Campbell Scientific Ltd, UK). 135 

Both ambient and drought plots had a dense vegetation cover, and these two plot types did not 136 

differ in annual above ground biomass accumulation and plant species richness (Penuelas et al 137 
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2007). Over the last decade perennial grasses have increasingly dominated the site especially 138 

after a heather beetle attack, Lochmaea suturalis (Thomson), in 2003, which killed many 139 

Calluna shrubs. Root biomass in the soil was high but not different between control and drought 140 

plots (around 250 g dry weight m-2, Holmstrup et al 2013). Thus, both in control and drought 141 

plots, plants experienced increasing competition from grasses.  142 

 143 

Study species and sampling 144 

None of the herbs at the study site was present in high frequencies relative to Calluna shrubs and 145 

grasses. The perennial herb Hieracium umbellatum (Asteraceae) was found in all three ambient 146 

and three drought plots and was used as model plant for maternally inherited responses to the 147 

biotic and abiotic environment. Hieracium umbellatum flowers from June to August. Fruits were 148 

collected in 2013 in late September from a total of 12 maternal plants in the ambient plots (4 149 

families per plot) and 10 maternal plants in the drought plots (as in one plot only two individuals 150 

could be sampled). Fruits collected from the same maternal plant represented a maternal family. 151 

Fruits were collected from maternal plants that grew at least one m. apart (to minimize the 152 

probability of sampling the same individual twice) and kept dry in paper bags until use. 153 

Since 1999, the vegetation in the experimental plots was monitored regularly, providing yearly 154 

estimates of the frequency of all plant species present in each individual plot (Penuelas et al 155 

2007; Kappel Schmidt (unpublished data)). This showed a continuous but low presence (ca. 4 % 156 

of total plant cover) of H.umbellatum across years, except for 2009 (ambient), 2010 (drought), 157 

and 2012 (both ambient and drought) where the species was either absent, or almost absent from 158 

these plots, however, it was continuously present in the surrounding vegetation. In comparison, 159 
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the grass D. flexuosa was consistently present in all plots with an average cover of 74 % in 160 

ambient and 79 % in drought plots (Kappel Schmidt, unpublished data). 161 

The experimental plots with their open sided scaffolding and close proximity to each other (Fig. 162 

1) allow pollen and seed influx from neighboring plots and the surrounding natural vegetation. 163 

Given the recorded absence of H. umbellatum from both ambient and drought plots in some 164 

years, the maternal plants we used were likely established in the plots within 1-4 years prior to 165 

our seed sampling in 2013.  166 

 167 

Greenhouse experiment 168 

In March 2014, seeds from each maternal plant were sown in individual seed trays. In early May, 169 

sixteen seedlings per maternal line were planted into individual pots (pot height 30 cm; pot 170 

diameter 20 cm). Care was taken to choose similar sized seedlings from each of the maternal 171 

families.  172 

The soil used in the pots was collected from one location at the experimental site at Mols situated 173 

just outside the climate treatment plots, and brought to the green house in six 200 liter plastic 174 

containers. When soil was excavated top soil (top 0-10 cm) and deeper soil (10-30 cm depth) 175 

were collected in separate plastic containers. Large roots and stones were removed by hand 176 

before individual pots were filled. We placed a layer of small stones in the bottom of the pots 177 

and filled first with a 15 cm layer of soil collected from 10-30 cm depth and then with a 10 cm 178 

layer of topsoil (0-10 cm).   179 
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We used a factorial combination with two levels of water treatment (control (ambient) and 180 

drought) and two levels of competition treatment (with or without a competitor). This resulted in 181 

four treatment combinations (Control water treatment, Drought, Competition and Control water 182 

treatment, Competition and Drought). Every maternal line was represented by four seedlings 183 

grown in each of these four treatment combinations. 184 

Competition was applied by adding one individual of the perennial grass Deschampsia flexuosa 185 

to the pot together with the H. umbellatum seedling. Deschampsia flexuosa was obtained by 186 

digging up a few large (0.5 m diameter) D. flexuosa tussocks growing just outside the 187 

experimental plots. In the lab, tussocks were separated into similar sized units (4-5 leaves with 188 

accompanying roots) and used as competitor. If any plants died within a week after 189 

transplantation it was replaced. After one week we assumed that death of plants due to 190 

transplanting was no longer an issue, and the experiment began.  191 

 192 

Watering treatment  193 

Water was applied automatically from a sprinkler system installed above the tables twice a day. 194 

Each watering event consisted of 6 minutes watering of control pots and two minutes watering of 195 

drought pots. These watering levels were adopted to mimic soil moisture values measured in the 196 

field experiment. Soil moisture analysis from the field experimental plots (Table 1) showed that 197 

during the summer, the soil moisture in drought plots was approximately one third to half of the 198 

soil moisture in the control plots. While we could not mimic the exact soil moisture, we aimed to 199 

mimic the relative difference in water availability. What we refer to as drought treatment 200 

received approximately one third of the water than the control treatment received. We noted that 201 
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plants in the drought treatment showed leaves with clearly reduced water tension in between 202 

watering was applied confirming dry condition, and this was not observed for plants in the 203 

control water treatment.  204 

Due to space constraints, it was not possible to fit all plants in a single greenhouse cell, and pots 205 

were placed in two adjacent greenhouse cells. In each cell, pots were placed on two tables that 206 

were separated by a transparent plastic curtain from the ceiling to the floor. One table received 207 

the drought water treatment and the other the ambient (control) water treatment. During the 208 

entire course of the experiment (May-October) pots within tables were randomized twice a week 209 

to avoid any position effects. 210 

 211 

Validation of water treatment  212 

After the experiment had ended and all above ground biomass was harvested, we arbitrarily 213 

chose 60 pots; 30 pots from the control water treatment and 30 from the drought treatment. 214 

These pots were left to dry for 1 month after which they were weighed. Pots were then watered 215 

according to their respective treatment, and subsequently weighed approximately one hour after 216 

watering was applied.  We used the difference in weight between wet and dry pots to test that 217 

pots assigned to the drought treatment did indeed contain less water than control pots. Difference 218 

in weight between pots subject to drought and control watering was roughly 1/3 (weight 219 

difference between watered and dry pots in control watering treatment: 56.8 ± 6.7 g and weight 220 

difference pots drought treatment: 21.6 ± 6.8 g, t-test: t = 3.67, df = 1, P = 0.0005). 221 

 222 
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Plant traits 223 

Weight of seeds collected from maternal plants in the experimental plots were obtained from 18 224 

of the seed families used (9 from ambient and 9 from drought plots). Between 10 and 20 seeds 225 

from each maternal plant were weighed together using a 0.01 mg precision balance, and used to 226 

estimate average weight of an individual seed. 227 

Onset of flowering was checked every three days from end of June and until all plants had 228 

flowered. At the end of the experiment, we recorded survival and harvested above ground 229 

biomass of all individuals (including those that had died). The above ground biomass was 230 

divided into vegetative and reproductive (all flowers and fruits) and kept in individual paper 231 

bags. Bags were placed for five days in ovens heated to 70 °C and dry weight of vegetative (all 232 

leaves and stems) and reproductive biomass (flowers and fruits) was estimated for each 233 

individual plant using a 0.01 g precision balance.    234 

It was not feasible to collect the roots for belowground biomass, as the high fraction of roots and 235 

organic material present in the field soil had grown entangled with the focal plant root making 236 

below ground biomass very error prone to give reliable root biomass estimates.  237 

Since plants produced flowers and fruits continuously across the growing season many plants 238 

that did not survive till the end of the experiment would still have produced some flowers and 239 

even fruits. We sampled fruits and flowers from all plants (also those that had died), hence even 240 

if plants did not survive the entire growing season they could still have some reproduction. 241 

 242 

Statistical analysis 243 
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We used linear mixed models to analyze offspring response variables (aboveground biomass, 244 

onset of flowering, number of flowers, flower weight) by considering the effect of water 245 

treatment (control vs. drought), the effect of competition (presence or absence of competitor), the 246 

maternal environment (ambient or drought plots) and their interactions. All these factors were 247 

treated as fixed effects. In addition, we also included the effect of maternal family nested within 248 

each maternal environment and these were treated as random.  The experiment was performed in 249 

two greenhouse cells (because space was not sufficient to contain all pots in one cell) and 250 

accordingly we also added a (random) cell effect to our models. Because of experimental 251 

constraint, watering conditions where manipulated for a whole table within each cell and as a 252 

consequence watering treatment was considered as a “whole plot” effect nested within each cell 253 

and we analyzed the design as a split plot design.  254 

The corresponding mixed model was fitted using the functions lmer (for all biomass and 255 

reproductive traits) implemented in the R package lme4 (Bates et al 2015). If significant 256 

interactions between maternal origin and any of our applied treatments (competition and water) 257 

were detected, we separately analyzed the data from maternal ambient and maternal drought 258 

plots to examine how treatment differed between offspring from different maternal origin. 259 

The variables biomass, flower number and weight, onset of flowering where analyzed using 260 

linear models. Test of significance of fixed factors were obtained from F-test using 261 

Sattherwaite’s approximation and type III sum of squares from the anova table. Test of 262 

significance for random effects where obtained via likelihood ratio tests comparing models with/ 263 

without the random effect.  264 
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 Flower number was log-transformed prior to analysis to meet the linear model assumption of 265 

normally distributed errors.  266 

 267 

Survival was analyzed using a generalized linear model (hereafter glm), assuming a binomial 268 

distribution and using the logit link function. The survival data was fitted using glm model 269 

assuming the same design as the mixed model used for the other traits (function glmer in lme4). 270 

In this case, tests of significance for each model component were performed using likelihood 271 

ratio tests for comparing models with/ without each effect. We first fitted a full model with 3 272 

ways interactions and then compared the fit with reduced models containing all or a subset of all 273 

two ways interactions (Bates et al 2015).  Accordingly, in the results section, we report the 274 

change in deviance attributed to each factor and the corresponding p-value.  275 

All analysis was performed in R (version 3.4.2)  276 

Results 277 

The mean weight of individual seeds collected from maternal plants in the field did not differ 278 

between ambient and drought plots, albeit a tendency for the seeds collected in the ambient plots 279 

to be heavier (mean seed weight (mg) ambient: 0.044 + 0.003, drought 0.038 + 0.003, F1,17 = 280 

1.77, P = 0.2). 281 

Offspring survival  282 

The watering treatment had a strong impact on survival with the highest mortality for plants 283 

grown in drought treatment (Dev=5.62, P= 0.0178, Fig 2A). No significant three way interaction 284 

was detected (Dev=0.93, P= 0.34), but there were significant interactions between Maternal 285 
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environment and Competition (Dev=5.07, P=0.0243), and between Competition and Water 286 

treatment (Dev=5.62, P=0.018). Analyzing the maternal environment separately revealed 287 

significant effects of water treatment on survival of offspring from both maternal environments 288 

(Ambient origin; Dev= 54.41, P < 0.0001, Drought origin; Dev 5.99, P = 0.014), but a significant 289 

interaction effect between competition and water treatment was only detected in offspring from 290 

the maternal ambient environment (Ambient origin; Dev= 4.94, P = 0.026; Drought origin; 291 

Dev=0.96, P = 0.30). When growing without a competitor in the greenhouse drought treatment, 292 

offspring originating from maternal ambient environment survived better than offspring from 293 

maternal drought environment. When grown with a competitor, survival decreased for offspring 294 

originating from maternal ambient plots (Figure 2A, dashed grey lines), but this decrease was not 295 

found in offspring originating from maternal drought plots (Fig 2A, dashed black lines).  296 

Plants originating from maternal ambient environment showed a significant interaction between 297 

maternal family and competition (Dev= 4.87, P=0.027), but not between maternal family and 298 

water treatment (Dev = 2.15, P = 0.14, Fig. 3A grey lines). However, for plants originating from 299 

maternal drought environment, no interaction effect between maternal family and either 300 

competition or water treatment was detected (Dev = 0.01, P = 0.99, Dev = 0.01, P = 0.99, 301 

respectively; Fig. 3A black lines).  302 

 303 

Biomass of offspring 304 

Maternal environment, Water treatment and Maternal family all affected total aboveground 305 

biomass (vegetative plus reproductive tissue) and vegetative biomass (Table 2).  306 
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Total biomass was lower for plants grown under the greenhouse drought treatment, and more so 307 

for plants originating from maternal drought plots (Fig. 4).  No interactions between these factors 308 

were detected (Table 2), suggesting that the impact of Water treatment and Competition on 309 

above grounds biomass was similar for plants originating from drought and ambient plots.  310 

 311 

Reproduction of offspring 312 

We found no difference in onset of flowering between any of the treatments or maternal 313 

environments (Table 2). Because flower weight and flower number were highly correlated 314 

(pairwise correlations: Ambient origin: r = 0.87, P< 0.001, Drought origin: r = 0.94, P < 0.001), 315 

we only present the results for flower number (Table 2). Plants originating from the maternal 316 

ambient plots produced more flowers than plants from the maternal drought plots (Table 2, Fig. 317 

2B). Irrespective of maternal origin, plants produced more flowers in the control water treatment 318 

than in the drought treatment (Table 2, Fig 2B).  319 

The impact of competition on flower number varied with Water treatment (Competition x Water 320 

treatment, Table 2). In the drought treatment, competition did not affect flower number (Fig. 2B 321 

dashed lines), but in the control water treatment, plants in competition produced less flowers than 322 

plants grown without a competitor (Fig 2B, solid lines), notably plants originating from maternal 323 

drought environment showed 25% decrease in flower production under competition (Fig 2B, 324 

solid black line)  325 

A significant effect of maternal family was found for both maternal environments (Ambient 326 

origin: Dev=15.4, P < 0.00001, Drought origin: Dev=13.1, P= 0.0003, Fig. 3B), but no 327 

interaction between Maternal family and treatments was found in either maternal environment. 328 
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 329 

 Discussion  330 

We studied phenotypic responses in offspring grown in greenhouse environments that mimicked 331 

different combinations of their maternal abiotic and biotic environment. The main results were 332 

that the maternal environment had a strong impact on offspring performance, and that 333 

interspecific competition changed the phenotypic response to water treatment for offspring 334 

survival and reproduction depending on which maternal environment they originated from.  335 

The greenhouse drought treatment had the largest effect on offspring performance. Overall, 336 

plants survived less well, had lower above ground biomass and produced fewer flowers when 337 

grown in drought conditions relative to control. In contrast, effect of competition (on survival 338 

and reproduction) was only revealed through its interactions with either water treatment or 339 

maternal environment.  340 

All maternal families used in this experiment originated from the same heathland population and 341 

were collected within a small geographic area (Fig. 1). The close geographic proximity of 342 

experimental plots from which fruits were collected and the open sided scaffolding allowed for 343 

gene flow (both pollen and seed) among plots and the surrounding natural vegetation. The 344 

difference in levels of water availability during the growing season are therefore the most likely 345 

driver of the differences in performance between offspring originating from ambient and drought 346 

plots. Our design does not allow us to formally test if the differences in offspring response we 347 

observed were mostly due to maternal effects or to microevolutionary differences in response to 348 

selection between ambient and drought plots. The experiment we used as source for the maternal 349 

families used here had been running for 14 years prior to our sampling. This could allow for 350 
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differential response to selection on plants growing in drought versus ambient plots. Indeed, fast 351 

evolutionary response to environment changes has been previously documented (e.g. Franks et al 352 

2007; Cheptou et al 2008; Shaw & Etterson 2012; Bataillon et al 2016), and the significant 353 

differences between maternal families indicate the presence of genotypic variation and therefore 354 

potential for responding to selection in each parental environment. However, besides the 355 

swamping from gene flow from other plots and from outside plots, the fact that our study plant 356 

was absent – and close to absent - from the plots in 2009 (ambient), 2010 (drought) and 2012 357 

(both) undermines the idea that evolutionary response can account for the differences we 358 

uncovered. The maternal plants from which we sampled seeds in 2013 must have very recently 359 

(re)established in the plots, thus leaving very little time for cumulative selection to generate 360 

genetic differences among plots. Seed germination and initial rosette formation occur in early 361 

spring before drought treatment is applied in the experimental plots making it unlikely that 362 

selection could differ between ambient and drought plots at this stage of the life cycle. Even if 363 

some maternal plants recruited from seed banks within each plot, the possible absence of the 364 

plants in some years, and the high possibility of gene flow from via pollen and seeds from the 365 

surrounding vegetation would impede evolutionary adaptive differences to build up between plot 366 

types. We therefore consider maternal environmental effects as the most likely cause for the 367 

measured differences between offspring originating from ambient versus drought plots, and in 368 

the following discuss our results accordingly. 369 

 370 

Transgenerational effects 371 
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We found no overall difference in survival between offspring originating from maternal ambient 372 

and drought plots. However, plants originating from the maternal ambient plots had overall a 373 

higher above ground biomass and flower production than plants originating from the maternal 374 

drought plots.  Disregarding the competition treatments, plants from maternal ambient plots 375 

survived drought better than plants from drought plots. These results support the maternal 376 

provisioning hypothesis: offspring from the most benign maternal environment (here ambient 377 

plots) produce generally better performing offspring than offspring from less benign maternal 378 

environments (drought plots). There was no significant difference in mean weight of individual 379 

seeds between those produced in ambient versus drought plots, albeit a trend towards lower 380 

weight of seeds produced in maternal drought plots. This suggests that differences in maternal 381 

provisioning of seeds between ambient and drought plots are at best small, and not a major 382 

contributor to the phenotypic differences we observed between offspring from ambient and 383 

drought plots. Moreover, when considering the effects of competition, our results give support to 384 

the transgenerational beneficial acclimation hypothesis. The impact of competition on offspring 385 

performance varied between maternal environments and this depended on water availability 386 

during the greenhouse experiment, and on the fitness component considered (survival or 387 

reproduction). Competition significantly reduced survival in offspring originating from maternal 388 

ambient plots, but only in the drought treatment. Notably, this negative response to competition 389 

under drought was observed for all 12 maternal families from the ambient plot (Fig. 3A drought, 390 

grey lines) showing that this result was not an artefact of just few lines with a strong negative 391 

response. Similarly, but in contrast to ambient families, survival in all of the ten maternal 392 

families from drought plots were unaffected by competition when grown in conditions matching 393 

their home maternal environment (see Fig. 3A drought, black stippled lines). For these plants, 394 
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competition even marginally increased survival (Fig 2A and 3A black lines). This suggests 395 

adaptive phenotypic response in offspring originating from drought plots when grown in their 396 

“home” maternal abiotic and biotic environment. It is possible that under drought these plants 397 

better take advantage of facilitative effects of a neighbor. Facilitative effects of neighbors that 398 

increase survival of beneficiaries are commonly documented for drought stressed environments 399 

(Callaway 2007, Michalet & Pugnaire 2016)   400 

For reproduction, adding competition to pots containing offspring from maternal drought plots 401 

decreased their number of flowers, but only in the control water treatment (water condition 402 

different from their home maternal environment). We hypothesized that adding competition 403 

would increase the environmental stress of the focal plant growing in the most stressful 404 

environment. What defines the most stressful environment depends on whether offspring 405 

performance is mainly determined by maternal provisioning (a) or by transgenerational 406 

beneficial acclimation (b). Under hypothesis a, drought is the stressful environment, and 407 

offspring from the most benign maternal environment (here ambient plots) produce best 408 

performing offspring. Under hypothesis b, the stressful environment is the one different from the 409 

maternal one, so offspring from drought plots should perform best under competition when 410 

grown in drought compared to offspring from ambient plots, and vice versa. Competition did not 411 

exacerbate any negative impact of drought on reproduction in the offspring from either of the 412 

two maternal environments (Fig 2B; dashed lines).  Offspring from ambient plots produced 413 

consistently more flowers than offspring from drought plots irrespective of competition level, 414 

suggesting different allocation strategies to reproduction depending on maternal environment. In 415 

contrast, when growing in control water treatment competition reduced flower production by 416 

25% (Fig 2B solid black line) in offspring originating from drought plots. 417 
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The negative impact of competition on reproduction in offspring from drought plots when 418 

growing under abiotic conditions (water availability) different from their “home” maternal 419 

environments is consistent with both the maternal provisioning (plants from most benign 420 

maternal environments perform best) and the beneficial acclimation hypothesis (competition 421 

exacerbates stress most in the non-home maternal environment). 422 

If we had focused exclusively on response to drought in the absence of competition, we would 423 

not have uncovered the potential adaptive phenotypic response to the home maternal drought 424 

environment (survival) or the different (reduced) allocation to reproduction when grown at a 425 

moisture level different from the maternal home environment.   426 

At our study site, competition from perennial grasses is pervasive (Damgaard et al 2009). Our 427 

greenhouse experiment was designed to mimic the original maternal environment. We prepared 428 

pots with soil (top soil and deeper soil) collected at the heathland site where maternal progenies 429 

were collected, and we used a competing grass species also collected at that location. We 430 

ensured that the relative difference in water availability measured in the ambient and drought 431 

maternal plots was replicated in the water treatments in the greenhouse. Thus, offspring were 432 

evaluated in greenhouse conditions where three crucial environmental variables (soil, competitor 433 

species, and water availability) were matching those of the maternal environments.  434 

Few studies examine the combined effect of the maternal biotic and abiotic environment on 435 

offspring performance. Metz et al (2015) studied the effect of the maternal environment on 436 

competitive ability under different watering levels in the annual herb, Biscutella didyma. The 437 

maternal environment was considered predictable (constant across generations) with respect to a 438 

high plant density (similar to our study) and unpredictable with respect to occurrence of drought. 439 
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Interestingly, adaptive maternal effects on a range of plant performance variables were mostly 440 

found when offspring were grown with a neighbor plant (Metz et al 2015), suggesting adaptive 441 

parental effect for offspring competitive ability, but not for offspring drought tolerance. A 442 

notable difference between the study by Metz et al (2015) and our study is that they studied an 443 

annual plant while we studied a perennial plant. Investment in survival and reproduction under 444 

different environmental stressors is expected to vary between annual and perennial life history 445 

strategies (Bulmer 1994; de Jong and Klinkhammer 2005; Hansen et al 2013). In annuals, fitness 446 

depends on reproductive output in a single growing season, whereas in perennials, reproduction 447 

in one season may be traded off for survival and future reproduction. Hence, for perennials, 448 

obtaining reliable fitness related parameters is more challenging (Marshall and Uller 2007). We 449 

measured plant performance over one growing season, and both reproduction and survival until 450 

next year are arguably important fitness components for a short-lived perennial like H. 451 

umbellatum. However, as we do not know the trade-off between reproduction and future survival 452 

we hesitate to interpret phenotypic responses as adaptive.   453 

We only found negative effects of competition for offspring grown under a water treatment 454 

different from their maternal environment. This suggests that provided the water conditions are 455 

similar to those experienced by maternal plants, offspring maintain high performance even under 456 

competition. The plants originating from maternal drought environments had the lowest above 457 

ground biomass. Moreover, these plants, when grown with a competitor under control water 458 

conditions showed a drop in their reproduction relative to offspring from maternal ambient plots. 459 

One possible explanation for this is that offspring from maternal drought plots invest more in 460 

root biomass than offspring from maternal ambient plots. Indeed, a number of studies have found 461 

that offspring from drought stressed maternal environments show decreased shoot/root ratio (e.g. 462 
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Sultan et al 2009; Herman et al 2012; Nosalewicz et al 2016). Alteration in assimilates to shoots 463 

and roots in favor of roots is generally considered an adaptation to drought (Nicotra et al 2010). 464 

We could not reliably estimate root biomass in the present study. Despite the fact that there were 465 

at best very modest difference in initial seed weight, and that we started the experiment with 466 

similar sized seedlings, offspring from drought plots consistently had lower above ground 467 

biomass compared to offspring from ambient plots (Fig. 4). This is consistent with the plants 468 

from maternal drought environment investing relatively more in root biomass. A higher 469 

investment in roots may give an advantage when plants are competing for water explaining the 470 

higher survival of offspring from drought plots under this environmental condition. Our results 471 

suggest that when water is not limiting, the competitive edge that plants from maternal drought 472 

environment may have relative to plants from maternal ambient environment disappears.  473 

This study adds to a growing literature on transgenerational effects considering more 474 

ecologically realistic experimental settings by simultaneously manipulating both biotic and 475 

abiotic environmental factors. Our main finding is that the maternal environment had a strong 476 

impact on offspring fitness components with higher reproduction and biomass in offspring from 477 

the most benign maternal environment. Potentially adaptive phenotypic responses for survival 478 

were only revealed under a drought + competition condition. In that growing condition, plants 479 

from all maternal families originating from ambient water plots had reduced survival while 480 

plants from maternal families originating from maternal drought plots were not adversely 481 

affected.  482 
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Legends to figures 585 

 586 

Figure 1. Overview of the experimental plots at the Mols site showing the open sided scaffolding 587 

and close proximity of plots.  588 

Figure 2. Interaction plot of survival (A) and flower number (B) of offspring grown in control 589 

water treatment (solid lines) and drought treatment (dashed lines) with and without a competitor. 590 

The grand mean of offspring originating from maternal ambient and drought plots is computed 591 

for each growing condition.  592 

Figure 3. Reaction norm of individual maternal families growing under two different greenhouse 593 

water treatments: Control and Drought. Plants were growing either alone (no competition) or in 594 

competition with a perennial grass. 3A: Survival, 3B: Flower number.  595 

Figure 4. Dry weight of total aboveground biomass (vegetative plus reproductive tissue) of 596 

offspring originating from maternal ambient and drought environments grown under two 597 

different greenhouse water treatments (Control and Drought) and either in competition with a 598 

perennial grass or alone. 599 

 600 

 601 

 602 
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 604 
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Table legends 606 

 607 

Table 1. Mean annual soil temperature (at 5 cm depth), precipitation and soil moisture content at 608 

the end of the applied drought period in control (ambient) and drought plots. Means (+ SE) are 609 

based on 13 years measurements from (2000-2012). 610 

Table 2. Summary of linear mixed models analysis  611 

 612 

 613 

 614 

 615 

  616 
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Table 1 617 

 Ambient Drought 

Mean yearly soil temperature (°C) 8.9 (+ 0.13) 8.9 (+ 0.12) 

Mean annual precipitation (mm) 693 (+ 27) 539 (+ 21.4) 

Final soil moisture (m3 m-3) after drought period 0.123 (+ 0.0078) 0.067 (+ 0.0036) 

 618 

 619 

 620 

 621 
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Table 2: Summary of linear mixed models fit for offspring phenotypic responses 

 
 Flowering date Log(Flower Number) 

 MS F  P-value MS F P-value 

Fixed effects     

Competition 1.562 0.142 0.707 0.014 0.308 0.579 

Water Treatment 19.453 1.767 0.260 0.290 6.509 0.065 ‘ 

Maternal Origin 4.900 0.445 0.512 0.191 4.292 0.050 * 

Competition*Water Trt 0.554 0.050 0.823 0.163 3.647 0.057 ‘ 

Competition*Maternal Origin 0.189 0.017 0.896 0.001 0.030 0.864 

Water Trt*Maternal Origin 9.450 0.858 0.355 0.022 0.482 0.488 

Competition*Water Trt*Mat. Origin 20.943 1.902 0.169 0.002 0.054 0.817 

Random effects Var 

(%)a 

G P-value Var 

(%) 

G P-value 

Family (Maternal origin) 1.79 

(13.9) 

23.9 <0.0001 

*** 

 

0.0084 

(15.2) 

28.8 <0.0001 

*** 

     

 Vegetative Biomass Total Biomass 

 MS F  P-value MS F P-value 

Fixed effects     

Competition 1.535 0.099 0.753 1.561 0.068 0.794 

Water Treatment 222.900 14.400 0.023* 222.040 9.741 0.039 * 

Maternal Origin 55.269 3.570 0.072 ‘ 93.881 4.119 0.055 ‘ 

Competition*Water Trt 0.220 0.014 0.905 0.068 0.003 0.957 

Competition*Maternal Origin 0.824 0.053 0.818 3.320 0.146 0.703 

Water Trt*Maternal Origin 2.239 0.145 0.704 2.296 0.101 0.751 

Competition*Water Trt*Mat. Origin 12.344 0.797 0.373 19.114 0.839 0.360 

Random effects Var 

(%) 

G P-value Var 

(%) 

G P-value 

Family (Maternal origin) 3.18 

(16.9) 

30.9 <0.0001

*** 

 

4.88 

(17.3) 

33.0 <0.0001 

*** 

     

Notes  

a: for the Family random effect, we report the variance estimate as well as the percentage of 

variance explained by the factor. The variance attributable to cell random effects were invariably 

small and not significant and not reported here. 

Statistical significance is indicated with ‘ for P-values <0.1, * for P-values < 0.05, *** for P-values 

< 0.0001 
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