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Abstract 16 

 17 

 Plants are responding to increasing global surface temperatures. Yet, few studies related to 18 

global warming actually included the temperature experienced by the parent in the 19 

experimental design, in spite of the importance of this factor for population dynamics.  20 

 Here we investigated the phenological and growth response of seedlings of two key 21 

temperate tree species (Fagus sylvatica and Quercus robur) to spatiotemporal temperature 22 

variation during the reproductive period (parental generation) and experimental warming of 23 

the offspring. To this end, we sampled oak and beech seedlings of different age (one to five 24 

years) from isolated mother trees and planted the seedlings in a common garden.  25 

 Warming of the seedlings advanced bud burst in both species. Surprisingly, in oak seedlings, 26 

higher temperatures experienced by the mother trees during the reproductive period delayed 27 

bud burst in control conditions but advanced bud burst in heated seedlings. In beech 28 

seedlings, bud burst timing advanced both with increasing temperatures during the 29 

reproductive period of the parents and with experimental warming of the seedlings. Relative 30 

diameter growth enhanced in oak seedlings in control condition, but decreased with 31 

warming if the mother plant experienced higher temperatures during the reproductive 32 

period.  33 

 Overall, oak displayed more plastic responses to temperatures than beech. Our results 34 

underpin that the temperature during the reproductive period can be a potential determinant 35 

of tree responses to climate change.  36 

Key words: climate change, warming, phenology, seedling, growth, reproductive period  37 
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Introduction 38 

Current climate change is affecting vegetation in terrestrial ecosystems across the globe (Peñuelas 39 

et al., 2007; Morin et al., 2009; Nicotra et al., 2010; Yu et al., 2010; IPCC, 2013; Munzbergova & 40 

Hadincova, 2017; Sivadasan et al., 2017). With increasing global surface temperatures many plant 41 

species advance the timing of their spring leaf flushing and first flowering (Morin et al., 2009; 42 

Prieto et al., 2009; Anderson et al., 2012; De Frenne et al., 2018). Global warming often enhances 43 

overall plant growth by affecting the growing-degree hours and total number of freezing days, but at 44 

the same time, other factors of climate change for example decrease in water availability along with 45 

extreme temperatures might limit the plant growth (Mora et al., 2015). Plant responses are also 46 

influenced by the climatic conditions of the parental generation (Walter et al., 2016; Groot et al., 47 

2017).   48 

 49 

The environmental conditions experienced by the parental generation interact with the environment 50 

of the offspring generation to influence the performance of the offspring, also known as non-genetic 51 

condition transfer effect (Donelson et al., 2018). Parental condition effects are known to influence 52 

germination, seed dormancy, flowering time, fecundity, growth, morphology and photosynthetic 53 

physiology in perennials and annuals (Galloway & Etterson, 2007; Springthorpe & Penfield, 2015; 54 

Walter et al., 2016; Imaizumi et al., 2017; Lampei et al., 2017; Ren et al., 2017; Singh et al., 2017). 55 

An important aspect of this parental condition effect is that it involves condition-dependent parental 56 

investment in offspring and is the most widespread type of adaptive parental effects when selection 57 

favors increased parental investment (Bonduriansky et al., 2018). However, the role of such 58 

adaptive parental effects is still under debate due to their complex nature (Galloway, 2005; Dyer et 59 

al., 2010; González et al., 2017).   60 

One possible first step towards estimating the magnitude of parental effects with varying parental 61 

and offspring environment is to compare offspring performance across multiple environments by 62 
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manipulating both the parental and the offspring environment (Bonduriansky et al., 2018). This may 63 

reveal a change of the performance in offspring along environmental gradients. Such assessment 64 

can be performed by examining a broad range of ecologically relevant environments in both 65 

parental and offspring generations (Bonduriansky et al., 2018). Temperature in early development 66 

(from fertilization to juvenile development) of the parents and during embryogenesis of the parental 67 

generation has been reported to influence the phenology of the next generation (Burton & Metcalfe, 68 

2014; Carneros et al., 2017; Dewan et al., 2018; Donelson et al., 2018).  69 

Temperature is also one of the key cues for controlling the phenology in many temperate tree 70 

species (Korner & Basler, 2010; Morin et al., 2010; De Frenne et al., 2011) and it may provide 71 

parents with information about the future environmental condition of the phenotypes and influence 72 

the growth in offspring generation (Groot et al., 2017). Yet, few studies of global warming included 73 

both parental and offspring environmental condition in their experimental design to understand the 74 

response of plants to global warming and actually considered the fact that the environmental 75 

conditions of parents might reshape the performance of offspring. 76 

Considering the influence of parental condition (here temperature), we assumed three possible 77 

outcomes in reshaping the offspring’s response (here budburst time) (Fig. 1). In a first scenario, we 78 

assumed that the parental temperature condition has no influence on the offspring’s bud burst 79 

timing, but budburst will advance with the warming of the offspring (Fig 1 a). There will be a 80 

genetic control on the bud burst timing and no parental environmental effect. In a second scenario, 81 

bud burst will likewise advance with the warming of the offspring, but warmer parental temperature 82 

conditions will provide additional advancement in an additive fashion (Fig 1 b). Here, along with 83 

genetic control on the bud burst time, pre-exposure to a higher temperature during parental 84 

generation will reduce the chilling requirement of the seedlings and will advance the bud burst time 85 

of the offspring. In the last scenario, the two temperature effects interact: warmer parental 86 

conditions will delay bud burst when the offspring grows in a cooler environment but will advance 87 

it when the offspring grows in a warmer environment (Fig 1 c). In this case, the temperature cue to 88 
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bud burst in the offspring generation would be altered by the maternal effect. Due to the change in 89 

budburst timing, the growth of the offspring might also be affected by both parental and offspring 90 

temperature conditions.         91 

Here, to test our assumption we investigated the growth and phenology of the offspring (oak and 92 

beech seedlings) in a common garden. To be able to assess the effects of both offspring and parental 93 

temperatures, we used seedlings of different ages and locations to take advantage of temperature 94 

variation in the seed maturation year and locations and then experimentally heated seedlings. We 95 

specifically assessed the effects of the temperature experienced by the mother tree during the 96 

reproductive period (parental generation) and manipulated temperatures experienced by the 97 

seedlings in the common garden (offspring generation).   98 

 99 

Materials and methods 100 

Study species 101 

We here investigated European oak (Quercus robur) and Beech (Fagus sylvatica), both Fagaceae. 102 

Oak is widely distributed in Europe and also in Russia, The Caucasus, Iran, Kazakhstan and Turkey 103 

(Jones, 1959; Kozharinov & Borisov, 2014). Beech also has a large distribution range from 104 

southern Scandinavia to the Mediterranean and from Western to south-eastern Europe (Packham et 105 

al., 2012). Both species are amongst the economically and ecologically most important deciduous 106 

forest tree species of Europe and occur dominantly or co-dominantly in single or mixed forest 107 

stands. European oak tolerates a wide range of soil conditions and is tolerant to drought (Gunthardt-108 

Goerg et al., 2013). Beech, on the other hand, grows best in well-drained soils and is less tolerant to 109 

drought (Kodrik & Kodrik, 2002; Packham et al., 2012). The distribution of beech is more limited 110 

by temperature than oak (Miller et al., 2008; Packham et al., 2012). For beech, a mean annual 111 

temperature of 4.5–6.0 °C is necessary with the mean temperature of 13–20 °C in the warmest 112 

months and the coldest month mean temperature of -2.3 °C (Packham et al., 2012). The minimum 113 
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temperature of the coldest months for the growth of oak is -9 °C (Miller et al., 2008). Both species 114 

begin to fruiting at the age of 30-35 years and varies with locations (Jones, 1959; Packham et al., 115 

2012). Both species are monoecious and wind pollinated (anemophilous). Both species fruit with 116 

great irregularity and may fruit at an interval of 6 or 7 years with a heavy production (Jones, 1959; 117 

Packham et al., 2012). Although seeds are dispersed by birds or mammals, most are dropped below 118 

the parent tree. 119 

 120 

Study sites and collection of seedlings 121 

To be able to relate offspring temperature to parental temperature, we used seedlings of different 122 

ages to take advantage of temperature variation in the seed maturation year. For each of five forests, 123 

we selected three isolated mother trees with an undergrowth vegetation containing conspecific 124 

seedlings (Table 1). In total, we sampled 12 beech and 13 oak mother trees. We always selected 125 

isolated mother trees such that seedlings could easily be selected from one single mother tree. 126 

During the second week of October 2014, we sampled circa 20 seedlings per mother tree ranging 127 

from 1–5 years old based on visual observations of scars on the stem, the height, and diameter. We 128 

planted 335 oak and 296 beech seedlings in 1.5 L plastic pots using standard potting soil 129 

(Peltracom, NPK 14:16:18). In January 2016, we supplied each pot 6 grams of Osmocote exact 130 

standard (NPK: 16-9-12+2MgO+TE), a slow releasing fertilizer. We watered all the seedlings 131 

during dry periods every second day at field capacity. Circa 200 seedlings (27%) died during two 132 

consecutive years of the study. There were 259 and 202 seedlings of oak and beech respectively at 133 

the end of the experiment. 134 

Warming of the offspring generation 135 

Half of the plants were experimentally heated by circa + 2.5 °C using fifteen 150 W infrared (IR) 136 

heating lamps (Eider Landgeräte GmbH) during the period of January to April in both 2015 and 137 

2016 (Fig S1). Lamps were suspended using a wooden frame in four plots. The perpendicular 138 
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distance between the IR lamps and the soil surface of the nearest pot was 100 cm. Effecter lamps 139 

did not emit photosynthetically active radiation (PAR). We randomly reshuffled the pots every 140 

second week within the treatments and plots, and twice between the plots during the treatment 141 

period to reduce biases. The soil surface temperature was monitored every hour from 9:00 am to 142 

16:00 pm once every week during the period of warming (January-April) using an IR thermometer 143 

(Linear laboratories model C-1600HP, accuracy = ± 1% of the reading plus one digit, emissivity = 144 

1) (Rubio et al., 1997). Soil surface temperature was monitored randomly at fifteen points of each 145 

treatment.  146 

Phenology and growth of the seedlings 147 

We monitored bud burst of each seedling during two successive years in 2015 and 2016, and leaf 148 

discoloration only in 2015. We scored the stages of bud burst for beech and oak following the 149 

adapted method of (Schüler et al., 2012) and (Wesołowski & Rowiński, 2006) (Table 2). We 150 

monitored bud burst from 31 March onwards in both 2015 and 2016 twice per week until all the 151 

seedlings had opened their buds completely (that means when they reached the bud burst stage of 152 

five and six for oak and beech respectively (Table 2). Leaf discoloration was quantified as the 153 

number of leaves that turned from green to yellow from 1 September once a week and continued 154 

until all the leaves discolored. We considered a leaf discolored when at least half of the leaves turn 155 

yellow. We calculated the percentage of leaf discoloration of each seedling based on the total 156 

number of discolored leaves.  We measured the collar diameter (mm) and height (cm) in December 157 

2014 before starting the heating experiment. At the end of the experiment in August 2016, we re-158 

measured the collar diameter (mm) and height (cm) of the seedlings. We collected stem segments 159 

(5-10 cm) from all the seedlings and were stored in 70% (v/v) ethanol for age determination.            160 

Age determination of the seedlings 161 

We selected 43 beech and 47 oak seedlings randomly based on their collar diameter for 162 

determination of age by hand-cut sectioning and growth rings counting following the method of 163 
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(Gruber, 1998). Sections were observed and photographed using a Nikon Ni-U microscope 164 

equipped with a Nikon DS-Fi1c camera. Out of the following four allometric equations (1–4), the 165 

equation with the highest r
2
 (Table 3, Fig S2) was selected to estimate the age of the remainder of 166 

372 seedlings (equation 3 for oak and 4 for beech). 167 

Temperature variables during the reproductive period 168 

We used the best available gridded temperature data with a high spatial resolution for Belgium to 169 

couple the timing of phenology to the past climate (Delvaux et al., 2015). Weather-station based on 170 

daily maximum and minimum temperatures and daily precipitation amounts were used for the 171 

modeling. Data quality control procedures were first applied to ensure that only valid measurements 172 

were involved in the gridding process. Afterward, the set of unevenly distributed temperature data 173 

was interpolated using kriging on a 4 × 4 km² regular grid over Belgium (Wackernagel, 1995; 174 

Delvaux et al., 2015). From this model, we extracted site-specific data for maximum and minimum 175 

temperature (in °C) from 2007 to 2013, which is the range of seed maturation year for the seedlings 176 

in our study. The mean daily temperature (in °C) per day was approximated by calculating the 177 

average of the daily maximum and minimum temperature. The mean minimum, mean, mean 178 

maximum temperatures during reproduction period (April-September) and annual temperatures 179 

were used to assess the correlation between phenology of the seedlings, reproduction temperatures 180 

and annual temperatures (data not shown) in the parental generation. We used temperatures during 181 

April-September as reproduction period, because for both species flowering, pollination and seed 182 

maturation occur during this period. We only used the reproductive temperatures for data analysis. 183 

Data analyses 184 

All data analyses were performed in R version 3.3.3 (R Core Team, 2017). First, to understand only 185 

the effect of warming (offspring generation) on the time of bud burst, leaf discoloration and growth 186 

(relative collar diameter and height) of oak and beech seedlings, we used Linear mixed effects 187 

models (lmer function in the lme4 package in R) and Gaussian error distributions where site was 188 
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nested with mother tree as a random effect. Secondly, we used Linear mixed effects models (lmer 189 

function in the lme4 package in R) and Gaussian error distributions to analyse the effects of 190 

temperature treatment (offspring generation) and parental temperature during the reproduction 191 

period (April-September) on the time of bud burst, leaf discoloration and relative increment of 192 

collar diameter (mm) and height (cm) for both oak and beech seedlings. We used site, nested with 193 

mother tree and seed maturation year as a random effect in the models. We used lmerTest package 194 

to extract the p values from the linear mixed effects models. We assessed the timing to bud burst 195 

(Days) and leaf discoloration (80%) from the starting day of observation (that means, total days 196 

needed to reach bud burst stage of 5  and 80% of the leaves of each individual turned yellow for 197 

both species from the start date of observation). We assessed the relative increment of collar 198 

diameter and height of the seedlings based on the collar diameter and height at the beginning of the 199 

experiment (SI Text 1). The number of individuals per treatment was not the same in all response 200 

variables and years of observation due to mortality, bud damage due to mildew and frost damage 201 

(Table S1).  202 

  203 
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Results 204 

Bud burst and leaf discoloration 205 

In 2015, warming of the seedlings advanced the time of bud burst by 3 days for oak and by 4 days 206 

for beech, as opposed to 10 and 8 days, respectively, in 2016 (Fig 2). The maternal temperature 207 

during the reproductive period had a significant influence on the time to bud burst of the seedlings 208 

(Table 4, Fig 3), which was stronger for oak than beech. The direction of change in budburst time in 209 

oak seedlings changed based on the temperature experienced by the parents during the reproductive 210 

period. The influence of warming on the seedlings in terms of advanced bud burst was larger when 211 

the parents were exposed to a higher temperature (Fig 3). However, the effect of reproductive 212 

temperature was significant only for the increase of mean minimum and mean temperatures. The 213 

effect of reproductive temperature of the parent trees on the bud burst time in beech seedlings was 214 

not very distinctive. Beech seedlings displayed relatively opposite response to parental reproductive 215 

temperature than oak seedlings (Fig 3). The bud burst time of the beech seedlings advanced when 216 

they were grown in control environment if the parents experienced higher maximum reproductive 217 

temperatures. However, this effect was significant only in 2015, but not in the following growing 218 

season. There were no effects of warming the seedlings on the leaf discoloration of oak (Estimate = 219 

-0.02, SE = 0.03, p = 0.47) and beech seedlings (Estimate = 0.03, SE = 0.03, p = 0.44). We did not 220 

also observe any significant effects of reproductive temperature on the time of leaf discoloration of 221 

oak and beech seedlings regardless of warming treatment (Table 4).  222 

Growth 223 

Warming of the seedlings marginally decreased the relative collar diameter increment of the oak 224 

(Estimate = -0.15, SE = 0.08, p =0.07), while no significant effect was observed for beech seedlings 225 

(Estimate = -0.003, SE =0.07, p = 0.96). An increase in reproductive temperature of the parent trees 226 

significantly increased the relative collar diameter increment of oak seedlings if seedlings were 227 

grown in control condition, but decreased with warming (Fig 4 and Table 4). This interactive effect 228 
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was only significant for mean reproductive temperature. We did not observe any significant effect 229 

of parental reproductive temperature on the relative collar diameter increment in beech seedlings 230 

when they were grown in control and warmer conditions (Table 4).  231 

The relative height increment of the oak seedlings increased significantly with warming of the 232 

seedlings (Estimate = 0.90, SE = 0.31, p = 0.005), while no effect was observed for beech seedlings 233 

(Estimate = 0.08, SE = 0.16, p = 0.61). We did not observe any effect of temperature during the 234 

reproductive period of the parent trees on the relative height increment of oak and beech seedlings, 235 

neither when they were grown in control nor in warmer environments (Fig S 3 and Table S3). 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

  249 



12 
 

Discussion 

We showed that the temperature experienced by the parental generation altered the direct influence 

of warming on bud burst and growth of the offspring, in an interactive way. Furthermore, oak 

displayed a more plastic response to parental reproductive temperature than beech. 

Effect of temperature on the phenology of the seedlings 

As expected, direct warming of seedlings advanced the time to bud burst in both oak and beech 

seedlings. We observed the advancement of budburst time of the seedlings by twofold due to the 

consecutive warming of the seedlings in the second year. In our study, both oak and beech 

seedlings, probably had sufficient chilling hours before starting the heating experiment, and then 

warming of the seedlings provided the forcing temperature to initiate bud burst earlier in the first 

year of observation. While in the second year, the required chilling hours to initiate bud burst 

probably was reduced due to the pre-exposure of warming. As a result, the time to budburst was 

even earlier in second year than the first year. An additive effect of higher temperature experienced 

by parents during the reproductive period in terms of advancing the budburst timing was observed 

when the seedlings were heated while the budburst timing was delayed when were grown in control 

environment. The warmer environment of the parental generation might be able to reshape the 

temperature cue to start bud burst in offspring generation. The delayed bud burst in oak with the 

experience of higher temperature during seed maturation is also in line with the study of (Carneros 

et al., 2017), where the authors observed delayed bud burst in the Norway spruce when the embryo 

developed in higher (28°C) than lower temperatures (18°C). The authors reported a temperature-

dependent memory, developed during embryogenesis, altering the bud burst phenology and the 

expression of bud burst related genes in genetically identical epitypes of Norway spruce (Carneros 

et al., 2017). Not only parental temperature during seed maturation but also other factors such as 

exposure to herbivory, variation in photoperiod and light conditions in the parental environment are 

also known to alter the response of the offspring (Galloway & Etterson, 2007; Imaizumi et al., 

2017; Singh et al., 2017). The results of our study in both species were probably the output of 
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temperature memory mediated by the bud burst related gene. However, we are not certain about the 

mechanism behind the interactive effect of higher temperature during the reproductive period on the 

bud burst timing of the seedlings. An increase in minimum and mean temperatures during the 

reproductive period resulted to have more influence than increasing maximum temperature during 

the reproductive period in oak seedlings. In general, oak has a low requirement of chilling in 

comparison to beech for bud burst (Dantec et al., 2014) and after completion of chilling, a forcing 

temperature is most important for initiating bud burst regardless of amount of heat. Therefore, in 

our study oak seedlings probably displayed no effect in terms of leaf opening with an increase in 

mean maximum temperature during the reproductive period. Compared to oak, seedlings of beech 

displayed lower plasticity in terms of advancing budburst time in response to reproductive 

temperature, which was probably due to the higher temperature sensitivity in oak (Vitasse et al., 

2009).  

There was no significant effect of reproductive temperature and warming treatment of the seedlings 

on the leaf discoloration of the seedlings. Our results suggest that parental temperature during the 

reproductive period probably was not a strong predictor for leaf senescence of the offspring. No 

effect of warming treatment on the leaf discoloration in our study contrast the result of (Fu et al., 

2018), where the authors reported a significant delay in leaf senescence in beech saplings with 

warming. Besides temperature, other factors such as precipitation, photoperiod and variation in bud 

burst time, were shown to control leaf senescence in oak and beech (Vitasse et al., 2010; Archetti et 

al., 2013; Fu et al., 2014).  

Parental conditions affect the growth of the seedlings 

Surprisingly, we found no significant effect of warming treatment of the seedlings on the relative 

diameter increment of both oak and beech seedlings, but significant increase of the relative height 

of oak seedlings only.  However, we found that the increasing reproductive temperatures of the 

parent trees had promoted the diameter growth of oak seedlings but decreased the diameter growth 

of beech seedlings.  A positive effect in terms of diameter growth in oak seedlings probably resulted 
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due to successful prediction of offspring environment by the parent trees while opposite resulted in 

beech seedlings due to the failure of parent trees in predicting the offspring’s environment. The 

diameter growth in oak seedlings is favoured by early cambium growth irrespective to leaf flush 

receiving an additional advantage in terms of growth while in beech both cambial growth and leaf 

flushing occurs at the same time (Čufar et al., 2008; Puchałka et al., 2017). In general, we expect 

increased plant growth with warming, which may, though, be limited by drought conditions 

(Martinez-Sancho et al., 2017). However, the growth of the seedlings in warmer conditions can be 

affected by many different factors. Increasing temperature above optimum can alter the metabolic 

rate and energy expenditure, which probably reduce the growth of the plant (Atkinson & Sibly, 

1997). Our result of growth reduction in beech seedlings in response to warming of the seedlings is 

also in line with the study of (Straus et al., 2015), where the authors reported that warmer soil 

temperature substantially decrease the growth of European beech. Reduction of growth could also 

be due to nitrogen deficiency resulting from reduced net photosynthetic rates in warmer conditions 

(Leon-Sanchez et al., 2016). Our result of oak suggested that the reproductive condition of the 

parent trees also have the potential to influence the growth of seedlings.  

Limitations of our study 

We used the estimated age to extract the daily maximum and minimum temperatures during the 

reproductive period of the parent trees, which probably resulted in a less precise estimation of the 

effect of reproductive temperatures. In addition, we did not follow the response of full-sib families. 

Therefore, it is likely that the response of the seedlings was partly a result of genetic diversity in 

different populations. However, the results of our study can help in estimating the probable 

magnitude of the parental effects in a broader sense. More studies are necessary to assess the 

magnitude of parental effects and to understand the response of tree seedlings to global warming by 

including extended ecologically relevant environments and more species while controlling for 

genotypes.  
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In summary, we showed that changes of temperature during reproduction may substantially affect 

the seedlings’ phenology in two key temperate tree species and that the reproductive environment of 

parent trees is a potential determinant of the phenology and growth of trees in a warmer world. 

However, the contradictory responses exhibited by beech and oak emphasize that the parental effect 

can lead the offspring’s behaviour into different directions, which needs to take into consideration 

when estimating the future response of tree species to climate change.     
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Fig 1. Schematic illustrations of three possible outcomes in budburst timing of the offspring in 

response to temperature variation both in parents and offspring generations. See text for a more 

elaborate explanation. 
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Fig 2. The effect of warming on the bud burst time of the seedlings of oak and beech in 2015 and 

2016. Error bars denote standard errors of the number of days to bud burst. 

 

Fig 3. The effects of temperatures experienced by the parent trees during the reproductive period 

(April-September, TParent) and heating of the offspring (TOffspring) on the time of bud burst in oak (a-

f) and beech (g-l) seedlings. Red denotes heated seedlings and blue control. Values are t values 

from linear mixed effect models. Significance levels are denoted by  * p<0.05, ** p < 0.01.  
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Fig 4. The relationship between the time of leaf discoloration in oak (a-c) and beech (d-f) seedlings 

and mean temperature during reproductive period (April-September). Colors denote seedling 

warming treatments with red heated and blue control. Log10(Days) means log10 transformation of 

total days needed for individual seedlings to reach 80% of leaf discoloration from start date of 

observation (1 September). 
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Fig 5. Relationship between relative collar diameter increment in oak and beech seedlings and mean 

annual temperature during reproductive period (April-September). Values are t values from linear 

mixed effect models. TOffspring means warming treatment in offspring generation with red colours 

denoting heated seedlings and blue colours control seedlings, TParent means temperatures during 

reproductive period (April-September) in parental generation. Significance are denoted by * p<0.05, 

*** p<0.001. 
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Table 1. Background information on the site where the seedlings were collected. 

Collection site 
Latitude 

(°) 

Longitude 

(°) 

Elevation 

(m a.s.l.) 

No. of 

mother 

trees 

Number of 

seedlings 

Mean 

temperature 

(2007-2013) 

Mean 

annual 

precipitation 

(2007-2013) 

    Oak Beech Oak Beech   

Aelmoeseneiebos 51.0 3.8 21 3 3 65 90 10.73 898 

Brakelbos 50.8 3.7 140 3 3 89 86 10.57 871 

Kloosterbos 50.8 3.8 66 3 3 68 44 10.63 848 

Oostkamp 

Orchard 
51.1 3.2 16 1 0 43 

 
10.57 928 

Raspaillebos 50.8 3.9 77 3 3 70 76 10.65 837 
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Table 2. The estimated parameters from linear mixed effects models on the phenology and growth of oak and beech seedlings as a function of 

reproductive temperatures in parental generation and warming condition in offspring generation. TOffspring means warming treatment in offspring 

generation and TParent means temperature during reproductive period in parental generation and Leaf_discolor80 means the timing when 80% of the all 

the leaves of each seedling turned yellow.  

Fixed effects     

Species Response Effect Parental reproductive temperature (°C) 

Minimum  Mean  Maximum  

 Estimate Std. 

Error 

p Estimate Std. 

Error 

P Estimate Std. 

Error 

p 

Oak Budburst 2015 (Intercept) -187.727 71.914 0.010** -206.566 127.966 0.108 24.253 109.76 0.826 

 
 

TOffspring 143.597 86.18 0.097 
.
 155.116 131.435 0.239 -15.89 102.297 0.877 

 
 

TParent 21.822 7.309 0.003** 15.809 8.665 0.069 
.
 0.171 5.567 0.975 

 
 

TOffspring: TParent -14.919 8.765 0.090 
.
 -10.725 8.906 0.229 0.655 5.196 0.900 

 Budburst 2016 (Intercept) -101.461 61.253 0.099 
.
 -206.49 108.743 0.058 -71.728 92.772 0.442 

  TOffspring 143.426 75.943 0.060 
.
 227.853 114.877 0.048* 80.687 90.08 0.371 

  TParent 13.05 6.226 0.037* 15.805 7.363 0.032* 5.007 4.709 0.291 

  TOffspring: TParent -15.607 7.722 0.044* -16.117 7.78 0.039* -4.609 4.573 0.315 

Beech Budburst 2015 (Intercept) 28.332 18.061 0.134 62.845 21.613 0.015* 72.982 22.145 0.01* 

 
 

TOffspring -7.269 21.286 0.733 -18.464 27.607 0.504 -22.421 26.468 0.398 

 
 

TParent -0.809 1.812 0.661 -2.831 1.444 0.076 
. -2.628 1.107 0.043* 

   TOffspring: TParent 0.328 2.128 0.878 0.97 1.842 0.599 0.925 1.325 0.486 

 Budburst 2016 (Intercept) 49.381 19.771 0.026* 47.449 24.861 0.103 39.637 23.639 0.147 

 
 

TOffspring -58.954 23.968 0.014* -49.251 28.737 0.088 
.
 -31.391 27.411 0.254 
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TParent -2.392 1.969 0.245 -1.463 1.648 0.406 -0.706 1.174 0.570 

   TOffspring: TParent 4.993 2.388 0.038* 2.689 1.913 0.161 1.126 1.37 0.412 

Oak Log 10 

(Leaf_discolor80) 
(Intercept) 1.159 1.881 0.539 -0.478 3.218 0.882 -0.953 2.526 0.708 

 
 

TOffspring -3.228 2.439 0.187 -2.103 3.731 0.574 -0.624 2.927 0.831 

 
 

TParent -0.03 0.191 0.874 0.091 0.218 0.679 0.092 0.128 0.477 

 
 

TOffspring: TParent 0.326 0.248 0.190 0.141 0.253 0.579 0.03 0.149 0.839 

Beech 
 

(Intercept) 0.419 0.907 0.645 1.592 1.196 0.185 2.131 1.085 0.052 

 
 

TOffspring 1.87 1.201 0.122 0.277 1.493 0.853 -0.681 1.379 0.623 

 
 

TParent 0.031 0.091 0.733 -0.058 0.08 0.472 -0.07 0.054 0.199 

   TOffspring: TParent -0.189 0.12 0.118 -0.02 0.1 0.843 0.033 0.069 0.634 

Oak Relative collar 

dia. Increment 
(Intercept) 

-11.015 5.815 0.068 
. 

-25.511 7.148 0.001** -13.093 6.339 0.049* 

 
 

TOffspring 10.791 6.760 0.112 21.594 10.060 0.035* 10.619 7.666 0.168 

 
 

TParent 1.239 0.585 0.043* 1.803 0.483 <0.001*** 0.726 0.321 0.032* 

 
 

TOffspring: TParent -1.114 0.688 0.107 -1.474 0.681 0.033* -0.547 0.389 0.161 

Beech 
 

(Intercept) 2.678 2.873 0.363 5.766 5.154 0.291 4.860 5.090 0.364 

 
 

TOffspring 2.448 2.453 0.320 2.790 3.118 0.372 2.100 2.980 0.482 

 
 

TParent -0.134 0.288 0.646 -0.294 0.342 0.412 -0.174 0.253 0.507 

   TOffspring: TParent -0.245 0.245 0.319 -0.186 0.208 0.372 -0.105 0.149 0.481 

Note : Significance are denoted by   .  0.05 < p < 0.1, * p<0.05, ** p < 0.01, *** p<0.001; 
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 1 

Table 3. Marginal and conditional r² of each linear mixed effect model used to assess the interactive 2 

effect of parental reproductive temperature and warming on budburst time, leaf discoloration, 3 

relative diameter and height increment for oak and beech separately.  4 

Note: r²m and r²c are marginal and conditional r² respectively. Marginal r² is concerned with the variance 5 
explained by the fixed factors and conditional r² is concerned with the variance explained by the fixed and 6 

random factors.   7 

 8 

 9 

 10 

Species Response Parental reproductive temperature(°C) 

Minimum Mean Maximum 

  r²m r²c r²m r²c r²m r²c 

Oak Budburst_2015 0.05 0.39 0.03 0.45 0.02 0.38 

 Budburst_2016 0.26 0.41 0.27 0.40 0.25 0.40 

Beech Budburst_2015 0.15 0.25 0.19 0.24 0.15 0.25 

 Budburst_2016 0.43 0.48 0.43 0.47 0.43 0.47 

Oak Log10 (Leaf_discolor80) 0.01 0.07 0.01 0.07 0.01 0.07 

Beech Log10 (Leaf_discolor80) 0.02 0.24 0.02 0.24 0.02 0.27 

Oak Relative collar dia. Increment 0.03 0.38 0.04 0.38 0.03 0.33 

Beech Relative collar dia. Increment 0.02 0.35 0.05 0.38 0.04 0.38 

Oak Relative height increment 0.03 0.14 0.03 0.14 0.04 0.14 

Beech Relative height increment 0.01 0.33 0.04 0.34 0.05 0.34 


