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Appendix 1 

Detailed description of the statistical analyses with supplementary figures and tables 

A. Additional description of the methods and analyses
1. Table A1. A summary of the models fitted for analyses

2. Detailed description of the statistical analyses

B. Additional figures and tables

1. Figure A1. Location of the five large pedunculate oak trees (Quercus robur), whose twigs

were used for the production of the grafts. Panel A shows a map of Finland, with a red

arrow indicating the location of the island Wattkast in southwestern Finland. Panel B shows

the location of the five large mother trees (red circles) within the island Wattkast. Small

black circles show the locations of all oak trees on the island.

2. Figure A2. Photo of the experimental location and setup. The photo illustrates the pasture at

Lövsta, Uppsala (59° 50.1419' N, 17° 48.7782' E), where the warming experiment was

conducted from early May to late October 2017. Cages 1, 3 and 6 were heated, and cages 2,

4 and 5 were exposed to ambient temperatures.

3. Figure A3. Interaction plot showing the impact of warming and tree genotype on spring

phenology of Quercus robur on (a) 19 May, (b) 26 May and (c) 31 May. The lines connect

the mean values for the control and warming treatment, with a separate line for each tree

genotype. Error lines showing standard deviations of each genotype-treatment combination.

4. Figure A4. Interaction plot showing the impact of warming and tree genotype on autumn

phenology of Quercus robur. The lines connect the mean values for the control and

warming treatment, with a separate line for each tree genotype. Panels (a), (b) and (c) show

the effect of warming and tree genotype on chlorophyll content on 24 August, 26

September and 10 October, respectively. Panels (d), (e) and (f) show the effect of warming

and tree genotype on autumn leaf coloration on 24 August, 26 September and 10 October,
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respectively. Panels (g), (h) and (i) show the effect of warming and tree genotype on the 

percentage of leaves dropped on 24 August, 26 September and 10 October, respectively. 

Error lines, panels (a) – (f), showing standard deviations of each genotype-treatment 

combination. 
5. Figure A5. Interaction plot showing the impact of warming and tree genotype on leaf

longevity of Quercus robur. Error lines showing standard deviations of each genotype-

treatment combination.

6. Figure A6. Interaction plot showing the impact of warming and tree genotype on powdery

mildew (Erysiphe alphitoides) disease levels and aphid (Tuberculatus annulatus) density.

The lines connect, for each tree genotype, the mean values for the control and warming

treatment. Panel (a) and (b) show the effect of warming and tree genotype on the proportion

of infected leaves on a tree level on 14 July and 8 August, respectively. Panels (c) and (d)

show aphid density on 1-2 August and 5-7 September, respectively. Error lines, panels (c)

and (d), showing standard deviations of each genotype-treatment combination.

7. Table A2. The impact of warming treatment (T) and tree genotype (G) on spring phenology

of Quercus robur.

8. Table A3. The impact of warming treatment (T) and tree genotype (G) on autumn

phenology of Quercus robur.

9. Table A4. The impact of warming treatment (T) and tree genotype (G) on leaf longevity of

Quercus robur.

10. Table A5. The impact of warming treatment (T) and tree genotype (G) on infection by oak

powdery mildew (Erysiphe alphitoides).

11. Table A6. The impact of warming treatment (T) and tree genotype (G) on aphid density

(Tuberculatus annulatus).

12. Table A7. The impact of warming treatment (T) and tree genotype (G) on the shoot length

and bud size of Quercus robur.
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Additional description of the methods and analyses 

Table A1. A summary of the models and model terms fitted for analyses. For each model, we specify the response examined, the fixed [F] and 

random [R] effects included, and the link function applied. For identity links, we used a Gaussian distribution, and for logit links, we used a 

binomial distribution. Model terms: ‘Warming treatment’= control and warming treatment; ‘Tree genotype’ = one of five oak genotypes; ‘Date’ 

= scoring dates; ‘Cage’ = three cages under control and three under warming treatment; ‘Tree’ = tree individuals and ‘Shoot’ = one of five shoots 

within each tree. 

Questions targeted Response examined Models fitted Link 

The impact of warming 
treatment and  
tree genotype on oak 
phenology 

Leaf development stage 
i) Warming treatment [F] + Tree genotype [F] + Date [F]⁂  + Cage [R]  +  Tree(Cage) [R]  + Shoot(Tree) [R]* 

ii) Warming treatment [F]  + Tree genotype [F]⁑ + Cage [R]  + Tree(Cage) [R]
Identity 

Chlorophyll content1 

i) Warming treatment [F] + Tree genotype [F] + Date [F]⁂  + Cage [R]  +  Tree(Cage) [R] 

ii) Warming treatment [F]  + Tree genotype [F]⁑ + Cage [R]  + Tree(Cage) [R]
Identity 

Leaf coloration1 

i) Warming treatment [F] + Tree genotype [F] + Date [F]⁂  + Cage [R]  +  Tree(Cage) [R] 

ii) Warming treatment [F]  + Tree genotype [F]⁑ + Cage [R]  + Tree(Cage) [R]
Identity 

Percentage of leaves 
dropped2 

ii) Warming treatment [F]  + Tree genotype [F]⁑ + Cage [R]  + Tree(Cage) [R] Identity 

Leaf longevity ii) Warming treatment [F]  + Tree genotype [F]⁑ + Cage [R]  + Tree(Cage) [R] Identity 
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Questions targeted Response examined Models fitted Link 

The impact of warming 
treatment and  
tree genotype on disease 
levels  

Proportion of infected 
leaves 

i) Warming treatment [F] + Tree genotype [F] + Date [F]⁂  + Cage [R]  +  Tree(Cage) [R]

ii) Warming treatment [F]  + Tree genotype [F]⁑ + Cage [R]  + Tree(Cage) [R]
Logit 

The impact of warming 
treatment and tree genotype 
on aphid density 

Aphid density 
i) Warming treatment [F] + Tree genotype [F] + Date [F]⁂  + Cage [R]  +  Tree(Cage) [R]

ii) Warming treatment [F]  + Tree genotype [F]⁑ + Cage [R]
Identity 

The impact of warming 
treatment and tree genotype 
on oak growth   

Shoot length ii) Warming treatment [F]  + Tree genotype [F]⁑ + Cage [R] Identity 

Bud size ii) Warming treatment [F]  + Tree genotype [F]⁑ + Cage [R]  + Tree(Cage) [R] Identity 

*Models that have ‘Date’ as fixed effect are repeated-measurements models 

1Log-transformed 

2Square root-transformed 

⁂Three-way interaction(s) included 

⁑Two-way interaction(s) included 
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Detailed description of the statistical analyses 

SPRING PHENOLOGY – To investigate the impact of warming and oak genotype on spring 

phenology, we modelled leaf development stage as a function of the fixed effect ‘Treatment’ 

(warming or control), ‘Tree genotype’ (n = 5 tree genotypes), ‘Date’ (n = 10 scoring dates), 

the two-way interactions ‘Treatment x Tree genotype’, ’Treatment x Date’, ‘Tree genotype x 

Date’, as well as the three-way interaction ‘Treatment x Tree genotype x Date’. To account 

for variation among cages, we included the random effect ‘Cage’. To account for multiple 

measures taken on the same trees and shoots, we included the random effects ‘Tree ID’ and 

‘Shoot ID’.  

To further explore the impact of warming and oak genotype on the spring 

phenology at specific dates, we modelled leaf development stage as a function of the fixed 

effects ‘Treatment’, ‘Tree genotype’ and their interaction. To account for variation among 

cages, we included the random effect ‘Cage’ and to account for multiple measures taken on 

the same trees, we included the random effect ‘Tree ID’. 

AUTUMN PHENOLOGY – To investigate the impact of warming and oak genotype on leaf 

senescence, we modelled each descriptor of autumn phenology (log-transformed ‘Leaf 

chlorophyll concentration’, ‘Leaf coloration’ and square-root transformed ‘Percentage of 

leaves dropped’) as a function of the fixed effects ‘Treatment’, ‘Tree genotype’, and ‘Date’ (n 

= 3 scoring dates), the interactions ‘Treatment x Tree genotype’, ’Treatment x Date’, ‘Tree 

genotype x Date’, as well as the three-way interaction ‘Treatment x Tree genotype x Date’. To 

account for variation among cages, we included the random effect ‘Cage’. To account for 

multiple measures of ‘Leaf chlorophyll concentration’ and ‘Leaf coloration’ taken on the 

same trees, we included the random effect ‘Tree ID’ (nested within ‘Cage’) to these models. 

To assess the impact of warming and tree genotype on autumn phenology at 

specific dates, we modelled each measure of autumn phenology (log-transformed ‘Leaf 

chlorophyll concentration’, log-transformed ‘Leaf coloration’ and ‘Percent of leaves 

dropped’) as a function of the fixed effects ‘Treatment’ and ‘Tree genotype’. We included the 

interaction term between ‘Treatment’ and ‘Tree genotype’ to assess whether tree genotypes 

responded differently to the warming treatment. To account for variation among cages, we 

included the random effect ‘Cage’. To account for multiple measures taken on the same trees 

(for ‘Leaf chlorophyll concentration’ and ‘Leaf coloration’), we included the random effect 

‘Tree ID’ (nested within ‘Cage’) to these models. 
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LEAF LONGEVITY – To investigate the impact of warming and host genotype on leaf longevity, 

we modelled duration of green foliage (days) as a function of the fixed effects ‘Treatment’, 

‘Tree genotype and the interaction ‘Treatment x Tree genotype’. We included variables 

‘Cage’ and ‘Tree ID’ (nested within ‘Cage’) as random effects.  

DISEASE LEVELS – To investigate the impact of warming and tree genotype on powdery 

mildew disease intensity, we modelled the proportion of infected leaves as a function of the 

fixed effects ‘Treatment’, ‘Tree genotype’, ‘Date’ (n = 2 scoring dates) and the interactions 

‘Treatment x Tree genotype’, ’Treatment x Date’, ‘Tree genotype x Date’ and ‘Treatment x 

Tree genotype x Date’. To account for differences among cages, we included the random 

effect ‘Cage’. Additionally, we added the random effect ‘Tree ID’ (nested within ‘Cage’) to 

correct for multiple measures taken on the same trees. 

To assess the effect of warming and host genotype on disease levels at 

individual dates, we modelled the proportion of infected leaves as a function of the fixed 

effects ‘Treatment’, ‘Tree genotype’ and the interaction ‘Treatment x Tree genotype’. To 

account for variation among cages, we included the variable ‘Cage’ as a random effect. As the 

response variables are the proportion of leaves, we used a binomial distribution.  

APHID DENSITY– To determine the effect of warming  and tree genotype on the aphid density, 

we modelled the square root-transformed aphid density (as measured at the shoot level) as a 

function of the fixed effects ‘Treatment’, Tree genotype’ and ‘Date’ (n = 2 scoring dates), as 

well as the interaction ‘Treatment x Tree genotype’, ’Treatment x Date’, ‘Tree genotype x 

Date’ and ‘Treatment x Tree genotype x Date’. To account for variation among cages, we 

included the random effect ‘Cage’. To account for multiple measures taken on the same trees, 

we included the random effects ‘Tree ID’ (nested within ‘Cage’). 

To assess the impact of warming and oak genotype on aphid density at the 

individual dates, we modelled the square root-transformed aphid density as a function of the 

fixed effects ‘Treatment’, ‘Tree genotype’ and the interaction ‘Treatment x Tree genotype’. 

To account for variation among cages, we included the variable ‘Cage’ as a random effect. To 

account for observed overdispersion, we used the quasipoisson distribution as implemented 

with function glmmPQL. 

OAK GROWTH – To investigate the impact of warming and host genotype on tree growth, we 

modelled shoot length and bud size as a function of the fixed effects ‘Treatment’, ‘Tree 
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genotype and the interaction ‘Treatment x Tree genotype’. To account for differences among 

cages, we included the variable ‘Cage’ as a random effect. To account for multiple measures 

taken on the same trees for bud size, we included the random effect ‘Tree ID’ (nested within 

‘Cage’) to these models. 
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Additional figures and tables 

Figure A1. Location of the five large pedunculate oak trees (Quercus robur), whose twigs 

were used for the production of the grafts. Panel A shows a map of Finland, with a red arrow 

indicating the location of the island Wattkast in southwestern Finland. Panel B shows the 

location of the five large mother trees (red circles) within the island Wattkast. Small black 

circles show the locations of all oak trees on the island. 
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Figure A2. Photo of the experimental location and setup. The photo illustrates the pasture at 

Lövsta, Uppsala (59° 50.1419' N, 17° 48.7782' E), where the warming experiment was 

conducted from early May to late October 2017. Cages 1, 3 and 6 were heated, and cages 2, 4 

and 5 were exposed to ambient temperatures.  

Figure A3. Interaction plot showing the impact of warming and tree genotype on spring 

phenology of Quercus robur on (a) 19 May, (b) 26 May and (c) 31 May. The lines connect 

the mean values for the control and warming treatment, with a separate line for each tree 

genotype. Error bars represent standard deviations of each genotype-treatment combination. 
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Figure A4. Interaction plot showing the impact of warming and tree genotype on autumn 

phenology of Quercus robur. The lines connect the mean values for the control and warming 

treatment, with a separate line for each tree genotype. Panels (a), (b) and (c) show the effect 

of warming and tree genotype on chlorophyll content on 24 August, 26 September and 10 

October, respectively. Panels (d), (e) and (f) show the effect of warming and tree genotype on 

autumn leaf coloration on 24 August, 26 September and 10 October, respectively. Panels (g), 

(h) and (i) show the effect of warming and tree genotype on the percentage of leaves dropped

on 24 August, 26 September and 10 October, respectively. Error bars represent standard 

deviations of each genotype-treatment combination. 
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Figure A5. Interaction plot showing the impact of warming and tree genotype on leaf 

longevity of Quercus robur. The lines connect, for each tree genotype, the mean values for 

the control and warming treatment. Error bars represent standard deviations of each genotype-

treatment combination. 
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Figure A6. Interaction plot showing the impact of warming and tree genotype on powdery 

mildew (Erysiphe alphitoides) disease levels and aphid (Tuberculatus annulatus) density. The 

lines connect, for each tree genotype, the mean values for the control and warming treatment. 

Panel (a) and (b) show the effect of warming and tree genotype on the proportion of infected 

leaves on a tree level on 14 July and 8 August, respectively. Panels (c) and (d) show aphid 

density on 1-2 August and 5-7 September, respectively. Error bars represent standard 

deviations of each genotype-treatment combination. 
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Table A2. The impact of warming treatment (T) and tree genotype (G) on spring phenology of 

Quercus robur. Shown are the results of repeated-measures generalized linear mixed models. 

Significant estimates (p < 0.05) are shown in bold. 

Table A3. The impact of warming treatment (T) and tree genotype (G) on autumn phenology 

of Quercus robur. Shown are the results of repeated-measures generalized linear mixed 

models. Significant estimates (p < 0.05) are shown in bold. 

Leaf development stage df χ2 

Treatment (T) 1 34.73 < 0.001 
Genotype (G) 4 24.30 < 0.001 

Date (D) 9 52358.90 < 0.001 

T × G 4 5.22 0.266 

T × D 9 771.48 < 0.001 

G × D 36 580.32 < 0.001 

T  ×  G  ×  D 36 234.33 <0.001 

1 1

1 1 1

1 1 18 4 9

2 0.00

1

.75 0.00

1

89 0.00

1

1 1

1

Chlorophyll Coloration   Leaf drop 

Df χ2 P Df χ2 P Df χ2 P 

Treatment (T) 1 0.20 0.655 1 17.89 < 0.001 1 27.01 < 0.001 

Genotype (G) 4 52.50 < 0.001 4 23.42 < 0.001 4 45.39 < 0.001 

Date (D) 2 680.00 < 0.001 2 6826.65 < 0.001 2 916.03 < 0.001 

T × G 4 11.38 0.023 4 10.04 0.040 4 6.43 0.169 

T × D 2 63.32 < 0.001 2 1187.75 < 0.001 2 193.89 < 0.001 

G × D 8 144.25 < 0.001 8 308.15 < 0.001 8 24.00 0.002 

T × G × D 8 52.87 < 0.001      8 11.28 0.187   8 11.28 0.187 

P 

P 
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Table A4. The impact of warming treatment (T) and tree genotype (G) on leaf longevity of 

Quercus robur. Shown are the results of generalized linear mixed models. Significant 

estimates (p < 0.05) are shown in bold.

Leaf longevity df χ2 

Treatment (T) 1       147.33 < 0.001 
Genotype (G) 4 17.05 0.002 

T × G 4 2.81 0.590 

Table A5. The impact of warming treatment (T) and tree genotype (G) on infection by oak 

powdery mildew (Erysiphe alphitoides). Shown are the results of repeated-measures 

generalized linear mixed models. Significant estimates (p < 0.05) are shown in bold. 

Proportion of infected 
leaves 

df χ2 

Treatment (T) 1 0.84 0.359 
Genotype (G) 4 1.64 0.801 
Date (D) 3 220.08 <0.001 

T × G 4 10.98 0.027 
T × D 3 1.80 0.615 

G × D 12 27.31 0.007 
T  ×  G  ×  D 12 15.40 0.221 

P 

P 
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Table A6. The impact of warming treatment (T) and tree genotype (G) on aphid density 

(Tuberculatus annulatus). Shown are the results of repeated-measures generalized linear 

mixed models. Significant estimates (p < 0.05) are shown in bold. 

Aphid density df χ2 

Treatment (T) 1 5.23 0.022 
Genotype (G) 4 12.40 0.015 
Date (D) 1 15.22 < 0.001 
T × G 4 8.85 0.065 
T × D 1 0.16 0.690 
G × D 4 67.07 < 0.001 
T  ×  G  ×  D 4 9.53 0.050 

Table A7. The impact of warming treatment (T) and tree genotype (G) on the shoot length and 

bud size of Quercus robur. Shown are the results of linear mixed models. Significant 

estimates (p < 0.05) are shown in bold. 

Shoot length Bud size 
df χ2 df χ2 

Treatment (T) 1     1.41 0.234 1 0.76 0.383 

Genotype (G) 4 14.60 0.006 4 34.54 < 0.001 

T × G 4 1.22 0.875 4 1.57 0.814 

P 

P P 




