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Silver birch           
(Betula pendula) 

45 sites from Europe 

Sensitivity measured 
as slope of linear 
regression: Δdays/
ºC
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Controlled environment experiments
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Effect (days)

Photoperiod

Morales-Castilla et al. in prep



−26.904 0.845trait value

length=81.548 −30 −20 −10 0 10

Model estimate change in days to budburst
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Fagus sylvatica: outlier among species

−17.425 2.723trait value

length=81.548 −20 −15 −10 −5 0 5

Model estimate change in days to budburst
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Effect (days) Effect (days)

ForcingChillingSpecies-level tree

−9.497 1.356trait value

length=81.548 −10 −8 −6 −4 −2 0 2

Model estimate change in days to budburst
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−26.904 0.845trait value

length=81.548 −30 −20 −10 0 10

Model estimate change in days to budburst
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Model does not predict stalled leafout 
when applied to in situ data

Ettinger et al. 2020, NCC



What underlies declining sensitivities?
• We simulated a 

simple model … 
• Leafout occurs 

after a certain 
thermal sum 

• Simulated across 
different 
temperatures
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Simulations of thermal sum model
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Simulations predict observed decline
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Rate dependent process
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Rate dependent process
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Leafout is rate dependent

Leafout takes 
200 thermal units
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Leafout is rate dependent

Leafout takes 
200 thermal units
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Linear approximation works only 
within a range
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How do we address this?



Option 1:
Log linearizes 

inverse

●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

●●●

●

●

●

● ●●

●

● ●

●●● ●

●

●●

●

●●● ●●● ● ●●● ●

●

● ●● ●● ●●

●

10 15 20 25 30

10
15

20
25

Simulated spring temperature to leafout

Le
af

ou
t d

at
e ●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

●●●

●

●

●

● ●●

●

● ●

●●● ●

●

●●

●

●●● ●●● ● ●●● ●

●

● ●● ●● ●●

●

10 15 20 25 30

2.
0

2.
4

2.
8

3.
2

Simulated spring temperature to leafout

lo
g(

Le
af

ou
t d

at
e) ●

●

●

●

●●

●

●

● ●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

●●●

●

●

●

● ●●

●

● ●

●●● ●

●

●●

●

●●● ●●● ● ●●● ●

●

● ●●●●●●

●

2.0 2.5 3.0 3.5

2.
0

2.
4

2.
8

3.
2

log(Simulated spring temperature to leafout)

lo
g(

Le
af

ou
t d

at
e)

●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

● ●●

●

●

●

● ●●

●

● ●

●● ● ●

●

● ●

●

●●●● ●●● ●●● ●

●

●●●● ●●●

●

10 15 20 25 30

10
15

20
25

Simulated spring temperature

Le
af

ou
t d

at
e ●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

● ●●

●

●

●

● ●●

●

● ●

●● ● ●

●

● ●

●

●●●● ●●● ●●● ●

●

●●●● ●●●

●

10 15 20 25 30

2.
0

2.
4

2.
8

3.
2

Simulated spring temperature

lo
g(

Le
af

ou
t d

at
e) ●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

● ●●

●

●

●

● ●●

●

● ●

●● ●●

●

●●

●

●●●● ●●● ●●● ●

●

●●●● ●●●

●

2.0 2.5 3.0 3.5

2.
0

2.
4

2.
8

3.
2

log(Simulated spring temperature)

lo
g(

Le
af

ou
t d

at
e)

●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

●●●

●

●

●

● ●●

●

● ●

●●● ●

●

●●

●

●●● ●●● ● ●●● ●

●

● ●● ●● ●●

●

10 15 20 25 30

10
15

20
25

Simulated spring temperature to leafout

Le
af

ou
t d

at
e ●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

●●●

●

●

●

● ●●

●

● ●

●●● ●

●

●●

●

●●● ●●● ● ●●● ●

●

● ●● ●● ●●

●

10 15 20 25 30

2.
0

2.
4

2.
8

3.
2

Simulated spring temperature to leafout

lo
g(

Le
af

ou
t d

at
e) ●

●

●

●

●●

●

●

● ●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

●●●

●

●

●

● ●●

●

● ●

●●● ●

●

●●

●

●●● ●●● ● ●●● ●

●

● ●●●●●●

●

2.0 2.5 3.0 3.5

2.
0

2.
4

2.
8

3.
2

log(Simulated spring temperature to leafout)

lo
g(

Le
af

ou
t d

at
e)

●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

● ●●

●

●

●

● ●●

●

● ●

●● ● ●

●

● ●

●

●●●● ●●● ●●● ●

●

●●●● ●●●

●

10 15 20 25 30

10
15

20
25

Simulated spring temperature

Le
af

ou
t d

at
e ●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

● ●●

●

●

●

● ●●

●

● ●

●● ● ●

●

● ●

●

●●●● ●●● ●●● ●

●

●●●● ●●●

●

10 15 20 25 30

2.
0

2.
4

2.
8

3.
2

Simulated spring temperature

lo
g(

Le
af

ou
t d

at
e) ●

●

●

●

●●

●

●

●●

● ●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●● ●

●

●

●

●

●

●● ●

●

● ●●

●

●

●

● ●●

●

● ●

●● ●●

●

●●

●

●●●● ●●● ●●● ●

●

●●●● ●●●

●

2.0 2.5 3.0 3.5

2.
0

2.
4

2.
8

3.
2

log(Simulated spring temperature)

lo
g(

Le
af

ou
t d

at
e)



0.0 0.5 1.0 1.5 2.0

−6
−5

−4
−3

−2
−1

Linear (untransformed)

Warming (°C)

Es
tim

at
ed

 s
en

si
tiv

ity

●

simulations
observations

●

1950−1960

●

2000−2010

0.0 0.5 1.0 1.5 2.0

−1
.5

−1
.0

−0
.5

0.
0

Non−linear (logged)

Warming (°C)
Es

tim
at

ed
 s

en
si

tiv
ity ● 1950−1960

● 2000−2010

de
cl

in
in

g 
se

ns
iti

vi
ty



0.0 0.5 1.0 1.5 2.0

−6
−5

−4
−3

−2
−1

Linear (untransformed)

Warming (°C)

Es
tim

at
ed

 s
en

si
tiv

ity

●

simulations
observations

●

1950−1960

●

2000−2010

0.0 0.5 1.0 1.5 2.0

−1
.5

−1
.0

−0
.5

0.
0

Non−linear (logged)

Warming (°C)
Es

tim
at

ed
 s

en
si

tiv
ity ● 1950−1960

● 2000−2010

de
cl

in
in

g 
se

ns
iti

vi
ty

Wolkovich et al. 2021



No evidence of decline
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Thermal sum declining in 
simple model

Auerbach et al. in prep



Thermal sum declining in 
simple model

Auerbach et al. in prep

But adding chilling or a 
start date leads to non-

identifiability



Questions
• Why are plant 

phenological responses 
to climate change 
slowing down? 

- Because biological 
time has sped up (but 
calendar time has not) 

• How can we better 
predict these changes?
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• Always compare to 
simpler models

• Test multiple 
metrics 

• GDD, days/°C

• Variance

How do we address this?
             (Easier)

Wolkovich et al. 2021



Latent 
‘chilling’ & 
‘forcing’
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Waiting for physiological advances



• Test for and report 
non-identifiability

• Simulate data

• Model experiments and 
observational together

• Race the same data 

How do we address this? (Harder)
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https://competition.statistics.gmu.edu/
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