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Emerging signals of declining forest resilience under
climate change
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Resilience

* Engineering resilience: Restoration rate (A) at which a system returns to
equilibrium
— = \r + O'—t ;o x(t) = roe + oe

T(tny1) = ax(ty) +oe(tn) +¢ 3 a=e* = AC

e With autocorrelation AC, variance V[x] and stochastic term o¢

* Defines Ornstein-Uhlenbeck process: mean-reverting random walk ®

Metrics relating to

system memory Rest. Rate AC1 = |In(«)|

. . 1 2
Metric relatlr)g to Rest. Rate Variance = |—=In | 1 — g
system stability 2 V]

Rates often defined as negative (restoring equilibria) in literature
Here we consider the absolute value such that 1 Rate = 1t Resilience

As rates approach zero we see slowness in the system (CSD)

Smith, Taylor and Boers, Niklas, 2023 ; Scheffer, Marten et al. 2009
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Vegetation data

Resilience in proxy for forest productivity

3
kNDVI = tanh (NDVI )

INDVI|
Camps-Valls et al., 2021

Take forest masked pixels (500m) removing
loss/change

Remove the dominant seasonal cycle

Filter (clouds) outlier points

Correct the long term trend (CO2 fert, GW, etc)
Aggregate to 5km

Result: pixelwise time series of KNDVI
perturbations from seasonal average
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Vegetation data

Resilience in proxy for forest productivity

NDVI3
INDVT]

Camps-Valls et al., 2021

kNDVI = tanh

Take forest masked pixels (500m) removing
loss/change

Remove the dominant seasonal cycle

Filter (clouds) outlier points

Correct the long term trend (CO2 fert, GW, etc)
Aggregate to 5km

Result: pixelwise time series of KNDVI
perturbations from seasonal average

kndvi anomaly kndvi anomaly kndvi anomaly

kndvi anomaly

5 &
P

[=]
=
f '

06-

S & o o
[ =

o=

=
=

S

S
Fo

o=

1=
=

S

S
Fo

o

1=
=

S

S
e

KNDVI full time series

i h.
i

2003 2004 2005 2006 2007

iy
il

[

i {

2008 2009 2010 2011 2012 2013 2014

Date

kNDVI time series deseasonalised

1._“;'1 i AL "l‘c,i.-'“H.". 1”._ _h.!\.‘ Yf h_hlui kL 4

]

2003 2004 2005 2006 2007

2008 2009 2010 2011 2012 2013 2014

Date

KNDVI time series deseasonalised with z_score <= -2.5

N

2003 2004 2005 2006 2007

i b
Wiy

il]I “i

2015 2016 2017

.Il 1IJ.II.

‘1 k

2015 2016 2017

|||1.1 LAV

N

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Date

KNDVI time series deseasonalised and masked for gs with fitted values from Im

2003 2004 2005 2006 2007

KNDVI time series detrended

' ' ' ' '
2003 2004 2005 2006 2007

2008 2000 2010 2011 2012 2013 2014 2015 2016 2017

Date

' ' ' ' ' ] ' i ' '
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Date

[l
1l

I Al “|" il n.nm“ W [Jm' M

2018 2019

2018 2019

||”1 Loy

2018 2019

2018 2010

' '
2018 2019

2020 2021 2022

1A II.'.I Iu i llillﬂ
I |1 Il N Ty [l |

2020 2021 2022

2020 2021 2022

2020 2021 2022

' ' i
2020 2021 2022



Vegetation

Metrics relating to

system memory Rest. Rate AC1 = |In(«)|

. . 1 2
Metric relating o gt Rate Variance = |=In [ 1 — —
system stability 2

V|x]

more positive (blue) = lower autocorrelation/variance

But, we can’t compare the ‘resilience’ of spatial pixels yet!
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What determines TAC & Variance

Ari d ity d O m i n ates Longggrm kNDVI TAC over gs (mean in bins)
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Vegetation Structure A

* GEDI maps forest Lidar waveform from ISS

* Gives us relative canopy heights (RH) and forest Normalized Cumuatve Retur Energy
canopy cover 00 02 04 06 08 10
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Structural Diversity Ty

* GEDI maps forest Lidar waveform from ISS

* Gives us relative canopy heights (RH) and forest Normalized Cumdative Return Energy
canopy cover 00 02 04 06 08 10

o=
=

e Several metrics of structural diversity computed

across 5km pixel: g 8 E
s 5
£ 2
Horizontal g 2 E
S Higher S.D. = % -
. . . =
SD.in RH9S = |- ( RH98; — u(RH98) )2 More diversity in = § £
N — canopy height
Horizontal & Vertical 8 Dubayah, R., (2020)
: _ 20 40 60 80 100 o
Shannon Entropy = — Z pi log(p;) Higher Entropy = Amplitude
More diversity in : :
{RH50, RHT5, RH98,CC} canopy structure Kurtosis

Positive

Vertical -
E[(X — pu(X)Y ; more g_egatl_\;e =
- ore diversity in

(ElX = p(X))])? vertical structure

See future dataset paper: “A dataset on the diversity of canopy structure of European Forests”
Marco Girardello, Gonzalo Oton, Matteo Piccardo, Mirco Migliavacca, Alessandro Cescatti
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kndvi anomaly
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kNDVI time series detrended
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RANDOM FOREST

Restoration Rate =

Other
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Forest Cover

Single snapshot 25m
Single snapshot at 250m
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(2000-2021)

KNDVI (u) +
climate (TAC CV u) +
1 Diversity metric  +
FC + SC + Topo div

Outputs:
Feature importance ranking, partial
dependence, etc
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Diversity-Resilience relationship

* Controlling for all the model variables except diversity — what is the effect on resilience?

* Europe-wide relationship between the different diversity and resilience metrics

1.6 1.6 1.6
T % 1.5 % 1.5 % 1.5
) o o o
o (- (- c
- ol 14 514
— 1.3 1.3 1.3
7 S L [ [ [ 15 S
Q K 4 o
&2 —_— g1 g1z
1.1 1.1 1.1
2.5 5.0 7.5 10.0 12 4 5 6 7 -1.0 -0.5 0.0 0.5

S.D. in RH 98 [m] Shannon Entropy Excess kurtosis

Kurtosis

Positive

2

Resilience metric

lance = 1 n(l———= I
Hest. Rate Varia |z1 (1 vm)| — Rest. Rate Variance
Rest. Rate AC1 = |In(«)| — ReSt. Rate AC 1

Normal

13

Negative sion




Diversity-Resilience relationship (local)

|Rest. Rate AC1| ~ Shannon Entropy |Rest. Rate AC1| ~ Excess kurtosis

. ” : &/ & ‘
Individual conditional expectation é;.? %.?
ICE figures |

Control each variable at the local : ,
pixel level value and allow the ‘
diversity metric to vary T

: : _ ICE partial derivative ICE partial derivative
Gives the local level relationship i ] | ]
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Shannon Entropy
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Diversity-Resilience-Temperature relationship

What is the relationship as a function of temperature?

As temperatures rise, resilience declines — unless diversity also increases
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Shannon Entropy

Can diversity offset resilience decline?

Isolines of constant resilience (current mean for that BGR)

As temperatures rise, resilience declines — unless diversity also increases
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Summary

There is a relationship between forest structural diversity and forest resilience:
more structurally diverse forests are more resilient.

Canopy complexity is more important than diversity in forest height

In the near-term, increases in forest structural diversity may compensate for the
resilience loss associated with warming temperatures

This is particularly true for Mediterranean species which may be more adapted
to aridity

Questions?
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Commission
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Structural Diversity

* GEDI maps forest Lidar waveform from ISS

* Gives us relative canopy heights (RH) and forest
canopy cover

e Several metrics of structural diversity computed
across 5km pixel:

5 10 15
RH-98 (SD) [m]

Horizontal

N Higher S.D. =

1 . o
S.D.in RH98 = ,| — 2 : RH98, — u(RH98) )2  More diversity in
. J N — ( g ) canopy height

Shannon EntrOpy - ZP@' log(pi) Higher Entropy N Shannon entropy

{RH50, RHT5, RH98,CC} More diversity in
canopy structure

Vertical
E[(X — n(X))Y More negative =

-3 More diversity in
_ 21\2
(E[(X — p(X))?]) vertical structure

Excess kurtosis =

Kurtosis



Feature Importance

* Build separate models for each diversity metric

* Build separate models for each resilience metric

* Resulting model has high R? and low bias

* Different diversity metrics — differences in importance
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Vegetation resilience
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Model Performance

Rest. Rate AC1 for S.D. in RH 98 [m]
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Variable

Forest Cover
2m temp C.V.
Mean kNDVI
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Diversity-Resilience Relationship
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Diversity-Resilience Relationship
With Temperature
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