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RESUME

L’utilisation des combustibles fossiles, en plus d’augmenter la concentration du
CO3 mondial, abaisse la lumiere directe que I’on regoit du soleil en la diffractant. Cet “as-
sombrissement global” peut, contrairement au CO,, diminuer la croissance des arbres car
il diminue la lumiére donc la photosynthese est moins importante. L’ “assombrissement
global”, dans le cadre de P’analyse de cernes, présente un atout par rapport & évaluer
seulement I'effet du CO2 comme changement global. On peut théoriquement déduire son
effet sur les cernes en observant 1’évolution de la relation entre les cernes et la lumiére.
Cela est possible car la lumiére arrivant 3 la surface du globe suit un cycle déterminé
de 11 ans. Ce cycle, le cycle solaire, est bien connu et nous savons qu’il exerce un ef-
fet sur les cernes depuis les travaux de Douglass au début du siecle passé. L’étude de
Veffet de I’“assombrissement global” sur les cernes est donc un sujet de choix si 'on
veut examiner une variable qui peut induire un changement lent sur le long terme, ou
une tendance. Mais les méthodes traditionnelles d’analyse des cernes de croissance sont
mal adaptées & la recherche de telles tendances. Au cours de cette thése nous avons
testé des méthodes statistiques modernes pour ’analyse de 'effet de la lumiére en lien
avec I’“assombrissement global” sur les cernes de croissance des arbres. Ces méthodes
ont ensuite été utilisées pour détecter les tendances environnementales dans les cernes.
Ainsi, I'utilisation d’une méthode aveugle de séparation des signaux sources, ’analyse
en composants indépendants (ICA), évite certaines suppositions et permet d’éliminer
les effets des perturbations sur la croissance.

Le premier chapitre de cette these décrit en détail cette méthode et la teste sur
des données simulées de cernes de croissance d’arbres. On retrouve donc la composante
climatique de la croissance isolée, telle que décrite dans le model linéaire agrégé classique.

Le second chapitre applique cette méthode différemment. En effet, nous avons
voulu tester la capacité de I'ICA & trouver des perturbations. On a donc ré-analysé des
données dendroécologiques provenant de publications traitant d’épidemies d’insectes.
Nos résultats montrent que I'ICA est capable de detecter les perturbations dans les
cernes de croissance déja identifiées et que cette méthode peut permettre 'analyse des
perturbations lorsqu’il est difficile de mettre en ceuvre les méthodes traditionnelles avec
les données disponibles.
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Ensuite, dans le chapitre III, nous utilisons I'ICA dans une analyse de gradients
climatiques pour voir si la température, les précipitations et la lumiére ont un effet sur les
cernes. Nos résultats montrent que la corrélation entre la lumiére et les cernes augmente
progressivement au cours du temps. Cette augmentation semble étre en relation avec
le niveau de pollution atmosphérique. Elle est plus forte au Népal ou la proximité de
'Inde apporte de nombreux polluants, un peu moins forte en Argentine et non présente
en Sibérie ou la pollution est majoritairement hivernale (donc durant la saison sans
croissance arborescente). Le niveau de pollution semble donc influencer la relation entre
les cernes et la lumiére. On peut ainsi supposer que la lumiére diffuse produite par
la pollution influence positivement la croissance, en contraste avec notre supposition
originale.

Au chapitre IV, nous voulions vérifier si le niveau de pollution influencait effective-
ment l'effet de la lumiére sur la croissance des arbres au niveau mondial. Nous avons
comparé les données d’un réseau mondial de 183 stations de mesures de la pollution
atmosphérique avec V'effet du cycle solaire sur les cernes de 841 sites forestiers a prox-
imité de ces stations. Les résultats montrent que pour les sites forestiers provenant des
écosystémes méditérranéens et altitudinaux la pollution augmente P'effet de la lumiére
diffuse sur la croissance depuis 1960.

Dans le chapitre V j’utilise la réaction des arbres lors des deux plus importantes
éruptions volcaniques du siecle dernier pour voir si la lumiére diffuse augmente bien
la croissance des arbres et que cet effet n’est pas du & la baisse concomitante de la
température. Ces deux éruptions sont d’intensité égale, mais au cours de 'une d’elles
un événement climatique (El Nifio) a masqué son effet de refroidissement. L’analyse de
210 sites forestiers sélectionnés de fagon aléatoire dans le monde entier, nous indique
que c’est bien la lumiére diffuse qui influence la croissance et non pas la baisse de
température qui lui est associée.

Au cours de cette thése nous avons montré que la lumiére modifiée par I’“assom-
brissement global”, c’est-a-dire une baisse de la lumiére directe au profit de la lumiere
diffuse, augmente la croissance des arbres. Ce phénomene est surtout présent pour les
écosystémes qui sont limités en eau. Cet effet de la lumiere diffuse pourrait rendre
difficile ’identification d’un effet de la fertilisation due au COs.

Mots-clés : dendro-chronologie, dendro-climatologie, pollution atmosphérique



INTRODUCTION

Depuis la conférence de Rio en 1992, puis celle de Kyoto en 1997 (Houghton, Callander et
Varney, 1992 ; United Nations, 1997), I’accent a été mis sur la réduction des émissions de
gaz a effet de serre. Cet effet de serre est naturellement lié & la présence de vapeur d’eau
pour 75% et de certains gaz. Or, la concentration atmosphérique du dioxyde de carbone
(COg) et du méthane (CHy) a été fortement influencée par les activités humaines (Figure
0.1 tirée de Solomon et al., 2007). Les émissions de COy sont le résultat direct de
I'utilisation de combustibles fossiles comme source d’énergie. Mais en plus de libérer
du COg2, leur combustion produit un grand nombre de particules qui changent d’autres
caractéristiques de ’atmosphere. Notamment, les propriétés optiques de I’atmosphére
sont affectées par les particules en suspension qui vont diffracter, absorber et réflechir

la lumiere.

Les arbres, par une réaction physico-chimique, la photosynthése (Figure 0.2), vont subir
ces changements et utiliser des éléments qui sont dans I’atmospheére et/ou qui peuvent y
étre modifiés. La modification de la composition et du comportement de 1’atmospheére,
vont de plus participer a son réchauffement, au refroidissement de surface et a la forma-
tion des nuages. Sachant que les principaux éléments de cette réaction physico-chimique
sont : le COq, la lumiere, I’eau et que tout dépend de la température ambiante, il est
probable que la croissance des arbres soit affectée par l'utilisation des combustibles

fossiles.

11 est connu depuis les années 1920/1930 qu’une augmentation de la concentration at-
mosphérique du CO, stimulait la croissance des plantes (Hoover, Johnston et Brackett,
1933 ; Thomas et Hill, 1949), mais I’effet de I’augmentation du COq sur la croissance des
arbres est depuis sujet & controverse. LaMarche et al. (1984) ont conclu que 'augmen-

tation de la croissance des arbres dans les années 80 était plus élevée que celle estimée
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Figure 0.1 Concentration atmosphérique des gaz a effet de serre de longue durée de vie
au cours des derniers 2000 ans. Les unités de concentration sont en parties par million

(ppm) ou en parties par milliard (ppb), tiré de Solomon et al. (2007)




WATER + LIGHT = CHEMICAL ENERGY,

1. Chioroplasts trap light energy

3. Carben dioxide
enters leaf through
stomata

4 Sugar leaves ieaf
CHEMICAL ENERGY + CARBON DIOXIDE = SUGAR

Figure 0.2 La photosynthese, (GDiscover Science, Scott, Foresman & Co. 1993

par les hausses de température, ce qui serait du & une fertilisation au COs. Toutefois,
Graumlich (1991) et, plus récemment, Jacoby et D’Arrigo (1997) concluent que les in-
dices permettant d’observer un effet de fertilisation au CO en conditions naturelles dans
les cernes semblent étre treés limités. Mais le probléme principal reste que le CO et les
autres éléments influencés par les changements globaux évoluent lentement d’une année
& l'autre. Il y a donc une faible tendance & long terme qui s’est installée. Graumlich
(1991) et Jacoby et D’Arrigo (1997) soulignent d’ailleurs qu’avec les méthodes d’analy-
ses utilisées, les tendances comme celle du CO4 sont difficiles &4 capter car la croissance
des arbres est sujet a d’autres phénomeénes climatiques. De nouvelles méthodes d’anal-
yse devraient donc étre nécessaires. L’augmentation de la lumiére diffuse, I’absorption
de la lumiere du soleil par des particules aérosol (Hansen et al., 2000; Ramanathan
et al., 2001) et les trainées de condensation des avions (Murcray, 1970 ; Penner et al.,
1999; Travis, Carleton et Lauritsen, 2004) pourraient également avoir un effet direct

ou indirect sur la croissance des arbres et le bilan de carbone. Le phénomene le plus




visuel est certainement celui des trainées de condensation formées par les avions qui
sont constituées de particules de glace. Cette formation de glace est principalement due
au réchauffement de l'air et & sa condensation en sortie des réacteurs (Schumann, 2005).
Le phénoméne est accentué par les impuretés de ’air et la combustion incompléte du
kérosene (Schumann, 2005) et peut former des trainées persistantes alors qu'elles dis-
paraissent rapidement en temps normal. Habituellement ces trainées sont présentes en
grand nombre (Figure 0.3 b) et leur impact climatique n’était que spéculatif avant la
tragédie du 11 septembre 2009. Apreés cette tragédie, ’espace aérien américain fut inter-
dit (Figure 0.3 a) et, le lendemain, des observations au sol ont montré une augmentation
de la différence de température entre le jour et la nuit de 1C (Travis, Carleton et Lau-
ritsen, 2002). Malgré des critiques (Kalkstein et Balling, 2004 ; Solomon et al., 2007),
cet impact climatique des trainées d’avions semble réel (Travis, Carleton et Lauritsen,
2004) avec une augmentation de 'ordre de 0.2-0.3°C tous les dix ans (Minnis et al.,
2004 ; Stordal et al., 2005 ; Zerefos et al., 2003) méme si beaucoup d’incertitudes subsis-
tent (Burkhardt et al., 2008). De plus elles favorisent la formation de cirrus (Mannstein
et Schumann, 2005) qui rendent la lumiére plus diffuse et contribuent au réchauffement

global (Marquart et al., 2005 ; Fichter et al., 2005).

Comme les cirrus, tous les nuages vont diffracter et absorber la lumiére. Mais la diffrac-
tion et I'absorption de la lumiére peuvent également avoir d’autres origines. L’utilisation
de combustibles fossiles émet énormément de particules fines et de particles qui forment
des aérosols comme les substances organiques volatiles ou le SOy (Figure 0.4). C’est
également le cas de phénomeénes naturels comme les feux de foréts ou les éruptions

volcaniques.

Ces particules produisent une baisse des radiations directes et augmentent les radiations
diffuses (Dutton et Bodhaine, 2001 ; Robock, 2000, 2005). Ce phénomeéne agit au niveau
de la planéte entiére (Figure 0.5) et il a été qualifié d’“assombrissement global” (Stanhill
et Cohen, 2001 ; Ramanathan et al., 2001). La transparence de ’atmosphére a d’ailleurs
diminué graduellement depuis 1850 (Figure 0.6 adaptée de Romanou et al., 2007). Ces

particules agissent également comme des nuages, dispergant les rayons de lumiére de




Figure 0.3 Images de Radiométre Avancé & Trés Haute Résolution (AVHRR) in-
frarouges montrant les trainées de condensation générées par les avions (Photos de
la NASA, libre de droits). L’image (a) montre I’avion présidentiel et son escorte le 12
septembre 2001 alors que l’espace aérien était interdit, V'image (b) montre une image

normale du ciel américain le 12 septembre 2004.




Figure 0.4 Vue du Half-Dome depuis Cloud Rest (2800m) au parc national de Yosemite,
Aolit 2007. La couche grise située au niveau de I’horizon montre la pollution atmo-

sphérique.

facon trés complexe (Farquhar et Roderick, 2003), entrainant ainsi un obscurcissement.
Cependant, un éclaircissement local a également été observé depuis peu (Wild et al.,
2005 ; Wild, Ohmura et Makowski, 2007) dans les régions ou des efforts antipollution

ont été fait comme en Europe de ’ouest.

Alors que 'impact de ce phénomene sur la productivité des écosystemes est potentielle-
ment important, ce n’est que récemment qu’il fut pris en compte (Ramanathan et al.,
2001 ; Roderick et al., 2001 ; Roderick et Farquhar, 2002). Cet obscurcissement global, au
niveau des radiations solaires a un effet direct sur la température et les précipitations,
et au final sur les processus au sein des écosystemes. La premieére observation de ce
phénomene a été la baisse de 1'évaporation au niveau des champs agricoles (Roderick et
Farquhar, 2002). De plus, il a été avancé que I'obscurcissement global pouvait augmenter
la productivité des plantes et plus particuliérement des arbres (Roderick et al., 2001 ;
Gu et al., 2002 ; Roderick, 2006) en diminuant la lumiére directe et en augmentant la
lumiere diffuse. Cet effet non intuitif, a été confirmé par des modeles mathématiques

(Cohan et al., 2002), et serait la conséquence de la stimulation de la photosynthése en



(b) Global~mean = ~-1.58 W m™*

Figure 0.5 Changement dans la répartition spatiale des flux radiatifs nets (énergie
solaire et grandes longueurs d’onde) arrivant au sol (W.m) dus aux for¢ages naturels et
anthropiques entre les années 1860 et 2000. (a) correspondant aux résultats en utilisant
le model GFDL CM 2.1 (Knutson et al., 2006), (b) utilisant les models MIROC et
SPRINTARS (adapted from Nozawa et al., 2005 ; Takemura et al., 2005). Figure tirée
de Solomon et al. 2007.
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Figure 0.6 Radiations solaires & ondes courtes arrivant au niveau du sol (W/m?) basées
sur la moyenne de 9 modeles (GFDL, CCSM, PCM, GISSAOM, GISSER, GISSEH,
HADCM, MIROC, ECHAM) adapté de (Romanou et al., 2007) avec I’aimable autori-

sation d’Anastasia Romanou.



Figure 0.7 Comportement de la lumiére diffuse dans la canopée sous trois scénarios :
(a) lumiére directe uniquement, (b) lumitre directe et lumiére diffuse telle que produite
par les nuages et (c) lumiere directe et lumiére diffuse telle que produite par de la
pollution atmosphérique. Les zones coloriées du feuillage indiquent les zones recevant

de la lumiére et qui sont donc photosynthétiquement actives.

présence de lumiere diffuse dans les canopées complexes. Pour une canopée & plusieurs
niveaux, 35% de la photosynthése est faite par la couche supérieure qui ne représente
généralement que 10% de I'indice de surface foliaire (LAI Ellsworth et Reich, 1993). Cela
est du aux propriétés physiologiques (teneur en azote) et physiques (surface, angle) de
la feuille qui varient & travers le couvert végétal (Sellers et al., 1992) du plein soleil
jusqu’a Pombre pour intercepter la lumiére de maniére uniforme (Hollinger, 1989). Et
meéme si beaucoup de plantes traquent le soleil avec 1'angle de leur feuille (Ehleringer
et Forseth, 1980), dans la canopée la fonction de I'angle des feuilles est de réduire la
photoinhibition au milieu de la journée, plus que de maximiser les gains en carbone

(Falster et Westoby, 2003).

Sous un ciel nuageux, la lumiere diffuse créée atteindra la canopée avec une multitude
d’angles d’incidence et avec moins d’intensité (Figure 0.7). Les feuilles de lumiere s’ori-
entent selon un angle horizontal pour maximiser le gain en carbone et la diversité des

angles d’incidence permettra d’atteindre davantage de feuilles d’ombre. Ces radiations
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diffuses, supposées uniformes et incidentes, ont été incorporées dans les modeles depuis
longtemps (Goudriaan, 1977 ; De Pury et Farquhar, 1997) suivant le modéle de fractions
d’ombre, méme si le calcul était difficile (Sinclair, 2006). Toutefois, en vertu de ’obscur-
cissement global, des particules réflechissantes sont également présentes 3 'intérieur de
la canopée, conduisant & une répartition encore plus complexe de la lumiére et perme-
ttant d’atteindre davantage de feuilles d’ombre méme en I’absence de nuages (Figure

0.7).

Cette augmentation théorique de la photosynthése & cause de l'augmentation de la
lumieére diffuse liée aux activités humaines n’a pas encore été mesurée. Mais suite &
I’éruption du Mont Pinatubo (Philippines) en 1991, on a observé une augmentation de la,
productivité forestiere (Farquhar et Roderick, 2003). Lors d’une éruption volcanique, des
particules sont libérées massivement dans ’atmosphere, particules qui vont également
disperser les photons. Gu et al. (2003) ont d’ailleurs reporté une augmentation de la
photosynthese localement. De plus une ré-analyse de reconstruction climatique de Mann,
Bradley et Hughes (1998) par Robock (2005) montre que les reconstructions basées sur
la croissance radiale des arbres sous-estime constamment la baisse de temipérature qui—
est rapportée par des instruments lors des éruptions volcaniques. Cette sous-estimation
pourrait &tre la conséquence de la stimulation de la photosynthéese par une augmentation
de la lumiére diffuse et ce, alors que la température globale chute. Mais un doute subsiste
quant & leffet de ’augmentation de la lumieére diffuse suite aux éruptions volcaniques
sur la croissance des arbres par rapport a l'effet d’une baisse de température (Krakauer

et Randerson, 2003).

Plusieurs de ces changements globaux sont également concomitants et stimulés par le
soleil. Ainsi le rayonnement cosmique stimulerait I'ionisation et donc la nucléation ce
qui créerait plus d’aérosols. Ces particules servent de noyau de condensation pour les
nuages et donc augmenteraient la formation de ces derniers (Spracklen et al., 2008 ;
Harrison et Ambaum, 2008 ; Marsh et Svensmark, 2000; Svensmark et Calder, 2007 ;
Usoskin et al., 2004). Des perturbations au niveau de I’atmospheére et surtout celles qui

influencent le rayonnement solaire peuvent donc modifier la photosyntheése (Roderick
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et al., 2001) et par conséquent la largeur des cernes d’arbres. Le bilan de carbone peut

donc étre affecté par ceux-ci et peut masquer ou amplifier une possible fertilisation au

cO2.

Nous avons discuté de la température et de la lumiére mais les précipitations et la
disponibilité en eau sont également liées aux changements globaux. Ainsi la baisse ob-
servée de I’évaporation (Stanhill et Cohen, 2001 ; Roderick et Farquhar, 2002) peut avoir
un impact majeur sur 1’écosysteme boréal et sur la croissance des arbres par I’augmen-
tation au printemps des périodes d’anoxie dues & la fonte des neiges. En outre, on peut
s’attendre & des interactions entre l’activité solaire et le climat (Haigh, 1996, 2001).
Toutefois, ’estimation de I'impact de ces interactions sur la hausse des températures au
cours des dernieres décennies n’est pas réaliste (Laut, 2003), tout comme leurs relations
avec El Nifio — La Nifia et 1'Oscillation Nord-Atlantique (Landscheidt, 2000). Nous
sommes donc en présence d’un systéme climatique trés complexe (voir figure 3 dans
Carslaw et al., 2009) qui évolue lentement sous la contrainte des emissions d’origine

humaine.

Comme nous ’avons indiqué précédemment, la principale difficulté consiste & trouver
une tendance liée & une variable climatique au sein de multiples tendances liées &4 d’autres
variables climatiques. L’ “assombrissement global”, dans le cadre de ’analyse de cernes,
présente un atout par rapport au CO,. Ainsi, on peut théoriquement déduire son ef-
fet sur les cernes en observant 1’évolution de la relation entre les cernes et la lumiére.
Car la lumiere arrivant & la surface du globe suit un cycle déterminé de 11 ans. Ce
cycle, le cycle solaire, est bien connu et nous savons qu’il exerce un effet sur les cernes
depuis les travaux de Douglass au début du siecle passé. Cette variable est donc con-
nue, ses données remontent a 1761 et elle est facile & étudier. De plus, la lumiére, en
pénétrant dans l’atmosphére, change quantitativement et qualitativement sous I'influ-
ence de 1"“assombrissement global”, un phénomeéne variant également localement sous
’effet de la pollution régionale. Par rapport au COs, 1'“assombrissement global” est
donc une variable d’intérét offrant & la fois des variations régionales importantes ainsi

qu'une tendance & long terme suivant 'exploitation des combustibles fossiles. Ces vari-
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ations régionales vont pouvoir étre exploitées pour vérifier si une relation existe bien

entre les cernes et la lumiére diffuse.

L’étude de ’effet de 1’ “assombrissement global” sur les cernes est donc un sujet de choix
sil’on veut examiner une variable qui peut induire une changement lent sur le long terme,
ou une tendance. Mais il est nécessaire de tester de nouvelles méthodes statistiques et
de déterminer si la pollution atmosphérique a un effet sur les cernes avant d’évaluer
la tendance & long terme de l'effet de la lumiere diffuse sur les cernes de croissance
des arbres. Les méthodes traditionnelles d’analyse des cernes de croissance sont mal
adaptées & la recherche de telles tendances. En général elles soustraient des courbes
théoriques de croissances aux données pour corriger l'effet age et elles se basent sur
I’évaluation de modeles dont les erreurs affectent grandement la recherche de tendances.
Finalement, grace & ces nouvelles méthodes, nous pourrons vérifier si la fertilisation au

CO4 a un impact sur les cernes.

Objectifs et Hypotheses

Cette theése a deux objectifs majeurs avec leurs hypothéses sous-jacentes :
— Offrir un nouveau cadre statistique pour établir des relations entre les cernes et

différentes variables climatiques et physiques.

1. L’utilisation de l’analyse en composante indépendante (ICA) permet-elle de
séparer les différents composants d’une série de cernes (l'effet age, l'effet cli-

matique, les perturbations et le bruit) ?

2. L’intégration dc 'ICA & la démarche d’analyse fournit-elle de meilleurs résultats

que les modeles traditionnels ?
3. Les tendances peuvent-elles étre retrouvées par I’approche statistique proposée ?

— Estimer la contribution des phénomeénes climatiques et physiques & ’augmentation

ou la baisse de la croissance forestiére.

1. L’ “assombrissement global” affecte-t-il la croissance de fagon directe et/ou indi-

recte ?
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2. Les proportions de croissance expliquée, par le climat, la lumiere diffuse, la fer-
tilisation au dioxyde de carbone ... peuvent-elles étre estimées ?
Ce travail est divisé en quatre parties, représentant cing chapitres :
1. Une nouvelle méthode d’analyse des cernes est proposée et testée aux chapitres I

et II.

2. La détection et la séparation des différentes tendances possibles sont testées sur

des gradients environnementaux contrastés au chapitre III.

3. Le test d’un possible effet de la lumiere diffuse sur la croissance est faite dans le

chapitre IV.

4. On vérifie si 'effet de 'augmentation de la lumiere diffuse engendrée par cette
diminution de lumiere affecte les cernes ou si c’est I'effet de la baisse de température

qui les affecte au chapitre V.
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NOTE SUR LES CHAPITRES

Les références des chapitres sont inclusent dans une unique bibliographie & la fin de

cette these par soucis d’économies.

Le chapitre I aprés soumission a été jugé trop théorique par la revue Dendrochronologia.

Il est actuellement en récriture pour inclure des analyses basées sur des données réelles.

Le chapitre IT a subit beaucoup de modification depuis la premiére version de cette

these, il devrait étre soumis sous peu.

Le chapitre III, “Humbert L. and Berninger F. Tree growth, solar forcing and CO2
fertilization across high altitude and high latitude in Argentina, Nepal and Siberia”, est
en cours de re-soumission suite & une demande d’analyse supplémentaire pour Global

and Planetary Change.

Les chapitres IV et V sont actuellement en préparation avec l'implication de Fernando
Valladares et de Daniel Kneeshaw. Fernando Valladares et Daniel Kneeshaw participent
a linterpretation des résultats et & leur rédaction. Fernando Valladares en tant que
spécialiste en physiologie végetale et plus précisement au niveau des relations hydriques
des plantes méditérranéennes et d’autre milieux arides, m’a aidé dans 'interpretation
de l'augmentation de croissance des arbres quand la lumiere baisse dans ces milieux.
Daniel Kneeshaw nous a apporté ses connaissance des perturbations naturelles en milieu
forestier afin de mieux comprendre nos résultats sur cette grande échelle ainsi dans les

variations entre les divers types forestiers.
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CHAPITRE 1

USE OF INDEPENDENT COMPONENT ANALYSIS WITH TREE
RING WIDTH SERIES

We test, using simulated data, the utility of Independent Component Analysis (ICA) for
the analysis of different superposed signals in tree ring data. According to the standard
model of tree ring analysis, tree rings are composed from different signals that express
the development of the tree or stand with age, short term disturbances and climatic pat-
terns. Because ICA is effective in the extraction of non-white noise signals from series
we tried to apply ICA to the extraction of age related, disturbance related and climate
related trends in a single run. We found that ICA is effective in separating an average
growth trend and disturbance events from the series. It failed, however, to separate, dif-
ferent simultaneous long term growth trends (like simultaneous growth related declines
and CO; induced increases). Further pretreatments, like a pre-classification of series
owing different growth trends was necessary for complex series where different growth
trends were mixed. Differences of ICA and other multivariate methods like principle
component analysis are discusses. Overall, the results show that ICA is a promising

analysis to separate different non-Gaussian signals from tree ring data.

1.1 INTRODUCTION

Independent Component Analysis (ICA) can be seen as an extension of Principal Com-
ponent Analysis (PCA) which tries to find a linear representation of non-Gaussian

data so that the components are independents (Cardoso, 1989; Comon, 1994). It tries
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to capture underlying non-Gaussian processes that explain the variation of the data.
Whereas PCA looks for linear combinations of a data matrix that are uncorrelated, ICA
seeks linear combinations that are independent (Venable & Ripley, 2002). Independence
means here that ICA minimizes the mutual information between components. ICA in
it formulation is very closely related to Factor Analysis (FA), a common technique in
social sciences, which seek linear combinations of variables, called factors, that repre-
sent underlying fundamental quantities of which the observed variables are expressions.
Furthermore, PCA analyses the whole variance of a dataset, while ICA and FA analyze
only the portion of variance that is correlated across several data series. PCA and FA
only estimate the factors up to one rotation, instead, the purpose of ICA is to separate
the source signals, that PCA and FA cannot, by seeking for a rotation of spherical data
which have independent coordinates (Hyvérinen, Karhunen & Oja, 2001; Stone, 2004).

ICA could be of primary interest in ecological science when we do not require the relative
position of the objects but the order of objects. Here, we will test how well ICA might

unmix different signals in tree ring series using simulated data.
Tree rings have been described as a mixture of different processes (signals) by Cook
(1987); Cook & Kairiukstis (1990) and often referred as the linear aggregated model :

St =At+Ct+5D1t+5D2t +e (11)

where
S is the tree ring indices time series
A is the age effect
C is the climatic component

D1 and D2 are the disturbance events. D1 is the site disturbance effect and D2 is
the tree disturbance effect. (see Cook & Kairiukstis (1990) for further details)

€ the noise
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1.2 DEFINITION

ICA was proposed by Cardoso (1989), and Comon (1994) defined the basis of the model
and made it identifiable. In our case we can describe tree ring width as two linear time

series, z; and 9, in this way :

T1(t) = a1151(t) + a1252(2)
(1.2)

Ta(t) = a1 81(t) + azes2(t)
where s1, sp are the original signals and a;1, @12, a21, @22 are constant coefficients that
give the mixing weights. If we assumes that aj1, a12, a21, a2 are different enough to
form an invertible matrix. Using these equations, s; and s, can be recovered if we know

the parameters values, which we, unfortunately, seldom know. The basic definition of

ICA is that there is j linear mixture z,, 3, ..., ; of ¢ independent component (s) :
T; = Q181 T a5282 + ... + 048; for all § (13)

Now for the next step let be A a matrix with a;; elements, consequently in a vector-

matrix notation we can write our mixing problem as :
z=As (1.4)
Then if A as an inverse matrix W with w;; coefficients, we can separate the s; as :

51(t) = w1 (t) + apzo(t) (L5)
S9 (t) = W91} (t) + a22.’L‘2(t)

or in a matrix form :

b= W (1.6)

Then by considering s; statistically independent at each time lag ¢ it is possible to

estimate W.

In order to identify these components using ICA the values of s must be distributed
in a non-normal way. This need of non-normal distribution is not a real problem since
ecological data rarely follow the normal distribution. The explanation for this non-

Gaussianity of ICA can be found in Hyvérinen & Oja (2000) with an approach to
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estimate it. Equation (3) is then call the ICA Model (Hyvirinen, Karhunen & Oja,
2001). ICA Model is a generative model, which means that it tries to describe how the
observations are created by the mixing process of components s;. These components (or
signals) are reconstructed (or “generated”) by the analysis. In fact, the components s;
are latent variables (a theoretical variables) which are not directly observable. In our
specific case, the use of ICA allows the recovery of the variables S, A, C, D1 and D2 of
the Cook & Kairiukstis (1990) tree ring model (Equation 1.1).

The ICA is a non parametric method which permit to use it with nearly any kind of data
and the initial assumption is simple, i.e. all components s; are statistically independent.
There are some underlying problems of the method. The number of components to be
extracted is set a priori and their order cannot be determined at the end of the analysis.
It is also impossible to determine the proportion of variance explained by independent
component. Finally, the analysis is restricted to non-Gaussian data which can describe

the ICA as an non-Gaussian factor analysis (Hyvérinen, Karhunen & Oja, 2001).

In order to understand how ICA works with tree ring width series we have used simulated
growth series data sets base on the tree ring width model proposed by Cook (1987);
Cook & Kairiukstis (1990). These series have been construct to test the preservation of
trends, the extraction of noise and the influence of disturbances. Tree ring width series
have been construct with three components : a trend, a disturbance pattern and 50%
of Gaussian noise. Similar test data have been previously used by Rubino & McCarthy
(2004) in order to test disturbance detection methods in oak chronologies. Different
simulated data sets have been created. Each set contains at least 20 series of 100 years

(some examples are shown in figure 1.1) :

1. A data set that mixes a disturbance pattern (e.g. Rubino & McCarthy, 2004) with
a linear or non-linear trends and some noise. To give a more realistic shape to tree

ring width series, the disturbance pattern is not exactly the same for each tree
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ring series. It’s amplitude in x and y axis varies amongst series, as well as the first
and last year of effect. With this set we will test if the different kind of trends are

recovered as well as the disturbance pattern.

2. This set mixed a trend with large spikes. Theses spikes try to represent distur-
bances affecting trees for only one or two years like a severe drought, ice storm ...
The value of each spike is set as the mean of the series at the considered year plus
x time the standard deviation (o). We will test the effect of varying amplitudes of
spikes, as well as the effect of different number of spikes on the detection of the

spike.

3. In order to test spike threshold for the detection, 159 series were created. For this
purpose the strategy is different. We have added to one series with one spike an
increasing number of non spiky series to understand at what dilution a spike is
still detected. The estimation of confidence intervals for the detection and recovery
of spikes is not defined in an analytical way. Therefore, a bootstrap with 1000
permutations, when possible, was made. This re-sampling replaces the non spiky

series then, ICA was restarted.

4. A set of complex data was generated in order to simulate real tree ring series
by mixing a trend, disturbances, noise and a cyclicity pattern. The cyclicity was
simulated using two sine waves simultaneously : a 12 years and a 60 years. This
set was made of four different trends (two linear and two non-linear) containing

20 series each.

Our initial analyses revealed that under some conditions the ICA algorithm was unable
to separate trends and cyclic patterns in the data. The principal problem is that there
are more potential component to be extracted than there are series in the analysis.
Unfortunately, ICA is not able to extract more component than the number of input
series. To solve this problem, we propose to analyze trends by ICA separately (Figure
1.2). A classification method can used to separate series with different trends. Then a
second ICA is performed on the four independent components representing the mixture

of recovered trends and cycles. Two extractions have to be done separately because
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Figure 1.1 Example of constructed series with the components used to build it. The
component column shows from top to bottom a disturbance pattern, then linear trends
and non-linear trends. The right column shows some example of generated series with
from top to bottom positive trended disturbances, then a spike with a trend and a

non-linear trended disturbance.
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Figure 1.2 Analysis of complex series schematic representation

ICA provide statistically independent results. This independence mean that a second
analysis cannot be done on some component extracted from the same first analysis due

to the lack of interaction (different coordinates) between input data.

We used the FastICA algorithm (Hyvérinen & Oja, 2000) to do the ICA. This algo-
rithm, after data are centered, projects the data onto a n dimensional space where n is
the number of components to extract (specified by the user). This algorithm used the
fixed-point iteration scheme for maximizing the neg-entropy with the constraints that
the estimated un-mixing matrix is an orthonormal matrix. In practice Principal Com-
ponent Analysis can be used as preprocessing tool for ICA in order to set the number
of component to extract (Stone, 2004). However, in the case of constructed data this
pre-process is not necessary because we know a priori the number of components to

extract. We, however, tested the usability of the PCA to set the number of components.
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A comparison of ICA is made with the mean series which is a year to year mean of the

series.

As a measure of the goodness of the ICA we used the surface recovered by series. We
calculated the common surface the original data (without noise) and the surface of the

ICA components. This was compared to the mean series (with noise).

1.4 RESULTS AND DISCUSSION

1.4.1 Trend Recovering within Data Set 1

ICA recovers the trends and disturbances of our data. However, these two pattern
appears mixed together in the same component (Figure 1.3). Moreover, further analysis
shown that this performance is better than that of a mean series for non-linear trends
as shown in figure 1.3, whereas mean series do better with linear trend. This comparison
is given by the per cent of common area between the recovered series (by ICA or mean)

and the original series without noise (Table 1.1). With linear trend the ICA explained

is 17% less than a simple mean, while for non-linear trends the ICA was of 11% better
than a simple mean.

If series with the three different trends of the same kind (linear or non linear) are used
as input data, ICA recovered them but seems to be unable to separate positive and
negative trends and the performance (measured again as common surface under the
mean curve) is less good than results of a single trend (Table 1.1), but far better than
the mean which erases the positive and negative trends.

Results of ICA done in the same way with non-linear trends are much better than the
mean of the series (Table 1.1), but it is just able to distinguish three trends of the four
trends present in the series and the perturbation pattern disappears like with the mean
series. When applied on all these data simultaneously, ICA recovered the same three
non-linear trends and the perturbation pattern with a slightly positive trends. The series
obtained by the mean is non-linear with the perturbation.

We tested principal components analysis (PCA) to set the number of component to
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extract (Himberg & Hyvérinen, 2001; Stone, 2004) in a subsequent ICA. The main three
axis of the PCA explained 83% of the variance (result not shown) of all data. Other axis
did not explained a significant par of the variance (under 2%). Consequently, an ICA
with three components to extract was done (Table 1.1). This was one component less
than there are signals in the simulated data. The analysis recovered two linear trends
and the non linear which was not recovered when four components were extracted.

Generally we observed that if we decreased the number of components to extract, the
non linear trends extracted look like more and more the average non linear trend. It
is probably good to try both methods for real data. An extraction with the number of
components set by a PCA and an extraction with the maximum number of components
that can be obtained from the ICA. In order to set a number of components to extract
equals to the number of source signal various methods exist and are discussed in Penny,
Roberts & Everson (2001) but in tree ring width the number of “anomalies” and other
sources can be larger than the number of input series. Setting the number of component

to extract equal to the number of input series can be a good idea.

1.4.2 Detection of Spikes and Recovery of Their Values within Data
Set 2 and 3

As described before, our aim is to determine the minimum size of a spike that is detected
and the minimum proportion of series that contain a spike required for spike detection.
Also, we wanted to understand the consequences of having several spikes in a tree series

on the detection of a spike.

The detection threshold (Table 1.2) is as low as the definition of a spike used by us.
ICA always detected spikes as low as 40 that occur in 5 series. The larger is a spike, the
more easily it is detected, even if it occurs less frequently. Spikes of 40 were detected if
they occur in 1/15 series, spikes of 50 in 1/16 and spikes of 10¢ in 1/128 (Table 1.2).
This representation of spikes within series, in order to be able to detect it, is effectively
non-linear (Figure 1.4). In order to test more robustly this detection threshold, the

detection of a single 100 spike was tested with an increasing number (up to 160) of




26

|
PN
SR
w
1
s
> AR Y

T
0 20 40 60 80 100
Time

T
0 20 4 60 80 100

Time Time

Figure 1.3 Results of the recovered trends and disturbance pattern. Dotted lines rep-
resent original components centered on the mean and plain lines represent the recovered

components by the independent component analysis.
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Tableau 1.1 Performance of the independent component analysis compared to a mean
series in trends and disturbance pattern recovering express by the proportion of surface
recovered. Values shows how the analysis performed by comparing the share proportion
of area under recovered curves with the original non noisy curve. Symbol “ — " is use
for series without trends, “ / ” for positive trends, “ \ ” for negative trends, “ ~~ ”
for linear trend becoming non linear, “ ~~ ” for non linear trend becoming linear, “ ~
”? for non linear hyperbolic trend and “ €2 ” for non linear “ omega like ” trend. “ One
” refers to a test applied on just one trend, “ Mix s.t. ” refers to a test applied to all
linear or all non linear trends and “ Mix all ” to a test applied to all trend at the same

time. “ - ” shows non obtained results. PCA ICA shows results of ICA done with the

number of components to extract set by PCA.

Linear trend Non Linear trend
Input — g \ ~ —~ — Q
One ICA 0.621 0.775 0.723 0.872 0.880 0.760 0.781
One Mean 0.691 0.909 0936 0.777 0.807 0.663 0.612
Mix s.t. ICA 0.726  0.737 - 0.782 0.467 - 0.733
Mix s.t. Mean 0.734 - - - - 0.774 -
Mix all ICA - 0.630 - 0.801 0.425 - 0.729
Mix all Mean - - - 0.828 - - S

Mix all PCAICA 0.686 0.726 - - - 0.814 -
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non spiky series. Moreover, a bootstrap with 1000 permutations was used to calculate a
confidence interval of the recovered spike’s size. Bootstrap gave two results as shown in
figure 1.4 : the value recovered vary by 2 units or more within the confidence interval
and the detection is affected by the noise. A value to be recovered of 100 has a maximum
dilution of 1/8 series with a threshold of detection set at 125% the noise maximum value
and sometime, it can be detected in 1/128 series. Our capacity to detect multiple spikes
is not directly related to the magnitude of the spikes. In table 1.2 we compared results of
a 50 spike versus the addition of one 4 and one 1o spike where detection works better
with the 50. The ICA was always more able to detect a single large spike (e.g. a single
spike of 50) than the detection of several simultaneous spikes of the same cumulative
magnitude (e.g. two spikes of 2.5¢). The sign of the spike (positive or negative) did not
affect the detection due to rotation if only one spike is present in the series. For two
spikes of opposite sign, the difference of sign between them is preserved. Moreover, ICA
attempt untie, if possible, spikes in order to recover each spike in a single component. In
figure 1.5 we have recovered five spikes. These spikes appeared at year 9, 11, 15, 25 and
41, and are mixed differently. In order to untie each spike. the number of components
to extract has to be set correctly. However, it is impossible to extract more components
than the number of series in the analysis. The proximity of spikes (e.g. one year between

two spikes) did not affect their recovery as shown in figure 1.5 (top row).

1.4.3 Complex Series Analysis of the Data Set 4

The analysis of simulated complex data gave similar results to the trend and distur-
bances recovering tests. Spikes were recovered separately, but the other parts (trend,
cyclicity and disturbance) were mixed together. The principal problem is that there is
more potential component to be extracted than the number of data in the analysis.
Consequently, data were separated according to their trend and two ICA were made as
explain in the methods. Results of this second analysis (Figure 1.6) show that it was
able to recover the two cyclicity patterns. However, the trends are in two components

as a mix of a linear trend and a non-linear trend whereas we were expecting to have six



29

Tableau 1.2 Results of the detection of spikes in a set of series without spikes by the

independent component analysis. Nb. Spike give the number of spike involved at the

same year, ¢ Add. referred as the number of time the standard deviation is added with

Val. the value in the input matrix. Nb. S. referred to the number of series used in the

analysis. Val. Rec. is the absolute value of the spike recovered. Mean, Sd., Max and Min

referred to the mean, the standard deviation, the maximum value and the minimum

value without the spike of the recovered series. * give the detection threshold, which is

in reality 1/(Nb. S.). The first line of data gives the characteristics of other values at the

same year than the spike, and the second line reproduce the same values but centered

on the mean.

Nb. Spikes ¢ Add. Val. Nb.S. Val. Rec. Mean Sd. Max Min
One 40 2.51 5 3.17 -0.03 096 212 -2.11
One S50 2.79 5 3.76 -0.04 093 207 -2.12
One 60 3.07 5 4.56 -0.05 089 1.83 -1.80
One To 3.35 5 5.12 -0.05 0.86 1.73 -1.73
One 80 3.63 5 5.62 -0.06 083 1.63 -1.67
One 90 3.91 5 6.06 -0.06 0.80 155 -1.60
One 100 4.19 5 6.45 -0.06 0.77 147 -1.55
One 110 4.47 5 6.80 -0.07 0.74 137 -1.46
One 4o 2.51 5 3.24 -0.03 095 195 -2.08
One 40 2.51 10 2.97 -0.03 096 2.10 -2.25
One 40 2.51 15% 2.90 -0.03 097 238 -2.22
One 50 2.79 B 4.11 -0.04 092 2.00 -1.84
One 50 2.79 10 3.38 0.03 0.95 228 -1.97
One 50 2.79 16* 3.22 003 096 230 -2.17
One 100 4.19 10 6.53 0.00 1.01 1.8 -1.76
One 100 4.19 20 6.71 0.01 1.00 1.85 -1.85
One 100 4.19 100 4.76 -0.06 096 267 -2.14
One 100 4.19 128* 3.40 -0.03 095 2.85 -2.23
Two 40 & 10 2.51 & 1.67 5 3.12 -0.03 0.97 2.07 -2.14
Two 40 & 20 2.51 & 1.95 5 3.17 -0.03 096 1.95 -2.04
Two 40 & 30 2.51 & 2.23 5 3.35 -0.03 095 1.92 -1.97
Two 40 & 40 2.51 & 2.51 5 3.68 -0.04 094 2.07 -1.85
Two 40 & 50 2.51 & 2.79 5 4.36 -0.04 091 207 -1.71
Two 40 & 60 2.51 & 3.07 5 4.98 -0.056 0.87 207 -1.76
Two 50 & 60 2.79 & 3.07 5 5.23 -0.05 0.86 2.04 -1.68
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Figure 1.4 Recovering of one spike with increasing number of series without spike.
The plain line represents the mean and dotted lines the 90% confidence obtained by
bootstrap with 1000 permutations when possible. The vertical line gives the threshold

of detection (125% of noise maximum value).
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Figure 1.6 Resulting trend and cycle of independent components extracted during the

analysis of complex simulated data

different trends recovered.

1.5 CONCLUSION

Independent component analysis is a relatively new statistical methodology. It success
in medical science for the electroencephalographic brain dynamics had show the power
of the methods applied to time series (Vigério et al., 1998; Hyvérinen, Karhunen & Oja,
2001). However, their is major differences in the kind of analysis made with electroen-
cephalographic and the dendrochronological approach. In climate dendrochronology we
are interested in all extracted components, like in financial analysis, whereas medi-

cal science seek for anomalies and more generally spikes detection. Recently, ICA has

been applied to try to uncover hidden patterns in the observed financial data (Back
& Weigend, 1997; Moody & Wu, 1998; Moody & Howard, 1999) or in seismic records
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(Ham & Faour, 1999) which is closely related to our goal in tree ring width analysis.

In this paper multiple tests have been done to test the applicability in dendrochronology.
Like in medical science spike recovering is done without problems. Moreover, ICA seems
to improve trends and large disturbance detection in comparison with the classical
mean series made in dendrochronology approach. Where ICA improve tree ring width
analysis is in the recovering of cyclicity and it secms to be an efficient method to
recover disturbance. Whereas classical analysis try to identify such patterns with the
estimation of parameters in hypothetical relationship, ICA extract it directly. This direct
extraction will permit to work on other independent components or on this cyclicity
without the offset introduced by their estimation. Moreover, the recovered patterns
are statistically independent, which can be of great interest especially for detecting co-
occurring disturbances. Also a mean tree ring width series can be obtained without

disturbance effect which can be precious for studies dealing with long term trends.

In the applicability of ICA for particular contexts lies the power of this technique for
tree ring research. In particular, spike recovering can improve the resolution of insect

outbreak detection and other disturbances.
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DE LA THEORIE A LA PRATIQUE

Le premier chapitre nous a permis de tester une nouvelle méthode pour 1’étude des cernes
de croissance des arbres. Différents tests furent appliqués sur des données simulées, avec
succes. Mais, un test sur de vraies données doit étre fait avant d’aller plus loin. Pour
cela nous avons utilisé des données provenant de trois articles scientifiques qui utilisent
les cernes pour détecter les épidémies d’insectes passées. Nous espérons ainsi obtenir les
mémes résultats et voir si notre méthode ne pourrait pas aboutir & une recherche plus

affinée dans ce domaine.




36



CHAPITRE 1I

IDENTIFYING INSECT OUTBREAKS : A COMPARISON OF A
BLIND-SOURCE SEPARATION METHOD WITH HOST VS
NON-HOST ANALYSES

The identification of past insect outbreaks is often determined using a comparison of
host and non-host tree-ring growth chronologies. Yet this may be a problem when non-
hosts are either affected by the outbreaking insect or when the growth of host and
non-host trees does not respond similarly to the same climatic factors. In this paper, we
investigate the use of a blind source separation method to identify past outbreaks. This
method, used in neurology and called independent components analysis (ICA), directly
identifies disturbance patterns in time series data. We re-analyzed the tree-ring data
from three papers dealing with insect outbreaks for which data were available. These
papers focus on western spruce budworm, pandora moth and Douglas-fir tussock moth
outbreaks. We compared the results of the original analyses in these papers conducted
using a comparison of tree growth in host and non-host trees with results from ICA.
We detected the five outbreaks identified in the original papers using the ICA for host
series. However, the start and end dates for the outbreaks were different in 75% of the
ICA analyses compared to the dates reported in the original paper. On the other hand,
we were able to detect growth reduction in non-host ponderosa pine chronologies during
western spruce budworm outbreaks with generally 50% of the trees affected by a growth
reduction for the considered site. Other non-host chronologies tended to show increased

growth during outbreak periods by at least 60% of the average growth occurring in
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non-outbreak periods. Since conventional methods may be less robust when the growth
of non-host trees is affected, the ICA may provide a powerful new method to identify
outbreaks when there are overlaps in effects in host and non-host trees. However, for [CA
to work most optimally the number of tree ring width series needed is high. There are
multiple advantages of this new approach ; there is no need to assume that outbreaks do
not decrease the growth of non-host species and there is the potential ability to identify

other disturbance events.

2.1 INTRODUCTION

Forests are subject to many disturbances varying in scale and severity : fire, wind-
throw, insects, etc. The understanding of these events is fundamental for a better com-
prehension of forest dynamics, the conservation of biological diversity (Lindenmayer
& Franklin, 2002) and the development of sustainable forest management (Bergeron
et al., 2002; Burton et al., 2003; Franklin et al., 2002). Knowledge about the frequency
of disturbances provides an understanding of the historical factors affecting forests in a
region. However, reconstructing the history of these events is not easy and different non-
destructive methods have been used, such as associating disturbances with recruitment
peaks in tree age structures or associating ages to crown area distribution. However,
tree ring growth patterns provide the most direct identification of past disturbances
(Lorimer, 1985; Frelich, 2002). Recent statistical advances in fields such as neurology
(Vigério et al., 1998; Jung et al., 2001) have been used to detect disturbance events
in brain records; such methods may be of interest to ecologists attempting to iden-
tify disturbances that decrease growth in tree ring chronologies. Here we focus on the
possibility of using a blind source separation method called Independent Component
Analysis (ICA, Cardoso, 1989; Comon, 1994) for identifying insect outbreak history

from tree ring width series.

As a disturbance, insect outbreaks are a primary driver of forest productivity and nutri-
ent cycling (Romme, Knight & Yavitt, 1986). Defoliating insects reduce growth and can
cause high mortality (McCullough, Werner & Neumann, 1998; Kulman, 1971a), whereas
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growth increases can occur in unaffected neighboring non-host trees when released from
competition. The analysis of tree ring series is often used to reconstruct insect outbreaks
(Morrow & Lamarche, 1978; Swetnam, Thompson & Sutherland, 1985). Although direct
analysis of a host tree ring series has been used in some papers (Bouchard, Kneeshaw
& Bergeron, 2006) a favored dendrochronological approach involves using a non-host
growth chronology to detect decreases in the growth of host species (Nash, Fritts &
Stokes, 1975; Swetnam, Thompson & Sutherland, 1985). A key assumption in this ap-
proach is that the growth of the non-host species is not affected by the disturbances (or
at least is less affected). The non-host species should also react to the same climatic
variations as the host species in order to limit misinterpreting climatically induced
growth fluctuations as being due to insect outbreaks e.g. a moisture sensitive outbreak-
ing insect host species matched with a drought tolerant non-host species could lead to
interpreting reduced growth in the host because of a dry period being interpreted as
an insect outbreak. Although limitations of the host—non-host correction procedure are
well recognized in the literature (Ryerson, Swetnam & Lynch, 2003), this method has
been one of the only ways of detecting past outbreaks when direct observations were
not available. The ICA can help prevent these problems by viewing data differently and
complying with tree growth components (age effect, disturbancc events, ...) as described
in the traditional linear aggregated model (Cook, 1987). Actually ICA views data as a
mixture of information based on the physically realistic assumption that if these infor-
mation are from physical processes, then those information are statistically independent
and thus can be recovered. The objective of this paper is therefore to test whether ICA
can be used to identify outbreaks and to what extent it can be used to help or replace

the host-non-host correction procedure.
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2.2 MATERIALS AND METHODS

2.2.1 Data and Insect Information

We analyzed ponderosa pine (Pinus ponderosa) ring width data from three papers :
Swetnam et al. (1995), Speer et al. (2001) and Ryerson, Swetnam & Lynch (2003), the
only species in these papers with data available in the International Tree-Ring Data
Bank (http ://www.ncdc.noaa.gov/paleo/treering.html, last accessed 09/09/2009). The
outbreak reconstruction of these papers targets some of the most important generalist
defoliators in western North America : the western spruce budworm (Choristoneura
occidentalis), the pandora moth (Coloradia pandora) and the Douglas-fir tussock moth

(Orgyia pseudotsugata).

We obtained 10, 14 and four sites from these papers with an average of 24 trees per
site (Table 2.1). In the case of data obtained from Swetnam et al. (1995) and Ryerson,
Swetnam & Lynch (2003), Ponderosa pine was used as a non-host species for western

spruce budworm in their original paper (see below), as well as tussock moths in Swetnam

et al. (1995), and as a host species for pandora moth in the paper by Speer et al. (2001).

We will use the same distinctions in our analyses.

The primary hosts of the western spruce budworm are Douglas-fir (Pseudotsuga men-
ziesi), grand fir (Abies grandis), white fir (Abies concolor), subalpine fir (Abies la-
siocarpa), western larch (Lariz occidentalis), blue spruce (Picea pungens), Engelmann
spruce (Picea engelmannii) and white spruce (Picea glauca) (Furniss & Carolin, 1977;
Fellin & Dewey, 1982; Hagle, Gibson & Tunnock, 2003). Secondary hosts include non-
native Norway spruce (Picea abies), scotch pine (Pinus sylvestris), native western herm-
lock (Tsuga heterophylla), and ponderosa pine (Fellin & Dewey, 1982; Hagle, Gibson
& Tunnock, 2003), which has often been used as a non-host species in outbreak recon-
structions (Weber & Schweingruber, 1995).

The Douglas-fir tussock moth’s primary hosts are Douglas fir, all true firs and spruces
(Wickman, Mason & Trostle, 1981; Fellin & Dewey, 1982; Hagle, Gibson & Tunnock,
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2003) while secondary hosts include ponderosa pine and bitterbrush species (Purshia

tridentata and Purshia glandulosa), which are in the Rosaceae family.

The pandora moth’s primary hosts are ponderosa pine, Jeffrey pine (Pinus jeffreyi)
and lodgepole pine (Pinus contorta), while secondary hosts include Coulter pine (Pinus
coulteri) and sugar pine (Pinus lambertiana) (Carolin & Knopf, 1968; Fellin & Dewey,
1982; Hagle, Gibson & Tunnock, 2003).

Ponderosa pine can therefore be attacked by these three insects as well as other less
damaging insects (Fellin & Dewey, 1982; Hagle, Gibson & Tunnock, 2003), such as
the sugar pine tortrix (Choristoneura lambertiana), the defoliating weevil (Magdalis
gentilis), the pine looper (Nacophora mezicanaria) or the elegant weevil (Scythropus

elegans).

Tableau 2.1: Summary of data used in analyses. “I'TRDB” refers to the International
Tree-Ring Data Bank data with the “site name” as it appeared in the original database
and the site name abbreviation used in the paper in brakets, “# trees” refers to the
number of trees for the site under consideration, “Start” gives the beginning of tree
ring records and “End” their end. “ICA” refers to the data used in the Independent
Component Analysis. For example, in the first line, three fewer trees were used for the
ICA than found in the ITRDB and the time period analyses started 135 years after the
first year with data in the ITRDB.

ITRDB ICA
Sites name # trees Start End # trees Start End

Ryerson, Swetnam & Lynch (2003) Pinus ponderosa non-host

chronologies for Choristoneura occidentalis

cob57 (PTP) 23 1654 1997 20 1889 1997

Continued
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Tableau 2.1: Summary of data used in analyses (continued)

ITRDB ICA

Sites name # trees Start End # trees Start End
co558 (RDS) 29 1605 1997 27 1892 1996
co559 (TLP) 23 1600 1997 21 1800 1997
c0560 (WIR) 5 1675 1997 23 1880 1996

Speer et al. (2001) Pinus ponderosa host

chronologies for Coloradia pandora

or046 (LML) 19 15290 1995 19 1835 1993
or047 (PPF) 30 1354 1991 18 1747 1991
or048 (PF) 29 1476 1993 29 1785 1990
or049 (EF) 24 1334 1993 22 1723 1993
or050(SVE) 10 1747 1995 10 _ 1863 1995
or051 (DES) 21 1574 1995 19 1714 1993
or052 (JCT) 27 1419 1995 24 1849 1995
or053 (SKB) 19 1639 1995 19 1887 1994
or054 (DLK) 20 1513 1995 20 1776 1990
or055 (BIS) 28 1423 1995 26 1803 1995
or056 (TLD) 20 1570 1995 19 1797 1990
or057 (TDS) 15 1442 1995 14 1811 1987
or058 (CLK) 24 1572 1990 20 1838 1990
or059 (CAB) 20 1653 1995 20 1879 1994

Swetnam et al. (1995) Pinus ponderosa non-host

chronologies for Choristoneura occidentalis

Continued




43

Tableau 2.1: Summary of data used in analyses (continued)

ITRDB ICA
Sites name # trees Start End # trees Start End
or029 (CCT) 33 1485 1991 25 1773 1991

or030 (GBP) 34 1502 1991 33 1867 1991
or031 (DHR) 10 1672 1990 10 1824 1990
or032 (IDC) 27 1550 1990 26 1852 1990
or033 (BLM) 21 1469 1990 15 1886 1990
or034 (ESP) 19 1761 1990 18 1892 1990
or035 (LO) 19 1665 1990 16 1770 1990
or037 (SSP) 24 1760 1990 23 1862 1989
or038 (BSK) 42 1665 1990 40 1815 1990
or039 (FLP) 44 1585 1991 42 1874 1990
or040 (LSP) 21 1675 1991 19 1817 1991
or041 (WH) 8 1714 1991 8 1877 1991

2.2.2 Analyses

The traditional linear aggregated model (Cook, 1987) is as follows :
Ri=A1+Ci+ 6Dy + 0Dy + ¢ (2.1)

where R is the tree ring width, A is the age effect, C is a climatic component, D are
disturbance events and e is noise. If we consider trees : R1, Ry and Rg3, this linear model
can be written :
Rl(t) = alAA(t) + alcC(t) + a1D15D1(t) + a1D26D2(t) + aie€1 (2.2)
Rz(t) = agAA(t) + ach(t) + asp16Dy (t) + agpad Dy (t) + age€o (2.3)

R3(t) = azaA(t) + ascC(t) + azp10D1(t) + azp2d Da(t) + asces (2.4)
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where « is a coefficient linked to each tree for each growth component (A, C and D).
Here, we assume that ¢, the random noise, is time-independent. We can then write this

in a matrix form :
R=aS (2.5)

with R as the original data matrix, a the coefficients matrix and S the components
matrix (grouping A, C, Ds and ¢). If we assume that the as are different enough to

make the matrix non-singular, which we will call w, then :
S=wR (2.6)

In this form, we simply have to find w to obtain S, which is the objective of ICA. ICA
can be seen as an extension of Principal Components Analysis (PCA) which tries to
find a linear representation of non-Gaussian data so that the components arc indepen-
dent (Cardoso, 1989; Comon, 1994). ICA attempts to capture underlying non-Gaussian
processes that explain the variation in the data. Whereas PCA looks for linear com-
binations of a data matrix that are uncorrelated, ICA seeks linear combinations that
are independent (Venable & Ripley, 2002). ICA in its formulation is very closely related
to Factor Analysis (FA), a common method in social sciences, which seeks linear com-
binations of variables, called factors, that represent underlying fundamental quantities
of which the observed variables are expressions. Furthermore, PCA analyses the entire
variance of a dataset, while ICA and FA analyse only the portion of variance that is
correlated across several data series. PCA and FA only estimate the factors up to one
rotation, instead, the purpose of ICA is to separate the source signals, that PCA and
FA cannot, by seeking a rotation of spherical data which have independent coordinates
by evaluating w (Hyvérinen, Karhunen & Oja, 2001; Stone, 2004). This independence

means that ICA minimizes the mutual information between components.

Spikes, or disturbance events in our case, have been successfully detected by ICA in
numerous fields of science, such as neurology (Vigério et al., 1998; Jung et al., 2001),

and seismology (Ham & Faour, 1999). Moreover, this analysis is very sensitive and is

thus capable of detecting small disturbances (see Appendix A).




ICA uses raw data (no de-trending) that are normalized (mean of zero and standard
deviation of one). Since ICA does not handle missing values, they must be removed. We
therefore deleted trees or years with missing values (see Table 2.1), trying to maximize
the information by giving preference to the number of trees rather than the length of
the series. The trade off is whether a researcher wants to maximize the length of the
reconstruction or its robustness (see Appendix A). We used the FastICA algorithm
(Himberg & Hyvérinen, 2001) developed in R (Comprehensive R Archive Network,
2009). We then identified disturbance events within extracted components as the ones
containing values lower than -1.6 or higher than 1.6, which excludes 90% of the values
within a normal distribution of (0,1) parameters. These extreme values have to occur
consecutively for at least two years since outbreaks generally affect trees for several
years (Kulman, 1971b; Furniss & Carolin, 1977), thus setting a minimum number of
consecutive years of extreme values excludes short term disturbances like wind breakage
or ice storms. Here each identified growth reduction or increase can be due to a single
tree or to all trees. Thus, growth reductions were then compared with the site average
growth series (mean of the normalized tree ring width series). When this average contains
the same reduction or period, we considered the extracted independent components to

involve not only a single tree but rather all trees at the site.

The peak year of growth reduction or increase is then determined from the average
series. The maximum percentage of growth reduction or increase is based on the peak
year growth value and the 20 years of growth before and after the peak year (it therefore
includes some years of the disturbance). We also counted the number of trees showing

this change in growth.

2.3 RESULTS

The ICA was able to detect disturbances for all sites, and the periods of growth reduction
or growth increase evaluations noted in historical data, and in the results from the

original papers were also successfully identified.
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2.3.1 Analysis of Ponderosa Pine as a Host Species of Pandora Moth

When analyzing data for Ponderosa pine as a host species for pandora moth, we found
five main growth reduction periods (Figure 2.1) : 1967-1988 for six sites, 1914-1941 for
seven sites, 18631910 for ten sites, 1827-1846 for six sites and 1795-1813 for four sites.
They correspond to outbreaks detected by Speer et al. (2001) in 1967-1989 (six sites),
1919-1925 (seven sites), 1870-1875 and 1889-1895 (seven sites), 1836-1847 (12 sites),
and 1794-1803 (nine sites) respectively. The number of affected sites identified by the
ICA is most similar to those identified by Speer for outbreaks after 1870. Differences
for earlier outbreaks are due to the length of tree ring width series used (Table 2.1).

Moreover, we detected a greater number of growth reduction periods per site than
reported in the original papers. For example, site SVF shows three growth reduction
periods : one starting in 1870 and also detected in the original paper, and two minor
ones in 1960 (22% growth reduction) and 1971 (17% growth reduction) respectively,
which were not detected by Speer et al. (2001).

The amplitude of growth reduction cannot be directly compared due to the de-trending
carried out in Speer et al. (2001), and problems with site names and correspondence
between figures and tables in the paper (e.g. site EF in their Figure 4 was affected by
an outbreak in 1989-1992, but no growth reduction value is reported in their Table
3). Nevertheless, values appear to be consistent. For example, we detected a maximum
growth reduction of 33% in 1992 at the JCT site, and the 19901995 period reduction is
17%. During the same period, Speer et al. (2001) reported a growth reduction between
21% and 32%.

2.3.2 Analysis of Ponderosa Pine as a Non-host Species for Western

Spruce Budworm and Tussock Moths

Although the ICA detected changes in the growth of Ponderosa pine when treated as a

non-host species these changes were not always decreases but also included growth in-
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Figure 2.1 Results from the re-analysis of the host species data of Speer et al. (2001).
Site name abbreviations (BJS, CAB, ...), as they appeared in the original paper, are
indicated to the right of each result. The black boxes show decreases in growth and the
grey boxes increases in growth. Box lengths show the duration of the change in growth

and their height shows the maximum growth change.
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Figure 2.2 Growth of a single non-host tree from Swetnam et al. (1995), site number
or032 in the ITRDB (abbreviated IDC in the original paper) , with outbreak periods

they detected in grey.

creases. We found major increases or decreases in growth during the originally reported
outbreak periods (Tables 2.2 and 2.3). Increases in growth could be up to 600 % com-
pared with the average growth 20 years before and after the period of change, whereas
decreases were only as low as -113 %. These increases in growth are not marginal, for
example, the maximum reached in Table 2.2 of a 600% growth increase, was an event
that affected 90% of the analyzed Ponderosa pines. Moreover, during the 1925-1939
outbreak period (Table 2.3), the average growth reduction observed in four sites out of

ten was -48.5%, whereas the average growth increase in the remaining sites was 33.7%.
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Tableau 2.2 Results from the re-analysis of non-host species data of Ryerson, Swetnam
& Lynch (2003). “Outbreak” refers to outbreak periods and “peaks” are the peak years
appearing in the original paper. “Sites” gives the names of the re-analyzed sites as they
appear in the International Tree-Ring Data Bank and in brakets their abbreviated name
as the appear in the original paper, “start” is the beginning of the outbreak, “peak” is
the year of maximum change in growth with a half-year indicating that the maximum
lasted two years, “end” is the end of the outbreak, “#” the number of trees showing
a change in growth with the percentage in brackets, and “%” the maximum change in

growth in percent.

Outbreaks 1984-1997 1960-1977 1936-1952 1903-1932

Sites peak year 1990 1971 1942 1913
cob57 start 1985 1960 1939 1907
(PTP) peak 1992.5 1968 1945 1921.5
end 1994 1974 1955 1935
# 12 9 11 16
% 145 61 0 73
c0558 start 1985 1965 1935 1902
(RDS) peak 1990.5 1971 1942 1916.5
end 1996 1974 1945 1933
1 4 18 16 21
% 35 242 70 140
c0559 start 1984 1966 1940 1905
(TLP) peak 1987 1972.5 1946.5 1916.5
end 1990 1978 1953 1931
# 16 10 14 19
% 125 130 -48 600
c0560 start NA 1968 1946 1900
(WIR)  peak NA 1968 1947 1915
end NA 1973 1948 1932
# NA 7 5 22

% NA 115 61 130
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Tableau 2.3: Results from the re-analysis of non-host species data of Swetnam et al.
(1995). “Outbreak” refers to outbreak periods and “peaks” are the peak years appearing
in the original paper. “Sites” gives the names of the re-analyzed sites as they appear in
the International Tree-Ring Data Bank and in brakets their abbreviated name as the
appear in the original paper, “start” is the beginning of the outbreak, “peak” is the year
of maximum change in growth with a half-year indicating that the maximum lasted two
years, “end” is the end of the outbreak, “#” the number of trees showing a change in

growth with the percentage in brackets, and “%” the maximum change in growth in

percent.

Outbreaks 1946-1958 1925-1939 1898-1910 1851-1867
Sites peak year 1950 1934 1904 1858
or029 start 1937 NA 1900 1860
(CCT) peak 1956 NA 1904 1861
end 1961 NA 1904 1872
# 11 NA 14 18
% 167 NA 83 53
or030 start 1946 1920 1895 NA
(GBP) peak 1952 1934 1904 NA
end 1965 1940 1904 NA
# 13 14 15 NA
% 40 -31 25 NA
or(031 start NA NA 1900 1853
(DHR) peak NA NA 1907 1861
end NA NA 1908 1866
# NA NA 8 4
% NA NA 59 57

Continued
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Tableau 2.3: Results from the re-analysis of Swetnam et al. (1995) non-host species data,

(continued)
Outbreaks 1946-1958 1925-1939 1898-1910 1851-1867

Sites peak year 1950 1934 1904 1858
or032 start 1945 1922 1897 1852
(IDC) peak 1949 1929 1905 1861
end 1962 1942 1909 1860

# 1 12 14 13

% -113 49 -110 53
or033 start 1950 1925 1896 NA
(BLM) peak 1950 1934 1907 NA
end 1956 1928 1911 NA
# 2 9 10 NA
% -52 13 72 NA
or034 start NA 1924 1901 NA
(ESP) peak NA 1928 1903 NA
end NA 1928 1910 NA
# NA 9 10 NA
% NA 19 35 NA
or035 start 1950 1925 1904 1853
(LO) peak 1960 1930 1908 1857
end 1963 1931 1922 1866

# 9 5 i 5

% 95 53 74 28

Continued
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Tableau 2.3: Results from the re-analysis of Swetnam et al. (1995) non-host species data

(continued)

Outbreaks 1946-1958 1925-1939 1898-1910 1851-1867

Sites peak year 1950 1934 1904 1858
or037 start NA 1925 1890 NA
(SSP) peak NA 1928 1904 NA
end NA 1931 1913 NA

# NA 15 14 NA

% NA 37 89 NA
or(38 start 1941 1921 1903 1849
(BSK) peak 1952 1925 1907 1858
end 1963 1928 1914 1862

# 9 1F 20 36

% 101 -25 -32 42

or039 start 1948 1921 1899 NA
(FLP) peak 1951 1931 1907 NA
end 1955 1937 1911 NA

# 20 13 23 NA

% -36 31 113 NA

or040 start 1944 1923 1896 NA
(LSP) peak 1947 1933 1907 NA
end 1955 1937 1908 NA

# 10 15 11 NA

% 73 -59 76 NA

Continued



Tableau 2.3: Results from the re-analysis of Swetnam et al. (1995) non-host species data

(continued)
Outbreaks 1946-1958 1925-1939 1898-1910 1851-1867

Sites peak year 1950 1934 1904 1858

or041 start NA 1935 NA NA

(WH) peak NA 1936 NA NA

end NA 1938 NA NA

# NA 6 NA NA

% NA -83 NA NA

2.4 DISCUSSION
ICA vs Traditional Analyses

Our results show that the Independent Component Analysis (ICA) is able to detect
all changes in growth reported in the original papers as having been caused by insect
outbreaks. Ponderosa pine was considered to be a non-host species for western spruce
budworm and tussock moth, and as a pandora moth host species. However, in situations
where it was considered to be a non-host species (Tables 2.2 and 2.3) both growth

increases and decreases were observed.

The traditional host—non-host method is theoretically based on there being no decrease
in non-host species growth during periods of host species growth reduction (although
there are a number of examples of authors using secondary hosts as non-hosts, e.g.
Weber & Schweingruber (1995), in which reductions are expected to be minor compared
to primary hosts), and the non-host species should respond to climatic variations like the
host species. These requirements are often difficult to achieve (Swetnam et al., 1995)

due to the absence of such perfect “non-host species” at the location of interest. In
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such cases, using the ICA approach with dendroecological data could help in avoiding

problems associated with not being able to respect these premisses.

The ICA approach should also strengthen host-only approaches that have been used
when non-host comparisons are difficult. A number of papers have used such methods
when appropriate non-host chronologies are not available (e.g. Bouchard, Kueeshaw
& Bergeron, 2006). The ICA approach thus offers an alternative that may permit re-
searchers to more objectively determine the occurrence of outbreaks or at least act
as an objective validation. The main power of the ICA lies in the simple assumption
that source signals are statistically independent and can thus be recovered through the
analysis. In other words, it means that we observed a mixture of independent signals.
However, this requires that the number of mixtures is at least equal to the number of in-
dependent signals. Therefore, the number of tree ring series has to be equal to or greater
than the number of possible events. For example, we recommend using a 100-year-long
window and 30-40 tree ring series, this recommendation would permit the analysis of
series containing 30-40% disturbances. This number of series should be adjusted based
on ecological knowtedge-of the-site-location. For-example; for mountainous-sites—that——
could suffer from spring frosts, as well as summer droughts and insect outbreaks, a
larger number of tree growth series would be needed. The statistical independence of
ICA results implies that the probability of one event occurring is not affected by a
change in the probability of a second event. For the tree ring width series, it means that
disturbances detected in growth are not affected by other factors, such as an age effect
(A in Equation 2.1) or due to long-term climate changes. Traditionally, eliminating mis-
interpretations about the causes of growth reductions has been the strength of using
non-host growth comparisons. However, when using a secondary host the independence
of ICA results allows us to make a stroug statement that the disturbance observed is
not just due to the difference between host species growth and non-host species growth.
Where doubts arise about the choice of the non-host species, ICA should be employed.
In other situations, using ICA or the host non-host approach will lead to equivalent
results.
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2.4.1 Growth Changes

The decreases in growth that we observed may be due to insect defoliation of the non-
host species during the outbreak (Figure 2.2), since the peak year in these cases generally
occurred the same year or after the peak year of the host species as identified in the
original papers. Given that Ponderosa pine is considered to be a secondary host to west-
ern spruce budworm and tussock moth, growth reductions are not unreasonable during
peak outbreak years. Many papers have reported growth reductions in secondary host
species (e.g. Muzika & Liebhold, 1999) and discussed the “spill-over” effect of outbreak-
ing insects from primary hosts to secondary hosts species (Sturtevant et al., 2004). Thus
in the case where Ponderosa pine is a secondary host of an insect species, its growth
decreases could occur in high severity outbreaks. This growth reduction could be more
important for secondary hosts since the species may lack the defenses and physiological
adaptations that prevent or minimize damage of the attacking herbivore (Oleksyn et al.,
1998). Another interpretation, as reported in other papers, is that sudden modification
of environmental conditions following canopy disruption (Bouchard, Kneeshaw & Berg-
eron, 2005) could lead to stresses that cause high mortality for non-host species such
as paper birch (Betula papyrifera) after outbreaks. Thus, similar effects would not be

unreasonable in other species like Ponderosa pine.

On the other hand, periods of increased growth are expected in non-affected species or
individuals due to the increase in resources, such as light and water. Growth releases
have been used to detect past disturbances (Caron et al., 2009; Nowacki & Abrams,
1997) especially when the disturbance event leads to tree mortality precluding the test-
ing of residual trees for growth depressions. However, some research on the growth
of competing plants released by herbivory has not shown a response of non-defoliated
plants (Lee & Bazzaz, 1980)', but these kind of studies are sparse and conflicting results
have been observed (Hamback & Beckerman, 2003). Some studies have suggested that a
physiological response to defoliation is the compensation or the enhancement of growth

of host species (Edenius & Danell, 1993) that can be important when herbivory is low
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(Lee & Bazzaz, 1980). This could, for example, be important in secondary host species

or during light infestations, especially in early years.

2.5 CONCLUSION

In this paper, we present the Independent Component Analysis as a new approach for
researchers interested in outbreak reconstruction and dealing with the problem of non-
host species availability. This method could also be applied to analyze other disturbances

affecting ecosystems or to remove disturbance effects from master chronology.



TEST DU SEUIL DE DETECTIONS DES TENDANCES
CLIMATIQUES DANS LES CERNES DE CROISSANCE

Au cours des chapitres précédents nous avons montré I'utilité de ’analyse, en com-
posants indépendants, appliquée sur les cernes de croissance. Maintenant nous devons
montrer que 1’application de cette analyse permet de supprimer les écarts de croissance
liés aux perturbations et ainsi récupérer la partie liée aux constantes climatiques. Dans
le chapitre suivant, on évalue I'importance du climat sur la croissance d’arbres dans
un contexte de faible productivité en utilisant de forts gradients de température et
précipitations. Nous estimerons également 'impact du cycle solaire ainsi que le niveau

de pollution sur cette croissance.
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CHAPITRE III

TREE GROWTH, SOLAR FORCING AND CO; FERTILIZATION
ACROSS HIGH ALTITUDE AND HIGH LATITUDE FORESTS IN
ARGENTINA, NEPAL AND RUSSIA

The effects of atmospheric changes on the biosphere are difficult to detect since changes
are gradual and occur concurrently with natural climatic variation. In this paper, we
investigate tree growth along three contrasting climatic gradients : two altitudinal and
one latitudinal. The gradients were located in Nepal, Argentina and Russia. We asked
whether the relationship between termperature, precipitation and the solar cycle (as
a surrogate for light quantity and quality) and tree growth are stable or not since the
onset of the industrial revolution in the early XIXth century. The results show a running
correlation of growth with temperature and precipitation that are linked in Nepal and
Argentina. During periods when trees are more sensitive to precipitation, they become
less sensitive to temperature, and vice versa. No trend was found between the solar
cycle and growth, the except for a positive one in Nepal. This positive trend means
that changes in solar irradiance have a greater impact on tree growth in this area. The
quantities of diffuse light seems to be an explanation for this trend, which is confirmed
by the results obtained during the eruption of the Tambora volcano in 1815. In Nepal,
due to the proximity of the most densely populated areas in the world in adjacent
India, the level of anthropogenic emissions (COy, SO, and NO,) in the atmosphere is
high, which leads to more diffuse light than in the other areas studied. We discuss the
effects of increases of the proportion of diffuse light on tree growth that is caused by
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these aerosols. We conclude that it will be difficult to detect a CO. effect, since as with
diffuse light, aerosols can lead to an increase in the carbon gain by plants. This could
explain why there is little consensus in the literature about the effect of the increase in

atmospheric CO; concentration on tree growth.

3.1 INTRODUCTION

The response of forest growth to climate change and the existence and size of a CO,
fertilization effect on tree growth is still uncertain. Studies using CO; enrichment and
tree rings disagree with each other on which ecosystems are sensitive to changes in
COy(Huang et al., 2007). Studies using in situ COy enrichment seem to predict large
initial increases in growth that are not maintained over time (Korner, 2003b; Kérner
et al., 2005). However, results vary greatly among species (woody and non-woody),
and trees seem to be the most influenced by fertilization in the free-air CO, enrichment
(FACE) project (Ainsworth & Long, 2005). Generalizations to ecosystem level processes

are also difficult to make since not many replications of FACE experiments with different

stand ages have been made (Karnosky, 2003). FACE studies indicate that CO, does not
necessarily limit tree growth on the long term since the observed growth increase was
usually lower than expected and often transitional (Ainsworth & Long, 2005; Millard,
Sommerkorn & Grelet, 2007). Eddy covariance-based research has been used to detect
carbon sinks in forests, but analysis of long-term changes in the carbon balance are
difficult, due to the large effect of stand age on the forest carbon balance (Magnani
et al., 2007, and references therein). Also, eddy covariance is a relatively new technique
and cannot explain the fate of the large amount of carbon that has disappeared in the
residual terrestrial carbon sink (often call “missing sink” Solomon et al., 2007) since
the beginning of the industrial revolution. These meteorological methods provided an
extremely insightful but short-term snapshot of forest responses to the environment.
Also, many ecological processes are asymptotic and tend to saturate at a high level of
limiting variable. Therefore the absence of a CO fertilization effect at 700 ppm does

not provide any idea about its possible influences during the increase from the pre-
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industrial to present concentrations. Moreover, the growth response is probably also
constrained by nitrogen availability (Reich et al., 2006) due to the low mineralization
rates, particularly in high elevation and high latitudinal forests (Vitousek & Howarth,
1991; Tamm, 1991).

In this paper, we used an approach based on tree ring width chronologies along three
strong and contrasted climatic gradients : two elevation gradients (one in Nepal and one
in Argentina) and one latitudinal gradient (from Mongolia to Northern Russia). This
gradient design is used to reduce the site effect related with elevation and latitude since
no on site data were available for temperature, precipitation and air pollution, or for
local non stand replacing disturbances (e.g. insect outbreaks ...). As a result, changes
observed over the gradient should not be due to local variations at one site but rather
to a global change in the region. Moreover, if contrasts within the gradients changes
over time, these changed will be more easly interpreted than with a random selection

of sites (Ellis & Schneider, 1997).

One well-documented main effect of air pollution is the reduction of the quantity of
light reaching the ground due to the reflection of solar radiations by aerosols. How-
ever, as the proportion of diffuse light increases, the penetration and availability of light
beneath a plant canopy might actually increase (Ramanathan et al., 2001; Roderick
et al., 2001). Diffuse irradiance penetrates more evenly than direct solar irradiance into
canopies (Sinclair, Shiraiwa & Hammer, 1992). As a result the photosynthetic produc-
tion of shaded leaves increases and may enhance the photosynthetic production of the
plant canopy(Stanhill & Cohen, 2001; Gu et al., 2003). Moreover, growth models seem
to corroborate these expectations (Cohan et al., 2002; Mercado et al., 2009). The ratio
of the diffuse irradiance to direct irradiance is closely correlated with global irradiation.
According to (Roderick, 2006) the highest rates of photosynthesis are reached at inter-
mediate levels of diffuse to direct radiation since high ratios are usually associated with
low irradiance. Another variable that interacts with the availability of irradiance is the
solar cycle. It is recognized that the solar cycle can affect tree growth (Douglass, 1927),

and recent studies using more advanced statistical analysis have confirmed this (Rigozo
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et al., 2003, 2007; Dengel, Aeby & Grace, 2009). If the correlation between solar cycle
and growth change exists, it could be modified due to increases in diffuse radiation and

other mechanisms linked to the presence of aerosols.

Here, the solar cycle is defined as the total solar irradiance (TSI) arriving at the surface
of the atmosphere, or the sun spots, but with an unvarying amplitude since TSI does
not vary in amplitude from cycle to cycle (Foukal et al., 2006). Even though the amount
of these TSI changes are small (1-2%), they apply to the TSI, not to the UV part that
undergoes 32% change between the maxima and minima of the solar cycle (Lean, 1989).
These UV having large implications for stratospheric ozone (Haigh, 1996; Hood, 1997),
infrared radiative forcing (Haigh, 1994), production of aerosols (Dickinson, 1975; Yu,
2002) and tropospheric climate (Shindell et al., 1999; Reid, 2000) that could lead to a
stronger response of trees to the solar cycle by combined effects. Moreover, the quantity
of aerosols can also amplify the importance of the solar cycle for tree growth. This
indirect solar contribution could either decrease or increase cloudiness (Ramanathan

et al., 2001; Ackerman et al., 2000) leading to more or less diffuse light. This paper

ique derived from signal

processing and applied for the first time on tree ring width series in Chapters I and II.

The objective of the paper is determine if (1) an effect of solar irradiance on tree growth
is detectable and (2) to detect if the responses of trees to climatic factors are modulated

by the sunspot cycle and long term environmental changes.

3.2 DATA

Data were selecﬁed either along elevation gradients (with sites being located as close to
each other as possible) or along a latitudinal gradient (with sites being located approx-
imately at the same longitude). We wanted two altitudinal gradients with differences
in precipitation, one being relatively dryer than the second one. Potential differences in
air pollution being a plus. For the latitudinal gradient, we wanted a large homogeneous

region with sufficient data. We selected Argentina and Nepal for the altitudinal gradi-
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ents and Siberia (Russia and Mongolia) for the latitudinal gradient. Argentina being
relatively dry compared to Nepal since they are on two different mountainside consider-
ing wind and clouds origin, and the higher pollution levels due to air pollution context
also being potentially different since Nepal could suffer from its proximity with high

population density areas of India.

The raw tree ring width series was obtained from the International Tree-Ring Data
Bank (http ://www.ncdc.noaa.gov/paleo/treering.html, last accessed on 09/07/2009).
We selected all tree ring chronologies that were present in the ITRDB matching these re-
quirements : raw data (Measurements only), ending time at least between 1980-1990, no
archaeological data or dead trees and if possible data collected for climatic reconstruc-
tion. Amongst these sites, we selected those sites forming an uniform site distribution

along the gradient.

We obtained 31 sites in Argentina, 18 sites in Nepal and 20 sites in Russia and Mongolia
(Table 3.1 and mapped in Appendix B). The average number of individual tree ring
series per site is 29. Tree species are different on each gradient and vary sometimes from

one site to another (Table 3.1).

The elevation gradients range from 1,320 to 3,600 meters in Nepal, and from 15 to
2,800 meters in Argentina. The latitudinal gradient ranges from 47° to 73° N with high-
altitude (2000 m) sites dominating in the south (Mongolia) and low altitude sites in the
north, which leads to homogeneous temperatures across this gradient. See Appendix B

for sites maps.

Temperature and precipitation series have been derived from a grid of climate data
made available by the International Research Institute for Climnate and Society (IRI
at http ://iridl.ldeo.columbia.edu/docfind/databrief/cat-atmos.html, last accessed on
09/07/2009). The temperature grid (NOAA NCDC GCPS Monthly Gridded ; Eischeid
et al., 1995) is a cell of 5° latitude by 5° longitude from January 1851 to December 1993,
and the precipitation grid (UEA CRU Global ; Hulme, 1992, 1994) is 2.5 per 3.75° cells
from January 1900 to December 1996. These data were selected for their large temporal
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Tableau 3.1 Tree ring width data summary. For each studied region, # site gives the
number of sites used, # tree the average number of trees per site, Length the average
tree ring width series length in years, % growth the average remaining proportion of

growth after ICA and Species list all species with data in the considered region.

Region # sites  # trees Length % growth Species

Argentina 31 30 255 95 araucaria, cedar,
cypress, nothofagus,
walnut
Nepal 18 28 243 94 fir, hemlock,
poplar, pine,
juniper, spruce
Russia and 20 29 254 96 larch, spruce,
Mongolia pine

coverage. Sunspot data are from the National Oceanic and Atmospheric Administration
(NOAA). Atmospheric pollution was assessed by the aerosol optical depth given by the
AErosol RObotic NETwork Project (NASA ; Holben et al., 2001).

3.3 METHODS

Our statistical analysis proceeded in three stages : (1) We extracted climate related
growth components from the tree ring width series; (2) we used running correlations
to establish environment climate relationships ; and (3) we analyzed systematic changes
in these environment climate relationships. The first step was done using Independent
Component Analysis (ICA) on raw tree ring width series for each site separately. ICA
is a signal processing blind source separation method (Cardoso, 1989; Comon, 1994)
that has been used various fields, such as neural activity signals (Vigério et al., 1998)
and seismology (Ham & Faour, 1999). It seems to be suitable to separate climate and

different disturbance signals in tree ring series (Chapter I and II). The purpose of
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ICA is to separate the source signals by seeking a rotation of spherical data, which
have independent coordinates (Hyvérinen, Karhunen & Oja, 2001; Stone, 2004). This
independence means that ICA minimizes the mutual information between components.
As shown in Chapter I and II, this decomposition of the original data can be interpreted
within the linear aggregated conceptual tree ring model proposed by Cook (1987); Cook
& Kairiukstis (1990) : This model decomposes each tree ring series into a climatic, a
disturbance, an age and an error component. The ICA was carried out using the FastICA
algorithm (Himberg & Hyvarinen, 2001) under R (R Development Core Team, 2009).
Previous work (Chapter I) has shown that the main utility of ICA result is the separation
of all disturbance effects from the basal growth, which will be called an environmental
related independent component (abbreviated here as ICE). These disturbance patterns,
such as insect outbreaks, diseases, etc., would have otherwise masked an important
portion of the climate effects on tree growth. Next, in order to identify and ensure that
one of the extracted independent components is an ICE, a distribution of series values,
autocorrelation function and spectral analysis were performed. All subsequent analysis
(correlation with climate and solar activity) were done only on this ICE. The main
characteristic of an ICE is that it has a low kurtosis shape (from 2 to 4) compared with
disturbance-related independent components, which are spiky or high pitched with a
kurtosis higher than 4. The autocorrelation function (ACF) provides information about
trends, and spectrum analysis identifies periodicity in the series. Moreover, we checked
whether ICE contained white noise, which is described as a Gaussian distribution (mean
of zero and standard deviation of four) or a uniformly distributed, following the method
proposed by Lobato & Velasco (2004). The ICA is not able to determine the variance
explained by the ICE. We have tried to approach this statistic through the percentage of
the mean tree growth series (MTGS) contained within the ICE. Since the ICA centers
and normalizes series, we have also centered and normalized MTGS. Next, the % of
growth explained by the ICE was determined by random selection of 50 years of growth
and their comparison to the measured values as in Chapter L. In the second step, we
have calculated a running correlation with a running window length of 11 years between

the ICE and the solar cycle, temperature and precipitation. This method is widely used
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in dendrochronological climate research (D’Arrigo et al., 2008; Pauling, Luterbacher
& Casty, 2006) to investigate the stability of these types of relationships. We simply
compute the linear correlation inside a window, which is moved along the time series.
The 11-year size of the window permitted to capture a full solar cycle. Moreover, data
for the temperature also shows an 11-year cycle, and the precipitation data shows a five-
year cycle (e.g. Appendix C). Correlations made this way are not affected by any long-
term growth (Lorimer & Frelich, 1989; Payette, Filion & Delwaide, 1990) or climatic
trends present in the input data. They can, however, detect changes in the relations
between environmental factors and growth (Nowacki & Abrams, 1997). As a preliminary
analysis, we checked the differences in the influence between monthly and yearly values
of the three environmental variables that will be used (solar cycle, temperature and
precipitation). It appeared that monthly values were not well-suited for this study since
different months affect growth in varying ways at different locations along the same

gradient. Therefore, an analysis based on yearly values was considered to be more robust.

A major problem with running correlation is that, locally trends can be present for each

variable in the defined window. This often leads to spurious regression. The problem is
even larger when the data is cyclic. With trends in both dependent and independent
variables t and F statistics are altered, and the correlation coefficient is overestimated. In
the field of econometrics, Granger (1969) introduced the concept of co-integration to deal
with this problem. The aim of co-integration is to detect a stable long-run relationship
among non-stationary variables. If two series are co-integrated, then a stationary vector
exists between these variables. In this paper, we test whether the series are co-integrated,
because if such a co-integration exists, at least one of the series must “Granger cause”.
The Engle-Granger (Engle & Granger, 1987) two-step estimation of co-integration is
performed between ICE and the solar cycle, temperature and precipitation. The first
step tests the unit root and the second step estimates an error correction model. De-
trending has to be performed before the second step of the analysis can be done. In this
case, we took the differential of the series. When spurious correlation is not encountered,

we averaged site results to obtain a single result for each region.
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3.4 RESULTS
3.4.1 Independent Component Analysis

We analyzed data from each site using the components, extracted by the ICA, which
appear to record variations in the environment (ICE). As explained in the methods
section, to ensure that these components are possibly related to the environment, an
autocorrelation analysis and a spectral analysis were performed. All extracted ICEs
were cyclical with a cycle length ranging from 7 to 13 years. The most common cycle
length was 11 years (e.g. Appendix C). Other superimposed cycles were detected, but
the 11-year cycle was usually the most common one. Moreover, the ICEs represented

an average 95% of the original growth of the MTGS (Table 3.1).

3.4.2 Running correlations

A running correlation was made with an 11-year lag between the selected ICE and envi-
ronmental variables. This correlation involved the ICE and each environmental variable
(sunspots, temperature and precipitation). As explained in the Methods section, running
correlations are prone to spurious correlation. We used the Engle-Granger co-integration
test to evaluate the significance of the correlation. Table 3.2 provides the results of this
test. They differed greatly among region, but, for ICE and solar cycle correlations, ~70%
(50/69) of them are significant and are generally bi-directional. This means that each
series changed direction simultaneously, leading to, a priori, both Granger causing the
other. This issue will be fully discussed in the next section. Noise was also tested using
two different kinds of distributions. No ICEs had a uniform distribution of their values,
whereas white noise appeared only in four (4) Nepalese sites out of 18, half of Russian
sites were “noisy” (11 out of 20), and in Argentina 14 out of 31 sites were “noisy”. How-
ever, results for the average running correlation in these regions are slightly affected
(Figure 3.2). For example, the resulting time series without noisy ICEs for sun spots
does not differ from the averaging of all series. Overall, the presence of noise partially
concealed the cyclical pattern, but the overall trend was not affected (Table 3.3).
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Figure 3.1 Autocorrelation function, spectrum analysis and solar cycle correlation with
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Tableau 3.2 Cointegration test and Granger causation results between tree growth (G)
and the solar cycle (S), temperature (T) and precipitation (P). This table display the
number of series with significant cointegration result (p< 0.05) per region, NA stands
for the absence of results. Arrows show the Granger causality direction between the
express variables. For example in G and S, -> means that tree growth Granger cause
solar cycle, <- means that solar cycle Granger cause tree growth and <-> implies a

bi-directional Granger causality.

G and S Gand T G and P
-> <- <> > <- <> -> <- <>
Argentina NA NA 31 NA NA 25 NA 3 6
Nepal NA NA 18 2 NA 4 NA NA 2
Russia NA NA 1 NA NA NA NA NA NA

1t should be noted that a regional averaging of the resulting correlation coefficients of

all series, maintained the periodicity patterns—detected by the-spectrum analysis—~{e-g-

Russian results or the correlation between ring width and sun spots in figure 3.2).
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For the elevation gradient in Nepal, correlations of tree ring width with temperature
and precipitation were of opposite signs and changed systematically with time and
their slopes were significantly different from 0 (Table 3.3). They tended to cancel each
other : while the correlation of the ICE with temperature increased by 2.1 10™3 per
year, the correlation with precipitation decreased by 1.9 102 per year (Table 3.3).
Temperature was always negatively correlated with tree growth, while the relationship
with precipitation was positive until the 80s. As well, the cross-correlation functions
between these variables (results not shown) did not indicate any interaction. Plus a
positive and significant trend (Table 3.3) exists for the ICE relationship with the sunspot
index in Nepal. This slope was very steep from 1800 to 1850, and then slowed down.
Moreover, we found that some bumps in correlations corresponded to major volcanic
eruptions. The biggest bump observed for the 1815-1825 period corresponds with the
Tambora (Lesser Sunda Islands, Indonesia) eruption of 1815 (Figure 3.4), the major
event of the last millennium (Smithsonian Global Volcanism Program Web site, last

accessed 15 July 2010).

Temperature was positively correlated to the ICE in Argentina, but the strength of
the correlation decreases over time. For precipitation, the correlation with the ICE was
positive from 1930 onward and increases. These two bell-shaped trends compensate each
other (Figure 3.3). The relationship between sunspot indices and change in growth as
indicated by a small long-term positive and significant temporal trend in the correlation

(Table 3.3), which follows the trend observed in Nepal.

In Russia, the correlation of growth with temperature and precipitation are both in-
creasing over time. This correlation with temperature has been generally positive since
1900, but, for precipitation, the correlation shifted recently from a negative to a pos-
itive one. No long-term correlations change with sunspot indices was found. However,

short-term periodic changes are observed with 11-year cyclicity.
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Tableau 3.3 Student’s t-test results concerning the slope of the linear regression made
on regional estimated correlation between the independent component of interest and

the considered variable. * indicates significant results.

Location Variable Slope Std. Error t value Pr(>|%])
Nepal Sun 0.0007973  0.0001378  5.787  2.72¢-08 *
Temperature  0.0021117  0.0002456 8.598  1.42e-13 *
Precipitation -0.0019020 0.0003103 -6.130  4.08e-08 *
Argentina Sun 0.0005636  0.0001975  2.853  0.00481 *
Temperature -0.0005802 0.0004273 -1.358 0.179
Precipitation  0.0003807  0.0003403  1.119 0.267
Siberia Sun 7.544e-05  1.353¢-04  0.558 0.578
Temperature  0.0019153  0.0004229  4.529  2.45e¢-05 *
Precipitation  0.0010446  0.0005458  1.914 0.0597

3.5 DISCUSSION
3.5.1 Independent Component Analysis

This is the first time that independent component analysis methods were applied to tree
ring in a geophysical context. The main interest in this paper was to separate the effects
of non-climatic variables and disturbances from tree growth. The common use of ICA is
spike detection (Hyvérinen, Karhunen & Oja, 2001), we however just kept a non-peaky
component in order to evaluate tree growth without disturbance effects. Selection of
the ICE among the independent components was usually not very difficult (see chapter
Chapter I and II). As reported in Table 3.1, 95% of the mean growth remain in the ICE.
The 5% that was removed is due to spikes and attributed to disturbances. However, we
were not able to confirm this, since site disturbance histories are not available. Another
important aspect of the recovered components is that they are statistically independent.
This means that the extracted components do not affect other components. Practically

it means that we can analyse each component individually and ignore the others.
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3.5.2 Granger Causality and Running Correlation Robustness

The Granger causality has been previously used with climatic data (Kaufmann & Stern,
1997). However, this method has been highly criticized (Triacca, 2001, 2005), because it
was applied to data as a final analysis instead of with the goal of ensuring that spurious
correlations were not found as we did in this paper. Seventy percent (70%) of the co-
integration tests between solar activity and the independent components related to the
environment (ICE) are significant. The same test is less convincing for temperature and
precipitation. This may be due to the presence of a trend in the series, because trend
removing can be difficult, and we do not know up to which point we have to de-trend
(Wu et al., 2007). In this study, we have just made a differential in order to remove
the trend. Carbohydrate reserves that buffer growth responses to climatic variations
and allow the growth to réspond over prolonged time periods can also explain why

temperature and precipitation relationships are less convincing.

Moreover, causality is nearly always bi-directional. Statistically, a bi-directional causal-
ity means that there is “feedback” between the two variables or that the two variables
change nearly at the same time. However, the speed of adjustment is not the same,
and it is always faster for the direction : sunspot indices Granger cause growth (c.f.
Appendix D). In other words, when the solar cycle changes, growth adjusts faster than
in the other direction. The explanation of bi-directionality is simply the fact that we are
in the presence of two annual variables that are highly related without lags, and there
is no direct way of inferring causal relationships. As well, noise does not sidestep this

issue.

We also have some indirect evidence that the correlation is not spurious based on the
anomalies found (for exemple in figure 3.4) related to volcanic eruptions (Mount Tamb-
ora), which follow the re-analysis of tree ring data from Mann, Bradley & Hughes (1998)
by Robock (2005). Tree ring based temperature reconstruction is heavily biased (under-

estimated) during volcanic events due to diffuse light Robock (2005).
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3.5.3 Regional Estimate and Pollution Effect

We observed that the strength of the correlation between tree ring width and the solar
cycle changes in the altitudinal gradients of Nepal and Argentina, but not in the lati-
tudinal gradient from Mongolia to Russia (Table 3.3). These trends are not likely to be
to the result of an indirect effect of temperature and precipitation since the correlation
of these two variables with growth have an exact opposite slope. Moreover, as shown by
Foukal et al. (2006), total solar irradiance (TSI) did not change in amplitude from solar
cycle to cycle, which permitted us to perform the same analysis with TSI reconstruction

using sunspot indices. The results were exactly identical.

Thus the solar activity cannot cause the observed trend directly. Even though the en-
ergy gain is just 2 W/m? between the maximum and minimum of one cycle (Foukal
et al., 2006), amplification factors are likely to enhance this role. We argue that only
a change in the atmosphere during the considered period can cause this trend. If this
——would-be-an-efect-of the-increase-in atmospheric COy concentration, responses of trees
everywhere around the globe would be similar, since the increase in COq atmospheric
concentration is global. However, no trend was observed in Russia, whereas the slope
of the correlation in Nepal (7.9 10~4) was nearly twice the slope observed in Argentina
(5.6 10™4). Moreover, values after 1950 in Nepal were far higher than those observed in
Argentina. We argue that only local atmospheric changes such as high levels of atmo-
spheric pollution could create the trend we observe in Nepal and Argentina. Particularly
in Nepal due to the proximity of India and its most populated province (c.f. Kanpur
data in Table 3.4). We argue that light scattering by atmospheric particles can explain
this constant increase of the correlation with solar radiation, especially in a region sub-
ject to high pollution levels. Tree growth will increase by a higher proportion of diffuse
light (Stanhill & Cohen, 2001; Gu et al., 2003) and the general trend will follow in-
creases in anthropogenic releases. Nitrogen can also be seen as a possible explanation.
However, nitrogen inputs into the terrestrial biosphere increased only after ~1950 due

to automobile traffic and fertilizer inputs, whereas we found a change starting at the
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beginning of the XIXth century. Here again, volcanic eruptions also offer arguments in
favor of a diffuse light effect : in 1815 (Figure 3.3), the correlation with solar cycle in-
creased abruptly, and arrived at a summit in 1820, which corresponded to the eruption
of the Tambora volcano. This eruption is known to cause some anomalies in temperature
reconstruction based on tree rings (Robock, 2005, based on Mann, Bradley & Hughes
(1998) reconstruction). Tree rings give a temperature anomaly of -0.1°C compared with
-0.65°C with other proxy methods. This difference is attributed to an increase in growth
due to diffuse light (Robock, 2005). The results show that light scattering effect were
substantial for tree growth in more polluted areas. In Nepal and Argentina, solar cycle
results (Figure 3.3) show some oscillations varying in amplitude : from the beginning
of the XIXth century until 1960, oscillations were very wide. Then they slowed down
and oscillated between 0 and 0.2, following the global change of atmospheric trans-
parency (Romanou et al., 2007). The amount of diffuse light has driven tree growth to
become less and less sensitive to change in irradiance with a general gradual increase
in carbon assimilation. Whereas in Siberia, with low pollution levels, the oscillations
seem to remain more constant. Consequently, it can be very difficult in these polluted
regions to separate the effects of light scattering from those of CO4 enrichment, both
leading to an increase in the carbon sink. This results can explain why there is little
consensus and uncertainty on the effect of CO2 on tree growth (Schimel et al., 2001;
Joos, Prentice & House, 2002). Numerous models indicating a significant reduction in
the forest carbon sink during the last years of the XXth century (Falkowski et al., 2000;
Hurtt et al., 2002) and enrichment-based studies show little or no long term effects of
increased atmospheric CO; effect on tree growth (Koruer, 2003b; Korner et al., 2005).
Recent “brightening” observed locally (Wild et al., 2005; Wild, Ohmura & Makowski,

2007) has surely confused the issue even more.

3.5.4 Light and Temperature Limitation in Northern Forest

In Figure 3.3, the results of Russia show a clean periodic pattern. In our view, this result

indicates that light or at least the energy induced by light seems to be a limiting factor
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Tableau 3.4 Aerosol optical depth (AOD) daily average. AOD is given for 7 different
wavelength and is a measure of how much airborne particles prevent light from passing
through a column of atmosphere. A low AOD (less than 0.1) indicates a crystal clear
sky with maximum visibility, whereas values greater than 1.0 indicate dust or smoke
with very low visibility. Data are at Level 2.0 (cloud screened and quality-assured) and
values give the daily AOD average for the whole period of measurement ranging from
1998 to 2007 depending on location. The 4 first locations provide reference values. One
very clear site, the Amsterdam Island (situated in the Indian ocean at 77.573° east and
-37.810° south) and three important cities : Beijing, Los Angeles at UCLA and Mexico
City. Other columns give values of the nearest location available in the database for
the gradient used in this study. Kanpur is the nearest big city in India for the Nepalese
gradient (400km to the nearest site). Tomsk, Krasnoyarsk indicate values for Siberia
and Ulaangom for Mongolia. Cordoba gives values for the Argentinian gradient and

Santiago give an idea of Andes other slope.

Wavelength ~ Amsterdam Island Beijin UCLA Mexico city ~ Kanpur
(Indian Ocean)

1020 0.074 0.377 0.077 0.123 0.336
870 0.074 0.442 0.089 0.159 0.378
675 0.075 0.578 0.115 0.230 0.464
500 0.078 0.824 0.162 0.367 0.596
440 0.084 0.869 0.186 0.434 0.653
380 0.092 0.978 0.217 0.522 0.736
340 0.098 1.048 0.289 0.592 0.800

Wavelength Tomsk Krasnoyarsk  Ulaangom Cordoba Santiago
1020 0.070 0.078 0.085 0.049 0.057
870 0.080 0.087 0.077 0.059 0.075
675 0.107 0.124 0.109 0.073 0.102
500 0.167 0.172 0.157 0.108 0.160
440 0.200 0.198 0.196 0.125 0.192
380 0.236 0.233 0.256 0.152 0.239
340 0.265 0.271 0.280 0.175 0.273
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in the region. The justification of this conclusion lies in the fact that, in order to obtain
a perfect signal, the noise has to be very low. If light is the limiting factor, then other
environmental conditions play only a minor role in growth and will generate only a little
noise in the correlation with the solar signal. This can be strange conclusion, since, in the
boreal forest, nitrogen has historically been regarded as the limiting factor (Vitousek
& Howarth, 1991). However, nitrogen deposition due to anthropogenic activities has
dramatically increased since the 60’s (Galloway & Cowling, 2002). The link between
low temperatures and the low energy provided by light rays at these latitudes can be
the answer. Photosynthetic capacity has been identified depending on low temperatures
(Linder & Flower-Ellis, 1992; McMurtrie et al., 1994; Makela et al., 2004) for boreal
trees, which can explain our results. Altitudinal and boreal ecosystem productivity is
mainly limited by temperature (Korner, 1999). Temperature limitation is due to (1)
a 6 to 7°C limit for cell formation (Grace, 1989; Korner, 2003a) and (2) the strong
relationship between temperature and decomposition (Burke et al., 2003; Jenkinson
& Coleman, 2008). This increase in solar radiation, even if the energy gain is just 2
W/m? between the maximum and minimum of one cycle (Foukal et al., 2006), can
affect the photo-synthetically active period (Gea-lzquierdo et al., 2010), the threshold
of cell formation and increase decomposition, which makes trees in these ecosystems

sensitive to solar cycle.
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POSSIBILITE D’UN EFFET DE L’ASSOMBRISSEMENT GLOBAL
SUR LA CROISSANCE DES ARBRES

Les résultats du chapitre précédent pour les données du Népal nous ont laissé croire que
la pollution atmosphérique pouvait affecter la croissance. Par pollution atmosphérique
on entend la diminution de la lumiére directe & cause des particules émises lors de
l'utilisation des combustibles fossiles. En effet, depuis le début de I’¢re industrielle on
estime que nous avons perdu plus de 20% de lumiére directe, mais gagné de la lumiére
diffuse. Cette lumiére diffuse pourrait augmenter la croissance des arbres en stimulant
la photosynthése du feuillage situé dans la canopée. Ce chapitre évalue cette possibilité
en utilisant des données mondiales de croissance d’arbres et en s’appuyant sur le réseau,

de stations de pollution atmosphérique, mis en place par la N.A.S.A.
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CHAPITRE 1V

THE INFLUENCE OF ATMOSPHERIC TRANSPARENCY ON
TREE GROWTH VARIES ACROSS ECOSYSTEMS

Short-term variations in atmospheric transparency, such as those due to volcanic erup-
tions, are known to affect ecosystem function and productivity. However, only scant
information is available on long-term ecological effects due to changes in atmospheric
transparency, particularly for the recent decrease in transparency due to anthropogenic
aerosol emissions (the so-called “global dimming”). Our goal is to evaluate these effects
on tree growth across forest ecosystems worldwide. We present results for 841 tree ring
sites selected across the globe and representing four major ecosystems : Mediterranean
and sub-arid, temperate, boreal, and high elevation and mountainous areas. These sites
were within either 50 or 150 km of aerosol optical depth (AOD) stations (67 and 183
stations respectively). These stations give a snapshot of the global dimming and the re-
gional air pollution at the location. Results show that atmospheric transparency had a
significant influence on the relationship between solar irradiance and tree growth : their
decrease increased the negative impact of solar irradiance on growth during most of the
XXth century. This influence was present for Mediterranean and sub-arid, temperate
and high elevation ecosystems for sites within 50 km of AOD stations. For sites within
150 km, the relationship remains for the Mediterranean and sub-arid ecosystems, and
was still present but weaker for high elevation ecosystems. Atmospheric transparency
influence on the relationship between growth and solar irradiance increased constantly

and became positive in the 60s-70s. Decreases in atmospheric transparency involved less
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radiation for photosynthesis, but also involved a higher fraction of diffuse over direct
irradiance. Overall, plant photosynthesis in complex, multilayer canopies can benefit
from the increased diffuse irradiance associated with global dimming. Our results reveal
that this positive effect of global dimming is significant only for those ecosystems that
have irregular precipitations and a pronounced dry season (i.e., Mediterranean and sub-
arid ecosystems). We propose that this growth enhancement is due to a decrease in leaf
overheating, photo-inhibition and water stress in the sun parts of the foliage, and to an
increase in productivity under increased diffuse light in shaded leaves. These findings
have major implications for modeling forest responses to anthropogenic changes in the
atmosphere, the impacts of which vary across ecosystems depending on other factors

beyond irradiance such as water availability and temperature.

4.1 INTRODUCTION

Solar radiation is scattered in the atmosphere during clear sky days by anthropogenic

and naturally emitted particles resulting in a decrease in direct irradiance and an in-

crease in diffuse irradiance (Dutton & Bodhaine, 2001; Robock, 2000, 2005). During
the last fifty years the quantity of anthropogenic aerosols has been increasing, resulting
in a decrease in the global and direct irradiance and an increase in the amount and
proportion of diffuse radiation. This phenomena has been well documented in differ-
ent parts of the globe (“global dimming” ; Stanhill & Cohen, 2001; Ramanathan et al.,
2001). Although, a recent reverse trend has been also documented for some regions
(“brightening” ; Pinker, Zhang & Dutton, 2005; Wild et al., 2005; Wild, Ohmura &
Makowski, 2007), model simulations indicate that the atmospheric transparency has
decreased gradually since 1850 (Romanou et al., 2007). According to Romanou et al.
(2007) aerosols were the main causes for the long-term decline, while variations in cloudi-
ness cause much of the short-term variations. Despite its potentially large impact on
ecosystem productivity, this change in light quality and quantity has received the atten-
tion of ecologists only recently (Ramanathan et al., 2001; Roderick et al., 2001; Roderick
& Farquhar, 2002). Changes in irradiance might affect ecosystem functioning directly
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through changes in photosynthetic production and indirectly through changes in temper-
ature and precipitation. For example, a global decrease pan evaporation as described
by (Peterson, Golubev & Groisman, 1995), have been associated to the global dim-
ming (Chattopadhyay & Hulme, 1997; Roderick & Farquhar, 2002; Hobbins, Ramirez &
Brown, 2004; Wild et al., 2004). Moreover, it has been argued that global dimming may
enhance plant productivity, in general, and tree growth in particular (Roderick et al.,
2001; Gu et al., 2002; Roderick, 2006). This counter-intuitive effect, confirmed by plant
growth models (Cohan et al., 2002; Mercado et al., 2009), would be a consequence of an
increase in the photosynthetic production due to an increase in the amount of diffuse
light in complex canopies. Changes in photosynthesis and for the carbon cycle reported
following the Pinatubo eruption have also shown this productivity enhancement (Far-
quhar & Roderick, 2003). After the massive increases in light scattering aerosols, Gu
et al. (2003) found an increase in photosynthesis at local scales. Moreover, a re-analysis
of the work of Mann, Bradley & Hughes (1998), Robock (2005) shows that tree rings
always underestimate temperature when used as a proxy for temperature reconstruc-
tion during volcanic events. Thus we can attribute this difference in reconstruction to

an increase in diffuse irradiance.

A way of improving our understanding of globally changing ecosystem processes is by
analyzing tree growth, which can be viewed as the result of all the environmental vari-
ables influence. In this regard, tree rings offer a unique opportunity (Carrer & Urbinati,
2006; Jump, Hunt & Penuelas, 2006). For instance, tree rings can be useful in irradi-
ance studies since they have been reported to respond to changes in the solar cycle
(Rigozo et al., 2003, 2007), and Dengel, Aeby & Grace (2009) reported a direct rela-
tionship between galactic cosmic radiation and tree rings. A decrease in atmospheric
transparency leads to a decrease in direct irradiance and an increase in the proportion
(and usually also the amount) of diffuse irradiance (Robock, 2000; Dutton & Bodhaine,
2001). Diffuse irradiance penetrates more evenly inside plant canopies. As proposed by
the model of Roderick (2006), this effect potentially increases the sensitivity of tree
photosynthesis and growth to solar irradiance changes. We hypothesized that the cor-
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relation between irradiance and tree growth will be increased by diffuse irradiance. We
further hypothesized that it should vary across ecosystems, due to differences of growth
limiting factors for their nature and intensity, such as water and temperature. In this
paper, we investigated the stability of relationships between irradiance and tree ring
width series from 841 sites around the globe with different atmospheric optical depth
(AOD). These sites were located near stations recording AOD from the aerosol robotic

network project (Holben et al., 2001).

4.2 MATERIAL AND METHODS

4.2.1 Data

Atmospheric pollution has been assessed by the optical depth given by the aerosol
robotic network project (Holben et al., 2001) stations. Aerosol optical depth (AOD) is
given for seven (7) different wavelengths (1020, 870, 675, 500, 440, 380 and 340 nm) and
is & measurement of how much light airborne particles prevent from passing through
a column of atmosphere. A low AOD (less than 0.1) indicates a very clear sky with
maximum visibility, whereas values greater than 1.0 often indicate dust or smoke with
very low visibility. Data are cloud screened and values give the daily AOD average for
the whole period of measurement ranging from 1998 to 2007, depending on the location.
AOD data are lacking before 1998. However models (Romanou et al., 2007; Solomon
et al., 2007) indicate a gradual linear and global change in irradiance at the surface
level, except some local increases found since 1990 (Wild et al., 2005; Wild, Ohmura &
Makowski, 2007). Thus, AOD values recorded during the 1998-2007 period can be used
in a global analysis context. For the analysis, only wavelengths in the photosynthetic
active radiations (PAR) have been used : 675 and 440 nm (500 nm was not used due
to missing values and 380 nm is outside the PAR). Raw tree ring width (TRW) series
have been obtained from the international tree-ring data bank (NOAA). We selected
all available TRW site within a distance of 50 and 150 km from the AOD stations. The

number of records per year in a TRW site varies (different age, or dead tree), years and
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trees with missing values were removed to maximize the length (years) of the each site
data. All data have been extracted from their original data base during the winter of
2007-2008. These data were mostly collected for climatic reconstruction. After selection,
197 AOD stations remain with at least one TRW site within 150 km, and 81 with at
least one within 50 km. We found 1,074 TRW sites with an average of four (4) TRW
sites within 50 km of an AOD station, and an average of 13 sites within 150 km. Each
TRW site consisted of tree ring series for 10 to 50 trees with a segment length of at
least 40 years of growth. The last tree ring was usually between 1970 and 2006. From
the 1,074 TRW sites available, 842 were suitable for ICA analysis (sites were removed
due to too many missing values and/or too few trees), which permitted to have enough
data for 66 AOD stations at 50 km and 179 AOD stations at 150 km for a time period
ranging from 1700 to 2006 (Figure 4.1). However, 95% of the data were available for the
1933-1954 period (Appendix E), a percentage that decreases quickly after 1960.
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Figure 4.1 Map with the aerosol oLtic&l depth site locations highlighted in red
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According to the level and regularity of yearly precipitations, the mean annual temper-
ature, and the elevation, each AOD stations environment was labeled as Mediterranean
and sub-arid, temperate, boreal or high elevation and mountainous area (> 1000 m)
following Rakonczay (2002). Precipitation, temperature and cloud cover were extracted
from UEA CRU TS 2.1 monthly data (Mitchell & Jones, 2005) for the 1971-2000 pe-
riod at a 0.5-degree scale. The annual mean, monthly mean and seasonal mean were
calculated for each variable at each AOD location. A summary of data is provided in
the Appendix C. We have made the assumption that tree growth within 50 km and 150
km was representative of the AOD stations environmental conditions. Moreover, the
high elevation environment can overlap with the others. We used yearly mean sunspot
numbers as a representation of the solar activity. These data were obtained from the

National Oceanic and Atmospheric Administration (NOAA).

4.2.2 Data Analysis

Our statistical analysis proceeded in three stages. (1) We separated climate-related
growth signals from tree ring width series. (2) We used running correlation analysis to
establish a relationship between tree growth and solar cycle. (3) We analyzed changes
in these correlation in respect to the variation of AOD. TRW series were first analyzed
with a blind source separation technique : the independent component analysis (ICA).
This method separates the input data into components that are statistically indepen-
dent (see Hyvérinen, Karhunen & Oja, 2001, for further detail) and is used to detect
spikes (abnormal data) in numerous field of science, such as neurology (Vigério et al.,
1998) or seismology (Ham & Faour, 1999), and also work with tree ring width series
(Chapter I and II). The goal here was to clean TRW from disturbance patterns, such
as volcanic eruptions, insect outbreaks, or windthrows (breakage by wind). The results
of ICA consist generally of a large number of spiky series and some non-spiky ones
(Chapter I and II). We have selected only the non-spiky series, with a kurtosis below
four and containing a cyclic pattern of near 11 years, corresponding to 90-95% of the

initial growth. Moreover, TRW sites displaying one single non-spiky series correspond
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to homogeneous sites, and only those were kept for further analyses. More than one
non-spiky series means that the TRW sites are a mix of trees showing different growth
pattern. Secondly, a running correlation of these non-spiky series within an 11-year win-
dow was performed with the solar cycle as in Chapter III. Such running correlations
are widely used in dendrochronological analysis (D’Arrigo et al., 2008; Pauling, Luter-
bacher & Casty, 2006) to investigate the stability of these relationships. Moreover, these
correlations are not affected by any long-term growth (the age effect, e.g. Lorimer &
Frelich, 1989; Payette, Filion & Delwaide, 1990) or climatic trends present in the input
data. They can, however, detect changes in the relations between environmental factor
and growth (Nowacki & Abrams, 1997). The use of sunspot numbers against TSI can
be seen as a problem (Foukal et al., 2006) : The TSI cycle amplitude is stable from
cycle to cycle, whereas sunspots amplitude varies greatly from cycle to cycle. However,
by restricting the correlation to within an 11-year window, we avoid the effect of these
changes in amplitudes. As well, preliminary analysis shows no spurious correlation using
Engle-Granger (Engle & Granger, 1987) causality test like in Chapter III. Thirdly, for
each AOD station and for each scale (50 km and 150 km), a general tree growth result
was obtained using the median value of each year and by smoothing with a modified
Daniell (3,3) kernel. Linear regressions were made on the resulting series for their entire
duration and for consecutive periods of 10 years. The effect of the sun on tree growth
was measured by the slope of the regressions. Finally, we investigated for potential re-
lationships between these slopes and the AOD, precipitation, temperature and clouds
cover by linear correlation. We hypothesized that the correlation occurring between the
solar cycle (the amplitude of which is stable from cycle to cycle) and tree growth should
be affected by a change in the atmospheric composition as measured by the AOD.

4.3 RESULTS

The values of AOD at the wavelengths (440 nm and 675 nm) were linearly correlated
with an adjusted r? of 0.93 and a slope of 0.58. Consequently, we present only results at

440 nm. We used only mean annual values for precipitation, cloud cover and temperature
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since none of our results was significantly better using monthly or seasonal values. The
distribution of the AOD values is similar across the different ecosystems (Figure 4.2).
Temperate conditions showed higher level of AOD and a more Gaussian distribution

center at 0.2, which is consistent with the location of human activities.

The analysis of the relationship between atmospheric transparency and the trend of the
correlation between solar cycle and growth has been made for the two scales (50 and
150 km) for which AOD stations could be found. However, data at the 50 km scale
were sparse and did not provide less robust results (Figure 4.3a). When we plotted
the correlation of growth with the sunspot index as a function of the mean site AOD
we found that the correlation coefficient was decreasing with AOD for Mediterranean
and sub-arid ecosystems, and for the mountainous area during the 1934-1954 period
(Figure 4.3), where most data were available. This trend means that, when AOD is low,
an increase in solar irradiance enhances growth, whereas for high AOD, it decreases
in growth. This trend was positive for the temperate environment leading to opposite

effects.

These results cannot be explained by the distribution of the values used (Figure 4.4),
since no differences among environments exist for the correlation between solar cy-
cle and growth. Furthermore, no linear relationships were found between atmospheric
transparency and environmental variables (precipitation, temperature). We followed the
temporal variation of the correlation between sunspots and the tree growth over time
for different 20 year periods: 1874-1894, 1894-1914, 1914-1934, 1934-1954, 1954-1974
and 1974-1994 (Table 4.1). For convenience we used the center of these periods (1885,
1905, 1925, 1945, 1965 and 1985) in the text and figures. For all these periods, sig-
nificant relationships between the sunspots/tree growth correlation and the AOD were
decreasing (negative slope coefficient) at the one exception in 1945 for the temperate

environment.

Until 1960-1970 (Figure 4.5) for the high elevation and the Mediterranean and sub-arid

ecosystems, the sunspots/tree growth correlations were decreasing when AOD increased
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Tableau 4.1 Evolution of the relationship between Aerosol Optical Depth and the
correlation between Solar Irradiance and Growth. Years refers to the center of the 20-

year window and values represent the slope of the relationship and * significant values

at 0.05.

Years 1885 1905 1925 1945 1965 1985
Mediterranean -0.09* -0.06*  0.01 -0.03 0 0.05
Temperate 0 0.03* -0.04* 0.03* -0.03* 0.04
Boreal 0.61 -0.43 -0.19 -0.18 0.14 NA
Altitudinal -0.11* -0.08* -0.01 -0.05* 0.06 0.04

, and, after 1960-1970 it reverses, showing increase sunspots/tree growth correlations
when AOD increased. No changes in the correlation between growth and sunspots was
linked to AOD for the temperate and boreal ecosystems. However, some cyclicity was
found in the responses of temperate ecosystems (Table 4.1) where the trend was positive
in 1905, then negative in 1925, positive in 1945, and again negative in 1965. Years around
1985, even if the result was not significant, followed the same pattern by changing this

trend to a positive one.

4.4 DISCUSSION

Our results confirmed that changes in the relative importance of diffuse irradiance in-
fluence tree growth at global scale as assumed in Chapter III. In fact, changes in atmo-
spheric optical depth (AOD) act ou the sensitivity of tree growth to small changes in
irradiance during the solar cycle. In our records, the influence started with a negative
effect from 1885 to 1965, and then a global positive effect. In the literature, models
present a large and rapid change in atmospheric transparency for the period from 1940~
1960 (Appendix G adapted from Romanou et al., 2007), which is caused by the abrupt
increase in fossil fuel use after the Second World War (Siegenthaler & Sarmiento, 1993).
Loss in irradiance was in an order of 2% per decade before 1960, and then increased at

6% per decade (Stanhill & Cohen, 2001).
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The process by which growth might increase under diffuse irradiance involves a more
even penetration of scattered light into multilayer crowns (Gu et al., 2002). Whole plant
carbon gain thus increases because deeper foliage layers are better reached and shade
leaves receive more irradiance and contribute more to carbon fixation (Valladares &
Pearcy, 1998; Roderick et al., 2001; Gu et al., 2002). Besides, the decrease in direct ir-
radiance associated with an increased AOD reduces light exposure of sun leaves and the
risk of photo-inhibition and overheating (Long, Humphries & Falkowski, 1994; Niyogi,
1999; Horton, Ruban & Walters, 1996; Roderick et al., 2001; Gu et al., 2002). It is
well-known that, despite a lower photosynthetic capacity compared with sun leaves,
carbon gain of shade shoots can be similar to that of sun shoots under a number of
environmental conditions (Valladares & Pearcy, 1998); or at least they can contribute
to a significant part of whole plant carbon gain (e.g. Beyschlag & Ryel, 2007). We can
thus expect a significant increase in carbon gain in trees growing with an increased
fraction of diffuse irradiance. However, only a few studies are available to corroborate
this expectation (Farqubhar & Roderick, 2003; Niyogi et al., 2004). These result ap-
plied only to Mediterranean and sub-arid, and high elevation (> 1000 m) ecosystems.
These ecosystems are highly subject to drought, which confirms some counterintuitive
results observed for shrubs (Valladares & Pearcy, 2002; Niinemets & Valladares, 2004)
where shade plants exhibit more photo-inhibition, showing that their photosynthesis is
stimulated by diffuse light. However, at the same time, these shrubs suffer more from
drought. We argue that diffuse light can reduce the negative impact of water stress
in these ecosystems, leading to an increase in net carbon gain for canopy trees, since
their root systems are deeper than those of shrub species reducing water restrictions.
Moreover, as proposed by Kulmala et al. (2009) it is possible that if cosmic ray flux
induces ionization in the atmosphere (Harrison & Carslaw, 2003; Usoskin et al., 2004;
Svensmark & Calder, 2007; Svensmark, Bondo & Svensmark, 2009) it could affects the
electrical properties of the trees by modifying their water uptake. This indirect effect of
solar cycle could be one of the require amplification factors that would be necessary to
enhance it role for tree growth. Calculations made with a model of diffuse light effects
on photosynthesis (Roderick et al, 2001; Roderick, 2006) suggest that photosynthesis
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should be maximum at ~ 50% of atmospheric transparency, when the loss of energy
due to the decrease in direct irradiance is over-compensated by the gain made by an
increase in diffuse light. In this study, AOD is generally low, with an average of 0.21
(standard deviation of 0.11) at 440 nm and 0.12 (s.d. of 0.07) at 675 nm, reflecting a
low level of pollution and a relatively low increase in diffuse irradiance. Our AOD values
are therefore far from the 50% suggested as being the optimal amount for maximum
photosynthesis, and even farther from an excess of fractional diffuse irradiance. Future
work should focus on places with an intense reduction in the atmospheric transparency
in order to determine the compensation point between a net gain in growth due to

diffuse irradiance and a loss due to reduced irradiance.
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TEMPERATURE OU LUMIERE DIFFUSE

La pollution atmosphérique en générant de la lumiére diffuse stimule la croissance dans
les écosystemes ayant des périodes de déficit hydrique. Or, la diminution de la lumiére
directe a également comme conséquence de diminuer la température. Il y a donc un doute
sur les résultats précédents. Il faut donc évaluer si la lumiére diffuse est véritablement
a l'origine des variations de croissance que 1'on observe. Pour cela nous allons analyser
la croissance durant les deux derniéres éruptions volcaniques d’importance. En effet
lors des éruptions stratosphériques du SO est libéré dans I’atmosphére et va générer
énormément de lumiere diffuse. Lors de ’éruption de El Chichén, au Mexique en 1982,
un épisode de El Nifno a également eu lieu qui annula la baisse de température liée a
la présence de SO2 dans ’atmosphere. Alors qu’aucun phénomeéne n’a masqué la baisse
de température durant 1’éruption du Mont Pinatubo (Philippines) en 1991. Nous avons

donc une comparaison de choix.




100




CHAPITRE V

TREE GROWTH FOLLOWING PINATUBO AND EL CHICHON
ERUPTION : A GLOBAL ANALYSIS

Tree growth response to volcanic events is still an open debate in the literature. Whereas
some observed increases in tree growth have been attributed to the induced cooling,
others were linked to diffuse light, which, by entering more evenly inside the canopy,
reaches more leaves and enhances plant photosynthesis. In this paper, we look closely
at the growth response of trees around the world, as measured by tree ring width,
in terms of intensity of the response, its duration and the year of maximum intensity
following the last two major volcanic events : the El Chichén and Mount Pinatubo
eruptions. These two events differ greatly due to a cooling compensation induced by
El Nifio starting one year after the El Chichén eruption, whereas during the Pinatubo
eruption, even if present, the El Nifio event was not able of such compensation. The goal
of this study is to identify potential differences in tree growth during these two events
in order to evaluate the effect of temperature on growth response. Qur results indicate
that tree growth is independent of the intensity, duration and year of maximum intensity
following the two volcanic eruptions despite 30 to 40% of the tree ring sites showing
an increase in growth. In fact, the maximum intensity was reached the year after the
eruptions, or the same year than the El Nino event following El Chichén, which excludes
temperature as the main driver of tree response. These results were confirmed by two
different multivariate analyses. By showing that diffuse light enhances photosynthesis

and overpowers differences in temperature, at least for volcanic events, our investigation
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has fundamental implications for climate models. These results can be projected for the
global dimming and global temperature phenomenon, the first one having probably

more importance for tree growth than the second.

5.1 INTRODUCTION

Volcanic eruptions can be major driver of climate (Robock, 2002). Two major events
from the past century — El Chichén (Mexico) eruptions of March 28" and April 37¢,
1982 and Mount Pinatubo (Philippines) eruption of June 15", 1991 - have acted greatly
on global temperature and on the amount and quality of light reaching the ground
(Dutton & Bodhaine, 2001). They are rated using the volcanic explosivity index (VEI
Simkin et al., 1981; Newhall & Self, 1982), 4 and 5 respectively for El Chichén, and
6 for Mount Pinatubo (Robock & Mao, 1995). The VEI giving an estimation of the
quantity of material send in the atmosphere (See comparison and discussion between
VEI and dust veil index, DVI, in Robock, 1991) on a scale ranging from 1 to 7, 1 refers
to minor eruption, whereas 7 (e.g. : Tambora eruption of 1815) refers to major events
having released more than 100 km?® of particles. Shortly after both events, aerosols were
uniformly distributed from the tropics to the poles (Strong, 1984; Robock & Mao, 1995).
After El Chichén eruptions temperature decreased (Bandeen & Fraser, 1982; Gerber &
Deepak, 1984) and transmission of solar radiation to the earth surface dropped by 10%
during two years (Dutton & Bodhaine, 2001), with a maximum loss of 45% in May
1982 recorded at Mauna Loa (Garcia & Yasukawa, 1983). However, the earth cooling
was limited in 1983 by the beginning of the largest El Nifio event of the last century
(Rasmusson & Wallace, 1983). The Pinatubo eruption on the other side has decreased
global temperature by about 0.5 K with a peak 18 months after (Soden et al., 2002),
and solar transmission by 10% (Hansen et al., 1992) with a significant decrease during
three years (Dutton & Bodhaine, 2001). Unlike during El Chichén, even if present, the
El Nifio event was moderate and did not mask its cooling effect. Some early work on tree
growth following the eruption of the Pinatubo (Gu et al., 2003; Farquhar & Roderick,

2003) showed a local increase and attributed it to an increase in diffuse light. It has been
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proposed that an increase in diffuse light as observed globally (Roderick et al., 2001;
Roderick & Farquhar, 2002; Stanhill & Cohen, 2001) can enhance photosynthesis by
permitting light to penetrate more evenly inside the canopy. Moreover, simulation model
of plant growth seems to corroborate this expectation (Cohan et al., 2002; Mercado et al.,
2009), as well as chapters III and IV of this thesis. In a study of the effects of volcanic
eruptions on tree growth (Krakauer & Randerson, 2003) found a global decrease in net
primary productivity (NPP) following major eruptions since 1026 A.D. for about eight
years. However, although discussing the problem of light availability, they attributed
this decline to cooling and not in light drop, raising once more the delicate divergence

problem (D’Arrigo et al., 2008).

However, the problem is whether the scattering of light increased or, if it is too great,
decreased growth that has not been considered by Krakauer & Randerson (2003). This
trade-off between diffuse and direct light is fully discussed by (Roderick, 2006), and an
increase in growth will occur only for an intermediate ratio between these two kinds
of light. More recently, Robock (2005) proposed that some anomalies found in temper-
ature reconstruction using tree rings (results of Mann, Bradley & Hughes, 1998), and
following volcanic eruptions were due to an increase in diffuse light, since tree rings
base reconstruction always underestimated cooling compared with other proxy meth-
ods. However, the shape of tree ring response is always identical to other proxy except
following the Tambora 1815 eruption (VEI 7), which become, if the reference for tem-
perature anomalies is set to the 19" century mean temperature, a warming period. This
increase in temperature as seen by the tree ring proxy can only be attributed to diffuse
light considering the large impact of the Tambora eruption on temperature, which seems

to have had a peak of 0.6°C and the cooling had last at least ten years (Robock, 2005).

The purpose of this study is to determine whether cooling has an effect on tree ring
width or not by comparing the eruptions of Mount Pinatubo and El Chichén, the cooling
caused by the latter having been offset by a strong El Nifio event. We look at whether an
increase in scattered light had a significant impact on growth by comparing the results
at different latitudes and altitudes. Our hypothesis is that, if the scattered light plays
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a role, there is a latitudinal gradient ranging from no gain in growth, to an increase
and then a decrease caused by too much scattering, following the model proposed by
Roderick (2006). Here, we assumed that if the angle of incidence of light rays decrease
(following latitude), the ratio between diffuse light and direct light should increase due
to the longer trajectory of light rays in the atmosphere. Moreover, the transportation of
stratospheric aerosol emitted by these volcanoes was composed of three layers (Reiter
et al., 1983; Jager, 1992). The first layer of low altitude reach the mid-northern latitudes
in two weeks, the second layer higher in the atmosphere reach these latitudes in one
month and the third layer was discernible four months after the eruptions. Thus, in
the first year, a relationship between the intensity of trees response and the distance to
volcanoes could exist for the same latitude especially for short growing season ecosystems

like the boreal forest.

5.2 METHODS

5.2.1 Data

Raw tree ring width series have been obtained from The International Tree-Ring Data
Bank (http ://www.ncdc.noaa.gov/paleo/treering.html). Sites were randomly selected
— 210 in total — in order to have an even distribution of distances from site to volcano
(Figure 5.1). These distances were calculated as the shortest distance on the surface
of the WGS84 Ellipsoid world model. These sites were located in 14 countries and six
states of the United States of America. This indication of geographic localization is call
“state” in this paper. They were composed of 37 species from 13 genus collected mainly

for climatic reconstruction. Latitude and elevation were also retained for analysis.

5.2.2 Tree Ring Width Analysis

TRW series were analyzed using a blind source separation technique. This method, the
independent component analysis (ICA), separates the input data into components that

are statistically independent (see Hyvérinen, Karhunen & Oja, 2001, for further details)
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Figure 5.1 Distribution of data with regard to their distance to the volcano

through an unmixing process and is used to detect spikes in fields such as neurology
(Vigério et al., 1998), seismology (Ham & Faour, 1999), etc., where, components or
sources signals are the underlying mechanisms producing the mixture. Following the
conceptual model proposed for tree rings (Cook, 1987; Cook & Kairiukstis, 1990), these
sources are a climatic component, disturbances, an age effect and an error component.
In this paper, we have applied ICA in order to recover spikes, or disturbances, caused
by the decrease in solar radiations or temperature following volcanic eruptions. The
ICA was conducted using the FastICA algorithm (Himberg & Hyvérinen, 2001) for R
(CRAN 2008). Note the algorithm standardizes the data before processing by setting
the mean of each series to 0 and its standard deviation to 1. This will be helpful for later
comparisons by canceling tree species differences in term of growth rate and its variations
while not affecting the interactions between climate, tree growth and disturbance events.
From the output of the ICA volcanic eruption induced spiky series (Figure 5.2) were
then identified as any series containing a spike occurring during the year of eruption or
the following year. A spike was defined as any values lower than -1.5, or 1.5 times the

standard deviation . Then spikes were characterized by :
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— the intensity of the disturbance, defining as the lowest value observed during the
period

— the timing (year) of the largest growth effect

— the duration of the disturbance, defines as the number of years of values lower than

-1.5

5.2.3 Statistics

The output of the spike detection described above was used for further analysis. We
combined the data on spike duration, intensity and occurring year with information on
the location of the series. The data was then used in a regression tree (Rpart, Breiman
et al., 1984; Ripley, 1996; De’ath & Fabricius, 2000; De’ath, 2002) to identify, which
variables environmental characteristics influence most the tree growth reaction to the
volcanic eruptions. All combinations of the three response variables were tested as a
function of distance to volcanoes, latitude, elevation, species and state. As a parallel
analysis we applied redundancy analysis (RDA, Van Den Wollenberg, 1977; Ter Braak,
1986) with Helinger transformation to the data (Legendre & Legendre, 1998). We used a
matrix including all sites (with or without volcanic induced disturbances) as data. The
data included presence and absence of disturbance events (based on the spike detection
described above) for each species by site, whereas the second matrix contains char-
acteristics of tree growth response to disturbance, and location data (state, elevation,
etc.). Volcanic eruptions can have a positive or negative effects on growth. Therefore
we analyzed the amplitude of the spike was analyzed as absolute (only positive) and
non-transformed values. This double analysis was used to understand if species or sites

react in a similar way (positive or negative) to the volcanic eruptions.

Finally, we provide some descriptive statistics per category or groups (made according to
Rpart and RDA results) that cannot be tested for the reasons given above. All analyses
were made with R (CRAN, 2009) using rpart (Therneau and Atkinson, 2002) and vegan
(Oksanen et al., 2009) packages.
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Figure 5.2 Example of volcanic disturbance affecting tree growth extracted by ICA in
Arizona site number 558. Vertical lines indicate volcanic event, and horizontal dashed

line the -1.5 threshold.
5.3 RESULTS
5.3.1 Detection

From the original 210 sites, 157 were affected by volcanic events and a total of 346
disturbance components were extracted by ICA. In most cases, no abrupt change in
tree growth was observed in the years following a disturbance event. For El Chichén

188 disturbances were found, and 158 for the eruption of Mount Pinatubo.

5.3.2 Volcanoes

The median and mean responses of tree growth for each volcanic eruption appeared
equivalent based on the intensity, duration and year of the maximum intensity (Table
5.1). The only difference seems to be that the effect of El Chichén lasted longer (higher
values for the upper quartile) and its maximum was also higher. However, distinct re-

sults were found when comparing the two events using the average tree species response
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Tableau 5.1 Descriptive values for tree growth response following the volcanic eruption
of El Chiché6n and the Pinatubo. Int. refers to intensity, Dur. to duration and Year to the
year of the intensity. Pos and Neg give the number of trees with positive and negative

intensity (increase or decrease in growth).

El Chichén Pinatubo

Int. Dur. Year Int. Dur. Year
Minimum -8.76 1 0 -8.96 1 0
Lower quartile -4.97 1 0 -5.12 1 0
Median -3.07 2 1 -2.92 2 1
Upper quartile 3.83 4 2 3.50 3 2
Maximum 9.48 8 5 8.48 6 4
Mean -1.10 2.65 1.09 -1.03 214 0.98
Pos 75 66
Neg 113 92

(Values available in Table 5.2). The average intensity during El Chichon is identical with
both-metheds-of-ealeulation—(global average-and averaging species average) ; however,
the one for Mount Pinatubo is 0.21 using species average (0.30 without rounding up
values) against -1.03 for global average (Table 5.1). This difference is explained by the
influence of extreme values for the mean. It turns out that, whereas they are globally
equivalent, some species show more extreme responses during the Mount Pinatubo erup-
tion. The complete data for species response are presented in Appendix H. Furthermore,
no differences were found in the ratios between a growth increase and decrease : 0.71

(92/113) for El Chichén and 0.66 (66/92) for Mount Pinatubo.

5.3.3 Multivariate Analysis

The Rpart (Figure 5.3) and RDA (Figure 5.4) suggest that species response is globally
affected by latitude and elevation. Results were identical with both absolute and real
values for intensity ; just a 180° rotation in the axis for the RDA. Each analysis sepa-
rates species into three distinct groups. The response of RDA groups following the two



109

eruptions seems inconsistent compared with Rpart groups (Table 5.3). For example, the
+RDA2 exhibits the highest decrease in growth during El Chichén, whereas it exhibits
the lowest decrease in growth during the Mount Pinatubo event. This shows that inten-
sity, duration and the year of the maximum intensity have no impact on the structure
of the data during the RDA. The Rpart groups are formed at the first node leading to
two groups (1 and 2). The first group is further subdivided into two groups (1a and 1b).

The three groups are distinguished as follow : Group la groups species with an increase

in growth for a short duration, Group 1b with a response varying according to latitude,

and Group 2 with a response varying according to elevation (Figure 5.3). Groups are
composed of :

— Group 1a : Austrian pine, Calabrian pine, Dahurian larch, Lenga, Pink pine, Ptero-
carpus angolensis, Sitka spruce, Teak and White oak.

— Group 1b : Black pine, Black spruce, Californian sycamore, Cedar of Lebanon, Chir
pine, Cyprian cedar, Douglas fir, Himalayan cedar, Himalayan spruce, Montezuma
cypress, Norway spruce, Pinyon pine, Ponderosa pine, Whitebark pine and White
spruce.

— Group 2 : Armand’s pine, Blue oak, Grecian juniper, Himalayan fir, Jeffrey pine,
Limber pine, Lodgepole pine, New Zealand cedar, Qilianshan juniper, Scots pine,
Umbrella pine, Valley oak, Western juniper.

For the RDA, groups follow axes. The first axis is negatively correlated to latitude with

a score of -0.99 and the second axis is positively correlated to elevation with a score

of 0.95 (Figure 5.4). Elevation contributes also to the first axis (score of 0.32) as well

as states (score of 0.38). Species groups can be separated by their correlation with the
axes :

— Negatively to the first axes (-RDA1) : Black spruce, Dahurian larch, Norway spruce,
Scots pine, Sitka spruce, White oak, White spruce.

— Positively to the first axes (+RDA1) : Blue oak, Calabrian pine, Californian sycamore,
Lenga, Montezuma cypress, New Zealand cedar, Pink pine, Pterocarpus angolensis,
Teak, Umbrella pine, Valley oak.

— Positively to the second axes (+RDA2) : Armand’s pine, Austrian pine, Black pine,
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Cedar of Lebanon, Chir pine, Cyprian cedar, Douglas fir, Grecian juniper, Himalayan

cedar, Himalayan fir, Himalayan spruce, Jeffrey pine, Limber pine, Lodgepole pine,

Pinyon pine, Ponderosa pine, Qilianshan juniper, Western juniper, Whitebark pine
RDA inertia (variance explained) has a total value of 0.104, in which constrained axes
represent (.11 and unconstrained 0.93. These low inertia values are easily explained
by the low number of replications per tree species. Moreover, +RDA2 seems to group
trees from water-stressed habitat, whereas, +RDA1 groups species with higher water

availability from warm latitudes and -RDA1 from cold latitudes.
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Tableau 5.2: Simplified table of species growth response to El Chichén (El C.) and Mount
Pinatubo (Pina.) volcanic events and their respective Rpart and RDA groups. Species
gives the common name, or, if in italic, the scientific name, # refers to the species code
for the Rpart, Rpart and RDA refers to the group in which species were classified, then
Int. and Dur. refers to the mean growth response of the considered species following

the volcanic event considered for intensity, duration and the occurring year of intensity

respectively.
El C. Pina.

Species # Rpart RDA Int. Dur. Int. Dur.
Armand’s pine a 2 +RDA2 -8.55 5 NA NA
Austrian pine b la  +RDA2 4.64 2 344 15
Black pine c 1b  +RDA2 148 3 -3.48 1
Black spruce d 1b -RDA1  0.03 2 3.59 2
Blue oak e 2 +RDAl1 -1.2 1 -3.67 2

_Calabrianpine ~f 1a +RDA1 -496 2 -0.54 1
Californian sycamore g 1b  +RDA1 4.02 1 -4.96 2
Cedar of Lebanon h 1b  +RDA2 -3.09 3 426 2.5
Chir pine i 1b +RDA2 NA 2 NA NA
Cyprian cedar j 1b +RDA2 -6.81 2 NA 2
Dahurian larch k la -RDA1 NA NA 167 1
Douglas fir 1 lIb +RDA2 -3.71 1 -2.52 L
Grecian juniper m 2 +RDA2 -2.1 3.5 -248 2
Himalayan cedar n 1b +RDA2 NA 25 NA NA
Himalayan fir o} 2 +RDA2 NA 3.5 NA NA
Himalayan spruce ) 1b +RDA2 NA 2 NA NA
Jeffrey pine q 2 +RDA2 -1.19 2 NA 2
Lenga r la. +RDA1 NA NA 034 1
Limber pine s 2 +RDA2 4.05 7 -46 15

Continued on next page



113

Tableau 5.2: Simplified table of species growth response to El Chichén and Mount

Pinatubo volcanic events (continued)

El C. Pina.
Species # Rpart RDA Int. Dur. Int. Dur.
Lodgepole pine t 2 +RDA2 -5.17 7 1.68 3
Montezuma cypress u 1b  +RDA1 -2.87 1.5 1.03 1
New Zealand cedar v 2 +RDAl1 -0.41 4 6.07 2
Norway spruce w 1b -RDA1 -8.52 | -4.1 1
Pink pine X la +RDA1 3.21 1 4.18 2
Pinyon pine y 1b  +RDA2 -199 15 -0.39 3.5
Ponderosa pine A 1b +RDA2 -337 3.5 NA NA
Pterocarpus angolensis A la +RDA1 195 2 5.38 1
Qilianshan juniper B 2 +RDA2 2.06 1 1.32 1
Scots pine C 2 -RDA1 -0.79 3 -0.22 2
Sitka spruce D la -RDA1 NA NA 514 1
Teak E la. +RDA1 NA NA 3.18 1
Umbrella pine F 2 +RDA1 NA NA -026 4.5
Valley oak G 2 +RDA1 4.39 2 -6.1 3
Western juniper H 2 +RDA2 -0.91 5 -2.23 3.5
White oak I la -RDA1 247 3 NA 2
White spruce J 1b -RDA1  -0.12 1 -1.57 NA
Whitebark pine K 1b  +RDA2 0.94 2 1.53 2

5.3.4 Latitude and Elevation Effect

We conducted a linear regression on the groups identified in both analyses. The variance

explained is within the order of the RDA’s inertia (< 10%, see figures in Appendix

I). Species intensity at high elevations (from 1,500 to 3,500 m) seems to respond to
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Tableau 5.3 Comparison of Regression Tree and Redundancy Analysis groups for the
mean intensity (Int.), duration (Dur.) and Year of species growth response to volcanic

eruptions. Values in brackets give the standard deviation.

Volcano Groups Int. Dur. Year
El Chichén 2 -0.82 (5.44) 3.11 (2.05) 1.29 (1.13)
la 1.00 (4.32) 1.71 (0.95) 0.29 (0.49)
1b -1.57 (4.46) 2.48 (1.70) 1.01 (1.16)
-RDA1  -0.47 (4.63) 2.87(1.85) 1.19 (1.33)
+RDA1 -0.80 (5.77) 2.00 (1.33) 0.77 (0.74)
+RDA2 -2.21 (4.28) 294 (2.04) 1.18 (1.14)
) )
) )
) )
) )
) )
) )

Pinatubo “ -1.49 (5.68) 2.24 (1.19) 1.00 (0.96
la 1.83 (3.55) 1.27 (0.47) 0.64 (0.67

b -1.14 (455) 225 (1.47) 1.02 (0.98

-RDA1  -1.10 (4.7) 2.28 (1.44) 1.08 (1.02

+RDA1 -1.81 (5.71) 1.85 (1.10) 1.00 (0.98

+RDA2 -0.47 (4.73) 225 (1.37) 0.87 (0.84

latitude during El Chichén only when growth increases (Figure 5.5 a). However, no
direct relationships exist with elevation (Figure 5.5 b) ; a result independent of elevation
values (Figure 5.5 ¢). We provide the other non-significant relationships in Appendix I.
We evaluated a hyperbolic regression as suggested by the cloud of points observed in
Figure 5.5. This relationship is consistent with our hypothesis expecting a latitudinal
gradient starting from an absence in growth gain, followed by an increase and then
a decrease in growth caused by excessive scattering. This regression (Figure 5.5 a) is
significant for both orders, with a p-value of 0.0161 for the second order coefficient, and
0.0217 for the first order. The explained variance is 0.30 (Adjusted-R2), which is higher
than the RDA inertia.
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5.4 DISCUSSION

Tree growth during the two volcanic episodes was very similar, although the effects of
the eruptions on climate were pretty different. There were marked decreases in global
temperatures after Pinatubo, while El Chichén did not affect climate due to a strong El
Nino event (Handler, 1984; Hirono, 1988). This shows that, apart from direct effects of
temperature, other volcanic driven factors, namely the optical depth of the atmosphere
might drive tree growth. Robock (2005) discussed the global temperature reconstruc-
tions of Mann, Bradley & Hughes (1998), and show that during volcanic events, tree
growth is higher than expected and does not poorly track the cooling induced by the
eruptions. These errors have been attributed to diffuse light induced by the particles
sent to the atmosphere by volcanoes. Moreover, during the Tambora eruption of 1815
(Robock, 2005), which is the biggest eruption of the last 1,000 years (according to the
Smithsonian Global Volcanism Program and with a VEI of seven), the shape of the
temperature reconstruction using tree ring was inverse to other proxies. This implies
that tree growth actually increased during the global cooling. Robock (2005) suggested
the proportion of diffuse light as a main driver of tree growth. This is corroborated by
our observations of the El Chichén and Mount Pinatubo eruptions where, respectively,
29% and 34% of tree ring sites displayed an increase in growth. Therefore, globally there
is a decrease in growth moderated by an increase in diffuse light, whereas locally there
are some important increases due to the same phenomenon. Thus, the cooling effect is
not itself responsible for the general decrease in NPP as observed by Krakauer & Ran-
derson (2003). We do not suggest that cooling had no effect on trees since frost damage
is a good proxy of volcanic eruptions (LaMarche & Hirschboeck, 1984). There were no
differences in the mean reaction of trees to the eruption of Pinatubu and El Chichén.e.
Moreover, larger and extreme positive values were found for species-specific responses to
the Mount Pinatubo eruption. These affected the average intensity, whereas intensity of
tree response quartiles are identical between the two eruptions (Table 5.1). This seems
to reflect the higher amount of material sent to the atmosphere by Mount Pinatubo

(VEI 6) compared with El Chichén (VEI 4 and 5), which would also be associated with
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more diffuse light and confirm its global effect as shown in Chapter IV and Chapter
11 Diffuse light appears to be the major moderator of tree growth during volcanic
events. Moreover this effect follows the model proposed by Roderick (2006) in which
a trade-off between direct light and diffuse light affects tree growth hyperbolically. We
have hypothesized that this subtle effect would mostly benefit plants growing at inter-
mediate latitude, or near 30°. This effect was shown only for high elevation locations
and for increases in growth (Figure 5.5). The question remains to understand why trees
at high elevations follow the latitudinal model, whereas trees at much lower elevations
do not. We suggest that the presence of anthropogenic particles, more abundant at low
elevations, over increased diffuse light during volcanic eruptions and lead to the absence

of any latitudinal effect.



CONCLUSION

L’évaluation de l'influence des changements globaux sur la croissance des arbres est un
enjeu environnemental majeur. D’aprés les projections de 'TPCC (Solomon et al., 2007),
l’augmentation du CO2 atmosphérique sera de 10,2 GtC.yr en 2070 et le puits terrestre
résiduel devrait rester stable a 2 GtC.yr. Ce puits terrestre résiduel dépend grandement
de Iétat de santé de nos foréts subissant des changements climatiques importants et
de la capacité des arbres a transformer le CO5 en matiére organique. Mais cette trans-
formation physico-chimique du COsg, par le biais de la photosynthése, est également
contrainte par les changements climatiques. Et comme nous ’avons montré dans cette

these, 'augmentation de la lumiere diffuse affecte la croissance des arbres.

Dans cette thése, nous avons présenté une nouvelle méthode d’analyse des cernes de
croissance ainsi que deux types d’applications de cette méthode. Ces applications sont
d’une part la détection de perturbations qui affectent la croissance et d’autre part
I'extraction de la partie de la croissance due au climat. Toutefois, cette derniere peut
étre plus difficile & mettre en ceuvre. La méthode proposée, qui provient des sciences
physiques, pourra ainsi étre utilisées pour la recherche d’autres effets de l’environ-
nement sur la croissance des arbres. Les sciences physiques, la médecine et les sciences
économiques ont beaucoup 4 apporter a I’écologie : la physique, de part sa maturité, la
médecine qui a su utiliser la physique avec 1’essor des techniques modernes d’imagerie
médicale, et les sciences économiques qui ont permis de faire des progrés énormes dans
le traitement des données temporelles complexes. Or, il est rare de voir des publica-
tions d’écologie utiliser ce savoir alors que toutes ces sciences ont beaucoup en commun,
du moins numériquement. De plus, nous pensons que cette méthode pourra étre utilisée
pour d’autres applications en écologie. I.’utilisation d’une méthode aveugle de séparation

des signaux sources, comme [’analyse en composants indépendants (ICA), évite certaines
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suppositions qui, lorsqu’elles ne sont pas rencontrées, ne permettent pas d’utiliser les
données & leur plein potentiel et ceci s’avére un probléme souvent rencontré avec les

méthodes traditionnelles.

Dans un premier temps, au cours de ce document, nous avons montré grace a cette anal-
yse, que la recherche de perturbations de la croissance ne dépend plus des chronologies
d’espéces non-hotes dans le cas des épidémies d’insectes. Ces espéces non-hétes, comme
nous l’avons montré dans le cas du pin ponderosa ( Pinus ponderosa), peuvent elles aussi
étre affectées par les mémes épidémies. C’est surtout important quand un insecte est
relativement généraliste, telle la tordeuse des bourgeons de 1'épinette, qui attaque aussi
bien les sapins Douglass (Pseudotsuga menziesi), les épicéas (Picea abies, Picea engel-
mannii, Picea glauca ...) que les pins (Pinus coulteri, Pinus jeffreyi, Pinus sylvestris ...),
les pins n’étant attaqués que lorsque les autres espéces ne sont plus disponibles. Avec
cette méthode, on retrouve, en plus des événements de perturbation, la composante
climatique de la croissance. De cette fagon on évite des éléments qui peuvent fausser les
résultats, surtout dans la recherche des tendances & long terme. En effet, les épidémies,
les éruptions volcaniques et les autres perturbations affectent la croissance pendant
plusieurs années, voire plusieurs dizaines années (’épidémie de tordeuses de 1949 dans
le Nord des rocheuses persista plus de trente ans) et induisent une tendance & court
ou moyen terme. Il est donc difficile de faire la part des choses entre perturbations et
effets de certaines composantes climatiques, comme le CO3, qui peuvent “tendancer”
la croissance. Le désavantage de cette analyse est qu’elle nécessite plus de travail apres
traitement, comparativement aux méthodes traditionnelles, puisqu’il est nécessaire de
remettre les séries dans le bon sens ('ICA fait faire des rotations aux données), et d’i-
dentifier quel composant correspond & quoi (perturbation, climat, ...). Mais les outils

informatiques actuels permettent de réduire considérablement le durée de ces travaux.

Dans un second temps, ce nouvel outil analytique et sa mise en pratique furent appliqués
a la recherche d’un effet de I’ “assombrissement global” sur la croissance. Dans le premier
chapitre traitant de ce sujet (Chapitre III) nous avons montré que la corrélation entre le

cycle solaire et la croissance radiale des arbres n’est pas stable au Népal. Fait étonnant,
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puisque le cycle solaire et la croissance sont stables dans le temps. De plus, la méme
analyse en Argentine et en Sibérie ne donne pas de changement & long terme dans
cette corrélation. La seule explication dans le cas du Népal est que quelque chose, dans
l’atmosphére, agit sur cette relation. Or, le Népal se situe directement aux frontiéres
de la région la plus peuplée du monde (Uttar Pradesh, Inde : 167 millions d’habitants
en 2001 sur 1/6 de la superficie du Québec). La pollution atmosphérique causée par les

combustibles fossiles et les briilages agricoles est une des explications possibles.

En poussant plus en avant sur cet effet de la pollution atmosphérique il est apparu
que cette tendance devait étre due a laugmentation de lumiere diffuse générée par
la mise en suspension de poussiéres liées aux combustibles fossiles dans I’atmosphére.
Cette augmentation de lumiére diffuse est mesurée depuis plusieurs années, mais son
effet sur la croissance n’était que théorique, ou du moins les études se limitaient aux
phénomenes exceptionnels que sont les éruptions volcaniques qui la générent en libérant
du SOs,. Notre contribution dans ce domaine a permis de montrer que la lumic¢re diffuse
agissait globalement et non pas uniquement lors des éruptions volcaniques dans les
milieux ayant subi des stress hydriques importants comme en forét Méditerranéenne ou

en altitude sur des dépots de surfaces minces.

Enfin une hypothése sur l'effet de la lumiere diffuse restait & étre envisagée. Lorsque I’on
augmente la lumiére diffuse, la lumiére directe diminue et la somme de I’énergie arrivant
au sol diminue également. Il y a donc une diminution de la température, ce qui s’observe
trés bien durant les éruptions volcaniques. Or, cette diminution de température pourrait
agir en sens inverse et contrebalancer le gain en croissance di a la lumiere diffuse. Ceci
serait le cas dans les écosystémes tempérés et boréaux. Pour vérifier cela nous avons
étudié la réponse des arbres a la lumiere diffuse durant les deux derniéres éruptions
volcaniques d’importance : celle d’El Chichén (Mexique) en 1982 et du Mont Pinatubo
(Indonésie) en 1991. A la différence du Mont Pinatubo, I’éruption d’El Chichén a eu
lieu pendant 1’épisode d’El Nifio le plus important du siecle dernier. Et au lieu d’avoir
une chute de température globale, comme pendant ’éruption du Mont Pinatubo, la

température a légérement augmenté car les deux phénomenes se sont compensés. Au




122

final, aucune différence dans la réponse des arbres durant ces deux éruptions n’a été
observée, et environ un tiers des sites a montré une augmentation de croissance. La
lumiére diffuse joue donc un réle prépondérant dans la croissance des arbres qui annule

effet de la baisse de température qui lui est associée.

Perspectives

Au vu de ’ensemble des résultats de cette these, la lumiére diffuse semble étre un
phénomene agissant non marginalement sur la croissance des arbres. Des travaux ont
montré que 'augmentation de lumiére diffuse avait du affecter positivement le bilan de
carbone (Mercado et al., 2009) mais ces travaux ne se basent que sur des modeles, donc
sans vérifications sur le terrain. Des travaux permettant de lier cette approche a des
données de terrain utilisant la méthodologie de cette thése pourraient étre prometteurs
pour analyser les effets du climat sur la croissance en détail. Parallélement, la recherche
d’'un effet de la fertilisation au COsg sur la croissance des arbres va étre encore plus
difficile au vu des résultats de cette these. Cette difficulté supplémentaire est liée au

la température par les

cernes et les enregistrements issus des stations météorologiques) qui est lié a la lumiére
diffuse. Une recherche de 'effet du CO, sur la croissance nécessite donc de controler
les données pour la lumiere diffuse tout en séparant les deux effets. La difficulté de cet
objectif réside dans la recherche de tendances qui ont la méme origine : 'utilisation des
combustibles fossiles. En effet, on peut supposer que ces tendances sont similaires et
donc difficiles & distinguer 'une de l'autre. Cependant, ceci reste envisageable dans un
cadre controlé, comme dans le projet FACE (Free air CO2 enrichment) puisque dans ce
cas-ci certaines conditions pourraient étre ajustées pour faire ressortir 'une ou l'autre

de ces tendances.



APPENDICE A

CHAPTER II : ICA SENSITIVITY

In this appendix we show how sensitive the ICA can be for spike detection. We ran the
analysis on 100 series of 100 random values (normal distribution with mean of 0 and
standard deviation of one), a new randomization was used for each simulation. Some
of the series (Table A1) had one of their values increased by a fixed value at the same
position in the series in order to simulate a spike/disturbance. Thus the resulting values
deviate more and more from the initial distribution. An ANOVA test shows how far the
spike values deviate from the other values for comparison (Table A2). We conducted
1000 ICA on the set of series for each case, with the number of series to be extracted
being 2 : one for the noise and one for the spike. Results are shown in Table Al and
Figure Al. Overall, ICA detects spikes with ease when they are present in 50% of the
data, reaching 100% of detection with spikes at 1.5. The detection ability decreases
below these thresholds.




124

8
A
(7]
QL
S =
a
[ 7]
g
> 84
3
L
]
o o _|
=
&
o
&
S
o
e &
Q.—

| T | T l
0.5 1.0 1.5 2.0 25

Spike value
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Tableau A.1 Spike detection results by ICA. Each row gives different spike values which

represents the value added and each column gives the percentage of series with spikes.

Results give the percentage of detection based on 1000 tests.

Spikes 02 03 04 05 06 08 1 12 14 16 18 2 24 28
100 3 6 9 14 20 42 8 97 100 100 100 100 100 100
75 5 7 9 16 15 38 57 81 96 100 100 100 100 100
50 4 6 6 9 13 29 47 75 88 100 100 100 100 100
25 5 5 9 10 14 20 34 55 54 57 72 91 99 100
10 0 0 i 3 6 7T 11 14 12 16 32 31 54 84
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APPENDICE B

CHAPTER III : MAPS WITH SITE LOCATIONS
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Figure B.1 Argentina tree ring width site locations map highlighted in red and eleva-

tion map from the NOAA National Geophysical Data Center
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Figure B.2 Nepal tree ring width site locations map highlighted in red and topographic
map build with data from the NOAA National Geophysical Data Center
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Figure B.3 Russia tree ring width site locations map highlighted in red and averaged
values of mean annual maximum air temperature in August from the Interactive Agri-
cultural Ecological Atlas of Russia and Neighboring Countries. Economic Plants and

their Diseases, Pests and Weed



APPENDICE C

CHAPTER III : SPECTRUM ANALYSIS OF SIBERIA’S
TEMPERATURE AND PRECIPITATION DATA
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Figure C.1 Spectrum analysis of Siberia’s temperature and precipitation data. The y

axis shows the spectrum amplitude and the x axis its frequency.



APPENDICE D

CHAPTER III : RESULT OF ENGEL-GRANGER
COINTEGRATION TEST
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Tableau D.2 partie b du tableau D.1: Chapter III results for Engel-Granger

cointegration test (continued)
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Site G+T p G—-T »p G+«P p G—-P p

Arg040  -0.659 0.000 -0.586 0.000 -0.034 0.742 0.024 0.411
Arg060  -0.536 0.000 -0.545 0.000 0.029 0.735 -0.013 0.642
Arg051  -0.448 0.000 -0.583 0.000 0.086 0.355 0.024 0.396
Arg061  -0.107 0.169 -0.074 0.371 -0.029 0.736 0.019 0.501
Arg038 0.149 0.048 -0.062 0.447 -0.099 0.262 -0.011 0.689
Arg066 0.100 0.141 0.065 0434 -0.033 0.700 0.004 0.894
Arg059  -0419 0.000 -0.572 0.000 0.110 0.237 0.005 0.848
Arg022  -0.615 0.000 -0.559 0.000 0.082 0.445 0.037 0.227
Arg055  -0.637 0.000 -0.557 0.000 0.104 0.355 0.008 0.783
Arg033  -0.879 0.000 -0.538 0.000 -0.194 0.089 -0.015 0.620
Arg034  -0.892 0.000 -0.556 0.000 0.001 0.990 0.024 0.387
Arg028  -0.715 0.000 -0.588 0.000 -0.002 0.984 0.091 0.003
Arg063  -0.994 0.000 -0.521 0.000 -1.020 0.000 -0.080 0.024
Arg023  -0.612 0.000 -0.550 0.000 -0.636 0.000 -0.092 0.008
Arg037 0.004 0959 0.028 0737 0.002 0.98 0.028 0.326
Arg08  -0.939 0.000 -0.575 0000 -0.914 0.000 -0.092 0.002
Arg093  -0417 0.000 -0.561 0000 -0.024 0.794 0.006 0.840
Arg094  -0455 0.000 -0.609 0000 0.160 0.090 0.020 0.496
Arg095  -0.956 0.000 -0.369 0.041 -1.063 0.000 -0.111 0.210
Arg027  -0.220 0.000 -0.550 0.000 0.005 0.944 0.017 0.567
Arg039 NA 0329 NA 0329 -0.170 0.089 -0.012 0.662
Arg0107 -0.526 0.000 -0.562 0000 0.015 0.874 0.001 0.965
Argl04  -0.763 0.000 -0.504 0000 -0.764 0.000 -0.117 0.003
Argl03  -0438 0.001 -0.575 0000 -0.501 0.000 -0.124 0.059
Arg075 -0.039 0.596 -0.072 0386 -0.005 0.961 0.016 0.578

Continued on next page
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Tableau D.2: Chapter III results for Engel-Granger cointegration test (continued)

Site G« T p G- T P G« P p G—-P p

Arg068  -0.709 0.000 -0.588 0.000 -0.062 0.554 0.047 0.113
Arg029  -0.898 0.000 -0.560 0.000 0.123 0.281 0.000 0.986
Arg079  -0.706 0.000 -0.567 0.000 -0.068 0.537 0.033 0.254
Arg012  -0.326 0.002 -0.529 0.000 -0.398 0.000 -0.273 0.000
Arg025  -0.690 0.005 -0.545 0.008 -0.671 0.003 -0.116 0.210
Arg035 -0.723 0.000 -0.550 0.000 -0.625 0.000 -0.236 0.000
Nepad 0.020 0.849 -0.151 0.200 0.080 0.480 -0.019 0.880
Nepad -0.242 0.002 -0.824 0.000 -0.036 0.639 0.040 0.766
Nepab -0.036  0.721 -0.056 0.647 0.219 0.070 0.058 0.666
Nepa6 -0.034 0.735 -0.060 0.623 0.007 0.943 -0.147 0.226
Nepa7? 0.082 0.409 0.191 0.114 0.024 0.842 0.212 0.102
Nepa8 0.000 0.998 -0.001 0.994 -0.006 0947 0.035 0.779
MNepal 0.038 0693 0061 0606 -0129 0.257 0.092 0.449

Nepal0  -0.134 0.214 -0.110 0.334 0.095 0.436 0.044 0.720
Nepall -0.006 0948 0.119 0.344 0.081 0407 -0.014 0.912
Nepal2 -0.373 0.000 -0.841 0.000 -0.067 0.510 -0.053 0.700
Nepal3 0.013 0.862 0.056 0.625 0.179 0.078 -0.199 0.105
Nepal4 -0.084 0.273 -0.050 0.670 -0.013 0.890 0.048 0.704
Nepald  -0.351 0.000 -0.601 0.000 0.021 0.850 0.154 0.224
Nepal6 0.024 0.830 -0.041 0.731 -0.080 0.535 0.038 0.771
Nepal7 0.069 0.350 -0.004 0974 0.020 0.772 0.150 0.234
Nepal8 0.089 0384 -0.138 0.236 0.143 0.225 0.044 0.720
Nepal9 -0.047 0.674 -0.572 0.001 -0.304 0.002 -0.806 0.000
Nepa20 -0.981 0.000 -0.852 0.000 -0.970 0.000 -0.802 0.000
mg010 0.065 0.453 -0.089 0.350 -0.200 0.078 0.019 0.869
mg011 -0.025 0.772 -0.071 0.466 0.143 0.167 -0.033 0.780

Continued on next page
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Tableau D.2: Chapter III results for Engel-Granger cointegration test (continued)

Site G« T p G—->T p G«P p G—-P p

ru003 -0.015 0.887 0.022 0.836 -0.045 0.749 0.116 0.384
ru019 -0.114 0.214 -0.094 0.336 -0.018 0.878 -0.017 0.883
ru037 0.001 0.992 0.045 0.641 0.002 0.988 -0.132 0.263
ru048 -0.009 0917 0.039 0.696 -0.012 0.916 -0.149 0.197
ru076 0.037 0.686 -0.016 0.872 0.010 0.928 -0.131 0.262
ru094 -0.011 0.887 -0.016 0.867 0.142 0.179 -0.153 0.198
rul03 -0.052 0.654 0.043 0.677 -0.064 0.636 0.006 0.956
ru099 -0.017 0.857 0.278 0.010 0.104 0.332 -0.117 0.321
rull0 -0.180 0.089 0.050 0.621 0.026 0.843 -0.025 0.822
rul29 0.033 0.698 0.168 0.111 0.017 0.865 0.149 0.219
rul3l 0.125 0154 -0.138 0.129 0.177 0.097 0.025 0.826
ruld?7 0.158 0.059 -0.049 0.617 -0.080 0.482 -0.048 0.682
rulbs -0.042 0476 -0.082 0405 0.098 0.101 -0.008 0.943
rul58 0.096 0.310 0.086 0.356 -0.135 0.224 0.051 0.658
rul59 0.047 0.620 0.122 0.351 0.019 0.843 -0.005 0.963
rul65 -0.032 0.582 -0.065 0.510 -0.106 0.254 0.040 0.745
rul67 -0.169 0.374 0.448 0.005 0.119 0.516 -0.256 0.164
rul71 0.114 0.264 0.009 0927 -0.043 0.726 0.044 0.712
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APPENDICE E

CHAPTER IV : TREE RING WIDTH SERIES AVAILABLE FOR
EACH YEAR
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Figure E.1 Number of tree ring width sites (TRW, for a total of 841) with data for
each year over the 1700-2005 period.
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CHAPTER IV : DATA SUMMARY
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APPENDICE G

CHAPTER IV : AVERAGING OF ANOMALIES AND CHANGE
OF THE DOWNWELLING SHORTWAVE RADIATION AT
SURFACE FROM 9 MODELS
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Figure G.1 Anomalies and change of the downwelling shortwave radiation at surface
from 9 models (GFDL, CCSM, PCM, GISSAOM, GISSER, GISSEH, HADCM, MIROC,
ECHAM). Upper panel show anomalies (W/m2) adapted from Romanou et al. (2007)
and the lower panel show the speed of change (differential of the above de-seasonalized
data) with the estimated trend before 1960 in blue and after 1960 in red (volcanic

eruptions removed). Data courtesy of Anastasia Romanou.



APPENDICE H

CHAPTER V : SPECIES GROWTH RESPONSE FOLLOWING EL
CHICHON AND MOUNT PINATUBO VOLCANIC EVENTS
(FULL TABLE)
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APPENDICE 1

CHAPTER V : EFFECT OF LATITUDE AND ELEVATION ON
TREE RESPONSE FOLLOWING EL CHICHON AND MOUNT
PINATUBO VOLCANIC EVENTS
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Figure I.1 Effect of latitude and elevation on tree response for Rpart groups
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