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RÉSUMÉ 

La reconstitution de la variabilité climatique à haute résolution au cours des millénaires 

passés fournit un contexte historique essentiel pour évaluer l'importance des changements 

climatiques récents à l'échelle régionale et globale. En se basant sur une compilation de 

reconstitutions de température à grande échelle, le 5e rapport du Groupe intergouvernemental 

d'experts sur l'évolution du climat (IPCC, 2013) a mis en évidence l’occurrence d'époques 

climatiques au cours de l'ère commune (EC), telles que l'anomalie climatique médiévale, le 

petit âge glaciaire et la période du réchauffement récent. Cependant, les dates et l’amplitude 

de ces périodes diffèrent selon les reconstitutions et les régions, ce qui souligne la nécessité 

d'améliorer les reconstitutions climatiques en utilisant de meilleurs enregistrements proxy 

provenant de divers endroits, ainsi qu'en utilisant des méthodes statistiques avancées.  

La densité maximale du bois final (MXD) des conifères des hautes latitudes est 

largement considérée comme l'indicateur le plus sensible pour la reconstitution des 

températures avec une résolution annuelle. Cependant, en raison des coûts élevés pour 

effectuer des mesures densitométriques par rayons X, seulement 12 reconstitutions des 

températures estivales basées sur la MXD couvrent le dernier millénaire, dont 11 sont 

regroupées en Eurasie. Ce manque de données a entravé notre compréhension de l'histoire 

millénaire des températures estivales en Amérique du Nord. Cette thèse de doctorat vise à 

produire une reconstitution précise et robuste de la température estivale millénaire en utilisant 

des mesures MXD ou d'intensité du bleu (une alternative à la MXD moins chère mais 

prometteuse) d'épinettes noires (Picea mariana (Mill.) BSP.) vivantes et subfossiles dans la 

forêt boréale de l'est du Canada. Ces nouvelles données permettront de mieux quantifier la 

variabilité des températures estivales dans le nord-est de l'Amérique du Nord au cours du 

dernier millénaire. 

Dans le premier chapitre, mon objectif était d'étudier le potentiel de la nouvelle 

méthode d'intensité de la lumière bleue comme substitut des données de la méthode 

conventionnelle de densité maximale du bois final basées sur les rayons X. À l'aide de 178 

échantillons provenant d'épinettes noires vivantes dans 17 sites de la forêt boréale de l'est du 

Canada, j’ai démontré que l'intensité du bleu du bois final, l'intensité delta du bleu (i.e. 

correction delta de l’intensité du bleu) et la densité maximale du bois final répondent de façon 

très similaire aux températures moyennes du printemps-été à l'échelle régionale. Ces 

paramètres basés sur la densité sont supérieurs aux mesures de la largeur des cernes et 

contiennent un signal de température estivale plus fort sur une saison de croissance plus 

longue. L’intensité du bleu du bois final semble être déformée par des biais de couleur et une 

faible résolution de mesure. L'intensité delta du bleu possède une cohérence légèrement plus 
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élevée avec les températures estivales que l'intensité du bleu du bois final en raison de sa 

capacité à éliminer les biais de couleur en plus d'un signal potentiel de température lié à la 

largeur des cernes. Cependant, par rapport aux paramètres d'intensité du bleu, la densité 

maximale du bois final est systématiquement plus robuste et moins sensible aux biais de 

couleur et au nombre d'arbres mesurés. 

L'objectif du deuxième chapitre était de vérifier si les mesures de l'intensité du bleu 

issues de bois subfossile coloré peuvent être utilisées comme un proxy robuste pour les 

reconstitutions de la température. J’ai testé sept réactifs chimiques pour éliminer la coloration 

bleu-gris des arbres subfossiles enfouis dans les sédiments de deux lacs boréaux de l'Est du 

Canada. Les chronologies résultantes de l'intensité du bleu du bois final ont été comparées à 

la correction mathématique delta ainsi qu'à la méthode conventionnelle de densité maximale 

du bois final basée sur les rayons X. Les analyses chimiques ont montré que l'oxydation post-

échantillonnage du fer dissous transféré des sédiments aux tissus du bois enfouis est très 

probablement responsable de la coloration. Cependant, même le meilleur protocole de 

décoloration chimique n'a pas permis d'obtenir des données non biaisées d'intensité du bleu 

du bois final en raison d'une décoloration incomplète et de la grande sensibilité des données 

d'intensité du bleu à la contamination par la couleur. En revanche, la correction delta de 

l'intensité du bleu (c'est-à-dire l'intensité delta du bleu) a produit une reconstitution de la 

température très similaire à celle basée sur la densité maximale du bois final dans tout le 

spectre de fréquences, même lorsqu'elle est mesurée à partir d'échantillons colorés n’ayant 

subi aucun traitement chimique. Ce résultat indique l'utilité de l'intensité delta du bleu mesuré 

à partir de subfossiles colorés par le fer pour développer de longues reconstitutions de 

températures. Cependant, au stade actuel, la MXD est toujours considérée comme le proxy 

le plus robuste selon les résultats des premier et deuxième chapitres.  

L'objectif du troisième chapitre était d'utiliser la densité maximale du bois final pour 

reconstituer les températures estivales au cours du dernier millénaire dans la forêt boréale de 

l'est du Canada. J’ai développé un nouveau réseau de données comprenant un nombre sans 

précédent de mesures de densité de bois final d'épinettes noires vivantes et subfossiles (N = 

1249) de trois sites. Ce réseau millénaire a été combiné à un ensemble de données existant 

plus court (N = 45 arbres) pour reconstituer de la température estivale (mai-août) sur 1300 

ans. Cette reconstitution a ensuite été combinée avec les données de largeur de cernes et les 

données isotopiques du carbone et de l’oxygène disponibles afin de développer une 

reconstitution de la température encore plus robuste couvrant la période 997-2006 EC. Les 

résultats indiquent que le nord-est de l'Amérique du Nord a connu des étés chauds pendant 

l'Anomalie Climatique Médiévale (997-1250 EC ; 0,25 ºC plus chaud par rapport à 1905-

2006 EC) suivie par la période froide du Petit Âge Glaciaire (997-1250 EC, -0,27 ºC plus 

froid que la période 1905-2006 ; en particulier pendant la période 1601-1930 EC), puis par 

le réchauffement récent contenant la décennie la plus chaude du millénaire en 1997-2006 EC 

(1,0ºC par rapport à la période 1905-2006 EC), de même que la tendance au réchauffement 

centennal la plus rapide (1904-2003 EC). La variabilité régionale multidécennale des 

températures estivales a été synchronisée avec les températures estivales de l'hémisphère 



   

 

xxix 

nord par les plus fortes éruptions volcaniques. Bien que les éruptions tropicales et 

extratropicales de l'hémisphère nord aient conduit à des étés extrêmement froids au cours des 

1000 dernières années, les éruptions tropicales ont eu des impacts climatiques plus 

importants et plus persistants (12 ans contre 1-3 ans) que les éruptions extratropicales. 

En résumé, cette thèse met en évidence les avantages de la densité maximale du bois 

final comme indicateur des températures du passé dans la forêt boréale de l'est du Canada. 

L'intensité du bleu a un fort potentiel pour se substituer aux données de densité des cernes 

des arbres issues de bois vivant et de bois subfossile teinté par le fer pour reconstituer le 

climat dans la région étudiée. La densité et l'intensité du bleu sont supérieures aux mesures 

de la largeur des cernes en raison de leurs corrélations plus fortes avec les températures 

estivales et leur faible mémoire biologique. Par conséquent, elles pourraient améliorer la 

représentation spatiale des reconstitutions climatiques et fournir des informations plus 

précises sur les variations du climat dans le passé. Les reconstitutions basées sur la densité 

du bois ont permis de mieux comprendre la variabilité des températures estivales et les 

mécanismes de forçage externe dans le nord-est de l'Amérique du Nord.  

Mots clés : dendroclimatologie ; densité maximale du bois final ; intensité du bleu ; épinette 

noire ; reconstitutions de la température estivale ; forêt boréale de l'est du Canada ; forçage 

externe ; changement climatique. 
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ABSTRACT 

Reconstructing high-resolution climate variability over past millennia provides a 

critical historical context to assess the importance of the recent climate changes at regional 

to global scales. Based on a compilation of large-scale temperatures, the 5th Assessment 

Report of the Intergovernmental Panel on Climate Change (IPCC, 2013) has demonstrated 

the occurrence of climate epochs over the Common Era (CE), such as the Medieval Climate 

Anomaly, the Little Ice Age, and the recent warming period. However, the timing and 

amplitudes of these periods differ by reconstructions and regions, highlighting the need to 

develop high-quality temperature reconstructions using proxy records from various locations, 

as well as using advanced statistical methods.  

Maximum latewood density (MXD) of high-latitude conifers is widely considered to 

be the most sensitive proxy for reconstructing temperatures with an annual resolution. 

However, due to the high costs of conducting X-ray densitometric measurements, only 12 

MXD-based summer temperature reconstructions cover the last millennium, and 11 of them 

are clustered in Eurasia. The resulting geographical data gap has hampered our understanding 

of North American millennial summer temperatures. This PhD thesis aimed to produce a 

robust reconstruction of millennial summer temperatures using annually resolved MXD or 

blue intensity measurements (a less expensive but promising alternative to MXD) of living 

and subfossil black spruce (Picea mariana (Mill.) BSP.) trees in the eastern Canadian boreal 

forest. These new data will improve the assessment of summer temperature variability in 

northeastern North America during the last millennium. 

In the first chapter, my objective was to investigate the potential of the recent, optical-

based blue intensity method as a surrogate for X-ray-based MXD data from living black 

spruce trees. Using 178 samples collected from 17 sites across the eastern Canadian boreal 

forest, I demonstrated that latewood blue intensity, delta blue intensity (i.e., delta correction 

of blue intensity), and MXD respond in very similar ways to spring–summer mean 

temperatures at the regional scale. These density-based parameters are superior to ring-width 

measurements because they retain stronger summer temperature signals over a longer 

growing season. Latewood blue intensity appears to be distorted by color biases and low 

measurement resolution. Delta blue intensity possesses slightly higher coherence with 

summer temperatures than latewood blue intensity because of its ability to remove color 

biases and its potential to retain an additional temperature signal related to ring-width 

formation. In general, MXD is consistently more robust and less sensitive to color biases and 

low tree replication compared to blue intensity parameters. 
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The objective of the second chapter was to test whether blue intensity measurements 

from stained subfossil wood of black spruce can be used as a robust proxy for temperature 

reconstructions. I tested seven chemical destaining reagents to remove the blue-gray stain on 

subfossil trees buried in sediments of two boreal lakes in eastern Canada. The resulting 

latewood blue intensity chronologies were compared with the mathematical delta correction 

and conventional X-ray-based MXD data from the same trees. Chemical analyses showed 

that post-sampling oxidation of dissolved ferrous iron transferred from sediments to buried 

wood tissues was most likely responsible for the stain. However, even the best chemical 

destaining protocol could not yield unbiased latewood blue intensity data because the 

destaining was incomplete and blue intensity measurement is highly sensitive to color 

contamination.  In contrast, the delta correction of blue intensity (i.e., delta blue intensity) 

produced a temperature reconstruction very close to that based on MXD across the frequency 

spectrum, even when measured from untreated stained samples. This result indicated the 

usefulness of delta blue intensity measured from iron-stained subfossil materials for long-

term temperature reconstructions. MXD is still considered as the most robust proxy 

according to the results of the first and second chapters.  

The objective of the third chapter was to use MXD to reconstruct summer temperatures 

during the last millennium in the eastern Canadian boreal forest. I developed a new data 

network comprising an unprecedented number of latewood density measurements from 

living and subfossil black spruce trees (N = 1,249) at three sites. This millennial network was 

combined with an existing shorter dataset (N = 45 trees) to produce a 1300-year 

reconstruction of summer (May–August) temperatures. This was then combined with 

available ring-width, and carbon and oxygen isotopic data in order to develop an even more 

robust temperature reconstruction spanning 997–2006 CE. The results indicated that 

northeastern North America experienced warm summers during the Medieval Climate 

Anomaly (997–1250 CE; 0.25 ºC warmer than 1905–2006 CE), followed by the relatively 

cold Little Ice Age (997–1250 CE), which was 0.27 ºC colder than the 1905–2006 period, 

especially during 1601–1930 CE. The recent warming includes the warmest decade during 

1997–2006 CE (1.0 ºC with respect to (w.r.t.) 1905–2006 CE) and the fastest centennial 

warming trend (1904–2003 CE) of the last millennium. Regional multidecadal summer 

temperature variability has been synchronized with Northern Hemispheric summer 

temperatures by strong volcanic eruptions. Although tropical and Northern Hemispheric 

extratropical eruptions have led to extremely cold summers over the past 1000 years, the 

climatic impacts of tropical eruptions were more prominent and persistent (12 years vs 1–3 

years) than extratropical eruptions. 

In summary, this thesis highlights the advantages of using MXD as a temperature proxy 

in the eastern Canadian boreal forest. Blue intensity has great potential to produce excellent 

surrogates for tree-ring density data from living and iron-stained subfossil wood for 

reconstructing climate in the study region. Density and blue intensity are superior to ring-

width measurements due to their stronger correlations with summer temperatures and weaker 

biological memory. Therefore, they could improve the spatial representation of the 
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reconstructed climate and reduce potential errors in the reconstruction, providing better 

constraint and more precise information of climate changes in the past. Finally, the density-

derived reconstructions enhanced the understanding of summer temperature variability and 

external forcing mechanisms in northeastern North America.  

Keywords: dendroclimatology; maximum latewood density; blue intensity; black spruce; 

summer temperature reconstructions; eastern Canadian boreal forest; external forcing; 

climate change. 
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 GENERAL INTRODUCTION 

0.1 Purpose of investigation and rationale 

There have been increasing concerns about the Earth’s climate changes and associated 

extreme events since the second half of the 20th century. According to the 5th Assessment 

Report of the Intergovernmental Panel on Climate Change, the global temperature during 

2003–2012 Common Era (CE) has been about 0.78°C warmer than that in the second half of 

19th century (1850–1900 CE), and the warming will very likely continue during the 21st 

century due to increasing greenhouse gases (IPCC, 2013). However, most instrumental 

temperature observations only began after the mid-19th and even the 20th century (Rennie 

et al., 2014). Thus, to evaluate climate variability and the forcing mechanisms in a long-term 

context, we must rely upon climate proxies that span from centuries to millennia (Mann et 

al., 2008), including historical documentary records and natural archives such as tree rings, 

ice cores, lake/ocean sediments, and boreholes. While some geological proxies allow 

reconstructing climate during the Last Glacial Maximum with substantial dating uncertainties 

(e.g., Masson-Delmotte et al., 2013), high-resolution (annual-to-decadal) temperature 

reconstructions over the CE have received particular attention (Jones et al., 2009; 

Christiansen and Ljungqvist, 2017).  

Over the last two decades, multiple large-scale millennial temperature reconstructions 

have been developed to assess the climatic excursions in the last 2000 years (Mann et al., 

2008, 2009; PAGES 2k Consortium, 2013; Wilson et al., 2016; Anchukaitis et al., 2017; 

Neukom et al., 2019), such as the relatively warm Medieval Climate Anomaly (MCA, c.a. 

950–1250 CE), and the colder Little Ice Age (LIA, c.a. 1450–1850). Northern Hemisphere 

reconstructions have also been used to decipher the relative contributions of natural (e.g., 

solar, volcanic, and orbital) and anthropogenic (e.g., greenhouse gases) forcing agents on the 
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temperature variability. Such detection and attribution studies have revealed the significant 

fingerprints of volcanic aerosols throughout historical times and the enhancing influence of 

greenhouse gases since the industrial period, while the impact of solar forcing is less 

prominent (Hegerl et al., 2007; Phipps et al., 2013; Schurer et al., 2013, 2014; PAGES 2k 

Consortium, 2019). Despite these achievements, our understanding of local- to global-scale 

temperature variations before ~1500 CE is largely constrained by unequal geographical 

distribution and sparseness of high-quality and high-resolution millennial proxy records 

(Mann et al., 2008; Masson-Delmotte et al., 2013; Christiansen and Ljungqvist, 2017; Esper 

et al., 2018; St. George and Esper, 2019), which are keys to data-model comparison over the 

last millennium (Neukom et al., 2018).  

Tree rings, mainly the total tree-ring width (TRW) and maximum latewood density 

(MXD), of mid-high-latitude conifers are the backbone of temperature reconstructions over 

the last two millennia (Jones et al., 2009; Büntgen et al., 2013; PAGES 2k Consortium, 2017). 

Tree rings can record inter-annual climate information (e.g., summer temperatures) because 

of their accurate dating to calendar years (Schweingruber, 2012). Widespread natural forests 

and easy sampling procedures (in general using increment borers) further make the annually 

resolved tree-ring data not only well-replicated (thus reducing uncertainties introduced by 

individuals) but also more densely distributed in space compared to other types of proxies. 

As a consequence, tree rings make up more than half (54–91%) of proxy series used for 

recent global multiproxy temperature reconstructions (Mann et al., 2008; PAGES 2k 

Consortium, 2013, 2019; Neukom et al., 2019). Numerous tree-ring chronologies have also 

been individually used to reconstruct summer temperatures at local (Büntgen et al., 2013; 

Esper et al., 2012, 2020; Gennaretti et al., 2014a; Fuentes et al., 2017) to hemispheric scales 

(Schneider et al., 2015; Stoffel et al., 2015; Wilson et al., 2016; Anchukaitis et al., 2017; 

Guillet et al., 2020).  

At present, there are only about forty annually resolved, temperature-sensitive tree-ring 

(TRW and MXD) series extending back to 1000 CE or earlier (Esper et al., 2016), although 
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thousands of tree ring chronologies have emerged over last few decades. Although millennial 

tree-ring chronologies are mostly abundant in the mid-high latitude of the Northern 

Hemisphere, they are clustered in Fennoscandia, the European Alps, Qinghai-Tibetan 

Plateau, and the western United States. In addition, considering the more robust MXD data 

compared to TRW (Frank and Esper, 2005; Esper et al., 2015), available datasets are even 

fewer (only 13), including 11 MXD chronologies from Eurasia (Wang et al., 2001; McCarroll 

et al., 2013; Esper et al., 2016, 2020). Such spatial coverage, in particular for MXD 

chronologies, is still far to fully represent the entire globe, hemisphere, or even the North 

American continent. Several millennial TRW and stable isotope chronologies have been 

developed in northeastern North America (Arseneault et al., 2013; Gennaretti et al., 2014a, 

2017; Naulier et al., 2015), however, there is only one MXD series spanning the last 

millennium which could not be used for dendroclimatic purposes due to data heterogeneity 

and low replication (Wang et al., 2001).  

This thesis, as a part of the “PERSISTENCE” project supported by the Natural Sciences 

and Engineering Research Council of Canada (NSERC), Hydro-Québec, Manitoba Hydro, 

and the Ouranos consortium, focuses on developing a high-quality millennial summer 

temperature reconstruction for the eastern Canadian boreal forest (i.e., Québec-Labrador 

Peninsula) using highly replicated MXD data or its blue intensity (BI) surrogates (Campbell 

et al., 2011; Rydval et al., 2014) measured from black spruce (Picea mariana (Mill.) BSP) 

trees. Previous works have exploited the TRW and isotope data to reconstruct millennial 

summer temperatures in central Québec (Gennaretti et al., 2014a, 2017; Naulier et al., 2015). 

However, it was suggested that the high-frequency temperature variations were poorly 

expressed in these reconstructions (Gennaretti et al., 2017). Therefore, there is a large fraction 

of unknown (perhaps underestimated) summer temperature variability which has yet to be 

reconstructed using MXD data. This work is intended to improve our understanding of the 

regional temperature history using the more robust MXD data over the last 1000 years. 

Simultaneously, our MXD network will fulfill an important spatiotemporal gap that currently 

exists in the global high-resolution temperature proxy database.  
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0.2 Tree rings as temperature proxies 

Tree-ring parameters 

A variety of tree-ring parameters have been found sensitive to summer temperatures, 

such as tree-ring width, density, and stable isotope ratios of cell walls (Schweingruber, 2012). 

Among them, only a handful of temperature-sensitive tree-ring stable isotope measurements 

(carbon, hydrogen, and oxygen) have been used to reconstruct temperature variability (Gagen 

et al., 2007; Liu et al., 2014; Porter et al., 2014; Naulier et al., 2015), and even no tree-ring 

isotope series were included in a recent global database of temperature proxies (PAGES 2k 

Consortium, 2017). In this section, we will thus focus on TRW and MXD, the two most 

important tree-ring proxies that are widely used in temperature reconstructions. 

Total tree-ring width is the most frequently used tree-ring proxy because it can be easily 

measured using instruments such as the LINTAB system (Rinntech) as well as image analysis 

software (e.g., CooRecorder developed by Cybis Dendrochronology). However, in general, 

temperature signals recorded in TRW are relatively weak, and species- and site-specific 

(Briffa et al., 2002; Frank and Esper, 2005). In regions where a unique limiting factor is not 

dominant, TRW growths can be governed by temperatures in several discontinuous seasons 

(Chen et al., 2012; Wang et al., 2019). Moreover, TRW exhibits exceptionally strong 

biological persistence (or memory effect) which most likely arises from utilization and 

remobilization of carbohydrates stored from precedent growing years (Esper et al., 2015; 

Frank et al., 2007). The resulting high autocorrelation (above the level of instrumental 

temperature records, see Esper et al., 2015) could thus lead to delayed and attenuated TRW 

responses to pulse-like cooling episodes (Esper et al., 2014, 2015; Wang et al., 2020), for 

example following large explosive volcanic eruptions which are important drivers of the 

Earth’s climate variability (Robock, 2000). Some studies also reported spectral biases related 

to strong autocorrelations of TRW series, which may inflate the low-frequency variability 

(Frank et al., 2007; Franke et al., 2013).  
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Maximum density in the latewood portion of tree rings is widely accepted as a more 

sensitive proxy for reconstructing summer temperatures than TRW (Björklund et al., 2019). 

In general, MXD responds more strongly to summer temperatures over broader seasons 

(Briffa et al., 2002; Frank and Esper, 2005). For example, the average correlation with 

summer (June–August) temperatures is 0.55 for MXD compared to 0.33 for TRW according 

to analyses on multi-century series from 11 sites in extratropical Northern Hemisphere (Esper 

et al., 2015). Summer temperature signals recorded in MXD are more independent of species 

and site ecology than TRW (Frank and Esper, 2005). Biological persistence of MXD is also 

weaker, such that the autocorrelation of MXD is similar to instrumental (Esper et al., 2015) 

and simulated temperature series (Lücke et al., 2019). MXD is thus capable of precisely 

recording inter-annual summer temperature variations and abrupt post-volcanic summer 

cooling episodes (Esper et al., 2013, 2015), although a few studies have argued that MXD 

overestimates volcanic cooling as this parameter can be light-sensitive (Stine and Huybers, 

2014; Tingley et al., 2014). A two-millennium MXD-based temperature reconstruction in 

Northern Scandinavia has further demonstrated the superiority of MXD data to record long-

term (millennial) cooling signatures induced by orbital forcing, a pattern which is largely 

absent in TRW chronologies developed from the same area (Esper et al., 2012).  

These advantages have increased calls for producing more high-quality MXD series in 

order to improve the robustness of tree-ring reconstructions from local to global scales and 

to fill the spatiotemporal gaps in the current temperature proxy network, in particular, in 

North America (Wilson et al., 2016; Anchukaitis et al., 2017; Esper et al., 2018; St. George 

and Esper, 2019; Büntgen et al., 2020; Zhu et al., 2020). However, the development of MXD 

series lags far behind that of TRW data, because it is constrained by the high cost of the 

conventional X-ray densitometric methods (e.g., X-ray radiography and computed 

tomography; Jacquin et al., 2017) and the lack of facilities (Rydval et al., 2014; Wilson et al., 

2014, 2019). In recent years, researchers have attempted to develop less expensive 

alternatives, such as the optical-based blue intensity (BI) approach (Campbell et al., 2007) as 

well as anatomical density methods (Björklund et al., 2019, 2020a).  
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Tree-ring standardization 

In practical reconstructions, most tree-ring data need to be standardized (or detrended) 

to remove growth patterns that do not vary with climate (Helama et al., 2017). Although this 

has been debated for the tree-ring isotopes (Duffy et al., 2019; Arosio et al., 2020; Nakatsuka 

et al., 2020), there is a consensus that non-climatic growth trends are evident in TRW and 

MXD series (see Young et al., 2011; Schweingruber, 2012). The principal idea of 

standardization is to fit the tree-ring growth pattern using suitable functions (e.g., modified 

negative exponential functions, slope lines, and smoothing splines), and subsequently 

remove this fitted curve from raw measurements using either subtraction or division (Fritts, 

1976). Traditional approaches proceed by fitting curves on a tree-by-tree basis and 

consequently set the mean of every standardized series to 1.0. Consequently, variability at 

wavelengths exceeding the lengths of tree-ring series cannot be retained in the standardized 

chronologies (i.e., the “segment length curse” issue), in particular when developing 

(millennial) long chronologies that combine subfossil materials with living trees for short 

living species (Cook et al., 1995).  

In the early 1990s, regional curve standardization (RCS) was introduced to mitigate the 

low-frequency losses resulting from traditional standardization methods in 

dendrochronology (Briffa et al., 1992). The RCS method basically relies on constructing one 

growth curve for one species in a region (i.e., regional curve) using averaged growth patterns 

of multiple tree-ring series aligned according to cambial ages (Briffa and Melvin, 2011; 

Helama et al., 2017). Pith offset data are generally needed for RCS, though some work 

suggested insignificant effects if not using pith offsets (Esper et al., 2008). Individual raw 

series are subsequently standardized using the regional curve by division or subtraction, such 

that the resulting mean of standardized series is not forced to be 1.0. This approach provides 

an effective way to preserve more long-term variations (Jones et al., 2009; Helama et al., 

2017). However, there are several potential problems associated with the RCS method (see 

details in Briffa and Melvin, 2011). For example, insufficient samples which cannot fully 
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represent a wide range of growth rates will very likely lead to biased regional curves. Thus, 

RCS may not be suitable to standardize small sets of tree-ring data. Another issue occurs 

with chronologies which only consist of living trees because some common climate signals 

will remain in the regional curve and be ultimately removed by the RCS procedure. This, 

however, appears to be ideally resolved by the signal-free approach (Melvin and Briffa, 

2008). Moreover, the RCS method is quite sensitive to data inhomogeneity, such as the cases 

where (1) trees largely exhibit distinct growth rates (Melvin and Briffa, 2014), (2) samples 

are collected from varying heights with different growth patterns (Autin et al., 2015), and (3) 

trees have been randomly disturbed (e.g., by fires and insects) in different periods (Björklund 

et al., 2013). A number of modifications of RCS have been proposed in specific situations 

(see details in Helama et al., 2017). Attention should thus be given when choosing methods 

or modifications of RCS to appropriately retain the low-frequency climate variability in tree-

ring chronologies and subsequent climate reconstructions. 

0.3 Blue intensity technique 

Blue intensity (BI) or blue reflectance (McCarroll et al., 2002) is a promising method 

to produce surrogates for X-ray density measurements. The optical-based BI technique only 

requires commercial flatbed scanners and affordable image analysis software (e.g., 

CooRecorder, Cybis Dendrochronology). Although pioneering works focused on the normal 

(visible) light brightness of tree rings (Sheppard et al., 1996; Sheppard, 1999), systematic 

comparisons among different types of light reflectance (red, green, blue, ultraviolet, and 

infrared) suggested that blue light reflectance is most similar to X-ray density (McCarroll et 

al., 2002). The term “blue intensity” was subsequently introduced in dendrochronology to 

represent the tree-ring light reflectance in the blue channel of the RGB space (Campbell et 

al., 2007). From earlier results, variations of lignin content in cell walls were assumed to be 

a key factor that links BI to density variation (McCarroll et al., 2002). However, more recent 

anatomical studies demonstrate that both BI and X-ray densitometric methods reflect cell 
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wall proportions (Björklund et al., 2017, 2019, 2020a), rather than cell wall components (e.g., 

lignin; Björklund et al., 2020b).  

There have been sustained efforts to explore the dendroclimatic potentials of the BI 

technique since the establishment of standard measuring protocols (Campbell et al., 2011; 

Rydval et al., 2014). Excellent correlations (r > 0.8, often > 0.9) have been reported between 

latewood BI (LBI) and MXD for a number of coniferous species (mostly pine and spruce) at 

mid-high-latitude sites in Europe (McCarroll et al., 2002; Campbell et al., 2007; Rydval et 

al., 2014; Österreicher et al., 2015; Kaczka et al., 2018) and western North America (Wilson 

et al., 2014). Another set of works revealed stronger temperature signals in LBI than TRW 

measured from temperate conifers in both Northern (Wiles et al., 2019; Wilson et al., 2019; 

Harley et al., 2020) and Southern Hemispheres (Brookhouse and Graham, 2016; Blake et al., 

2020). BI parameters have been recently shown to record informative climate signals in 

subtropical and tropical regions as well (Buckley et al., 2018; Cao et al., 2020). In addition 

to its dendroclimatic significance, LBI can facilitate the dating of archaeological wood 

samples (Wilson et al., 2017a) and the detection of ecological disturbances (Arbellay et al., 

2018; Rydval et al., 2018).  

In fact, the optical-based BI method is facing great challenges that are mainly related 

to discolorations of different wood samples. Any color irrelevant to climate variations will 

introduce biases in BI measurements (Wilson et al., 2019), in particular in the low-frequency 

domains (Björklund et al., 2014; Rydval et al., 2014). The most-widely-known issue is the 

color differences between sapwood and heartwood of many tree species (e.g., pine and larch) 

(Sheppard, 1999; Björklund et al., 2014; Rydval et al., 2014), a phenomenon resulting from 

accumulation of extractives in the inner portion of trees (Kampe and Magel, 2013). 

Discoloration may also be caused by external reasons during tree growth or after death, such 

as injury (Björklund et al., 2014), fungal growth (Rydval et al., 2014), decay (Wilson et al., 

2014), and weathering. Another less-documented discoloration issue occurs frequently with 

subfossil trees preserved in lakes (hereafter lake subfossil trees, LSTs). Overcoming these 
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issues is important to ensure unbiased and reliable BI data for climate reconstructions, given 

the high potential of the cheap BI to produce surrogates of MXD. In particular, resolving 

color biases associated with LSTs is critically needed because LSTs are ideal materials that 

can be combined with living trees to form well-replicated chronologies for reconstructing the 

climate over the last 1–2 millennia (Esper et al., 2012; Arseneault et al., 2013; Gennaretti et 

al., 2014a).  

Several chemical and mathematical solutions have been proposed to reduce color 

biases in BI data. Chemical methods aim at homogenizing the sapwood-heartwood colors 

using chemical reagents. Conventional organic solvents such as ethanol and acetone could 

not fully extract non-structural substances deposited in heartwood (Sheppard, 1999), even 

after a treatment of 144 hours (Rydval et al., 2014). Sheppard and Wiedenhoeft (2007) 

concluded that hydrogen peroxide beaching is effective to remove the heartwood color, 

although earlier works showed that bleaching tended to degrade the inter-annual variability 

of cell-wall brightness by altering some of their components (Sheppard, 1999). By contrast, 

the mathematical correction calculating the difference between LBI and earlywood BI (EBI) 

(i.e., the delta BI, hereafter referred to as DBI) appears to be a more promising approach 

(Björklund et al., 2014, 2015). The efficiency of DBI is not limited to the sapwood-heartwood 

issues but also to a variety of discolorations since DBI mathematically uses the EBI 

counterpart as a baseline to correct for the color-related low-frequency biases (Björklund et 

al., 2014). However, it was also pointed out that DBI might still contain low-frequency biases 

(Björklund et al., 2014, 2015), and an MXD-based adjustment was proposed (Björklund et 

al., 2015). Another approach combines the high-frequency components of LBI with the low-

frequency TRW data (Rydval et al., 2017a).  

In recent years an increasing number of LBI, including DBI measurements, have been 

used to reconstruct local (Dolgova, 2016; Wilson et al., 2017b; Heeter et al., 2020; Parfitt et 

al., 2020; Seftigen et al., 2020), regional (Trachsel et al., 2012; Linderholm et al., 2015; 

McCarroll et al., 2013; Rydval et al., 2017b; Heeter et al., 2021a, b), and hemispheric climate 
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(Wilson et al., 2016; Anchukaitis et al., 2017), although BI is still an immature method 

(Wilson et al., 2019). LBI and DBI series could potentially densify the millennial tree-ring 

network in order to improve our understanding of the pre-1500 climate changes. However, 

discoloration issues should be dealt with properly. 

0.4 Description of the study region 

This study encompasses a region between 50ºN and 58ºN, and 60ºW and 77ºW in the 

eastern Canadian boreal forest which covers a large part of the Québec-Labrador Peninsula. 

The entire study region is governed by the subarctic climate, characterized by long, cold 

winters and short, mild summers. According to the 1981–2010 climate normals of three 

nearby meteorological stations (Kuujjuarapik A, La Grande Rivière A, and Sept-Iles A; 

obtained from Environment and Climate Change Canada (ECCC) 2020) (Figure 1-1), the 

average annual temperature is −2 ± 2.6ºC (mean ± standard deviation (SD)), and the lowest 

and highest monthly mean temperatures reach −20.6 ± 4.6ºC and 13.5 ± 1.7ºC in January and 

July, respectively. Albeit cold, the eastern Canadian boreal forest receives relatively 

abundant precipitations (including rainfall and snowfall) throughout the year, about twice 

higher than the central and western boreal forest of Canada (D’Orangeville et al., 2016), due 

to moisture transportation by multiple storm tracks (Stralberg et al., 2020) influenced by the 

North Atlantic Ocean. The mean annual precipitation is about 826 ± 255 mm averaged from 

the three weather stations. Snowfall makes up 34.4% of the total precipitation and mostly 

accumulates from October to May. Accordingly, there are sufficient water supplies for trees 

to initiate and sustain their growth during the early growing season. Summer temperatures 

thus become a vital limiting factor for the regional forest productivity (Boucher et al., 2017). 

The study region is also covered by numerous lakes (more than half a million in Québec 

Province; Québec: Ministère de l’Environnement, 2002) which serve as important water 

resources for ecosystems as well as Québec’s hydroelectric productions.  
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The eastern Canadian boreal forest can be divided into three major latitudinal 

subdomains, including spruce-moss woodlands, spruce-lichen woodlands, and forest-tundra 

from south to north (Saucier et al., 2003). Black spruce is the most dominant coniferous 

species over all these domains, while other tree species, such as eastern larch (Larix laricina 

(Du Roi) Koch), balsam fir (Abies balsamea L.), jack pine (Pinus banksiana Lamb.), and 

poplars (Populus balsamifera and P. tremuloides) are found at lower densities (Payette, 

1993). Human activity is low, particularly in the north (White et al., 2017). By contrast, 

wildfire is the primary disturbance that alters forest ecosystems. Sedimentary charcoal-based 

reconstructions of fire history (Cyr et al., 2009; Hély et al., 2010) and dendrochronological 

studies (Gennaretti et al., 2014b, 2014c) have all suggested that the mean fire-return interval 

varies between 100–500 years and increase eastward. Consequently, black spruce forest is 

often young and even-aged (Bergeron and Fenton, 2012). Even though, several millennium-

length tree-ring chronologies have been successfully developed in our study region because 

the regional landscape (abundant black spruce, lakes, and peatlands) is favorable for long-

term preservations of wood remains that have randomly fallen in water, especially in sectors 

that have repeatedly escaped fires over several centuries (Arseneault and Payette, 1997; 

Wang et al., 2001; Payette and Delwaide, 2004; Arseneault et al., 2013; Gennaretti et al., 

2014a). 

Dendrochronological studies in the eastern Canadian taiga emerged in the 1980s. In 

particular, a range of tree-ring series were constructed from TRW, MXD, anatomical 

features, and light rings (tree rings with thin-walled latewood) of black spruce growing 

around the subarctic tree line in the Boniface River area (Payette et al., 1985, 1989; Filion et 

al., 1986; Arseneault and Payette, 1997; Lavoie and Payette, 1997; Wang et al., 2001, 2002; 

Payette and Delwaide, 2004). While these works were mostly designed to investigate long-

term forest dynamics from an ecological perspective, a few studies have attempted to exploit 

the dendroclimatic potential of black spruce tree rings by matching the diagnostic light rings 

to large explosive volcanic eruptions (Filion et al., 1986) and by examining tree-ring-climate 

relationships (Wang et al., 2001, 2002). No climate reconstructions have been developed in 
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the Boniface River area, despite the availability of long TRW and MXD chronologies 

(Arseneault and Payette, 1997; Wang et al., 2001; Payette and Delwaide, 2004; Delwaide et 

al., 2021). Arseneault et al. (2013) presented the potential of constructing well-replicated, 

millennial TRW chronologies using LSTs buried in lakes in Caniapiscau region, central 

Québec. This work has triggered several summer temperature reconstructions based on 

millennial TRW and stable isotope data (Gennaretti et al., 2014a, 2017; Naulier et al., 2015). 

The TRW chronology of the Caniapiscau region was recently extended over the entire 

Common Era and has been included in a Northern Hemisphere reconstruction of summer 

temperatures (Büntgen et al., 2020).  

Although instrumental climate records are very sparse and short (mostly starting after 

1950; see historical climate data of ECCC: https://www.canada.ca/en/environment-climate-

change/services/climate-change/science-research-data/climate-trends-variability/adjusted-

homogenized-canadian-data.html), proxy-based reconstructions have expanded our 

understanding of past climate changes in our study region over centuries to millennia. 

Multiple pollen and chironomid records from lake sediments allowed reconstructing 

postglacial summer temperatures for the Québec-Labrador Peninsula, revealing a very warm 

period from about 7–5k yr BP, as well as the evidence of the MCA and LIA (Kerwin et al., 

2004; Viau and Gajewski, 2009; Bajolle et al., 2018). It was concluded that the regional 

summer temperatures during the MCA were, at least, as warm as the present-day level (Viau 

et al., 2012; Bajolle et al., 2018). This is, in general, consistent with the findings of millennial 

summer temperature reconstructions based on tree rings in central Québec (Gennaretti et al., 

2014a, 2017; Naulier et al., 2015). In addition, these tree-ring reconstructions have shown an 

evident millennial summer cooling trend before the recent warming. The multi-proxy 

approach integrating TRW, 18O, and 13C data improved the regional low-frequency 

temperature variability over the last millennium, however, the high-frequency domain was 

poorly expressed due to the lack of millennial MXD data (Gennaretti et al., 2017). There are 

also numerous tree-ring- and sediment-based reconstructions that provide insights of 

https://www.canada.ca/en/environment-climate-change/services/climate-change/science-research-data/climate-trends-variability/adjusted-homogenized-canadian-data.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/science-research-data/climate-trends-variability/adjusted-homogenized-canadian-data.html
https://www.canada.ca/en/environment-climate-change/services/climate-change/science-research-data/climate-trends-variability/adjusted-homogenized-canadian-data.html
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hydroclimatic and drought variability during the last 500 years in our study region (Girardin 

et al., 2004; Dinis et al., 2019; Gagnon-Poiré et al., 2020; Nasri et al., 2020). 

0.5 Objectives and hypotheses 

Given the robustness of MXD and the fact that millennial MXD chronologies are 

exceptionally sparse, this thesis aims to provide a more comprehensive understanding of 

millennial summer temperature variability for the eastern Canadian boreal forest by 

developing a new network of robust millennial MXD chronologies or the BI surrogates (i.e., 

LBI and DBI) measured from living and subfossil samples of black spruce samples. To 

achieve this goal, three chapters were planned: 

Chapter I: Temperature sensitivity of blue intensity, maximum latewood density, and ring 

width data of living black spruce trees in the eastern Canadian taiga 

The BI technique shows great potential as a cheaper alternative to the X-ray 

densitometric method to generate surrogates of MXD. Although climate signals in LBI and 

DBI were examined for living-tree samples of several coniferous species growing in Eurasia 

and North America, no such investigation has yet been conducted using black spruce growing 

in the eastern Canadian boreal forest. Comparing BI parameters (LBI and DBI) with 

traditional tree-ring parameters (TRW and MXD) measured from living black spruce trees 

provides a basis for understanding the suitability of LBI and DBI for summer temperature 

reconstructions. This chapter helped us to select the more robust parameter for our final 

reconstruction in Chapter III.   

Objective I: Assess the temperature sensitivity of BI parameters (LBI and DBI), MXD, and 

TRW over the instrumental period. 
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Hypothesis I: Across the eastern Canadian boreal forest, the four tree-ring parameters of 

black spruce respond significantly to the summer temperatures of the current year. LBI and 

DBI are as temperature-sensitive as MXD and more robust than TRW. 

Hypothesis II: DBI is more strongly correlated to summer temperatures than LBI because 

DBI can reduce potential biases caused by wood discoloration. 

Objective II: Test and compare the summer temperature signal strength depending on the 

sample replication for the four parameters. 

Hypothesis III: Summer temperature signal of TRW is more dependent on tree replication 

compared to LBI, DBI, and MXD.   

Chapter II: Chemical destaining and the delta correction for blue intensity measurements of 

stained lake subfossil trees 

Staining or discoloration issues are the largest challenge when applying the promising 

BI technique for climate reconstructions. Subfossil trees buried in lakes from the eastern 

Canadian boreal forest are frequently stained with different intensities of gray and blue colors 

after being sampled and exposed to air. Some chemical and mathematical approaches have 

been proposed to resolve discoloration biases (mostly the sapwood-heartwood issue) in BI 

measurements, however, no work has particularly focused on the staining problem of LSTs. 

It is thus critical to understand the causes of the stains on LSTs and explore suitable protocols 

to remove such stains in order to produce unbiased BI data from LSTs of black spruce for 

future climate reconstructions.  

Objective I: Study the causes of the staining problem of LSTs buried in lake sediments in 

the eastern Canadian boreal forest.  
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Hypothesis I: The stain of LSTs is mainly caused by oxidation of iron transferred to wood 

from sediments, which can be removed using some antioxidant reagents. 

Objective II: Compare the LBI and DBI measured from chemically treated samples with the 

X-ray-based MXD measurements over the last 400 years to verify the effect of chemical 

destaining and mathematical correction.  

Hypothesis II: Chemical destaining protocol and DBI can greatly improve BI-based 

temperature reconstructions that are comparable to MXD-based reconstructions. 

Chapter III: North American millennial temperatures from tree-ring density data 

MXD of conifers growing in cool environments is a superior proxy for reconstructing 

summer temperatures than TRW. Because MXD more precisely captures the inter-annual 

temperature variability, it is considered as a suitable proxy to study the cooling effects of 

large volcanic eruptions, an important natural forcing of summer temperature variability 

(Robock, 2000; Sigl et al., 2015). In the eastern Canadian boreal forest, a region sensitive to 

volcanic eruptions (Gennaretti et al., 2014a), there is no MXD-based millennial temperature 

reconstruction although some have used TRW and tree-ring stable isotopes. Developing a 

network of well-replicated millennial MXD series in this region would not only improve the 

understanding of the temperature variability over the last 1000 years as well as the volcanic 

effects, but also will fill an important gap in the global network of millennial MXD 

chronologies. 

Objective I: Reconstruct millennial summer temperatures with two approaches: (1) using 

only MXD chronologies and (2) integrating MXD series and the existing TRW, 18O, and 

13C chronologies to compose a four-proxy reconstruction. 

Hypothesis I: The two new millennial summer temperature reconstructions are more strongly 

calibrated against instrumental targets compared to the reconstructions based on TRW only 
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or assembling TRW, 18O, and 13C data. The four-proxy reconstruction better records the 

regional temperature variability than the MXD-only reconstruction because it includes 

multiple temperature proxies such that the individual sources of error of each proxy are 

largely reduced. 

Hypothesis II: The two reconstructions are important complements to pervious TRW and 

isotope-based reconstructions in high-frequency domain for summer temperatures in eastern 

Canada. 

Hypothesis III: Low-frequency patterns (the MCA, LIA and the recent warming) revealed by 

our two new reconstructions are consistent with previously published temperature 

reconstructions and climate model simulations over the last millennium. 

Objective II: Explore the fingerprints of large-scale climate forcings superimposed in our 

two millennial summer temperature reconstructions.   

Hypothesis IV: The two new reconstructions are able to record forcing signals related to large 

volcanic eruptions as well as from others forcing agents (e.g., solar activities, orbital, and 

anthropogenic influences).  
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1.1 Résumé 

Le premier chapitre de ma thèse, intitulé « Sensibilité à la température de l'intensité du 

bleu, de la densité maximale du bois final et de la largeur des cernes des épinettes noires 

vivantes dans la taïga de l'est du Canada », a été rédigé par Feng Wang, Dominique 

Arseneault, Étienne Boucher, Gabrielle Galipaud Gloaguen, Anne Deharte, Shulong Yu et 

Nadège Trou-kechout. J'ai participé à la planification de l'expérience, à la collecte et l'analyse 

des données et j'ai été le principal rédacteur du manuscrit. Mon directeur et mon co-directeur 

de recherche, les professeurs Dominique Arseneault et Étienne Boucher, ont supervisé la 

recherche et ont révisé le manuscrit. Gabrielle Galipaud Gloaguen, Anne Deharte, Shulong 

Yu et Nadège Trou-kechout ont toutes été impliquées dans la collecte des échantillons ou des 

données et dans les discussions connexes. Dans ce chapitre, nous avons étudié le potentiel 

dendroclimatique des mesures d'intensité du bleu (LBI et DBI) sur 178 épinettes noires 

vivantes via des comparaisons avec des données de densité maximale du bois final et de 

largeur des cernes annuels de croissance des arbres. En examinant l'effet de la réplication des 

données sur la robustesse des signaux de température fournis par ces paramètres 

dendrochronologiques, ce chapitre permet également d'évaluer nos reconstitutions 

dendroclimatiques dans le troisième chapitre de la thèse. 

La technique de l'intensité du bleu (BI) offre un substitut peu couteux à la mesure de la 

densité des cernes pour reconstituer les températures estivales dans les régions de haute 

latitude. Dans cette étude, nous comparons la BI du bois final (LBI) et le delta BI (DBI), avec 

des données conventionnelles de densité maximale de bois final obtenues par la méthode des 

rayons X (MXD) et des données de largeur de cerne (TRW) pour 178 spécimens vivants 

d'épinette noire (Picea mariana (Mill.) BSP) provenant de 17 sites de la taïga du Québec-

Labrador. Les chronologies régionales de la LBI et du DBI sont fortement corrélées à celles 

de MXD (Pearson's r = 0,97 et 0,92, respectivement), tandis que le DBI est en plus corrélé 

aux données de TRW (Pearson's r = 0,67). La LBI et le DBI répondent plus fortement aux 

températures de mai à août que le TRW, et ce pour des échelles temporelles et spatiales plus 
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étendues. Cependant, seul le DBI est aussi bien corrélé aux températures estivales que le 

MXD pour les échelles de temps interannuelles à décennales. Les signaux de basses 

fréquences du LBI sont probablement déformés par des problèmes de coloration du bois, 

ainsi que par la résolution des mesures plus faible, ce qui conduit à une sensibilité à la 

température inférieure par rapport au MXD. Une expérience de ré-échantillonnage suggère 

qu'une réplication minimale de 10 arbres est nécessaire pour conserver ≥90% du signal de 

température contenu dans les données du MXD, de la LBI et du DBI, alors qu'un minimum 

de 20 arbres est requis pour les données du TRW. 

1.2 Abstract 

The first chapter of my thesis, entitled Temperature sensitivity of blue intensity, 

maximum latewood density, and ring width data of living black spruce trees in the eastern 

Canadian taiga, was written by Feng Wang, Dominique Arseneault, Étienne Boucher, 

Gabrielle Galipaud Gloaguen, Anne Deharte, Shulong Yu, and Nadège Trou-kechout. I 

participated in experiment design, the collection and analysis of the data, and was the 

principal writer of the manuscript. My supervisor and co-supervisor, professors Dominique 

Arseneault and Étienne Boucher supervised the research and revised the manuscript. 

Gabrielle Galipaud Gloaguen, Anne Deharte, Shulong Yu, and Nadège Trou-Kechout were 

all involved in sample or data collection and related discussions. In this chapter, we 

investigated the dendroclimatic potential of blue intensity measurements (LBI and DBI) of 

178 living black spruce trees via comparisons with maximum latewood density and tree-ring 

width data. By examining the effect of data replication on the robustness of the temperature 

signals provided by these dendrochronological parameters, this chapter also allows us the 

evaluate our dendroclimatic reconstructions in the third chapter of this thesis.  

The blue intensity (BI) technique provides opportunities to obtain surrogates to tree-

ring density for reconstructing summer temperatures in high-latitude regions. In this study, 

we compare latewood BI (LBI) and delta BI (DBI), with the conventional X-ray maximum 
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latewood density (MXD) and tree-ring width (TRW) data using 178 living trees of black 

spruce (Picea mariana (Mill.) B.S.P.), one of the most dominant species of conifers in the 

Northern Hemisphere, from 17 sites across the eastern Canadian taiga. The regional LBI and 

DBI chronologies are highly correlated to that of MXD (Pearson’s r = 0.97 and 0.92, 

respectively), while DBI is also similar to TRW (Pearson’s r = 0.67). Both LBI and DBI 

exhibit stronger responses to the May–August temperatures than TRW over larger time and 

spatial scales. However, only DBI is comparable to MXD data from inter-annual to decadal 

timescales. Low-frequency components of LBI data are likely distorted by color biases even 

if no obvious discoloration is present, as well as by the potentially low measurement 

resolution, leading to an overall weaker temperature sensitivity compared to the MXD data. 

A resampling experiment suggests that a minimum replication of 10 trees is needed to retain 

≥90 % of the optimal temperature signal for MXD, LBI, and DBI data, and a minimum of 20 

trees is required for TRW data. 

1.3 Introduction 

Annually resolved tree rings are important archives of climate that extend our 

knowledge of climate change back to pre-instrumental times. For decades, a range of climate-

sensitive tree-ring properties (i.e., width, density, stable isotope ratios, and anatomical 

features) have been widely used to reconstruct the centennial to millennial climate, 

particularly the tree-ring width (TRW) and maximum latewood density (MXD) parameters 

(Schweingruber, 2012). The MXD of conifers in temperature-limited regions is the most 

powerful proxy for reconstructing summer temperatures (Esper et al., 2014, 2015, 2017a; 

Frank and Esper, 2005; Rydval et al., 2014), because it captures stronger temperature signal 

over a longer growing season (Frank and Esper, 2005; Tuovinen et al., 2009), and is less 

influenced by biological persistence in the time series than TRW (Esper et al., 2015, 2017b). 

However, compared to TRW, fewer long MXD series have been developed, particularly in 

North America (Anchukaitis et al., 2017; St. George and Esper, 2019), mostly due to the need 
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for costly X-ray densitometric facilities (Björklund et al., 2014; Rydval et al., 2014; Wilson 

et al., 2017a).  

In the last two decades, the blue intensity (BI) method has been developed as a cheaper 

surrogate to the traditional X-ray densitometric technique (Kaczka et al., 2018; McCarroll et 

al., 2002; Rydval et al., 2014). Instead of measuring the wood density, BI measures the blue 

light reflectance of tree rings using affordable commercial flatbed scanners and image 

analysis software. Latewood BI (hereafter referred to as LBI) is found to correlate strongly 

with MXD for several coniferous tree species in Europe (Campbell et al., 2007; Kaczka et 

al., 2018; Österreicher et al., 2015; Rydval et al., 2014) and North America (Parfitt et al., 

2020; Wilson et al., 2014). Therefore, BI data are being used increasingly for regional 

temperature (Dolgova, 2016; Heeter et al., 2019; Parfitt et al., 2020; Wilson et al., 2019) and 

precipitation reconstructions (Seftigen et al., 2020), tree-ring dating (Wilson et al., 2017b), 

as well as the detection of ecological disturbances (Arbellay et al., 2018; Rydval et al., 2018).  

Yet, BI-based climate reconstructions can be distorted by color biases, such as 

sapwood-heartwood color differences and colors related to the incomplete extraction of 

resins and other extractives (Björklund et al., 2014). The delta BI (DBI) was developed to 

overcome these problems, by differencing the earlywood BI (EBI) and LBI values of each 

tree ring (Björklund et al., 2014, 2015). DBI can reduce low-frequency biases caused by color 

contaminations (Björklund et al., 2014, 2015; Wang et al., 2020; Wilson et al., 2017a). 

However, the use of DBI data for climate reconstructions has been less frequently assessed 

compared to LBI (Fuentes et al., 2017; Heeter et al., 2019; Wilson et al., 2017a).   

Black spruce (Picea mariana (Mill.) B.S.P.) is a dominant species across the North 

American boreal forest and one of the most dominant conifers of the Northern Hemisphere. 

In the eastern Canadian taiga, MXD of black spruce is more sensitive to spring–summer 

temperatures than TRW (Boucher et al., 2017; Wang et al., 2001, 2002). Although the 

potential of BI as a surrogate to MXD has been assessed on stained black spruce subfossil 

stems (Wang et al., 2020), the temperature sensitivity of BI in black spruce remains poorly 
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understood because previous work only used a few living-tree stems. In this paper, we 

performed extensive assessments to test the temperature sensitivity of BI parameters (i.e., 

LBI and DBI) based on a dataset composed of 178 living trees. Our hypothesis is that LBI 

and DBI of living black spruce trees are as temperature-sensitive as MXD and more robust 

than TRW.  

1.4 Materials and methods 

1.4.1 Tree-ring data 

We used a network of 178 living black spruce trees growing at 17 sites across a vast 

region (74ºW to 60º W, 50ºN to 56º N) in the eastern Canadian taiga (Fig. 1-1; Table 1-1). 

Stem discs were sampled from dominant trees during several field campaigns from 2002 to 

2017. According to three nearby meteorological stations (Fig. 1-1; Environment Canada, 

2020), the annual average temperature (1981–2010) of the study region is approximately -2 

ºC, with the coldest and warmest mean monthly temperatures reaching -20.6 ºC and 13.5 ºC 

in January and July, respectively. Total annual precipitation averages about 826 mm, with 

minimum and maximum precipitations of 38 mm and 109 mm in February and September, 

respectively. Regional forests are strongly dominated by black spruce, along with some 

minor coniferous and deciduous species such as balsam fir (Abies balsamea L.), eastern larch 

(Larix laricina (Du Roi) K. koch), and aspen (Populus tremuloides) (Payette, 1993). 

Selected samples showed no apparent color anomalies (e.g., reaction wood, decay, and 

heterogeneous colors between sapwood and heartwood). MXD data from 14 sites had been 

measured previously to investigate forest productivity changes (Table 1-1; Boucher et al., 

2017). We added three new sites (i.e., L105, L134, and L20) to improve the spatial 

representation and tree replication. Wood blocks were extracted from stem discs along 1–2 

radii and transversely cut into 1 mm-thick laths using a twin-blade saw (Dendrocut2003, 

Walesch Electronic). The laths were then pretreated with 95 % ethanol in Soxlet extractors 

for 48 h to remove resins and other extractives. The MXD measurements were taken using 
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the DendroXray2 and Dendro2003 systems (Walesch Electronic) following the standard 

protocol (Schweingruber, 2012).  

The BI and TRW data were measured from the same laths as used for MXD 

measurements or from duplicate laths from the same wood block. Finely polished laths (1000 

grit) along with an IT8.7/2 calibration target were scanned as RGB images using SilverFast 

8.0 software (LaserSoft Imaging) and an Epson V800 scanner covered by a black plastic box 

(Rydval et al., 2014). The actual resolution of images is about 2580×1825 dpi according to 

the USAF-1951 resolution target. The image analysis software CooRecorder 8.1 (Cybis 

Dendrochronology) was used to calibrate images and measure the BI and TRW data. We 

selected the semi-automatic “Seasonwood” mode to separate measurements of earlywood 

and latewood. The raw LBI was defined as average of the darkest 30 % of the pixels in 

latewood and the EBI was defined as average of 100 % of the pixels in earlywood. We 

inverted the LBI and EBI by subtracting the raw BI values from 256 to make BI series 

positively correlated with wood density values (Rydval et al., 2014). The DBI was 

automatically calculated by differencing the raw EBI and LBI measurements in 

CooRecorder. Details of the density and BI measurements can be found in Section 2 of Wang 

et al (2020). In subsequent analysis, we kept only the tree-ring series with measured values 

for LBI, DBI, MXD, and TRW and raw measurements were averaged by tree when more 

than one radius was available. 

Tree-ring series were individually standardized by site and parameter (LBI, DBI, 

MXD, and TRW) using the RCSigFree program (Cook et al., 2014) and signal-free age-

dependent spline smoothing, a method that more naturally fits tree-ring growth (Melvin et 

al., 2007). This was consistently the most suitable approach for all parameters among 

multiple smoothing methods, showing optimal correlations with the MJJA mean 

temperatures (not shown). We indexed series as ratios and power-transformation plus 

residuals (Cook and Peters, 1997), since MXD and TRW exhibited evident heteroscedastic 

variance (Supplementary Fig. 1-S1) according to the relationships between mean and 



 

 

24 

variance of raw, unstandardized tree-ring data (Cook and Kairiukstis, 2013; Helama et al., 

2008). We chose ratio chronologies (hereafter chronologies or chronology) of all parameters 

for this study due to their stronger temperature signals at local (≥11 of 17 sites) and regional 

scales, even for LBI and DBI which are not heteroscedastic (Supplementary Fig. 1-S2). Ratio 

indexation of LBI and DBI allowed direct comparisons with MXD and TRW series. 

Standardized series were averaged by site using Tukey’s bi-weight robust mean to form local 

chronologies, which were later truncated to ensure a replication of ≥5 trees since 1901 (a 

minimum of two trees was used for site POOL due to poorly replicated MXD data) 

(Supplementary Fig. 1-S3). Subsequently, a regional chronology for each parameter was 

arithmetically averaged from the corresponding 17 local chronologies and was considered 

for the time interval 1901–2000. Expressed population signal (EPS; Wigley et al., 1984) was 

computed for local and regional chronologies using the “dplR” R package (Bunn, 2008). We 

also developed one EBI chronology using the same approach, but this parameter was used 

only to interpret inter-parameter relationships.  

1.4.2 Temperature data 

We used the CRU TS 4.03 0.5° gridded monthly mean temperature dataset (Harris et 

al., 2014) since there are few meteorological stations providing long instrumental records in 

the study region. Data from the four closest gridded points to each site were averaged to 

generate 17 local temperature targets. We also computed a regional temperature target 

covering the entire study region between 75º W–60º W and 50º N–60º N. The CRU data were 

obtained from the KNMI Climate Explorer (https://climexp.knmi.nl/). 

1.4.3 Data analysis 

We used the “treeclim” R package (Zang and Biondi, 2015) to calculate the Pearson’s 

correlation coefficients (Pearson’s r or r) between monthly temperature targets and the 

corresponding LBI, DBI, MXD, and TRW chronologies. Pearson’s r was also used to assess 

the May–August (MJJA) temperature signal strength of the regional tree-ring series as well 

as the 10-year high-pass and low-pass filtered series generated using the Butterworth filter 
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provided in the “dplR” R package (Bunn, 2008). In addition, in order to study the frequency-

dependent relations of tree-ring parameters with the MJJA mean temperatures, we applied 

multi-taper coherence analysis with adaptive weighting (Thomson, 1982) and bias correction, 

using the Matlab functions developed by Huybers (2020). We calculated the coherency, 

rather than the squared coherency to make results comparable to Pearson’s r. Spatial domains 

of the four regional tree-ring chronologies were assessed on the KNMI Climate Explorer 

(https://climexp.knmi.nl/), using MJJA mean temperatures from the CRU TS 4.03 (land) and 

HadISST1 (ocean; Rayner et al., 2003) temperature datasets (resolution of 1°).  

We designed a random resampling experiment to study the influence of tree replication 

on the temperature signal. For each parameter, N samples were randomly taken with 

replacement from the available 178 standardized tree-ring series, with a sample size of 5–

100 trees, by steps of 5. After each draw, a chronology was averaged from sampled series 

using the Tukey’s bi-weight robust mean and was correlated against the regional MJJA mean 

temperatures (averaged from 75ºW–60º W and 50ºN–60º N). This procedure was repeated 

1000 times for each sample size. The replication of 100 trees was set as the optimal target 

replication because it systematically yielded the highest median temperature correlation for 

each parameter. Using two-sample, one-sided Wilcoxon rank sum tests, we compared 

Pearson’s r distributions obtained from resampling at lower replications to the target 

replication. By incrementally increasing replication, we determined when the median 

correlation reached or exceeded 90 % of the median correlation coefficient calculated from 

the optimal replication (N=100). We also compared the resampling results of DBI and MXD 

using the same procedure. Temperature correlations of DBI and MXD were considered 

identical when the difference of their Pearson’s r was less than 0.005. 
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1.5 Results 

1.5.1 Inter-parameter comparison 

The regional LBI, DBI, MXD, and TRW chronologies (Fig. 1-2), were fairly robust 

according to the EPS statistics (Table 1-1). Although local chronologies were less robust due 

to lower replication, their respective EPS values were generally above 0.8 (Table 1-1). TRW 

chronologies at seven sites showed EPS < 0.8, demonstrating that TRW contains the weakest 

climate signals compared to LBI, DBI and MXD, all of which had only 1–3 sites with an 

EPS smaller than 0.8.  

Regional LBI and MXD chronologies, averaged across sites, were almost perfectly 

correlated (r = 0.97) compared to Pearson’s r of 0.82 ± 0.12 (mean ± SD) across the 17 pairs 

of local chronologies (Supplementary Fig. 1-S4). Correlation coefficients between DBI and 

MXD were also very high (r = 0.92 at regional scale), though slightly lower than LBI (Table 

1-2; Supplementary Fig. 1-S4), because the DBI is a function of both LBI and EBI. In 

addition, DBI had a higher correlation with TRW at regional (r = 0.67) and local scales (r = 

0.62 ± 0.16), than was observed between TRW and LBI or MXD. Correlation analyses using 

first-differenced series showed similar results (Table 1-2). Although the regional EBI 

chronology was positively correlated with the four other parameters, its correlation with 

TRW was negative (r = -0.25, p < 0.05) when using first-differenced data (Table 1-2). 

1.5.2 Correlation with temperature 

Local LBI, DBI, and MXD chronologies responded more strongly to temperatures of 

the current summer than the TRW chronologies (Fig. 1-3). Correlations with temperatures 

were significant (p < 0.01) and positive over the entire MJJA season at most sites for LBI, 

DBI, and MXD, with several sites also showing significant correlations in April and 

September. MXD is the only parameter that was significantly correlated with MJJA 

temperatures at site CEA, where tree replication and EPS values are low (Table 1-1; Fig. 1-

3). In contrast, TRW data correlated significantly to temperatures during a single or a few 



   

 

27 

summer months and only at 12 sites. TRW also showed some negative correlations (p < 0.01) 

with temperatures of the previous MJJA season at a few sites, particularly in August (Fig. 1-

3). At the regional scale, the MXD chronology was the most related to MJJA mean 

temperatures (r = 0.72), followed by DBI (r = 0.71), LBI (r = 0.68), and TRW (r = 0.48). 

The corresponding 10-year low-pass filtered chronologies showed the same result, while DBI 

high-pass filtered data showed a slightly higher Pearson’s r than that of the MXD chronology 

(Fig. 1-2). Site-by-site correlations with MJJA temperatures can be found in Supplementary 

Figures 1-S5–1-S8. 

Although coherencies of DBI and MXD with MJJA temperatures were comparable 

when averaged across all frequencies (0.73 vs 0.74, respectively), some differences were 

found among frequency domains. Coherencies of LBI, DBI, and MXD were similar in the 

high-frequency domain (periods < 3 years; Fig. 1-4), in line with the Pearson’s r between 

high-passed time series (Fig. 1-2). However, DBI exhibited higher coherency for 

intermediate periods of 3–8 years, whereas MXD was consistently the most temperature-

coherent parameter in the lower-frequency domain (periods > 8 years; Fig. 1-4). Compared 

to DBI and MXD, coherency of LBI tended to gradually decrease from high to low 

frequencies. In contrast, coherency between TRW and summer temperatures was weak for 

very high (periods < 2 years) and intermediate frequencies (4–15 years), but increased 

markedly to be significant at periods of 2–4 years and > 15 years (Fig. 1-4).  

Spatial domains of MJJA temperature correlations were larger for LBI, DBI, and MXD 

than for TRW, particularly over the mainland (Fig. 1-5). Positive correlations (r ≥ 0.25) with 

MJJA land temperatures covered the entire Quebec-Labrador Peninsula and extended 

westward up to the Rocky Mountains. These patterns, including the oceanic domain, were 

similar to the spatial correlation derived from our regional temperature target (averaged from 

75ºW–60º W and 50ºN–60º N; Fig. 1-5). In contrast, the spatial domain of correlations (r ≥ 

0.25) for TRW showed limited extension to central Canada (Fig. 1-5d). 
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1.5.3 Influence of tree replication on the temperature signal 

The resampling experiment confirmed that DBI and MXD are more sensitive to MJJA 

mean temperatures than LBI and TRW (Fig. 1-6). However, DBI depended more strongly on 

tree replication than MXD. The temperature signal became nearly identical (difference of 

Pearson’s r less than 0.005) for DBI and MXD when tree replication was greater than 20. In 

addition, MXD, LBI, and DBI needed a minimum of 10 trees to retain at least 90% of their 

optimal temperature signal, while TRW required a minimum of 20 trees.  

1.6 Discussion 

Our results indicate that the LBI and DBI of black spruce are sensitive temperature 

proxies similar to MXD that is generated using the X-ray densitometric method (see 

Supplementary Fig. 1-S9 for a direct comparison). In addition, because DBI corrects for the 

color biases in LBI using the BI data from the earlywood as a background for the LBI 

counterpart (Björklund et al., 2014), DBI preserves most of the LBI signal as well as the 

corresponding association with temperatures. 

Two hypotheses have been proposed to explain the similarity between LBI and MXD. 

Earlier works attributed such high correlations to the lignin content of the latewood cell walls 

(McCarroll et al., 2002). Yet few evidences support direct co-variations of lignin content and 

LBI (or MXD). Gindl et al. (2000) reported a non-significant correlation between latewood 

lignin content and density, though based on only ten-year tree-ring series of Norway spruce 

(P. abies). Moreover, latewood lignification was in fact related to temperatures at the end of 

the growing season, i.e., September to October (Gindl et al., 2000; Piermattei et al., 2015), 

whereas MXD was mainly regulated by temperatures in earlier months. In addition, a more 

recent study revealed an offset of lignin content between the sapwood and heartwood of Larix 

gmelinii (Lu et al., 2020). This suggests that cell wall lignin may not be the predominant 

driver of the density variation (e.g., MXD) as density measurements generally do not show 

the sapwood-heartwood distinction (Bjorklund et al., 2014, 2015). Nevertheless, as a key 
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component of cell walls, lignin content may affect the variation of density to some extent. It 

is thus reasonable to obtain the most temperature-sensitive light intensity parameter in the 

blue channel (i.e., lignin absorbs shortwave lights) compared to the red and green ones 

(McCarroll et al., 2002). A more likely explanation for the similarity of LBI and MXD is that 

both parameters reflect the variations of cell wall proportions in the latewood, as 

demonstrated by excellent correlations between LBI (or MXD) and structural anatomical 

features (Björklund et al., 2017, 2019, 2020). 

Although highly correlated with MXD, LBI exhibited increasingly weaker temperature 

responses on the low frequency spectrum (Fig. 1-4). As a direct measure of blue light 

reflectance, LBI is sensitive to color contaminations such as darker heartwood than sapwood 

or staining caused by fungi invasion (Björklund et al., 2014, 2015; Rydval et al., 2014), as 

well as postsampling oxidation of Fe in subfossil wood buried in lake sediments (Wang et 

al., 2020). In this study, we carefully chose 178 living-tree samples without apparent color 

issues, in addition to the fact that black spruce generally shows indistinguishable sapwood-

heartwood color difference (Yang, 2007). Nevertheless, some color biases may still be 

present in our samples, for example due to incomplete resin extraction, and distort the low-

frequency variability of LBI. In addition, it was suggested that the climate signal strength of 

density data (LBI, MXD, and anatomical density) depends strongly on the measurement 

resolution, particularly when TRW are narrow (Björklund et al., 2019). For the BI method, 

the lower image resolution imposed by flatbed scanners compared to other techniques could 

degrade the temperature sensitivity of LBI series (Björklund et al., 2019). Similar results 

were reported for Norway spruce whose LBI correlates with temperature in a more unstable 

manner than MXD (Kaczka et al. 2018). Our resampling experiment (Fig. 1-6) further 

demonstrates that such loss of temperature signal relative to MXD is inherent to LBI and less 

likely to be compensated by increasing replication. These results add to the well-documented 

difficulties of generating unbiased LBI data in the low-frequency domain.  
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In contrast to LBI, the summer temperature signal of DBI is almost identical to MXD. 

Two main reasons explain the excellent temperature sensitivity of DBI. First, DBI is efficient 

in reducing color biases that may distort LBI data (Björklund et al., 2014, 2015), resulting in 

a stronger signal strength and more stable temperature correlations across a larger range of 

frequencies (Fig. 1-4). Second, the DBI of black spruce also contains the temperature signal 

carried by TRW data due to the fairly good correlation between these two parameters (r = 

0.67). This phenomenon may apply to several coniferous species where earlywood density 

(EWD; or EBI) negatively co-vary with TRW (Björklund et al., 2017). A significant (p < 

0.05) Pearson’s r of -0.25 based on the first-differenced series confirmed that such negative 

co-variations between TRW and EBI (and likely EWD) occurs also for black spruce (Table 

1-2). Similar findings have been reported for silver pine (Manoao colensoi) in New Zealand 

(Blake et al., 2020). In fact, under warm temperatures, trees produce more tracheids with 

larger lumens to increase the hydraulic conductivity in the early growing season. EWD (or 

EBI) is lower due to the larger cells in the earlywood, and larger cells in the meantime 

coincide with wider rings. Hence, EBI correlates negatively with TRW. As a consequence, 

temperature-dependent variations of TRW can be partially transferred to DBI 

(Supplementary Fig. 1-S10).  

In theory, the temperature sensitivity of DBI also depends on the climate signal 

recorded in the EBI. The temperature signal of DBI can thus be degraded when EBI is well 

synchronized with LBI, as reported for yellow cedar (Callitropsis nootkatensis) in Alaska 

(Wiles et al., 2019). However, the EWD of black spruce (equivalent to EBI) contains weak 

climate information even at the northern treeline (Boucher et al., 2017; Wang et al., 2001, 

2002), explaining why most of the climatic information is preserved in the calculation of DBI 

from LBI and EBI.   

We found that temperature sensitivity of TRW is weaker than that of MXD, LBI or 

DBI in black spruce, in agreement with previous studies on the other species (Björklund et 

al., 2017; Esper et al., 2015; Frank and Esper, 2005; Wilson et al., 2014, 2017a). The main 
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explanation for this result is the strong biological persistence of TRW data (Esper et al., 2015; 

St. George and Esper, 2019). In contrast to latewood density which mainly depends on 

photosynthates accumulated during the current growing season (Conkey, 1986), TRW also 

depends on photosynthates from previous seasons (Miina, 2000; St. George and Esper, 2019; 

Wang et al., 2019). For example, we found that compared to other parameters, TRW 

expressed stronger temporal autocorrelations (Supplementary Fig. 1-S11) as well as a ~two-

year delayed response to an abrupt cooling event in 1956 (Fig. 1-2), in addition to negative 

correlations with the temperature of the previous summers (Fig. 1-3). However, the lower-

frequency (period > 15 years) variability of TRW can likely benefit from the smoothing effect 

of biological persistence and thus display improved correlations with temperature (Fig. 1-4). 

1.7 Conclusion 

This study confirms that the cheap BI methodology can be used to produce robust 

temperature-sensitive BI parameters for living black spruce trees in the eastern Canadian 

taiga. LBI, DBI, and MXD data contain much stronger MJJA temperature signals than TRW 

for wider frequency and spatial domains. However, LBI is less temperature-sensitive than 

DBI and can be distorted at low frequencies by some potential discoloration problems and 

low measurement resolution. Since LBI and DBI can be measured simultaneously, attention 

should be paid equally to the two parameters in future works with living-tree materials in 

order to select the most suitable proxy for paleoclimate reconstructions, even where no 

apparent discoloration occurs. In addition, although discoloration issues are challenging the 

BI method, DBI of black spruce is unaffected by iron stains on the subfossil stems buried in 

lake sediments (Wang et al., 2020). DBI data from living-tree and subfossil black spruce 

trees can thus potentially be combined to perform long-term temperature reconstructions. 

Our results add to many previous studies showing that MXD is the most robust 

temperature proxy that expresses a strong and more stable temperature signal across 

frequencies and space. The measurement of MXD data is expensive, while not necessarily 
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much time-consuming compared to BI method according to our experiences with disc 

samples. If facilities and funding are available, the most temperature-sensitive and robust 

MXD is recommended for temperature reconstructions using black spruce. Even though, the 

BI technique provides a cheaper solution to obtain climate-sensitive proxies (e.g., LBI and 

DBI) similar to the MXD and more robust than the TRW parameter for dendroclimatology. 
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1.10 Tables 

Table 1-1: Description of the standardized tree-ring chronologies at the 17 studied sites. 

Site Name Latitude Longitude 
No. of 

Trees 
Timespan 

EPS 

MXD LBI DBI TRW 

CANE* 54.44 -68.37 9 1901–2003 0.87 0.88 0.89 0.81 

CEA* 55.56 -68.12 7 1901–2003 0.75 0.67 0.72 0.74 

DA1* 53.86 -72.41 8 1901–2004 0.92 0.90 0.85 0.74 

HM2* 54.24 -70.79 19 1901–2002 0.93 0.95 0.94 0.90 

L105 50.81 -68.80 22 1901–2016 0.91 0.91 0.91 0.94 

L134 56.38 -73.97 28 1901–2007 0.94 0.93 0.91 0.90 

L20 54.56 -71.24 14 1901–2010 0.93 0.95 0.93 0.94 

LAB17* 53.97 -62.98 7 1901–2008 0.85 0.87 0.87 0.71 

LAB32* 53.61 -60.89 5 1901–2008 0.79 0.77 0.87 0.92 

LAB35* 53.07 -61.63 7 1901–2007 0.90 0.81 0.85 0.68 

LAB50* 52.89 -67.07 8 1901–2008 0.84 0.91 0.92 0.91 

LAB56* 51.29 -68.12 7 1901–2007 0.92 0.81 0.80 0.62 

LECA* 55.79 -73.44 7 1901–2006 0.93 0.92 0.90 0.79 

NIT* 53.29 -70.94 8 1901–2003 0.91 0.89 0.89 0.83 

POOL* 55.72 -66.89 5 1901–2003 0.80 0.83 0.85 0.56 

ROZX* 54.79 -72.99 6 1901–2001 0.75 0.84 0.91 0.84 

T1* 53.89 -73.89 11 1901–2003 0.88 0.93 0.94 0.94 

Regional - - 178 1901–2000 0.99 0.99 0.99 0.96 

 

EPS values smaller than 0.8 are underlined. *: MXD data were originally measured by 

Boucher et al. (2017). Chronologies of the four proxies share the same timespan at each site. 
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Table 1-2: Correlation coefficients between pairs of regional tree-ring parameters over the 

1901–2000 period. 

Parameter LBI DBI MXD TRW 

DBI 0.95**/0.95** - - - 

MXD 0.97**/0.98** 0.92**/0.92** - - 

TRW 0.54**/0.55** 0.67**/0.70** 0.47**/0.48** - 

EBI 0.48**/0.41** 0.32**/0.13 0.55**/0.43** 0.17/-0.25* 

 

Values before and after the slash symbol refer to correlation coefficients calculated using raw 

chronologies and their first differences, respectively. * and ** refer to statistical significance 

at 0.95 and 0.99 levels, respectively. 
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1.11 Figures 

 

Figure 1-1: Locations of the 17 sampling sites (circles) across the eastern Canadian taiga and 

three nearby meteorological stations (stars). MS1: Kuujjuarapik A; MS2: La Grande Rivière 

A; MS3: Sept-Iles A. The gray shade shows the distribution range of black spruce, available 

at https://www.fs.fed.us/database/feis/pdfs/Little/aa_SupportingFiles/LittleMaps.html.  
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Figure 1-2: Comparison of regional chronologies with MJJA regional mean temperatures 

(orange) over the 1901–2000 time interval (a–d), and the total number of trees sampled across 

the 17 sites (e).Smoothed curves in (a–d) are 10-year filtered using the Butterworth filter. 

Correlation coefficients with MJJA mean temperatures refer to unfiltered (raw), 10-year low-

pass (low), and 10-year high-pass time series (high), respectively. All series are scaled with 

respect to the z-scores of the MJJA regional mean temperatures.  
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Figure 1-3: Correlation of LBI, DBI, MXD, and TRW chronologies with corresponding 

monthly land temperature targets over the 1901–2000 time interval. Asterisks refer to 

statistical significance at the 0.99 confidence level calculated using bootstrap resampling 

with 1000 iterations. 



   

 

45 

 

Figure 1-4: Coherence analysis of the regional LBI, DBI, MXD, and TRW chronologies 

with MJJA regional mean temperature over the 1901–2000 time interval. Periods are the 

reciprocals of frequencies, e.g., a period of 5 represents a frequency of 0.2. Horizontal dotted 

and dashed lines refer to the 0.95 and 0.99 confidence levels, respectively.  
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Figure 1-5: Spatial correlations of LBI, DBI, MXD, and TRW regional chronologies (a–d), 

and MJJA regional mean temperatures (averaged from 75ºW–60º W and 50ºN–60º N) (e) 

against land (CRU TS 4.03) and oceanic (HadISST1) MJJA 1º gridded temperatures for the 

1901–2000 time interval. Only Pearson’s r ≥ 0.25 and ≤ -0.25, approximately referring to 

statistical significance at the 0.99 confidence level, are shown in colors.   
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Figure 1-6: Influence of tree replication on the MJJA temperature signals of the LBI, DBI, 

MXD, and TRW regional chronologies over the 1901–2000 time interval. The median 

correlation coefficients along with 95% confidence intervals are indicated by dots and shades, 

respectively. A replication retaining <90% of the optimal temperature signal (given by the 

results of 100 trees) is marked with an empty circle (one-sided Wilcoxon rank sum test; p < 

0.01). Asterisks indicate significant differences in temperature correlation coefficients 

between DBI and MXD proxies (difference > 0.005; one-sided Wilcoxon rank sum test; p < 

0.01).  
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1.12 Supplementary Materials 

Supplementary Figures 

 

Figure 1-S1: Relationships between the mean and standard deviation (SD) of LBI, DBI, 

MXD, and TRW raw measurements before standardization. Each point represents the mean 

and SD calculated using randomly sampled 10 tree rings without replacement from a 

collection of 24810 tree rings. An evident linearity suggests heteroscedastic variance, as for 

MXD and TRW of black spruce. 
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Figure 1-S2: MJJA temperature signal strength of tree-ring chronologies generated using 

ratios (blue) and power-transformation plus residuals (red) indexation during the signal-free 

age-dependent spline standardization. The signal strength was assessed using the Pearson’s 

r between local tree-ring and temperature series over the full timespans of each chronology 

since the year 1901 (Table 1-1; boxes and whiskers), and between the regional tree-ring and 

temperature series over the 1901–2000 time interval (diamonds). Horizontal bars, boxes, and 

whiskers show the median, the interquartile range, and values outside the interquartile ranges, 

respectively. Outliers are shown as dots. Values above the boxes give the proportion of sites 

where ratio chronologies are more strongly correlated with MJJA temperatures than residual 

chronologies. 
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Figure 1-S3: Replication of local tree-ring chronologies at the 17 sites since 1901. Dashed 

horizontal lines refer to a minimum replication of 5 trees used to truncate each local 

chronology, except for the site POOL.  
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Figure 1-S4: Inter-parameter (LBI, DBI, MXD, and TRW) correlation analysis among the 

17 local chronologies. Horizontal bars, boxes, and whiskers show the median, the 

interquartile range, and values outside the interquartile ranges, respectively. Outliers are 

shown as dots. The red diamonds refer to the mean correlation coefficients among the 17 

sites for each pair of parameters. 
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Figure 1-S5: Comparisons of local and regional LBI standardized chronologies (blue) 

against local and regional MJJA temperature targets (red). 
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Figure 1-S6: Comparisons of local and regional DBI standardized chronologies (blue) 

against local and regional MJJA temperature targets (red). 
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Figure 1-S7: Comparisons of local and regional MXD standardized chronologies (blue) 

against local and regional MJJA temperature targets (red). 
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Figure 1-S8: Comparisons of local and regional TRW standardized chronologies (blue) 

against local and regional MJJA temperature targets (red). 
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Figure 1-S9: Comparison of LBI, DBI, and MXD regional chronologies. 
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Figure 1-S10: Diagram of assumed relationships and transfer of temperature signal among 

tree-ring parameters. Signal_D and Signal_W represent the spring–summer temperature 

signals that control MXD and TRW values, respectively. (+) and (–) refer to positive and 

negative correlations, respectively. 
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Figure 1-S11:  Lagged autocorrelations of the LBI, DBI, MXD and TRW chronologies with 

MJJA regional land temperature target over the 1901–2000 time interval. The horizontal 

dashed line refers to statistical significance at the 0.95 confidence level. 
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2.1 Résumé 

Le deuxième chapitre de ma thèse, intitulé « Décoloration chimique et correction delta 

des mesures d'intensité du bleu des arbres subfossiles », a été co-écrit par Feng Wang, 

Dominique Arseneault, Étienne Boucher, Shulong Yu, Steeven Ouellet, Gwenaëlle Chaillou, 

Ann Delwaide et Lily Wang. Comme auteur principal, j'ai réalisé les traitements et analyses 

chimiques, les mesures des cernes, l'analyse des données, la production des figures et 

l'écriture du manuscrit. Les professeurs Dominique Arseneault, Étienne Boucher et 

Gwenaëlle Chaillou ont supervisé et révisé cette recherche. Shulong Yu, Steeven Ouellet, 

Ann Delwaide et Lily Wang ont contribué à la préparation des échantillons et à la production 

des données. Dans ce chapitre, nos recherches sur la méthode BI ont été étendues aux 

spécimens subfossiles d'épinette noire qui présentent un bois coloré en raison d'un séjour 

prolongé dans les sédiments lacustres. Les arbres enfouis dans les sédiments de deux lacs ont 

été interdatés par dendorchronologie et ont servi à étudier l'effet de la coloration du bois sur 

les mesures de BI, en comparant des approches chimiques et mathématiques pour réduire 

l'effet de la coloration du bois. 

La coloration des échantillons de bois des arbres subfossiles compromet l'application à 

grande échelle de la technique de l'intensité du bleu (BI) pour les reconstitutions 

dendroclimatiques millénaires. Dans cette étude, nous avons utilisé sept réactifs chimiques 

pour décolorer des échantillons d'épinettes noires subfossiles (Picea mariana (Mill.) B.S.P.) 

provenant de deux lacs de la forêt boréale de l'est du Canada. Nous avons par la suite comparé 

les séries chronologiques de BI pour le bois final (LBI) et de BI delta (DBI) avec la densité 

maximale conventionnelle du bois final (MXD), mesurée à partir des échantillons colorés et 

décolorés. Les résultats ont montré que la coloration des subfossiles est très probablement 

causée par l'oxydation post-échantillonnage du fer ferreux imprégné dans le bois à partir des 

sédiments lacustres. Trois réactifs (acide ascorbique, ascorbate de sodium et dithionite de 

sodium, tous mélangés à de l'acide éthylènediaminetétraacétique) éliminent plus de 90 % du 

Fe. Cependant, même pour le meilleur réactif, un écart d'environ +2°C par rapport aux 



   

 

61 

données MXD persiste dans la reconstitution de la température basée sur LBI, probablement 

à cause d'une décoloration incomplète. Au contraire, la simple correction mathématique de 

type delta, le DBI, permet de supprimer l'effet de la coloration du Fe, et montre des résultats 

très similaires aux données MXD (r > 0,82) pour les échelles de temps annuelles à 

centennales au cours des 360 dernières années. Cette étude souligne la difficulté de supprimer 

complètement l'effet de la coloration du Fe dans les arbres subfossiles et confirme la 

robustesse de l'approche DBI. Les données DBI mesurées à partir des arbres subfossiles 

peuvent être utilisées pour effectuer des reconstitutions fiables des températures du dernier 

millénaire. 

2.2 Abstract 

The second chapter of my thesis, entitled Chemical destaining and the delta correction 

for blue intensity measurements of stained lake subfossil trees, was co-authored by Feng 

Wang, Dominique Arseneault, Étienne Boucher, Shulong Yu, Steeven Ouellet, Gwenaëlle 

Chaillou, Ann Delwaide, and Lily Wang. As the main author, I carried out chemical 

treatments and analyses, measurements of tree rings, data analysis, production of figures and 

writing. Professors Dominique Arseneault, Étienne Boucher, and Gwenaëlle Chaillou 

supervised and revised this research. Shulong Yu, Steeven Ouellet, Ann Delwaide, and Lily 

Wang contributed to sample preparation and data production. In the second chapter, our 

investigation on the BI method was extended to the subfossil samples of black spruce which 

are discolored due to long stay in lake sediments. Trees buried in the sediments of two lakes 

were cross-dated using dendrochronological method and were used to study the effect of 

wood stain on BI measurements, by comparing chemical and mathematical approaches. 

The stain of wood samples from lake subfossil trees (LSTs) is challenging the wide 

application of the blue intensity (BI) technique for millennial dendroclimatic reconstructions. 

In this study, we used seven chemical destaining reagents to treat samples of subfossil black 

spruce (Picea mariana (Mill.) B.S.P.) trees from two lakes in the eastern Canadian boreal 
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forest. We subsequently compared latewood BI (LBI) and delta BI (DBI) time series along 

with conventional maximum latewood density (MXD) measured from the stained and 

destained samples. Results showed that the stain of our samples is most likely caused by 

postsampling oxidation of dissolved ferrous iron in lake sediments that penetrated into wood. 

Three reagents (ascorbic acid, sodium ascorbate, and sodium dithionite all mixed with 

ethylenediaminetetraacetic acid) could remove >90% of Fe. However, even for the best 

chemical protocol, a discrepancy of about +2°C compared to MXD data remained in the LBI-

based temperature reconstruction due to incomplete destaining. On the contrary, the simple 

mathematical delta correction, DBI, was unaffected by Fe stain and showed very similar 

results compared to MXD data (r > 0.82) from annual to centennial timescales over the past 

~360 years. This study underlines the difficulty of completely destaining lake subfossil 

samples while confirming the robustness of the DBI approach. DBI data measured from 

stained LSTs can be used to perform robust millennial temperature reconstructions. 

2.3 Introduction 

The blue intensity (BI) technique is an alternative to the more expensive X-ray 

densitometric methodology in producing proxy parameters such as maximum latewood 

density (MXD) for dendroclimatology (Björklund et al., 2019; McCarroll et al., 2002). MXD 

is the most suitable tree-ring parameter for summer temperature reconstructions in northern 

and high-altitude regions (Esper et al., 2014; Frank and Esper, 2005). However, compared to 

the less-climate-sensitive ring-width data, millennial MXD series have been much less 

frequently developed worldwide, mainly due to the high cost of densitometric equipment 

(Anchukaitis et al., 2017; St. George and Esper, 2019; Wilson et al., 2016). In contrast, BI is 

more affordable because it uses commercial flatbed scanners and image analysis software to 

measure the blue light reflectance of tree rings (Rydval et al., 2014). Excellent coherence 

was reported between the latewood BI (LBI) and MXD data measured from living-tree 

materials of a number of coniferous tree species across the northern hemisphere (Campbell 

et al., 2007; Kaczka et al., 2018; Österreicher et al., 2015; Rydval et al., 2014; Wilson et al., 
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2014), suggesting the potentials to use BI method in dendrocliamtic reconstructions 

(McCarrol et al., 2013; Rydval et al., 2017; Wilson et al., 2019). 

However, the BI technique is also facing challenges due to heterogeneous colors of 

various wood materials. The best-known issue is the sapwood-heartwood color difference of 

several tree species such as pine and larch, which does not co-vary with density (Björklund 

et al., 2014; Rydval et al., 2014; Wilson et al., 2019). Some wood types, such as dead trees 

and historical materials, may also be discolored by decay or weathering (Wilson et al., 2014). 

Another less documented color issue occurs with lake subfossil trees (LSTs), which often 

have darker wood than living trees (Wilson et al., 2019). LSTs are a very interesting source 

of material to extend tree-ring chronologies from centuries to several millennia and can 

greatly improve the replication of reconstructions, especially in regions where only short-

lived tree species occur (Arseneault et al., 2013; Grudd et al., 2002). All the above color 

issues may potentially alter the accuracy of BI data (e.g., LBI) and introduce biases in BI-

based climate reconstructions, particularly for the low-frequency domain (Björklund et al., 

2014; Wilson et al., 2019). Therefore, it is critical to develop unbiased BI data from a variety 

of wood materials, in particular from LSTs, to make the promising BI technique widely 

applicable in future dendroclimatic reconstructions.  

Some solutions have been proposed to overcome the sapwood-heartwood color issue. 

Sheppard and Wiedenhoeft (2007) used hydrogen peroxide to bleach wood colors and 

attenuate the sapwood-heartwood difference, although an earlier study claimed that chemical 

bleaching likely degraded the climate signal (Sheppard, 1999). A later and seemingly more 

promising approach consists of a simple mathematical correction computed as the BI 

difference between the earlywood and latewood, (i.e., the delta BI; hereafter DBI) of each 

tree ring. DBI corrects for the low-frequency (decadal–centennial) variations distorted by the 

sapwood-heartwood color issues (Björklund et al., 2014, 2015). Only a few studies attempted 

to use BI data measured from LSTs to develop long-term temperature reconstructions, but 

the staining issue was not addressed and these BI series were not directly compared to MXD 
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data. For example, Rydval et al. (2017) combined the high-frequency temperature signals 

extracted from LBI with the low frequency from ring-width data of LSTs in order to 

reconstruct temperatures, without using the low-frequency information of the more 

temperature-sensitive BI data.  

In this study, we explore the potential of generating unbiased BI series from stained 

black spruce LSTs from two eastern Canadian lakes (Fig. 2-1a). More specifically, we 

compared chemical destaining with the DBI approach as well as with conventional MXD 

data. The following hypotheses were formulated: (1) the stain of LSTs is mainly caused by 

oxidation of Fe (Hyacinthe et al., 2006; Kostka and Luther, 1994; Pelé et al., 2015; Zhang 

and Xi, 2003), which can be removed using some anti-oxidant reagents; (2) chemical 

destaining and DBI can greatly improve BI-based temperature reconstructions that are 

comparable to MXD-based reconstructions. We first treated thin wood laths of stained LSTs 

using seven potential chemical reagents and quantified the proportion of Fe extracted by 

chemicals. Subsequently, we performed dendroclimatic assessments by comparing LBI and 

DBI chronologies of the destained and stained LST samples with MXD data over the past 

~360 years.  

2.4 Materials and methods 

2.4.1 Study sites and staining issue 

The two studied lakes (L20 and L105) are located approximately 450 km apart in the 

eastern Canadian boreal forest of the Quebec-Labrador Peninsula (Fig. 2-1a). The climate of 

this region is characterized by short, mild summers and long, cold winters (Environment 

Canada, 2020). Regional forests are strongly dominated by black spruce, mixed with balsam 

fir (Abies balsamea L.) and eastern larch (Larix laricina (Du Roi) K. koch) (Payette, 1993). 

Lakes are extremely abundant and cover up to about 25% of the landscape. Numerous black 

spruce trees in the lakeshore forests thus become LSTs after falling in water and eventually 

becoming buried in lake sediments (Arseneault et al., 2013; Gennaretti et al., 2014a, 2014b). 
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Black spruce LSTs from L20 (54.56º N, 71.24º W) were previously included in a millennial 

temperature reconstruction (Gennaretti et al., 2014c). L105 (50.81º N, 67.80º W) is a newly 

sampled lake where more than a thousand black spruce LSTs were extracted, and many of 

them were successfully cross-dated to develop a millennial ring-width chronology 

(unpublished data).  

LSTs in the eastern Canadian boreal forest are frequently stained to various blue-gray 

intensities (Fig. 2-S1). When dry, these stains correspond well to the Munsell Soil Color 

Chart 2009-5Y-Chroma I. In total, 78% and 79% of the cross-dated LSTs at L20 and L105 

were stained to some degrees of gray, respectively (Fig. 2-1b, c). Very few LSTs displayed 

additional colors, for example due to fungal discoloration. Stained LSTs are distributed 

throughout the time span of the two millennial chronologies with increasing proportions back 

in time, particularly before the year 1800 CE (Fig. 2-1b, c), suggesting that staining issues 

are unavoidable when using BI measurements from this material.  

2.4.2 Destaining experiment 

We selected stem cross sections from five (evenly and heavily) stained LSTs and five 

unstained lakeshore living trees from each of the two studied lakes. Using a twin-blade saw 

(DendroCut, Walesch Electronic), we transversally cut sixteen 1 mm-thick laths along the 

radius of each subfossil tree (total of 160 laths), and 2 laths from each living tree (total of 20 

laths). All laths were pretreated using 95% ethanol in Soxhlet extractors for 48 hours to 

remove resins and then air-dried and weighed. Sixteen pretreated laths from each LST were 

divided into eight pairs. Seven pairs were immersed in 50 mL of one of the seven chemical 

solutions (Table 2-1) in Falcon 50mL tubes (see an example in Fig. 2-2), then placed on an 

electronic shaker (SK-600, Montreal Biotech Inc.) with a speed of 133 rpm at room 

temperature (c.a. 20 ºC) for 24 h (MixC) and 48 h (other reagents). Treated laths were rinsed 

4–5 times, immersed in de-ionized water for 2 h to remove dissolved elements absorbed by 

wood tissues, and then air-dried for subsequent analysis. The eighth pair of subfossil laths 
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and all the living-tree laths were not treated with destaining reagents and considered as 

control samples. Design of the experiments is illustrated in Fig. 2-S2. 

During the destaining treatments, we sequentially sampled reaction solutions to 

construct temporal Fe dissolution curves (the most abundant metal element detected in 

preliminary tests) for MixA, MixB, and MixC, which were the most effective destaining 

reagents. A total of 1 mL of solution was sampled at 0, 1, 3, 6, 12, and 24 h for MixA and 

MixB, and at 0, 0.5, 1, 3, 6, and 12 h for MixC (Fig. 2-2). Treatment and sampling times 

were set shorter for MixC since it was the most active reagent. The 1 mL extracted solutions 

were then diluted in 5 mL of 5% (v/v) hydrochloric acid in Falcon 15 mL tubes in order to 

avoid Fe(II) precipitation prior to the chemical analysis of Fe concentrations. After 

destaining, one lath from each pair of laths was used to quantify the amount of residual Fe 

and was digested using 5 mL nitric acid and 1 mL hydrogen peroxide in a MARS-Xpress 

microwave digestion system (CEM Corporation) at 150 ºC for 30 minutes (Fig. 2-2). 

Digested solutions were diluted to 25 mL in volumetric flasks using de-ionized water. Fe 

concentrations were measured using the microwave plasma-atomic emission spectrometer 

(MP-AES, Agilent 4200; the limit of detection is ~4.6 ppb for dissolved Fe), and data were 

adjusted to milligram of Fe per gram of wood according to the dilution and weight of the 

corresponding wood lath. Fe concentrations in this study represent the total amount of ferrous 

and ferric Fe, because MP-AES does not distinguish the type of Fe ions.  

The second lath of each pair was air-dried, finely sanded (to 1000 grit), and scanned 

using the SilverFast 8.0 software (LaserSoft Imaging) and an Epson V800 flatbed scanner. 

In order to obtain optimal calibration results, the sanded laths were scanned to RGB images 

of 3200 dpi along with a color IT8.7/2 calibration target (LaserSoft Imaging). The scanner 

was covered by a black plastic box to avoid interference of external light (Rydval et al., 

2014). It should be noted that the actual image resolution is approximately 2580 dpi 

(horizontal) by 1825 dpi (vertical) according to the USAF-1951 resolution target. Wood RGB 

intensities (definition 1–3 in Table 2-2), were then measured using the CooRecorder 8.1 
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software (Cybis Dendrochronology). Because high RGB values represent light colors (i.e., 

high brightness), they were subtracted from a value of 256 such that smaller RGB values are 

associated with lighter colors. RGB intensities were compared among treatments (seven 

treatments plus two controls) to assess the efficiency of the destaining reagents. 

2.4.3 Dendroclimatic assessment 

In order to perform dendroclimatic assessments of the most effective destaining 

treatments, in a separate experiment we selected 57 trees of different types (stained and 

unstained LSTs as well as living trees) which were cross-dated after the year 1600 CE from 

L20 and L105 (28 and 29 trees, respectively; Fig. 2-S3). We cut eight 1 mm-thick laths from 

two radii of each tree to acquire four pairs of laths (Fig. 2-S4). Laths were pretreated using 

95% ethanol in Soxhlet extractors for 48 h. We then treated three pairs of laths per tree using 

the MixA, MixB, and MixC, respectively, while keeping the fourth lath as an untreated 

control. The conditions of destaining treatments were the same as explained above, except 

that the treatments lasted for 6 h, which is the time required for optimal destaining according 

to the Fe dissolution curves (Fig. 2-S5). Treated laths were then air-dried for LBI, DBI, and 

MXD measurements.  

Measured tree-ring parameters are explained in Table 2-2. The wood laths for 

dendrochronological assessments were firstly X-rayed to generate MXD data prior to being 

sanded and scanned for BI measurements. X-ray densitometry experiments were conducted 

in a controlled environment with relative humidity of 50% and room temperature of 20ºC. 

X-ray films were developed using the DendroXray2 system (Walesch Electronic) and MXD 

series were measured using the Dendro2003 system (Walesch Electronic) with a resolution 

of 10m along the measured density profile. LBI and DBI were measured using the same 

procedure as the measurement of wood RGB intensities. We subtracted the raw LBI values 

from a value of 256 in order to make the LBI positively correlated with MXD data, according 

to Rydval et al. (2014) and Wilson et al. (2019). Before data analysis, LBI, DBI, and MXD 
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data were averaged by tree (i.e., each lath pair) for each treatment (MixA, MixB, MixC, and 

Control). 

We used regional curve standardization (RCS) to remove the biological trends from 

tree-ring series in order to retain low-frequency (decadal–centennial) climatic variations 

(Briffa and Melvin, 2011; Helama et al., 2017). An age-dependent spline with an initial 

stiffness of 2 years was used to estimate the regional curve. Standardized tree-ring series 

were computed as ratios between the raw data and the smoothed regional curve. In total, we 

standardized 24 groups of tree-ring data by site (L105 and L20), parameter (LBI, DBI, and 

MXD) and treatment (MixA, MixB, MixC, and Control). We excluded data from chemically 

treated, unstained trees (unstained LSTs plus living trees) because BI data of unstained trees 

tended to be altered by reagents, mostly the MixC (Fig. 2-S7). Consequently, we pooled the 

data of stained LSTs that were chemically treated, plus the data of the untreated, unstained 

trees for each standardization. In addition, living-tree data of L20 after the year 1950 CE 

were excluded as BI diverged from the MXD data (Fig. 2-S3 and 2-S8), which was likely 

due to the sapwood-heartwood color issue and narrow rings caused by poor tree health (see 

discussions below).  

Regional chronologies for each tree-ring parameter (LBI, DBI, and MXD) and 

treatment (MixA, MixB, MixC, and Control) were generated by pooling standardized series 

from both sites using the Tukey’s bi-weight robust mean. This approach was used because 

of the limited tree replication per site (Fig. 2-S3). Regional MXD chronologies from the four 

treatments were similar (Fig. 2-S9) and thus averaged into one reference chronology. All 

regional chronologies were truncated at the year 1655 CE to ensure a minimum replication 

of five trees (Fig. 2-S3c).  

We performed temperature reconstructions using the regional LBI, DBI, and MXD 

chronologies to further quantify the influence of the destaining protocols. Instrumental 

summer (May to August) temperature data were obtained from the CRU TS 4.02 0.5° gridded 

monthly mean temperature dataset (Harris et al., 2014) and averaged from the four grid cells 
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closest to each lake in order to generate a regional temperature target. The reconstructions 

were based on the scaling method (Esper et al., 2005; Rydval et al., 2017) by adjusting means 

and standard deviations of the chronologies to those of the temperature target over the 1901–

2015 time interval. 

2.4.4 Data analysis 

Data were analyzed using the R program (R Core Team, 2018). We conducted linear 

regressions between wood RGB intensities and logarithmic residual Fe of both treated and 

untreated LSTs in order to assess the roles of Fe in the staining issue. For chronology 

assessments, we generated several high-pass and low-pass LBI, DBI, and MXD series using 

the Butterworth filter available in the “dplR” R package (Bunn, 2008). Pearson correlation 

coefficients were used to assess the degrees of agreement among all the time series. 

Performance of reconstructions was assessed following a regression-based calibration–

verification procedure using the “treeclim” R package (Zang and Biondi, 2015). Since our 

chronologies showed higher replication during 1901–1960 (Fig. 2-S3), this time interval was 

used for calibration, while the 1961–2015 period was used for verification. We also 

calculated 1-year lagged 31-year moving expressed population signal (EPS; Wigley et a., 

1984) to assess the temporal robustness of chronologies used for reconstruction. 

2.5 Results 

2.5.1 Effects of chemical destaining 

LSTs displayed a variety of color changes after the seven destaining treatments (Fig. 

2-3a). NaAsc resulted in very similar colors to that of the untreated stained samples, 

representing the weakest destaining effect. Conversely, MixA, MixB, and MixC showed 

dramatic effects and almost completely removed the gray stain. MixC was the most effective 

destaining solution based on wood RGB intensities, although the resultant colors still slightly 

differed from the living-tree standards (Fig. 2-3a, b). BI was less variable with varying 

degrees of posttreatment stains in comparison to red and green intensities (Fig. 2-3b), 
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suggesting a potentially weaker influence of wood stain on the BI data. MixC, the only 

reagent with bleaching function (Table 2-1), could have an additional bleaching effect on the 

wood, resulting in smaller LBI and DBI values in living and unstained trees compared to 

untreated control (Fig. 2-S7). However, DBI of the stained LSTs was only slightly modified 

by the MixC treatment (Fig. 2-S7), indicating that the bleaching effect of MixC is weak for 

the stained samples. 

2.5.2 Stain versus iron 

Chemical analyses showed strong links between Fe concentrations and color intensities 

of wood, especially for green and red intensities (Fig. 2-3a, c). Total Fe concentration was 

the highest for untreated stained LSTs and near zero for living trees (Fig. 2-3c). MixA, MixB, 

and MixC could remove 94.1%, 92.5%, and 96.2% of Fe relative to the amount measured in 

the untreated stained LSTs, respectively. Although Fe dissolution curves stabilized after 6–

12 h (Fig. 2-S5), minor quantities of residual Fe after the treatments (24–48 h) indicated that 

all destaining reactions are incomplete. Significant (p < 0.001) linear relationships existed 

between the log of residual Fe and posttreatment color (RGB) intensities of treated earlywood 

and latewood (Fig. 2-3d, e). However, such linearity markedly weakened for the delta RGB 

intensities, especially for the delta BI (p=0.087, Fig. 2-3f), indicating that DBI of LSTs is 

insignificantly affected by the staining issue. Note that wood delta BI and DBI were not 

calculated exactly in the same way (see Table 2-2; delta BI is the averaged difference between 

BI of entire latewood and earlywood from all tree rings in a sample, while DBI is a tree-ring 

parameter which presents the difference between LBI and BI of entire earlywood for each 

tree ring).  

2.5.3 Comparison of LBI and DBI against MXD chronology 

LBI chronologies of the four retained treatments (MixA, MixB, MixC, and Control) 

diverged relative to the reference MXD chronology (Fig. 2-4a) prior to the year 1900 CE 

when the stained LSTs dominated the chronologies (Fig. 2-S3c). Correlation analyses 

showed that coherence between LBI and MXD chronologies was only robust for the 10-year 
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high-pass filtered data (r > 0.89) and decreased at longer timescales (Fig. 2-4c). In contrast, 

DBI chronologies were very similar to the reference MXD chronology for all the four 

treatments (Fig. 2-4b). Correlations with MXD data were strong and stable among all 

frequencies tested (r > 0.82) (Fig. 2-4d). In addition, few differences were found between the 

control DBI series and the chemically treated DBI data, although the colors of wood samples 

were visually distinct (Fig. 2-3a). 

2.6 Discussion 

2.6.1 Causes of stain 

The significant relationships between posttreatment wood RGB intensities and residual 

Fe (Fig. 2-3), along with the rapid postsampling staining (Fig. 2-5b), support our hypothesis 

that oxidation of Fe is a major cause of stain in our lake subfossil material. Fe is abundant in 

natural aquatic systems as dissolved and particulate fractions (Bortleson and Lee, 1974; 

Davison, 1993; Nürnberg and Dillon, 1993). Briefly, dissolved Fe, mainly in Fe(II) state, is 

reduced and mobilized in porewater in the anoxic sediments. Dissolved Fe can migrate 

upward to oxic bottom water to form particulate Fe(III) oxides (Davison, 1993; Davison et 

al., 1982). This cycle results in much higher concentrations of dissolved Fe in the anoxic 

sediments compared to the oxygenated freshwaters (Zaw and Chiswell, 1999). Soluble forms 

of Fe in the anoxic sediments can readily penetrate into the buried wood tissues. When buried 

LSTs are extracted from lakes, cut and exposed to air, dissolved Fe is rapidly oxidized to 

colored Fe-oxides (oxyhydroxides, hydroxides and more crystalline Fe(III) oxides) which 

may bind to wood (Pelé et al., 2015). This process is also supported by the fact that fresh cuts 

from buried portions were heavily stained while exposed (but submerged) portions of the 

same LST were not (Fig. 2-5a). Photooxidation is assumed to be less likely, yet not 

improbable, because the stain contaminated both surface and inner portions of LSTs. 

Furthermore, we found that amorphous and crystalline Fe oxides are likely produced 

during the oxidation of dissolved Fe. About 63.4% of Fe was removed by the NaAsc reagent, 
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although posttreatment colors of LSTs only slightly lightened (Fig. 2-3a, c). The neutral 

NaAsc, similar to buffered ascorbates, only extracts the most-reactive amorphous Fe-oxides 

(Anschutz et al., 2005; Hyacinthe et al., 2006; Kostka and Luther, 1994). The less-reactive 

crystalline phases can be removed by EDTA, HAsc, MixA, MixB, and MixC, each of which 

removed at least 25% more Fe than NaAsc. In fact, EDTA, ascorbic acid, and sodium 

dithionite, which are the active chemicals in these solutions, are known as useful extractants 

of both crystalline and amorphous Fe oxides (Borggaard, 1982; Hyacinthe et al., 2006; 

Kostka and Luther, 1994; Tessier et al., 1979). The notable destaining effect of these 

solutions (Fig. 2-3a) also implies that crystalline Fe oxides are more color-reflective than 

amorphous ones. In our experiment, HAc extracted less Fe than NaAsc but with a better 

destaining effect (Fig. 2-3). A probable explanation is that acid-soluble Fe oxides extracted 

by HAc (Chester and Hughes, 1969; Gupta and Chen, 1975; Tessier et al., 1979) are in 

amorphous and crystalline phases which have stronger color reflectivity, whereas NaAsc 

only extracted less-color-reflective amorphous Fe oxides. 

Other metal elements most likely have a negligible staining effect on LSTs compared 

to Fe. Our preliminary analyses demonstrated that, among 15 potential metal elements 

(including iron, manganese, chromium, cobalt, copper, lead, etc.), Fe was the only element 

present at high concentrations. Although manganese was relatively abundant in the samples 

(several times higher than other metals), its concentration was still approximately 20 times 

lower than Fe. In addition, we did not detect any copper and lead in our samples. On the other 

hand, Fe complexes bound to sulfur and phosphorus might also be responsible for the staining 

of LSTs in addition to the Fe oxides. However, the MP-AES instrument is not sufficiently 

sensitive to verify our hypothesis regarding those Fe complexes (detection limits are ~6500 

ppb and 125 ppb for dissolved sulfur and phosphorus, respectively, compared to ~4.6 ppb for 

dissolved Fe). 
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2.6.2 Chemical destaining versus delta correction 

The divergent trends of the three chemically treated LBI chronologies (MixA, MixB, 

and MixC) compared to the reference MXD chronology demonstrate that none of the 

destaining treatments can generate satisfactory and robust LBI data (Fig. 2-4a). Although 

MixC is the most effective protocol resulting in very little residual Fe (<5% relative to the 

stained LSTs), the corresponding LBI chronology still displayed a significant long-term bias 

before the year 1830 CE (Fig. 2-4a), leading to a discrepancy of about +2 ºC compared to the 

MXD-based reconstruction (Fig. 2-6a). If no chemical treatment had been applied, the 

temperature discrepancy would be amplified to about +4 ºC (not shown). These errors are 

caused by the extreme color sensitivity of LBI values as direct measures of blue light 

reflectance. Therefore, any stain contributing to the wood color will strongly contaminate the 

LBI data, especially in the low-frequency domain (Björklund et al., 2014). These results 

discourage the use of LBI when staining is present in subfossils woods. By contrast, the high-

frequency variability of LBI data seems unaffected by the Fe stain (Fig. 2-4b).  

Unlike LBI data, DBI is unaffected by the Fe stain from annual to centennial 

timescales, which is shown by the high and stable coherence between DBI and MXD 

chronologies (Fig. 2-4b, d) and the non-significant linear relationships between the log of 

residual Fe concentrations and delta BI data (Fig. 2-3f). The linearity between DBI and MXD 

remained almost unaffected by destaining treatments, for example as with the most efficient 

MixC protocol (Fig. 2-S10). Furthermore, compared to the Control DBI chronology, no 

chemical treatments substantially improved the correlation of DBI with MXD data (Fig. 2-

4d), resulting in nearly identical trends in the corresponding temperature reconstructions in 

comparison with MXD, except for some periods where tree replication is less than 10 (Fig. 

2-6c, d). This evidence suggests that DBI is not only excellent to resolve the sapwood-

heartwood color biases, but also efficiently resolves the low-frequency biases caused by the 

Fe stain in black spruce LSTs from the eastern Canadian boreal forest.  
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We observed that LBI as well as DBI diverged from the MXD data after the year 1950 

CE at L20 (Fig. 2-S8). The divergence of LBI is due to slight color differences between 

heartwood and sapwood of selected living trees although this issue is generally not serious 

for black spruce compared to pine or larch species (Rydval et al., 2014; Sheppard, 1999; 

Yang, 2007). Although DBI is theoretically sufficient to solve the sapwood-heartwood color 

issue (Björklund et al., 2014), in our case it could only partially correct this problem (Fig. 2-

S8). Old living trees were collected from lakeshore forests at the L20 site and they often 

displayed declining ring widths compared to healthy trees sampled later at the same site (not 

shown). DBI of L20 is likely influenced by these narrow tree rings (Björklund et al., 2019) 

because DBI of black spruce is not only correlated to MXD but also to the ring-width data 

(Wang et al., 2020). We thus speculate the divergence of DBI reflects mostly a specific issue 

related to the declining growth of unhealthy trees. 

This study confirms the robustness of DBI data from stained black spruce LSTs. Yet, 

two points need to be considered for future DBI-based climate reconstructions. Firstly, a 

higher tree replication is often needed for DBI than MXD data in order to obtain a robust 

chronology (Rydval et al., 2014; Wilson et al., 2019). Thus, it is not surprising that the control 

DBI-based reconstruction showed weaker verification statistics against instrumental 

temperature (Table 2-S1) and some slight instability during poorly replicated periods with 

more variable EPS values (Fig. 2-6e). When replication was above 15 trees during 1901–

1960 (Fig. 2-S3c), the calibration r2 was similar for DBI and MXD data against temperature 

(Table 2-S1). Secondly, Björklund et al. (2014, 2015) suggested some multi-centennial 

biases in DBI data due to the heterogeneous wood color. Although this phenomenon is not 

obvious in our case regardless of the Fe stain, our reconstruction only spanned the last three 

centuries and further attention is needed to verify this potential bias. 
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2.7 Conclusion 

Our study indicates that the simple delta correction of differentiating latewood and 

earlywood BI values is more effective to resolve the staining biases of BI data from LSTs 

than the much more complex and time-consuming chemical destaining protocols tested here. 

DBI of black spruce LSTs is unaffected by the Fe stain from annual to centennial timescales 

and allows robust temperature reconstructions similar to MXD data. Consequently, DBI from 

stained black spruce LSTs is a promising proxy for developing millennial temperature 

reconstructions in the eastern Canadian boreal forests, a region with very few long MXD 

series (Wang et al., 2001). On the contrary, LBI is very color sensitive and appears 

problematic in retaining the low-frequency climatic signal.  

The chemical destaining experiments, though not satisfactory regarding the robustness 

of LBI data, suggest that postsampling chemical Fe oxidation most likely result in the staining 

issue. Since Fe is so abundant in the Earth’s systems, our results may be representative of 

much wider regions. On the other hand, the excellent Fe extraction abilities (removal of 

>90% Fe) of three chemical mixtures also suggest that they, in particular the MixC, can be 

further used as part of Fe extraction protocols for waterlogged archeological artifacts which 

also face Fe-staining issues (Fors et al., 2014, 2012; Pelé et al., 2015; Zhang and Xi, 2003). 
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2.10 Tables 

Table 2-1: Basic chemical properties of the seven chemical solutions.  

Code Chemical components Chemical property pH 

NaAsc 2% sodium ascorbate reduction 7 

HAc 2% acetic acid acidity 3 

EDTA 2% disodium EDTA chelation & acidity 5 

HAsc 2% ascorbic acid reduction & acidity  3 

MixA 2% ascorbic acid + 2% disodium EDTA reduction, chelation & acidity 4 

MixB 2% sodium ascorbate + 2% disodium EDTA reduction & chelation 7 

MixC 2% sodium dithionite + 2% disodium EDTA reduction, bleaching & chelation 7 

 

All solutions were diluted using de-ionized water with no trace of Fe concentration. 

Concentrations are in v/v for HAc and in w/v for other solutions. EDTA: 

Ethylenediaminetetraacetic acid. Values of pH were estimated using pH test papers.  
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Table 2-2: Definitions of wood color intensities and tree-ring parameters used in this study.  

No. Parameter Definition 

1 
earlywood & latewood RGB 

intensities* 

Mean R, G, and B intensities from all pixels of earlywood or latewood 

(see Fig. 2-S6), averaged from all tree rings of each wood lath. 

2 wood RGB intensities* 
Mean RGB intensities averaged from earlywood and latewood RGB 

intensities. 

3 delta RGB intensities 
Earlywood RGB intensities subtracted from corresponding latewood 

RGB intensities. 

4 LBI* 
Mean blue intensity of 30% of the darkest pixels in latewood (Fig. 2-

S6). 

5 DBI 

Raw LBI (measured from 30% of the darkest pixels) subtracted from 

raw earlywood BI (measured from 100% of pixels), automatically 

derived from CooRecorder 8.0 for each tree ring. 

6 MXD The maximum value of measured tree-ring latewood density. 

 

The RGB intensities refer to the color intensities measured separately for the red (R), green 

(G), and blue (B) channels.  The parameters No.1–3 are used to quantify wood colors, while 

the parameters No. 4–6 are conventional dendrochronological parameters. *: data were 

inverted by subtracting the raw data from a value of 256.  
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2.11 Figures 

 

Figure 2-1: Location of the two studied lakes (a), and frequency of cross-dated LSTs 

according to staining at L20 (b) and L105 (c). The gray shading in (a) corresponds to the 

distribution range of black spruce, map source available at 

https://www.fs.fed.us/database/feis/pdfs/Little/aa_SupportingFiles/LittleMaps.html, last 

access: 15 September 2020. The "other stain" category includes a variety of additional colors 

such as red or dark brown. 
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Figure 2-2: Diagram of one chemical destaining experiment for one pair of wood laths from 

the same subfossil tree in a Falcon 50mL tube. MP-AES: microwave plasma-atomic 

emission spectrometer, Agilent 4200.  
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Figure 2-3: Residual iron (Fe) and wood RGB intensities (see definitions in Table 2-2) of 

LST laths treated with seven chemical reagents. Panel (a) shows examples of treated laths 

from one LST sample and one living tree sample (last row). The gray outer part of the 

example LST is discolored due to decay. Panel (b) shows the mean wood RGB intensities 

according to treatment. Panel (c) shows the mean concentrations of residual Fe according to 

treatment. Error bars in (b) and (c) refer to standard deviations of corresponding group. 

Percentages in (c) refer to the Fe removed by destaining treatments relative to the Fe 

concentrations of untreated stained LSTs. Panels (d)–(f) show the linear regressions of 

earlywood, latewood and delta RGB intensities against the log of residual Fe. Regressions 

are based only on the LST data (circles). Living-tree data are plotted as triangles but are 

excluded from the regressions.  
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Figure 2-4: Comparisons of LBI (a, c) and DBI chronologies (b, d) for the MixA, MixB, 

MixC and Control treatments against the reference MXD chronology. In (a) and (b), 

chronologies are transformed to z-scores relative to the 1901–2015 time interval. Panels (c) 

and (d) show correlations of LBI and DBI chronologies against MXD chronology at different 

timescales. Original: the original RCS standardized chronologies; high-pass: 10-year high-

pass filtered series; low-pass1, 2 and 3: 10-year, 50-year and 100-year low-pass series filtered 

using the Butterworth filter. Dotted horizontal lines in the right panel show the correlation (r 

= 0.89) between the high-pass filtered LBI and MXD chronology.  
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Figure 2-5: Schema of different cross-sectional colors from the buried and exposed cross 

sections of the same partially buried tree (a), and field observations of cross-sectional color 

changes after a fresh disc was cut from a buried tree and exposed to air (b).   
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Figure 2-6: Temperature reconstructions using the LBI chronology for the MixC protocol 

(purple), the Control DBI chronology (blue), and the reference MXD chronology (red) for 

the 1655–2015 (a, c) and 1901–2015 (b, d) time intervals. Panel (e) shows the 1-year-lag 

moving EPS computed in 31-year windows. EPS of the reference MXD was averaged from 

MXD chronologies of four different treatments (Fig. 2-S9). Thick smooth lines denote the 

10-year low-pass series filtered using the Butterworth filter. Vertical gray bars show the 

periods where tree replication is less than 10 (Fig. 2-S3c).  
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2.12 Supplementary Materials 

Supplementary Table 

Table 2-S1: Statistics of calibration (1901–1960) and verification (1960–2015) for LBI, DBI 

and MXD against the May–August temperature target.  

 LBI vs Temp DBI vs Temp MXD vs Temp 

Full r2 0.431 0.358 0.528 

Calibration r2 0.427 0.429 0.464 

Verification r2 0.246 0.088 0.443 

Verification RE 0.529 0.425 0.632 

Verification CE 0.216 0.043 0.388 

RMSE 0.112 0.096 0.144 

 

All statistics in the table are significant p < 0.05, reduction of error (RE) and coefficient of 

efficiency (CE) > 0.  RMSE: root-mean-square error.  
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Figure 2-S1: A general view of the staining issue of wet LSTs at the site L105. Note the 

blue-gray colors of many cross-sections sampled on lake subfossils.  
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Figure 2-S2: Design of destaining experiments following Section 2.4.2 showing how a 

subfossil tree replicate (a) and a living-tree replicate (b) were cut into 1mm-thick laths and 

how these laths were treated using different chemical reagents. Lath 1 and 2 of each pair were 

used to analyze the residual Fe and wood RGB intensities, respectively. In total, ten subfossil 

tree replicates and ten living-tree replicates were processed following the corresponding 

procedure.  
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Figure 2-S3: Timespans of tree-ring series used for developing LBI, DBI, and MXD 

chronologies (a–b), and tree replication of the regional chronology (c). Dotted lines in (a) 

denote the post-1950 period at L20, for which living-tree data were excluded due to the likely 

sapwood-heartwood color differences and unhealthy growth of trees. Note that LBI, DBI, 

and MXD series share the same timespans and chronologies share the same tree replication 

because we kept only tree rings with measured values for all the three parameters (i.e., LBI, 

DBI, and MXD). 
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Figure 2-S4: Destaining treatments of selected samples used for dendrochronological 

assessments following Section 2.4.3 showing how a tree replicate was cut into 1mm-thick 

laths and how these laths were treated using different chemical reagents. LBI, DBI, and MXD 

series were measured from each lath after treatments. In total, 57 tree samples from L20 and 

L105 were processed following this procedure. 
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Figure 2-S5: Fe dissolution curves during the MixA, MixB, and MixC treatments. Dots and 

error bars refer to the mean and standard deviation values, respectively. Note that the reaction 

curve of MixC was computed from data of 9 LST replicates (10 for MixA and MixB). 
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Figure 2-S6: Tree-ring structure (a) and an example of tree-ring color intensity measurement 

using CooRecorder 8.1 (Cybis Dendrochronology) (b). 
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Figure 2-S7: Raw data of LBI, DBI, and MXD of treated (MixA, MixB, and MixC) and 

untreated (Control) LSTs and living trees. Panels (a)–(c) show the averaged mean value of 

the series according to calendar years. Panels (d)–(f) show the averaged data (bars) of stained 

LSTs and unstained LSTs+living trees, along with their standard deviations (error bars). 

Dotted horizontal lines denote the averaged data of untreated, unstained LSTs+living trees.  
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Figure 2-S8: Averaged raw measurements of LBI, DBI, and MXD from five living trees at 

L20 (untreated with destaining chemicals). Data are transformed to z-scores relative to the 

1860–1950 time interval. Dotted vertical line denotes the approximate onset (1950) of BI 

divergence relative to MXD data. 
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Figure 2-S9: MXD regional chronologies for the MixA, MixB, MixC, and Control 

treatments.   
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Figure 2-S10: Comparisons of LBI (a, c) and DBI (b, d) against MXD data for the MixC 

treated and Control stained LSTs. Comparisons are based on raw data (left panel) and RCS 

standardized data (right panel). Straight lines are linear regressions between BI and MXD 

data. 
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3.1 Résumé 

Le troisième chapitre de ma thèse, intitulé « Températures millénaires nord-

américaines à partir de données de densité des cernes des arbres » a été co-écrit par Feng 

Wang, Dominique Arseneault, Étienne Boucher, Fabio Gennaretti, Shulong Yu et Tongwen 

Zhang. En tant qu'auteur principal du manuscrit, j'ai participé à la collecte des échantillons 

de bois et des données de densité des cernes, à l'analyse statistique et à la production des 

figures et du manuscrit. Les professeurs Dominique Arseneault et Étienne Boucher ont 

conçu, supervisé et révisé cette recherche. Le professeur Fabio Gennarreti a guidé les 

reconstructions bayésiennes de température et a aidé à interpréter les résultats de ce chapitre. 

Shulong Yu et Tongwen Zhang ont contribué à la collecte et à la préparation des échantillons 

ainsi qu'à la mesure des données. En fonction des résultats des deux chapitres précédents, 

nous avons choisi dans le troisième chapitre la densité maximale du bois final pour 

reconstituer les températures estivales millénaires dans la péninsule du Québec-Labrador. 

Nous avons cherché à mieux comprendre la variabilité régionale des températures estivales 

et les mécanismes de forçage externes au cours du dernier millénaire.  

Bien que la densité maximale du bois final soit le proxy le plus sensible pour 

reconstituer les températures estivales avec une résolution annuelle, seulement 12 de ces 

reconstitutions recouvrent le dernier millénaire, et 11 d’entre elles sont regroupées en 

Eurasie. Nous utilisons les mesures de densité de 1294 arbres subfossiles et vivants pour 

reconstituer les températures estivales du dernier millénaire pour un grand domaine spatial 

du nord-est de l’Amérique du Nord. Notre étude indique un optimum climatique médiéval et 

un Petit Âge Glaciaire bien définis, suivi par un taux de réchauffement centenaire sans 

précédent au cours des 100 dernières années. Un total de 29 épisodes extrêmement froids 

peut être attribués à de fortes éruptions volcaniques avec une persistance plus longue pour 

les éruptions tropicales qu’extratropicales. Ces variations climatiques forcées ont dépassé la 

variation climatique interne à l’échelle régionale. 
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3.2 Abstract 

The third chapter of my thesis, entitled North American millennial temperatures from 

tree-ring density data, was co-authored by Feng Wang, Dominique Arseneault, Étienne 

Boucher, Fabio Gennaretti, Shulong Yu, and Tongwen Zhang. As the principal author of the 

manuscript, I participated in collection of wood samples and tree-ring density data, statistical 

analysis, and production of figures and the manuscript. Professors Dominique Arseneault and 

Étienne Boucher conceived, supervised, and reviewed this research. Professor Fabio 

Gennarreti guided the Bayesian temperature reconstructions and helped to interpret the 

outputs of this chapter. Shulong Yu, and Tongwen Zhang contributed to sample collection 

and preparation, and data measurements. According to the results of the previous two 

chapters, in the third chapter we chose maximum latewood density to reconstruct millennial 

summer temperatures in the Québec-Labrador Peninsula. We aimed to better understand the 

regional summer temperature variability and the associated external forcing mechanisms 

over the last millennium.  

Although maximum latewood density is the most sensitive tree-ring proxy for 

reconstructing summer temperatures with annual resolution, only 12 such reconstructions 

span the last millennium, with 11 of them clustered in Eurasia. Here, we use density 

measurements from 1,294 subfossil and living trees to reconstruct last millennium summer 

temperatures for a large spatial domain in Northeastern North America. Our study indicates 

well-defined Medieval Warm Period and Little Ice Age, followed by an unprecedented 

centennial warming rate during the last 100 years. A total of 29 extremely cold episodes 

could be attributed to strong volcanic eruptions with a longer persistence for tropical than 

extratropical eruptions. These forced climate variations overwhelmed the internal climate 

variability at the regional scale. 
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3.3 Introduction 

Millennial temperatures reconstructed from climate proxies provide crucial historical 

insights into Earth’s climate variability, as well as benchmarks for quantifying the recent 

warming and evaluating the realism of climate model simulations (1–3). Annually resolved 

tree rings are the backbone of temperature reconstructions at the scale of the Common Era 

(4), and maximum latewood density (MXD) is the most sensitive proxy for reconstructing 

summer temperatures (5–8). However, only 12 MXD chronologies have so far allowed 

reconstructing summer temperatures back to 1000 CE, with 11 of them clustered in Eurasia 

(Table 3-S1), leading to a well-known gap of MXD-based temperature reconstruction in 

North America (8–10) (Fig 3-1A). Due to this data gap, large uncertainties persist in the 

millennial history of summer temperatures across the Northern Hemisphere, as well as on the 

impact of explosive volcanism—a primary driver of Earth’s climate variability (11, 12). For 

example, it is recently suggested that Northern Hemisphere extratropical (NHET; 30–90ºN) 

eruptions may trigger a stronger peak of hemispheric summer cooling compared to tropical 

eruptions with similar stratospheric sulfur injection (13). However, the duration of the post-

eruption cooling effect, and how it varies across the Northern Hemisphere as a function of 

eruption types, remain largely unknown. 

3.4 Results and discussion 

We performed an unprecedented number of MXD measurements, from 1,249 black 

spruce (Picea mariana (Mill.) B.S.P.) lake subfossil logs and adjacent lakeshore living trees, 

to build three well-replicated millennial chronologies (Fig. 3-S1) in the boreal forest of 

Northeastern North America (hereafter the NENA region; Fig. 3-1A; Table 3-S2). The 

existing, but shorter (1363–1989 CE) and less replicated Quex dataset (45 trees) was added 

to our network (Fig. 3-1A; Supplementary Materials). Overall, this large and unique dataset 

is robust, with a yearly replication >30 trees since 900 CE (Fig. 3-2A; Fig. 3-S2). We first 

developed an MXD-based summer (May–August, MJJA) temperature reconstruction for the 
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772–2017 CE period (hereafter D-STREC; Fig. 3-2B; see Materials and Methods). 

Correlation with the MJJA temperature target (CRU TS4.03 (14), hereafter CRU) reaches 

0.75 (Pearson’s r, P < 0.001) over 1905–2006 CE and remains stable in two subintervals 

(Fig. 3-2D). A two-century historical record in southern Québec (Materials and Methods) 

extends the period of verification, correlating at 0.39 and 0.62 (P < 0.001; 1837–2006 CE) 

with D-STREC at interannual and decadal timescales, respectively, even if this record was 

developed ~450–1400 km away from the sites of our network (Fig. 3-1A). The spatial domain 

of D-STREC (r ≥ 0.3 with CRU MJJA temperatures) covers the northeastern half of North 

America and has a striking resemblance with the correlation field of the regional MJJA 

temperature target, even outside North America (Fig. 3-1B, E). Compared to a previous 

temperature reconstruction (15) using tree-ring widths plus 13C and 18O time series from 

tree-ring cellulose (3P-STREC), the D-STREC reconstruction skill is substantially improved 

(Table 3-S3), with a much larger spatial domain (Fig. 3-1), due to the enhanced sensitivity 

of MXD data to high-frequency temperature variability (rD-STREC = 0.72 vs. r3P-STREC = 0.40 

versus the 10-yr high-pass temperature target) (5, 6). Furthermore, D-STREC agrees almost 

perfectly with the historical record at 1816 CE following the 1815 CE Tambora eruption (Fig. 

3-S3), while 3P-STREC underestimates this cooling by ~2.5ºC, indicating that volcanic 

cooling can be reliably recorded by our MXD data.  

We then combined these two independent reconstructions to yield a four-proxy summer 

temperature reconstruction spanning 997–2006 CE (hereafter 4P-STREC; Fig. 3-2C). 

Compared to D-STREC, 4P-STREC accounts for a higher fraction of the regional MJJA 

temperature variance (60%; r = 0.77 during 1905–2006 CE), with 96% of the CRU 

observational target constrained within the 95% confidence interval (the 95% CI in Fig. 3-

2C). 4P-STREC is less prone to proxy-level uncertainties than 3P-STREC and D-STREC 

(Fig. 3-S4), and provides the most informative summer temperature variability for NENA 

over the past 1000 years. 
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4P-STREC shows that the strongest centennial warming of the last millennium 

occurred during the twentieth century (1904–2003 CE; with a linear trend of 0.16 ± 0.02 ºC 

per decade), with a temperature rise more than twice as fast as any other non-overlapping 

100-year period (Table 3-S4). Furthermore, 1997–2006 CE was the warmest decade of the 

last millennium (1.0ºC above the 1905–2006 average). Relatively warm summers also 

occurred during the Medieval Climate Anomaly (~997–1250 CE), with seven out of the 10 

warmest decades clustered between 997 and 1250 CE (Table 3-S4). Medieval summers were, 

on average, 0.25ºC warmer than the 1905–2006 average. Conversely, the Little Ice Age 

(~1251–1930 CE) was relatively cold (−0.27 ºC with respect to (w.r.t.) 1905–2006 CE), 

especially during 1601–1930 CE (−0.44 ºC). Nine out of the 10 coldest decades and half of 

the 32 coldest summers (≤ mean−2 standard deviation (SD)) were clustered in the second 

half of the Little Ice Age after ~1601 CE (Tables 3-S5, S6; Fig. 3-2C). 

Short-term cold episodes were closely related to tropical explosive volcanic eruptions. 

The 1815 CE Tambora eruption resulted in the coldest summer (1816 CE, −3.83ºC w.r.t. 

1905–2006 CE), and the coldest decade (1816–1825 CE, −1.51ºC) of the last millennium. 

Other large tropical eruptions, such as the Kuwae (1457 CE?), Huaynaputina (1600 CE), 

Parker (1640 CE), Cosiguina (1835 CE), and Santa Maria (1902 CE) events, were each 

followed by very cold decades (Table 3-S6). Conversely, the 1257 eruption of Samalas, the 

most sulfur-rich eruption of the Common Era (12) and often associated with a pronounced 

summer cooling in Europe (16), only produced a weak cooling anomaly of −0.65ºC (w.r.t. 

1905–2006 CE) at 1258 CE. As suggested by Guillet et al. (17), the cooling effect of Samalas 

might have been dampened by a positive phase of El Niño-Southern Oscillation, in this 

particular region. 

Out of the 32 coldest summers reconstructed by 4P-STREC, 13 and 16 years could be 

attributed to tropical and NHET eruption events, respectively (Fig. 3-2C; Table 3-S5). 

However, tropical eruptions induced longer cooling episodes than did NHET eruptions. 

Superposed epoch analysis (see Materials and Methods) indicates that, on average, tropical 
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eruptions caused a ~10-year significant cooling, followed by an additional ~2-year recovery 

to the pre-eruption level (Fig. 3-3A). The cooling peak generally lagged the tropical eruptions 

by one year (Fig. 3-3A; Fig. 3-S5A). In contrast, the cooling effect of NHET eruptions lasted 

only ~1–3 years and was most frequently significant at the year of the eruption (Fig. 3-3B; 

Fig. 3-S5B). Analyses on NHET reconstructions and simulations (Fig. 3-S6) confirm the 

consistency of these results across the Northern Hemisphere. Stratospheric aerosols injected 

by tropical volcanoes spread poleward with a residence time of 1–3 years (18, 19), while 

aerosols of NHET eruptions are mainly constrained to 30–90ºN with a shorter lifetime (20, 

21). Because tropical eruptions influence a larger oceanic domain with high thermal capacity 

(19, 22), ocean–atmosphere heat exchanges can cool continental summers (23) beyond the 

direct aerosol forcing, in a more persistent way, compared to NHET eruptions (Fig. 3-3). 

Both D-STREC and 4P-STREC reveal similar responses to the two eruption types (Fig. 3-

S7). Conversely, 3P-STREC shows a cooling peak that lags the tropical eruption by about 9 

years and no significant cooling following NHET eruptions. This behavior most likely results 

from the strong biological memory of ring-width data (5), the only high-frequency 

component of 3P-STREC.  

Although 4P-STREC was developed from a limited sector of NENA, it behaves like a 

large-scale, NHET temperature reconstruction at the multidecadal (20-yr) time scale. The 

smoothed 4P-STREC correlates significantly with five NHET tree-ring-based summer 

temperature reconstructions (r = 0.32–0.63, P < 0.005), which are mostly dominated by 

Eurasian tree-ring data (6, 24–26) (Fig. 3-4A). Furthermore, the warm and cold epochs of 

4P-STREC correspond well with an ensemble of 25 full-forcing simulations of MJJA 

temperatures (averaged over land 30–90ºN) from global climate models (the Coupled Model 

Intercomparison Project Phase 5/Paleoclimate Model Intercomparison Project Phase 3 

protocol (27); hereafter referred to as CMIP5; Fig. 3-4B). The correlation with the 

hemispheric CMIP5 multi-model mean during 997–2000 CE (r = 0.58, P < 0.001) exceeds 

those between 4P-STREC and four out of the five NHET reconstructions, and even surpasses 

the correlations between two NHET reconstructions and the multi-model mean (Fig. 3-4C). 
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By averaging 25 members, the CMIP5 multi-model mean largely masks out the unforced 

internal variability (28, 29). Thus, the relatively high correlations among 4P-STREC and 

NHET reconstructions and simulations imply that externally forced climate variations 

produce a strong imprint at both hemispheric and regional scales, and that the internal climate 

variability does not blur these forced climate variations in the NENA sector. Comparison of 

4P-STREC with single-forcing simulations of NHET land summer temperatures points 

toward volcanism as the main forcing synchronizing NENA and hemispheric summer 

temperatures (Fig. 3-S8). Consequently, in conformity with Mann et al. (30) and several 

detection and attribution studies on hemispheric and global millennial temperatures (2, 31), 

our study considerably downgrades the importance of self-oscillatory mechanisms and raises 

the role of volcanism in shaping NENA’s multi-decadal summer temperature variability. 

3.5 Materials and methods 

3.5.1 MXD network and chronology development 

Our MXD network consists of series from 1,668 radii of 1,294 black spruce (Picea 

mariana (Mill.) B.S.P.) trees from four sites across the eastern Canadian boreal forest (Fig. 

3-1A; Table 3-S2), an extratropical region with typically cold/long winters, and warm/short 

summers. L105, L20, and L135 are three newly sampled sites. To ensure data homogeneity 

(32, 33), we sampled living trees from the lakeshore forests of corresponding lakes where 

subfossils were collected. New MXD data from these sites were measured from 1–2 radii of 

each sample using the X-ray densitometric technique (see Wang et al. (34) for details). 

Dating of millennial chronologies at these three sites were validated using a sample showing 

globally coherent cosmogenic 14C signature at 774 CE (35). The existing Quex dataset was 

obtained from the NOAA International Tree Ring Data Bank (Table 3-S2) and was corrected 

for its erroneous location in the metadata and for the cross-dating of one sample 

(Supplementary Text S1). All MXD measurements were averaged by tree before subsequent 

analysis. 
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After comparing three standardization methods, including the widely applied regional 

curve standardization (36), the regionally constrained individual signal-free standardization 

(RSFi) (37) method was selected to detrend the MXD series at each site (see Supplementary 

Texts S2, S3). The RSFi method efficiently removed non-climatic signals (e.g., local 

competition and disturbances) introduced by trees established in different eras, while 

preserving the long-term variability. In addition, because the MXD series of black spruce 

trees are known to exhibit heteroscedastic variance (38), we compared chronologies 

calculated from ratios and residuals plus power-transformation (39) via a simple linear-

scaling approach (40). The RSFi ratio chronologies were chosen for final temperature 

reconstructions, due to better overall performance (Supplementary Text S2). Chronology 

characteristics were assessed by the expressed population signal (41), rbar, and mean cambial 

age (Fig. 3-S2). 

3.5.2 MJJA temperature reconstruction 

Two MXD-based summer temperature reconstructions (D-STREC and 4P-STREC) 

were developed using a Bayesian linear regression approach (see details in Supplementary 

Text S4) (15). Compared to conventional reconstruction methods, the Bayesian approach 

provides posterior distributions of the climate variable taking into account individual proxy 

likelihoods, thus enabling comprehensive uncertainty assessments and improving the 

reconstruction skills (Fig. 3-S9). MXD and other proxies (ring width (33), 18O (42), and 

13C (15)) showed optimal temperature responses over the MJJA season (Fig. 3-S10). 

Therefore, regional MJJA temperatures were averaged over an area covering our data 

network (50º–60º N, 65º–77º W) from the CRU TS4.03 dataset (14) (Fig. 3-1A; data obtained 

from KNMI Climate Explorer: https://climexp.knmi.nl/), and the full calibration period was 

set to 1905–2006 CE. D-STREC is based on four local MXD chronologies and was limited 

to the 772–2017 period to ensure the reconstruction robustness, based on EPS > 0.85 and 

replication > 15 trees (Fig. 3-S2; Fig. 3-S2A). Calibration of the local MXD chronology at 

the site Quex was limited to the 1905–1989 period, due to the shorter time coverage. 

https://climexp.knmi.nl/
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 In order to develop the 4P-STREC reconstruction, we combined the median of D-

STREC reconstruction posteriors, with millennial ring width, 18O, and 13C series available 

over 997–2006 CE. Specifically, the input ring-width data are the medians of local 

chronologies (1,932 trees) from six sites, including L20 (33), while isotope data are available 

only for the L20 site (15, 42). Because individual isotope values were obtained from multi-

year wood samples grouped by cohorts, 18O and 13C chronologies correspond to yearly 

values smoothed with a 9-year-triangular filter (15). Thus, in order to be integrated into the 

same multiproxy reconstruction, the D-STREC median, ring width, and regional MJJA 

temperatures were decomposed to low-frequency and high-frequency components using a 

similar filter. The high-frequency component of ring-width data was not used for the final 

4P-STREC because it did not add additional skill to the reconstruction. In the multiproxy 

Bayesian framework, we first separately developed one multiproxy low-frequency (using 

four proxies) and one MXD-based high-frequency reconstructions, and then combined them 

to generate the 4P-STREC. In addition, we reproduced the 3P-STREC reconstruction of 

Gennaretti et al. (15), but using the aforementioned new regional MJJA temperature target 

in order to obtain comparable results. Although 3P-STREC and D-STREC are completely 

independent by proxy types (no proxy in common) and almost independent by sampling sites 

(one out of 9 sites in common), the two reconstructions share a relatively high fraction of 

common low-frequency variability over 997–2006 CE (r = 0.50, P < 0.001 for the 10-year 

smoothed series; Fig. 3-2B). 

Two types of confidence intervals were calculated for the three reconstructions. The 

first type (referred to as “95% CI”) assesses the uncertainties of the Bayesian model and was 

derived directly from the 2.5th and 97.5th percentiles of the posterior temperatures for each 

reconstructed year. The second type (referred to as “95% CI + data uncertainty”) additionally 

considers the time-varying uncertainties in the proxy chronologies. We produced 100 

chronologies per proxy with a sampling procedure based on available data points (individual 

MXD data per site, 6 ring-width chronologies, and a cohort of 5 trees for isotopes). Assuming 

that data points are normally distributed for each year, the chronologies were built sampling 
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at each year from a normal distribution N ~ (, ), where  is the mean of the available data 

points and  is the standard error of mean. Fig. 3-S1 illustrates the range of ± 1.96 × standard 

error of mean for the four local MXD chronologies. The 100 chronologies were then included 

in the Bayesian models for generating alternative D-STREC, 3P-STREC, and 4P-STREC 

reconstructions. The final “95% CI + data uncertainty” was derived from the 2.5th and 97.5th 

percentiles of the mixed posteriors from the 100 runs. Differencing the “95% CI + data 

uncertainty” from the “95% CI” thus allows assessing the sensitivity due to proxy-level 

uncertainties (Fig. 3-S4). 

3.5.3 Historical temperature record 

We generated a long MJJA temperature record from a compilation of historical daily 

temperature observations from the Saint-Lawrence Valley in southern Québec (43) (data 

obtained from http://ncdc.noaa.gov/paleo/study/16336). The historical record was 

constructed based on multiple observers at Québec City, Montréal, and the Ottawa River 

region, which are ~450–800km away from our closest site, L105 (Fig. 3-1A). Maximum and 

minimum temperature data were averaged to represent the daily mean temperatures, which 

were later aggregated to monthly data. In order to minimize uncertainties due to a high 

frequency of missing values in the early 19th century, a monthly aggregate for each year was 

retained only if there were less than eight missing daily values in the corresponding month. 

The valid temperatures of four months from May to August were then averaged to yield a 

seasonal (MJJA) temperature record starting from 1805 CE with continuous values since 

1837 CE (Fig. 3-2D).  

3.5.4 Last millennium temperature simulations 

We used 25 full-forcing and 23 single-forcing last-millennium simulations of monthly 

near-surface air temperatures. The full-forcing CMIP5 simulations include 16 members from 

the CESM Last Millennium Ensemble (44) (CESM-LME; including 3 members of isotope-

enabled CESM (45)) and 9 members from the CMIP5 Past1000 experiments. The single-

forcing simulations were obtained from the CESM-LME runs singly forced by greenhouse 

http://ncdc.noaa.gov/paleo/study/16336
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gases, land use, orbital, solar, and volcanic forcing only. In addition, the pre-industrial 850 

control run of CESM-LME was used as an unforced baseline to evaluate the correlations 

between 4P-STREC and the single-forcing simulations. Corresponding climate models and 

experiments are detailed in Table 3-S8. In order to allow for direct comparisons among 

models, all model outputs were interpolated to a T21 (~5.6º×5.6º) resolution using the first-

order conservative remapping function provided by the Climate Data Operators (46). Gridded 

data were then averaged over land between 30ºN and 90ºN according to area weights, to 

generate a full-forcing and a single-forcing ensemble of simulated NHET land temperatures 

for the MJJA season. Although CMIP5 simulations tend to underestimate the impact of 

NHET eruptions (Fig. 3-S6), this result probably reflects the fact that CMIP5 volcanic forcing 

differs from the updated datasets we used to select volcanic events (Tables 3-S7, S8). 

3.5.5 Correlation analysis and significance test 

We used Pearson’s correlation to assess the relations among reconstruction, simulation, 

and climate timeseries. Because strong autocorrelation reduces effective degrees of freedom 

of timeseries and could bias conventional Student’s t-tests (47), we adopted the method of 

PAGES 2k (2) to test statistical significance for Pearson’s r, with a null hypothesis that 

original timeseries are unrelated. First, we generated 1000 random red-noise timeseries for 

each original series with the same lag-1 autocorrelation coefficient using the “colorednoise” 

R package (48). The random series were smoothed, if needed, and then correlated against 

each other, as we did for the original data, to form a distribution of 5×105 correlation 

coefficients for each pair of comparisons. Finally, these distributions were compared with 

the true Pearson’s r to calculate probabilities (P-values) to test the null hypothesis under a 

two-sided test. Correlation coefficients are considered significant when P-values are smaller 

than 0.05. 

3.5.6 Attribution of cold extremes to volcanic eruptions 

The cold extremes of 4P-STREC were attributed to volcanic eruptions according to the 

Global Volcanism Program (49) (GVP; volcanic explosivity index (VEI) ≥ 4) and three ice-
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core-based volcanic forcing reconstructions (eVolv2k (50), IVI2 (51), and ICI (52)). A 

successful match was identified when a cold extreme corresponded to a volcanic event from 

at least one of the above datasets, allowing a maximum 2-year lag (Table 3-S5). Tropical and 

NHET eruptions were identified from the corresponding volcanoes provided by GVP 

(tropical: 30 ºS–30 ºN, NHET: 30–90 ºN) or the ice-core datasets (unidentified events). 

3.5.7 Superposed epoch analysis (SEA) 

We used a regular SEA approach provided by the algorithm of Rao et al. (53) to 

investigate the composite responses to the target volcanic events. First, we constructed a list 

of tropical and NHET volcanic eruptions (Table 3-S7) according to the stratospheric aerosol 

optical depth at 550 nm (SAOD) estimated from the eVolv2k reconstruction (1000–1900 CE) 

(50), combined with the CMIP6 dataset (1901–2016 CE) (54). The SAODNHET (area-

weighted average over extratropical 30ºN to 90ºN) ≥ 0.03 (~1/3 of the Pinatubo 1991 CE 

eruption) was used as criteria by which to select tropical and NHET eruptions that have 

potentially affected the extratropical Northern Hemisphere. We kept all 32 events that 

corresponded to identified eruptions (VEI ≥ 4) according to the GVP (49). The unidentified 

events were further screened, and were included when also listed in both IVI2 (51) and ICI 

(52), by permitting a 3-year lag (55). Four events that fulfilled the criteria (Aira 1471 CE, 

Serua 1693 CE, Unidentified 1808 CE, and Pinatubo 1991 CE) were discarded because of 

case-specific reasons (see Table 3-S7). In total, 24 tropical and 19 NHET events were 

retained for the SEA.  

The key eruptions years used for the SEA were re-evaluated to minimize potential 

uncertainties. For unidentified events, we adopted the years adjusted by the latest application 

of eVolv2k (13), which accounted for the time lags between eruptions and ice sheet 

deposition. The adjustments on 10 tropical events led to a more similar SEA result, compared 

to that using identified tropical eruptions (Figs. 3-S11A, S12A). In addition, key years were 

set one year after the year of eruption for events that occurred after August (otherwise 

assumed in the same year), a strategy adapted from Guevara-Murua et al. (56). Not 
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considering this lag could introduce biases to SEA because tree ring is a seasonal proxy. For 

example, an eruption in December cannot affect the tree-ring formation of black spruce in 

the same year because black spruce grows in spring–summer (57). This adjustment was 

applied to limited events with known eruption months, yet, it could result in a more evident 

cooling in response to NHET eruptions (Fig. 3-S11B). We performed SEA on multiple time 

series (reconstructions and simulations) based on the constructed key eruption years. We 

considered the temperature anomalies of 15 post-eruption years relative to the 5-year pre-

eruption mean. The statistical significance of volcanic cooling was assessed using the block 

reshuffling method (58) with 10,000 iterations. The robustness and consistency of SEA 

results were validated using multiple subsets of retained volcanic events, as well as using the 

instrumental temperature series (Fig. 3-3A, B; Fig. 3-S12). 
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3.8 Figures 

 

Figure 3-1: Millennial MXD network and correlation fields with gridded MJJA temperature 

of the CRU dataset. (A) Locations of the MXD network with an inset showing the existing 

millennial MXD chronologies previously used for summer temperature reconstructions 

across the Northern Hemisphere (see details in Table 3-S1) as well as their correlations with 

MJJA temperatures (1901–1976 CE), thus indicating the North American data gap. The red 

dotted square (50º–60º N, 65º–77º W) encloses the area used to calculate the temperature 

target from the CRU dataset. The red solid square refers to the area where the historical 

southern Québec temperatures were recorded (Materials and Methods). (B)–(E) Spatial 

domains of reconstructed and observed (CRU) temperatures over the 1905–2006 period. 
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Figure 3-2: Reconstructed MJJA temperature anomalies w.r.t. 1905–2006 CE in NENA. (A) 

Replication of MXD series on the tree basis. (B) D-STREC and 3P-STREC superimposed 

on the two 95% confidence intervals (CIs) of D-STREC. Smoothed curves are produced 

using a 10-year low-pass Butterworth filter. The “95% CI” is the uncertainty of the Bayesian 

model. The “95% CI + data uncertainty” additionally considers the proxy-level uncertainty 

(see Materials and Methods). (C) Same as (B), but for 4P-STREC along with a temperature 

stripe graphic (expressed in 10 colors from cold-blue to warm-red) highlighting the Medieval 

Climate Anomaly (MCA; ~997–1250 CE), the Little Ice Age (LIA; ~1251–1930 CE), and 

the recent warming period (RWP; ~1931–2006 CE). Circles, triangles, and crosses denote 

cold extremes (≤ mean−2SD) matched to tropical and NHET volcanic eruptions, and the 

unattributed extremes, respectively (Table 3-S5). (D) Comparison of D-STREC and 4P-

STREC with observed MJJA temperatures (CRU dataset and historical southern Québec 

record). Pearson’s r values for D-STREC and 4P-STREC versus temperature observations 

are shown in blue and black, respectively; r values in brackets are for 10-year low-pass 

filtered series produced by a Butterworth filter (P < 0.05 in all cases).  
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Figure 3-3: Superposed epoch analysis for 4P-STREC according to volcanic aerosol forcing. 

(A) 4P-STREC responses to tropical eruptions with stratospheric aerosol optical depth at 550 

nm area-weighted averaged over 30–90ºN (SAODNHET) ≥ 0.03 (“All”), SAODNHET ≥ 0.09, 

and 0.03 ≤ SAODNHET < 0.09. (B) Same as (A) but for NHET eruptions. (C) Superposed 

volcanic aerosol forcing (expressed as SAODNHET) of tropical eruptions with SAODNHET ≥ 

0.03. (D) Same as (C), but for NHET eruptions. Responses and forcing are calculated relative 

to the 5-year pre-eruption mean. Horizontal dashed lines in (A) and (B) represent the 0.95 

statistical significance level (Materials and Methods). The eruptions used for analyses are 

listed in Table 3-S7.  
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Figure 3-4: Comparison of 4P-STREC with NHET summer temperature reconstructions and 

simulations. (A) 4P-STREC compared to five tree-ring-based reconstructions. Sch15, 

Schneider et al. (25); NTREND_all and NTREND_D, the final and the MXD-only 

reconstructions in Wilson et al. (6); Sto15, Stoffel et al. (24); Guillet20, Guillet et al. (26). 

(B) 4P-STREC compared to an ensemble of 25 CMIP5 full-forcing near-surface MJJA 

temperature simulations averaged over land 30–90ºN. (C) Pearson’s r among the time series 

displayed in (A) and (B) over 997–2000 CE. 4P-rec, 4P-STREC versus reconstructions (box 

and triangles); 4P-sim, 4P-STREC versus individual simulations (box) and the multi-model 

mean (blue triangle); rec-sim, NHET reconstructions versus individual simulations (box) and 

the multi-model mean (triangles; colors refer to the legend of (A)). Boxes show the median 

and the 25%–75% range, whiskers the 1.5 times interquartile range, points the outliers. In 

(A) and (B), all the time series are smoothed using a 20-year low-pass Butterworth filter and 

transformed to z-scores w.r.t. the 1000–2000 time period. 

  



131 

 

 

3.9 Supplementary Text 

S1. Validation of Quex MXD data 

The Quex MXD dataset was validated before being included in our density network 

and some problems were found. Firstly, the site location must be corrected by ~300 km from 

the town of Kuujjuarapik (55.33ºN, 77.83ºW) to the region of the Boniface River (57.75ºN, 

76.17ºW). The Boniface River area is a region of relict forests and the only known location 

in northern Quebec where >500 years of long black spruce tree-ring chronologies can be 

developed from dried spruce trunk at the soil surface (59, 60). An additional indication of the 

erroneous location is that the site Quex is labeled as “Bonif historic” in the NOAA 

International Tree Ring Data Bank, coinciding with Boniface River. In order to confirm the 

origin of Quex, the dataset was correlated over the period 1901–1988 CE against a black 

spruce ring-width network comprising 60 sites across the Quebec-Labrador Peninsula. Ring-

width data were used because they are more abundant and display a smaller spatial domain 

than does MXD (61). Considering that tree replications varied among sites, we standardized 

ring width as ratios using individual age-dependent spline with the signal-free approach (a 

suitable method for standardizing living black spruce ring-width series (38)) at each site and 

used the first-differenced data to amplify interannual variability. The Pearson’s correlation 

coefficients clearly show a strengthening relation with the Quex ring width toward the 

Boniface River region, away from the wrong location of Kuujjuarapik (Fig. 3-S13A). A 

similar eccentric location is also evidenced by the correlation field of the raw (not first-

differenced) Quex ring-width chronology against gridded CRU data (Fig. 3-S13B).  

Furthermore, there are several zero values in some of the MXD series of Quex that 

were likely due to very narrow rings or measurement errors, because missing rings are 

extremely rare in black spruce in northern Québec. We accordingly replaced these zero 

values with the available density data from a second radius of the same tree ID in the 

corresponding year. A missing value was only kept if there was no density measurement from 
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the second radius. In addition, cross-dating of one core series (ID: 858181) was corrected 

because of a dating error. Core series were then averaged by tree for further analyses. We 

also estimated a pith offset of 2 rings (missing metadata; the modal value in our own data) 

for each tree series for the subsequent standardization. 

S2. Comparison of standardization methods 

To optimize temperature signals in our final reconstructions, we compared three 

methods to standardize MXD data at the four sites, including the conventional regional curve 

standardization (RCS) (36), RCS with signal-free approach (sfRCS) (62), and regionally 

constrained individual signal-free standardization (RSFi) (37). Chronologies were calculated 

based on ratios and residuals plus power-transformation (hereafter named ratio chronology 

and residual chronology, respectively) for the three methods using the RCSigfree program 

(https://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software). For all methods, 

we used age-dependent spline smoothing (63) with an initial stiffness of 2 years to estimate 

the growth trends of the MXD series, and chronologies were calculated using Tukey’s bi-

weight robust mean along with the variance stabilization procedure (64, 65).  

We calculated Pearson’s correlation coefficients among local chronologies, and 

between each chronology and local MJJA temperatures averaged from monthly data of the 

four gridded cells closest to each site (CRU dataset). This analysis shows that the RSFi 

method in general resulted in stronger correlations among sites and with the local temperature 

target (Table 3-S9), and could correct for the “divergent trends” in recent decades that are 

evident with other methods, in particular for the site L135 (Fig. 3-S14). In general, the ratio 

chronologies showed slightly higher correlations (among sites and with MJJA temperatures) 

than the residual chronologies across standardization methods, although this trend was not 

evident for the RSFi method (Table 3-S9). 

The skills of the RSFi ratio and residual chronologies were further assessed via 

temperature reconstructions using a time-efficient linear scaling approach (40) that yields 

https://www.ldeo.columbia.edu/tree-ring-laboratory/resources/software
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similar results to the linear Bayesian method (15) (Fig. 3-S9). For this assessment, we used 

RSFi chronologies at the four sites. The scaling method forced each local series to have the 

same mean and variance as those of the regional MJJA temperature target over the 1905–

2006 time period (1905–1989 CE for site Quex). The scaled chronologies were then 

arithmetically averaged and scaled again with respect to the temperature target to form a 

scaled reconstruction. In agreement with comparisons of most sites (Table 3-S9), the regional 

MJJA temperatures were also better correlated when using the ratio-based reconstruction 

(Fig. 3-S9). Consequently, RSFi ratio chronologies were chosen for our final temperature 

reconstructions. 

S3. RSFi standardization 

The RSFi method (37) combines the individual signal-free standardization with the 

signal-free RCS method. At each site, we first used the RCSigfree program to standardize 

MXD data using the individual signal-free age-dependent spline smoothing to generate 

individual growth trends (curves) for each individual series. The sfRCS was also applied to 

generate a signal-free regional curve. Briefly, each individual growth curve was aligned with 

the regional curve according to cambial age, and was adjusted to the same mean value as that 

of the regional curve for the same cambial age interval. The mean-adjusted individual growth 

curves were then used to re-standardize raw MXD series. This procedure is efficient for 

removing irregular growth trends due to atypic growth rates and disturbances in different 

time periods, while also preserving the low-frequency domain that would be lost when using 

only individual-based standardization. Chronologies were finally calculated using Tukey’s 

bi-weight robust mean along with the variance stabilization procedure (64, 65). 

S4. Bayesian reconstruction 

The linear Bayesian approach used for our summer temperature reconstructions was 

originally designed to perform a multi-proxy reconstruction (15). Here, we use this approach 

with multiple proxy series. The posterior density of the reconstructed climate (ci) at year i, 
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given by N proxy series Di = [d1, i, d2, i,…, dN, i] and observed climate data (Ccal) of the same 

timescale, can be written as: 

 p(ci|Di, Dcal, Ccal) ∝ [∏ ∫ p(dk, i|ci, τ)p(dk, cal|Ccal, τ)p(τ)N
k=1 dτ]p(ci).                     (Eq.1) 

where dk, cal is the data of the kth series over the calibration period, and τ is a set of 

parameters [α, β, σ] defining the linear relationship between each proxy series and the 

climate data with normally distributed errors: 

  p(dk, i|ci, τ) ≡ N(dk, i; μ = αci+ β, σ).                                                                       (Eq.2) 

Equation (2) can be solved using dk, cal  and Ccal  (𝑝(dk, cal|Ccal, τ)), the proxy and 

climate data during the calibration period, and Markov Chain Monte Carlo sampling with 

Metropolis–Hastings steps.  

In equation (1) the term p(ci) is a prior of climate (i.e., given by the linear scaling 

MXD-based reconstructions in our cases, see below) and was assumed to be normally 

distributed: 

 p(ci) ≡ N(ci; μc
, σc).                                                                                                                    (Eq.3) 

For D-STREC, 4P-STREC, and 3P-STREC, , , and  were assumed to be a uniform 

prior in sin(tan-1(α)), a uniform prior, and a Jeffreys prior, respectively. We ran three parallel 

chains and obtained a total of 90,000 draws (after discarding 5000 burn-in times for each 

chain) to generate posteriors for these three parameters. Parameters for p(ci) were derived 

from the MXD-based temperature reconstruction using the linear scaling method (Fig. 3-S9). 

In order to reconstruct the HF components of 4P-STREC and 3P-STREC, the scaled 

temperature reconstruction was also decomposed using a 9-year-triangular filter to generate 

high-frequency (HF) priors. 
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3.10 Supplementary Materials 

Supplementary Tables 

Table 3-S1. Published millennial MXD chronologies previously used for climate 

reconstructions. ITRDB: the NOAA International Tree Ring Data Bank. 

Site name Continent Lat. / Long. (º) Species Timespan CE Reference 

Forfjorddalen 

Europe  

68.8 / 15.7 Pinus sylvestris 978–2005 McCarroll et al. (68) 
Jämtland 63.3 / 13.3 Pinus sylvestris 850–2011 Zhang et al. (69) 

Laanila 68.5 / 27.3 Pinus sylvestris 800–2005 McCarroll et al. (68) 

Lauenen 46.4 / 7.3 Picea abies 982–1976 Schweingruber, ITRDB 

Lötschental 46.3 / 7.8 Larix decidua 735–2004 Büntgen et al. (70) 
N-Greece 40.1 / 20.9 Pinus heldreichii 730–2015 Esper et al. (71) 

Nscan 67.5 / 22.5 Pinus sylvestris -215–2006 Esper et al. (32) 

S-Finland 61.9 / 29.0 Pinus sylvestris 674–2000 Helama et al. (72) 
Torneträsk 68.2 / 19.5 Pinus sylvestris 441–2010 Melvin et al. (73) 

Altai 
Asia 

50.0 / 88.0 Larix sibirica 462–2007 Schneider et al. (25) 

Polar Ural 66.5 / 65.4 Larix sibirica 778–2006 Briffa et al. (74) 

Athabasca N. America 52.3 / −117.3 Picea engelmannii 867–1994 Luckman and Wilson (75) 
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Table 3-S2. Properties of the MXD network. No. radii / tree: number of measured radii and 

corresponding trees. MSL: mean segment length of individual MXD series. AR1: mean first-

order autocorrelation of raw MXD series. Timespans show periods of the four local MXD 

chronologies used in D-STREC, whereas bracketed years refer to the start of each 

chronology. L105, L20, and L135 are three newly sampled sites and site L135 is composed 

of three adjacent lakes (L13, L14, and L15, distance < 3km). Quex was developed by Fritz 

H. Schweingruber, and is available on the NOAA International Tree Ring Data Bank: 

https://www.ncdc.noaa.gov/paleo-search/study/4349. Note that the location of Quex has 

been corrected (Supplementary Text S1). 

Site Lat. (°) Long. (°) Elev.(m) No. radii / tree  MSL AR1 Timespan CE 

L105 50.8 −68.8 531 788 / 647  87 0.56 772 (715) –2017 

L20 54.6 −71.2 483 583 / 438 76 0.41 772 (658) –2016 

L135 56.7 −74.0 251 214 / 164 90 0.40 772 (647)–2008 
Quex 57.8 −76.2 50 83 / 45 134 0.33 1363 (1352)–1989 

 

  

https://www.ncdc.noaa.gov/paleo-search/study/4349
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Table 3-S3. Calibration statistics of Bayesian summer temperature reconstructions over the 

1905–2006 time period. For r and R2, the raw, low, and high represent the results of 

unfiltered, 10-year low-pass and high-pass filtered series, respectively (Butterworth filter). 

The continuous potential ranked probability score (CRPSpot) and the reliability score (Reli) 

were calculated from 1000 members randomly drawn from posteriors of each reconstruction. 

Other statistics were calculated based on the median, 2.5, and 97.5 percentiles of 

reconstruction posteriors. RMSE: root-mean-square error. CI: confidence interval. 

Statistics D-STREC 4P-STREC 3P-STREC 

r (raw/low/high) 0.75/0.80/0.72 0.77/0.87/0.71 0.59/0.85/0.40 
R2 (raw/low/high) 0.56/0.64/0.52 0.60/0.77/0.51 0.35/0.72/0.16 

RMSE 0.58 0.56 0.70 

CRPSpot 0.33 0.31 0.39 

Reli 19.9e-3 7.2e-3 8.0e-3 
95% CI coverage 0.87 0.96 0.98 

95% CI width 1.84 2.26 3.33 
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Table 3-S4. Non-overlapping warmest decades and strongest centennial warming trends 

reconstructed by 4P-STREC. Temperatures are shown in anomalies w.r.t. 1905–2006 period. 

Periods later than 1900 CE are in bold. Only positive non-overlapping trends are shown. 

Rank Warmest decades 100-year warming trends 

Period Temp. ºC Period ºC /10 y ± SE 

1 1997–2006 1.00 1904–2003 0.16 ± 0.02 

2 1147–1156 0.91 998–1097 0.06 ± 0.03 

3 1086–1095 0.77 1644–1743 0.05 ± 0.02 

4 1116–1125 0.69 1453–1552 0.05 ± 0.02 
5 1137–1146 0.69 1316–1415 0.04 ± 0.02 

6 1065–1074 0.66 1804–1902 0.02 ± 0.03 

7 1199–1208 0.65 - - 

8 1804–1813 0.57 - - 
9 1181–1190 0.53 - - 

10 1979–1988 0.51 - - 
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Table 3-S5. Extremely cold years (≤ mean−2SD) in the 4P-STREC and D-STREC 

reconstructions, and correspondence to volcanic eruptions according to the GVP (49) (VEI 

≥ 4), eVolv2k (50), IVI2 (51), and ICI (52) (Materials and Method). Temperatures are shown 

in anomalies (ºC) w.r.t. the 1905–2006 time period. Question marks refer to uncertain results. 

Dates with # are the matches provided by Toohey et al. (13). 

Year 

CE 

Temp. ºC 

4P-STREC 

Extreme in 

D-STREC 

Match to volcanic eruptions 
Location 

GVP eVolv2k IVI2 ICI 

998 -2.74 Yes - 998 - - NHET 

1007 -1.98 Yes - - - 1006 NHET 
1031 -1.84 Yes 1030 1028 1030? - Tropical 

1104 -1.77 No 1104 - - - NHET 

1127 -2.13 Yes - 1127 - 1128 Tropical 

1210 -2.49 Yes 1210 1210 - - NHET 
1230 -2.06 Yes - 1230 1227# 1228# Tropical 

1323 -2.81 Yes - - - - - 

1453 -1.73 No - 1453 1452 1454 Tropical 
1466 -2.20 Yes - - - 1467 NHET 

1480 -1.98 Yes 1480 1480 1480 1480 NHET 

1492 -2.09 Yes - - - 1493 NHET 
1518 -1.73 No - - - - - 

1593 -3.83 Yes 1593 1595? 1593 1593 Tropical 

1609 -2.56 Yes - - - - - 

1620 -2.20 Yes - - 1619 1620 Tropical 
1638 -1.95 Yes 1638 1637? - - Tropical 

1680 -2.17 Yes 1680 - - 1680 Tropical 

1688 -2.24 Yes - - - 1688 NHET 
1700 -2.38 Yes - - - 1700 NHET 

1757 -1.73 Yes 1755 1755 1755 - NHET 

1816 -3.83 Yes 1815 1815 1815 1815 Tropical 
1817 -3.75 Yes 1815 1815 1815 1815 Tropical 

1819 -2.13 Yes 1818 - - - Tropical 

1836 -2.24 Yes 1835 1835 1835 1835 Tropical 
1853 -2.09 Yes 1853 1853 - 1854? NHET 

1855 -1.80 Yes 1854 1856? - 1854? NHET 

1912 -2.20 Yes 1912 No data 1912 1912 NHET 

1918 -1.91 Yes 1917 No data - - Tropical 
1923 -2.27 Yes - No data - 1924 NHET 

1934 -1.77 No 1933 No data - - NHET 

1956 -1.88 Yes 1956 No data - 1956 NHET 
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Table 3-S6. Non-overlapping coldest decades reconstructed by 4P-STREC and 

correspondence to volcanic eruptions. All the ten coldest decades are associated with large 

tropical eruptions with VEI ≥ 4 provided by the GVP (49), except for the Kuwae? eruption 

with uncertain VEI.  

Rank Period CE Temp. ºC Match to volcanic eruptions 

1 1816–1825 -1.51 Tambora (1815, VEI = 7) 

2 1836–1845 -1.15 Cosiguina (1835, VEI = 5) 

3 1601–1610 -1.09 Huaynaputina (1600, VEI = 6) 
4 1693–1702 -0.98 Serua (1693, VEI = 4) 

5 1904–1913 -0.83 Santa Maria (1902, VEI = 6) 

6 1679–1688 -0.78 Tangkoko-Duasudara (1680, VEI = 5?) 
7 1921–1930 -0.76 Manam (1919, VEI = 4); Kelut (1919, VEI = 4)? 

8 1460–1469 -0.71 Kuwae? (1457, VEI = ?) 

9 1640–1649 -0.70 Parker (1640, VEI = 5) 
10 1862–1871 -0.67 Makian (1861, VEI = 4) 
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Table 3-S7. Tropical and NHET volcanic eruptions with peak SAODNHET ≥ 0.03 derived 

from eVolv2k (50) combined with CMIP6 (54) datasets. VEI is provided by the GVP (49). 

Ice years from IVI2 (51) and ICI (52) were used to screen unidentified eruptions (Materials 

and Method). Question marks refer to uncertain values. a: eruption years adjusted by Toohey 

et al. (13). b: eruption years adjusted by authors. c: events matched by Toohey et al. (50). *: 

categorized to unidentified events. 

Key Year 

CE 

Eruption 

Year Volcano VEI 
Peak SAODNHET 

(Year) 

Ice year 
Location 

eVolv2k IVI2 ICI 

1020 1020 Unidentified - 0.051 (1020) 1020 1018 1021 NHET 

1170 1170a Unidentified - 0.157 (1172) 1171 1167c 1169 Tropical 

1180 1180a Unidentified - 0.246 (1182) 1182 1176c 1184 NHET 

1190 1190a Unidentified - 0.063 (1192) 1191 1188 1193 Tropical 

1210 1210 Katla 4 0.083 (1210) 1210 - - NHET 

1229 1229a Unidentified - 0.212 (1231) 1230 1227 1228 Tropical 

1257 1257.7(±2) Samalas 7? 0.482 (1258) 1257 1258 1257 Tropical 

1275 1275a Unidentified - 0.047 (1277) 1276 1275 1275 Tropical 

1285 1285a Unidentified - 0.121 (1287) 1286 1284 1286 Tropical 

1328 1328a Unidentified - 0.092 (1329) 1329 1328 1329 NHET 

1343 1343a Unidentified - 0.125 (1346) 1345 1341c 1344 Tropical 

1452 1452a Kuwae?* - 0.102 (1454) 1453 1452 1454 Tropical 

1457 1457a Kuwae?* - 0.211 (1459) 1458 1459 1459 Tropical 

1477 1477.2 Bardarbunga 6 0.118 (1477) 1477 1476 1474 NHET 

1480 1480.1(±2) St. Helens 5+ 0.052 (1480) 1480 1480 1480 NHET 

1510 1510.7 Hekla 4 0.051 (1511) 1510 1512 1508 NHET 

1586 1586 Kelut 5? 0.092 (1586) 1585 1584 1585 Tropical 

1593 1593 Raung 5? 0.075 (1596) 1595 1593 1593 Tropical 

1600 1600.2 Huaynaputina 6 0.182 (1601) 1600 1600 1600 Tropical 

1641 1640.12 Parker 5? 0.163 (1640) 1640 1641 1640 Tropical 

1668 1667.9 Shikotsu 5 0.085 (1668) 1667 - 1667 NHET 

1673 1673.5 Gamkonora 5? 0.043 (1674) 1673 1673 1673 Tropical 

1694 1694a Unidentified - 0.126 (1696) 1695 1693 1695 Tropical 

1708 1707.12 Fujisan 5 0.031 (1708) 1707 - 1704 NHET 

1730 1730a Unidentified - 0.119 (1729) 1729 1729 1731 NHET 

1740 1739.8 Shikotsu 5 0.080 (1740) 1739 - 1739 NHET 

1756 1755.10 Katla 5? 0.032 (1756) 1755 1755 - NHET 

1762 1762a Unidentified - 0.044 (1763) 1762 1761 1762 Tropical 

1766 1766.4 Hekla 4 0.050 (1766) 1766 - - NHET 

1783 1783.5 Grimsvotn 4+ 0.378 (1784) 1783 1783 1783 NHET 

1796 1796b Unidentified - 0.030 (1797) 1797 1796 1796 NHET 

1815 1815.4 Tambora 7 0.250 (1816) 1815 1815 1815 Tropical 

1831 1831 Babuyan Claro 4 0.137 (1832) 1831 1831 1831 Tropical 

1835 1835.1 Cosiguina 5 0.087 (1836) 1835 1835 1835 Tropical 

1857 1856.9 Hokkaido 5 0.034 (1856) 1855 - 1854 NHET 

1862 1861.12 Makian 4 0.041 (1862) 1861 1861 1861 Tropical 

1873 1873.1 Grimsvotn 4 0.031 (1873) 1873 - 1872 NHET 

1883 1883.5 Krakatau 6 0.116 (1884) 1883 1883 1883 Tropical 

1903 1902.10 Santa Maria 5? 0.108 (1903) No data 1902 1902 Tropical 

1907 1907.3 Ksudach 5 0.034 (1907) No data - 1907 NHET 

1912 1912.6 Novarupta 6 0.103 (1912) No data 1912 1912 NHET 

1963 1963.2 Agung 5 0.030 (1965) No data 1963 1963 Tropical 

1982 1982.3 Chichon, El 5 0.096 (1983) No data 1982 1982 Tropical 

Four events were discarded for superposed epoch analysis based on case-specific reasons. Aira (1471 CE): the 

eruption likely lasted for several years. Serua (1693 CE): there is only a one-year lag to the stronger 1694 eruption. 
Unidentified (1808 CE): strong interference with the Tambora eruption (1815 CE; Fig. 3-S11C). Pinatubo (1991 CE): 
too strong of an influence of the recent warming against the volcanic cooling trend. 
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Table 3-S8. CMIP5 last-millennium ensemble models and volcanic forcing datasets used. 

GRA, Gao et al. (51); CEA, Crowley et al. (76). FULL, full-forcing; GHG, greenhouse gases 

only; LU, land use only; ORB, orbital only; SOL, solar only; VOL, volcanic only 

simulations; CNTL, unforced control run. Note that the full-forcing members of CESM-LME 

and CMIP5 Past1000 were named CMIP5 simulations in the main text. 

Sub-ensemble Model Type 
Volcanic 

forcing 
Member Reference 

CESM-LME 

CESM-CAM5 

FULL GRA 1–13 

Otto-Bliesner et al. (44) 

GHG - 1–3 
LU - 1–3 

ORB - 1–3 

SOL - 1, 3–5 

VOL GRA 1–5 
CNTL - 1 

iCESM1 

FULL GRA 1–3 

Brady et al. (45) 
GHG - 1 
ORB - 1 

SOL - 1 

VOL GRA 1–2 

CMIP5 Past1000 

BCC-CSM1.1 FULL GRA 1 Xin et al. (77) 

CCSM4 FULL GRA 1 Landrum et al. (78) 

CSIRO-Mk-3L-1-2 FULL CEA 1 Phipps et al. (79) 

GISS-E2-R FULL CEA & CRA r121 & r128 Schmidt et al. (80) 
IPSL-CM5A-LR FULL GRA 1 Dufresne et al. (81) 

MPI-ESM-P FULL CEA 1 Jungclaus et al. (82) 

MRI-CGCM3 FULL GRA 1 Yukimoto et al. (83) 
HadCM3 FULL CEA 1 Schurer et al. (84) 

 



143 

 

 

Table 3-S9. Correlations among sites and MJJA temperatures according to standardization 

methods. PT: power transformation. Correlation coefficients were calculated over the 

common time periods of each pair of time series. Temp refers to the corresponding local 

CRU MJJA mean temperatures starting from 1901 CE. The highest correlations for 

corresponding pairs are highlighted in bold. 

Standardization 

Method 
 

Ratios Residuals + PT 

L105 L20 L135 Quex L105 L20 L135 Quex 

RCS 

L20 0.45 - - - 0.45 - - - 

L135 0.14 0.53 - - 0.14 0.52 - - 
Quex 0.18 0.49 0.64 - 0.23 0.52 0.64 - 

Temp 0.59 0.48 0.22 0.59 0.59 0.47 0.21 0.59 

sfRCS 

L20 0.45 - -  0.45 - - - 

L135 0.14 0.52 -  0.14 0.52 - - 
Quex 0.17 0.48 0.65  0.21 0.52 0.66 - 

Temp 0.59 0.48 0.22 0.57 0.59 0.47 0.21 0.55 

RSFi 

L20 0.50 - - - 0.55 - - - 
L135 0.19 0.53 - - 0.18 0.50 - - 

Quex 0.17 0.50 0.62 - 0.19 0.50 0.63 - 

Temp 0.65 0.59 0.68 0.62 0.65 0.60 0.63 0.63 
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Supplementary Figures 

 

Figure 3-S1: Local MXD chronologies (standardized using the RSFi method; 

Supplementary Text S3).Purple curves represent the ± 1.96×standard error of mean (SEM) 

of available MXD data.  
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Figure 3-S2: Summary statistics of local and regional MXD series. (A) 51-year moving EPS 

values (41) aligned by the first year of each window. The regional EPS is consistently above 

0.85 since 772 CE. (B) 51-year moving rbar statistics. (C) Mean cambial age. Mean cambial 

age of Quex dataset was estimated using a pith offset of 2 years for each tree series. Thick 

black curves show the regional statistics calculated using all MXD data. 
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Figure 3-S3: Tambora (1815 CE) cooling recorded in historical MJJA temperatures, three 

temperature reconstructions, and the MXD chronologies at four sites. L105 is southernmost 

and closest to the Saint Lawrence Valley where the historical record was developed. L105 

MXD chronology shows a consistent pattern from 1815–1817 CE compared to the historical 

data. The historical and reconstructed temperature series are shown in anomalies w.r.t. 1905–

2006 CE. Local MXD chronologies are scaled relative to the historical temperature data over 

the 1905–2006 period (1905–1989 for the Quex site chronology). 
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Figure 3-S4: Proxy-level uncertainties of three temperature reconstructions. This is 

calculated based on differencing the “95% CI + uncertainty” and the “95% CI” of 

corresponding reconstructions (Materials and Methods). In general, 4P-STREC shows the 

smallest values, representing that its reconstructed values are the most insensitive to proxy-

level uncertainties, such as the measurement errors and individual sample biases. 
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Figure 3-S5: Timing of cooling maxima occurred within 2 years after tropical (A) and NHET 

(B) eruptions in 4P-STREC. In line with superposed epoch analysis, the cooling maxima 

most frequently occurs one year after tropical eruptions and the same year as NHET 

eruptions, respectively. 
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Figure 3-S6: Volcanic responses of NHET tree-ring summer temperature reconstructions 

(A, B) and climate model simulations (C, D). The reconstruction and (CMIP5) simulation 

time series are the same as those used in Fig. 3-4 and are transformed to z-scores w.r.t. the 

1000–2000 period prior to superposed epoch analysis (SEA). SEAs are based on all the 

tropical (left panel) and NHET eruptions (right panel) listed in Table 3-S7. Thick and thin 

curves refer to the mean and individual responses, respectively. Bars denote fractions of 

significant cooling (above the 0.95 statistical level) of individual reconstructions or 

simulations. A fraction of 1 means that all the time series show significant cooling. Similar 

to SEA based on 4P-STREC, both NHET summer temperature reconstructions and 

simulations suggest distinct cooling persistence in response to tropical and NHET eruptions. 
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Figure 3-S7: Comparison of volcanic responses among three summer temperature 

reconstructions in NENA. Superposed epoch analyses are based on all the tropical (A) and 

NHET (B) eruptions listed in Table 3-S7. Horizontal dashed lines refer to the 0.95 statistical 

significance level for 4P-STREC. 

  



151 

 

 

 

Figure 3-S8: Comparison of 4P-STREC with the single-forcing simulations of NHET land 

summer temperatures from CESM-LME. (A)–(E) 4P-STREC versus volcanic (VOL), solar 

(SOL), orbital (ORB), land use (LU), and greenhouse gases only (GHG) simulations. All the 

time series are smoothed using a 20-year low-pass Butterworth filter and transformed to z-

scores w.r.t. the 1000–2000 time period. (F) Pearson’s r between the smoothed 4P-STREC 

and the single-forcing simulations during 997–1850 CE. Red and blue dashed lines denote 

the correlations with the full-forcing multi-model mean and the unforced 850 control, 

respectively. Boxes show the median and the 25%–75% range, whiskers the 1.5 times 

interquartile range of correlations with (N) individual simulations. Triangles refer to the 

correlations with the mean of simulations. Blue shading shows the 95% confidence interval 

of correlations among 1000 random red-noise series of 4P-STREC and the control run (see 

Materials and Methods). The post-1850 (shaded) period was excluded for analysis in order 

to focus on the pre-industrial period.  
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Figure 3-S9: Comparison of temperature reconstruction methods. (A, B) Reconstructions 

using RSFi ratio chronologies based on the Bayesian and linear scaling methods. (C, D) 

Reconstructions using RSFi ratio and residual chronologies based on the scaling method. r 

values in (B) and (D) refer to the correlations between reconstructions and the regional MJJA 

temperature target over the 1905–2006 time period. 
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Figure 3-S10: Tree-ring responses to regional mean temperatures from the CRU TS4.03 

dataset over the 1905–2006 time period (1905–1989 CE for MXD at Quex). Left panel: 

monthly temperature correlations where gray bars denote significant Pearson’s correlation 

coefficients (P < 0.05; see Materials and Methods). Right panel: comparisons between tree-

ring series and MJJA regional mean temperatures. RW: tree-ring width. RW_LF and RW_HF 

refer to the high- and low-frequency RW components filtered using a 9-year triangular filter, 

respectively.   
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Figure 3-S11: Tests of 4P-STREC responses to volcanic eruptions. (A) Superposed epoch 

analyses (SEA) using 10 tropical events with the key years were derived from Toohey19 (13) 

(1170, 1190, 1229, 1275, 1285, 1343, 1452, 1457, 1586, and 1694 CE) and eVolv2k (50) 

(1171, 1191, 1230, 1276, 1286, 1345, 1453, 1458, 1585, and 1695 CE). (B) SEA using 19 

NHET events with adjusted and unadjusted eruption years. A few key years were adjusted 

according to available eruption months (see the first two columns in Table S7). (C) SEA 

using 24 tropical eruptions with (incl. 1809) and without (excl. 1809) the 1809 CE event. 
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Figure 3-S12: Validation of volcanic responses. (A) Superposed epoch analysis (SEA) of 

4P-STREC using identified tropical eruptions (1257, 1586, 1593, 1600, 1641, 1673, 1815, 

1831, 1835, 1862, 1883, 1903, 1963, and 1982 CE). (B) Same as (A), but using identified 

NHET eruptions (1210, 1477, 1480, 1510, 1668, 1708, 1740, 1756, 1766, 1783, 1857, 1873, 

1907, and 1912 CE). (C) Same as (A), but using tropical eruptions not overlapped with other 

events (SAODNHET ≥0.03) within ±10 years (1170, 1190, 1229, 1257, 1275, 1285, 1641, 

1883, and 1963 CE). (D) Same as (C), but using NHET eruptions not overlapped with other 

events (SAODNHET ≥0.03) within ±10 years (1180, 1210, 1328, 1510, 1708, 1730, 1740, 

1783, 1796, and 1873 CE). (E) SEA on the MJJA observation target (CRU dataset) using 

large tropical eruptions (1963 and 1982 CE). (F) Same as in (E), but using NHET eruptions 

(1912, 1933, and 1956 CE). The 1933 and 1956 CE eruptions (VEI = 5) were used to increase 

number of events, although they had peak SAODNHET smaller than 0.03. The 0.95 statistical 

significance level is shown in the horizontal dashed lines in (A)–(D). All tests confirm the 

distinct responses to tropical and NHET eruptions.  



 

 

156 

 

Figure 3-S13: Validation of the location of the Quex tree-ring dataset. (A) Spatial pattern of 

correlation coefficients between the Quex ring-width chronology and 60 black spruce sites 

over the 1901–1988 period. Ring-width data were obtained from Wang et al. (38), Boucher 

et al. (66), Vallée and Payette (67), and the NOAA International Tree Ring Data Bank. (B) 

Correlation field of the Quex ring-width chronology against April–July 0.5º gridded mean 

temperatures of the CRU TS4.03 dataset over the 1901–1988 period. 
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Figure 3-S14: Comparison of standardization methods for MXD ratio chronologies. RCS, 

regional curve standardization; sfRCS, signal-free regional curve standardization; RSFi, 

regionally constrained individual signal-free standardization. All chronologies are 

transformed to z-scores w.r.t. the 1601–2000 time period. 
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GENERAL CONCLUSION 

The primary objective of this research was to develop a robust millennial summer 

temperature reconstruction for the eastern Canadian boreal forest using temperature-sensitive 

MXD data or the BI surrogates (i.e., LBI or DBI) measured from living and subfossil samples 

of black spruce. First, I evaluated the potential of the relatively affordable, simpler, but 

immature BI technique using living trees from 17 sites (Chapter I) and the stained subfossil 

trees buried in sediments of two boreal lakes (Chapter II). These two chapters provided 

comprehensive assessments of the temperature reconstruction performance of BI relative to 

MXD data over the last few centuries. Second, in Chapter III, I produced the first MXD-

based millennial summer temperature reconstructions for northeastern North America. The 

final reconstruction products include: 1) a 1300-year density-based reconstruction (D-

STREC) using three new millennial MXD chronologies (developed from 1,249 trees along a 

~800 km south-north transect across the boreal forest of the Québec-Labrador Peninsula) 

plus an existing, but less replicated (45 trees) 600-year-long chronology previously 

developed at treeline; and 2) a 1000-year multiproxy reconstruction (4P-STREC) using D-

STREC plus low-frequency components from published TRW, 18O, and 13C data 

(Gennaretti et al., 2014a, 2017; Naulier et al., 2015). Compared to the previous 

reconstructions using TRW only (Gennaretti et al., 2014a) and TRW plus isotopes 

(Gennaretti et al., 2017), the two new reconstructions led to an improved knowledge of the 

regional summer temperature variability and its associated forcing mechanisms during the 

last millennium.  

In Chapter I, I demonstrated that BI measurements from living black spruce trees are 

promising surrogates for X-ray-based MXD measurements. At the regional scale (the eastern 

Canadian taiga), both LBI and DBI chronologies built from unstained, living trees highly 
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resemble the MXD series from the same trees over the 1901–2000 time period. Summer 

temperature signals contained in the LBI and DBI chronologies are similar to the one 

contained in the corresponding MXD chronologies, and are much stronger than in TRW data. 

These results will improve our confidence in the future to use BI measurements of black 

spruce as robust proxies for dendroclimatic reconstructions. This thesis thus adds to previous 

studies reporting the strong coherence of BI (LBI and DBI) with MXD data, demonstrating 

that the BI method is likely applicable and valid for a number of coniferous species across 

different continents (North America, Eurasia, and even Oceania; McCarroll et al., 2002; 

Campbell et al., 2007; Rydval et al., 2014; Wilson et al., 2014; Österreicher et al., 2015; 

Kaczka et al., 2018; Brookhouse and Graham, 2016; Blake et al., 2020). This interesting 

property of BI data stems out from the fact that both X-ray-based density and blue reflectance 

chronologies quantify the cell-wall ratio of tree rings (Björklund et al., 2020b). 

In chapter I, I also found that LBI and DBI possess their specific properties. LBI is a 

direct measure of wood surface colors under the blue channel and consistently showed 

attenuated low-frequency temperature signal compared to MXD across several statistical 

analyses. Although the tested samples were carefully selected to avoid potential color 

contamination, this “loss” of relevant climate information appears inherent to LBI 

measurements due to the high sensitivity to minor color biases (for example, due to 

incomplete resin extraction) in addition to the lower resolutions of BI measurements 

compared to the X-ray densitometric method (Björklund et al., 2019). By contrast, DBI of 

black spruce contains the variance in common between LBI (or MXD) and climate plus some 

climate information related to TRW. This feature, along with the fact that DBI effectively 

reduces color biases of wood surface (Björklund et al., 2014, 2015), has led to an enhanced 

temperature signal in the resultant DBI chronology, at a level comparable to that of MXD. 

Producing several BI parameters in parallel (e.g., LBI and DBI) is thus recommended in order 

to develop more robust tree-ring climate reconstructions in the future. 
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At the same time, application of the promising BI method is largely challenged by 

discoloration problems appearing on various types of wood materials. In the eastern 

Canadian boreal forest, subfossil trees buried in lakes and sediments (i.e., LSTs) are an 

important source of material to extend living-tree chronologies from centuries to millennia 

with high replications (Arseneault et al., 2013; Gennaretti et al., 2014). In Chapter II, I 

showed that LSTs buried in lake sediments are frequently stained (~78%) to blue–gray. 

According to destaining experiments and chemical element analysis, we determined that the 

stain of LSTs were mainly caused by crystalline iron oxides produced by postsampling 

oxidation of dissolved ferrous iron that transferred from sediments to buried wood tissues. I 

also used seven potential chemical destaining reagents (reducing, acidic, chelating and/or 

bleaching) chemical reagents and found that producing unbiased LBI data is difficult due to 

incomplete destaining. Nevertheless, three chemical mixtures were capable of extracting > 

90% iron absorbed by the wood tissues, indicating the usefulness of these chemicals to 

remove iron from wood materials in fields of archaeology and geology. Regarding 

dendroclimatology, the residual stains introduce substantial biases when raw LBI 

measurements are used to reconstruct temperatures, leading to a discrepancy of ~4ºC relative 

to a reconstruction based on MXD data from the same samples. However, the mathematical 

correction of LBI, i.e., DBI, appears to be insensitive to the iron stain and displays similar 

inter-annual to centennial trends compared to the MXD-based reconstruction. These results, 

along with the slightly stronger temperature sensitivity of DBI observed from living black 

spruce trees in Chapter I, suggest that DBI of stained LSTs and living-tree samples can be 

combined to perform high-quality millennial summer temperature reconstructions from black 

spruce, the most dominant tree species in the North American boreal forest, and probably for 

other regions and species where iron-stained LSTs have been/will be discovered.  

Although in Chapters I and II, I verified the dendroclimatic potential of BI 

measurements from black spruce, I also found that maximum latewood density remains the 

most sensitive temperature proxy among the four examined tree-ring parameters (LBI, DBI, 

MXD, and TRW). Compared to BI parameters and TRW, MXD is not affected by iron stains 
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and is less sensitive to low tree replication. Thus, MXD still represents one of the most 

powerful proxies for reconstructing summer temperatures in cool regions if the costly X-ray 

equipment is available. Meanwhile, the BI method can serve as a reliable complement to the 

X-ray densitometric technique to produce surrogates of MXD. With the maturation of the BI 

technique, it will certainly help understand past climate trends beyond as is revealed using 

TRW data.  

Therefore, in Chapter III, I used a new network consisting of an unprecedented number 

of MXD series from the eastern Canadian boreal forests in order to reconstruct the regional 

millennial summer temperatures. The high replication, multiple sites, and the inherent 

advantages of MXD data have made D-STREC and 4P-STREC the two most robust 

millennial summer temperature reconstructions ever published for the northeastern half of 

the North American continent. D-STREC and 4P-STREC calibrated more strongly against 

the regional MJJA temperature observations than the 3P-STREC reconstruction based on 

TRW, 18O, and 13C data, and display much larger spatial domains, which are almost 

identical to the correlation filed of the temperature observations. Moreover, comparison with 

a long instrumental record from southern Québec (Slonovsky et al., 2015) indicates that the 

two MXD-derived reconstructions more precisely record the volcanic-induced cooling 

following the Tambora eruption (1815 CE), compared to the substantial (~2.5 º C) 

underestimation of 3P-STREC. In addition, 4P-STREC and D-STREC perfectly express the 

decadal and interannual volcanic cooling persistence. These improvements arise mostly from 

the superiority of MXD data which can precisely capture the inter-annual temperature 

variability due to relatively weak biological memory (Esper et al., 2015), highlighting the 

critical importance of MXD in investigating the volcanic forcing mechanism within the 

climate system. In fact, 4P-STREC even displays better reconstruction performance than the 

D-STREC reconstruction because its low-frequency domain is complemented by four types 

of tree-ring proxies (i.e., MXD, TRW, 18O, and 13C), indicating the advantage of the 

multiproxy approach to optimize climate reconstructions. 
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The 4P-STREC record provided major scientific advances. First, it showed that 

Northeastern North America (NENA) has experienced unprecedented warmth since the 

beginning of the 20th century, including the strongest centennial warming trend (1903–2004 

CE) and the warmest decade (1997–2006 CE). Second, it showed that the summers of the 

Medieval Climate Anomaly (~997–1250 CE) were relatively warm, in line with several 

paleoclimatic studies in pan-North-Atlantic regions. The average summer temperatures 

during the medieval times equalled recent temperatures of the 1931–2006 period. In contrast, 

the Little Ice Age (1251–1930 CE) was relative cold (−0.27ºC relative to 1905–2006 CE), 

especially around ~1601–1930 CE, when several of the coldest decades in the last 

millennium occurred. Third, it showed that the multidecadal regional temperature variability 

has been highly correlated with tree-ring-based reconstructions and climate model 

simulations performed at the much larger scale of the Northern Hemisphere extratropics 

(NHET). I attributed this regional-hemispheric coherence to the dominant role of volcanic 

forcing, emphasized by a relatively high correlation between 4P-STREC and the only 

volcano-forced simulation of NHET summer temperatures for the pre-industrial era. Fourth, 

it showed that both tropical and NHET volcanic eruptions have played important roles in 

cooling summer temperatures in NENA. At the regional and Northern Hemispheric scales, 

cooling induced by tropical eruptions peaks the first year and tends to last ~12 years. In 

contrast, the climatic effect of NHET eruptions is much shorter (1–3 years) and similar to the 

period of volcanic aerosol forcing. It often peaked in the same year of the eruptions. These 

results indicate tropical eruptions have a played more prominent role than NHET eruptions, 

in synchronizing the regional and hemispheric multidecadal summer temperature variability. 

The distinct cooling persistence of tropical and NHET eruptions likely reflects different 

propagation of radiative forcing across the ocean and atmosphere (i.e., aerosols of tropical 

eruptions spread across the globe while aerosols of NHET eruptions are mainly constrained 

in the NHET region).  

In conclusion, this thesis provides strong evidence that the BI method is a promising 

alternative to obtain tree-ring density data. In addition, it has filled a critical data gap of 
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Northern Hemisphere MXD-based reconstructions and improved our understanding of the 

millennial summer temperature variability and its volcanic forcing mechanisms in 

northeastern North America. These results will encourage the production of more tree-ring 

density (or blue intensity) records from coniferous species across the Northern Hemisphere 

and even the Southern Hemisphere. The two summer temperature reconstructions developed 

in this research are important archives of climate variability in the eastern Canadian boreal 

forest. These reconstructions provide more accurate assessment of the timing and amplitudes 

of important historical climate epochs to place the recent warming in a more rigorous 

historical context. They will help to assess the long-term dynamics of the associated climate 

factors (such as the hydroclimate which is an important energy source of Québec), the boreal 

forest productivity, and even the fire history. Furthermore, the new reconstructions can 

contribute to data-model comparisons as well as detection and attribution studies to 

disentangle the impacts of natural and anthropogenic forcings from the internal climate 

variability. Future efforts can be made to validate the usefulness of delta blue intensity 

parameter on the millennial timescale, to develop more and longer regional MXD 

chronologies over the entire Common Era, and to apply more sophisticated methods such as 

the BARCAST climate field reconstruction (Tingley and Huybers, 2010) and the inverse 

modeling approach based on physiological models (Boucher et al., 2017), in order to produce 

more comprehensive regional climate variability in the eastern Canadian boreal forest. 
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