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Abstract

The study of past climates, known as paleoclimatology, plays a crucial role in
understanding the Earth's climate system and predicting future climate changes. Within this
field, dendroclimatology - using tree rings to infer past climatic conditions - has proven to
be a particularly valuable method. Tree rings provide annual records of climate variability,
and their width, density, and composition can reflect past temperature, precipitation, and

other environmental factors.

Bristlecone pine (Pinus longaeva), known for its longevity and resilience in harsh
climates grows, at high elevations in the White Mountains of California and other high
mountain ranges of Nevada and Utah, making it a particularly sensitive indicator of
environmental changes. This sensitivity, coupled with its long lifespan, makes it an ideal
candidate for studying past climate variability over millennia. Upper tree line populations
correlate with temperature, while lower tree line stands offer a resource for precipitation

reconstructions.

The discovery of "blue rings" in this and other species opens possibilities to add a

new layer of information to climate reconstructions derived from these trees.

The formation of blue rings (BRs) is a temperature-dependent process in which
cooler temperatures during and after the late growing season disrupt the lignification of
cell walls, resulting in underlignified cells that appear bluish when stained with Safranine
and Astrablue. To address the need for more precise tools to reconstruct past climate
conditions, particularly short-term and subtle temperature variations that are not well
captured by other proxies, this study developed the use of blue rings as a sensitive thermal
indicator in bristlecone pine, arguing that they may offer a more accurate proxy for past

cooling episodes than traditional tree ring indicators.

Previous studies have established a strong connection between growth minima,
frost rings, and growing season cooling and frost episodes. This connection has been

particularly useful in reconstructing volcanic eruptive histories causing cooling episodes.

However, traditional dendroclimatological methods have limitations in their ability
to capture short-term and subtle climatic fluctuations. While frost rings provide valuable
information, they are less sensitive to milder cooling events or late-season temperature

drops. Tree ring widths, on the other hand, are less capable to accurately capture
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interannual and intra-annual temperature variations due to strong autocorrelation resulting
from biological memory, aggregating climate signals from the entire growing season and
even from previous seasons. Tree ring width-based temperature reconstructions frequently
exhibit a lagged and smoothed-out climate response to abrupt cooling following volcanic
eruptions compared to other proxies. This research addresses the need for a more sensitive
and reliable proxy that can capture these subtle, high-frequency variations, thereby
improving the accuracy of paleoclimatic reconstructions, complementing traditional

dendroclimatological proxies.

Specifically, this study investigates whether blue rings in bristlecone pine can serve
as a more sensitive proxy for late-season cooling events by developing a comprehensive
blue ring time series from 83 cores and covering almost two millennia. By comparing blue
ring occurrence with available climatic data from 1895 to 2008, we first investigate the
connection between temperature, topography and blue ring formation. Further, across the
timespan of the past eleven centuries, we explore the association between blue rings and
historical volcanic eruptions, and analyze how the information contained in blue rings is
distinct from, and complementary to frost ring, TRW, and MXD-based paleoclimate

inferences.

We find that blue rings in Bristlecone pines are significantly influenced by late-
season temperature drops, particularly in September. However, apart from the influence of
September, our findings also reveal that blue rings form as a result of a more complex
interplay of climatic factors, with lower temperatures in April, June, and August and higher
temperatures in February and October also playing a role. The occurrence and intensity of
blue rings decrease gradually with elevation below the upper tree line, indicating that

topography and elevation modulate their formation.

We established a strong, statistically significant connection between BR formation
and volcanic activity. These results suggest a causal link between volcanic eruptions and
BR formation through volcanically induced cooling with tropical eruptions showing the

strongest correlation.

Not all BR signals are linked to significant volcanic eruptions, just as not all RW
and/or MXD minima correspond to known volcanic events. This is because not every cold
summer in a particular location can be attributed to volcanic activity, and similarly, not all

eruptions lead to cooler summers. While BRs offer a sensitive record of cooling episodes,
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they can also be a noisy proxy, with many low BR signal years reflecting localized cold

snaps rather than large-scale cooling.

Our results demonstrate that blue rings tend to form more often in wider or neutral
rings and frequently precede negative pointer years or growth minima. This suggests that
BRs can provide valuable insights into late-season or post-growing season cooling events,
which would no longer affect the ring width of that year. Longer cooling periods, such as
those linked to climatically effective volcanic eruptions, can impact climatic conditions
after the completion of radial growth and into the following seasons. As a result, while
these events may cause a delayed response in ring widths, BRs can signal the onset of such
events earlier. Moreover, BRs are better suited than ring widths to record cooling episodes,
as they form when a sudden temperature drop halts the lignification process, leaving a
permanent mark of underlignified cells. In contrast, ring widths are influenced by
biological memory and autocorrelation, which can delay the cooling evidence and smooth

out its magnitude.

Finally, we demonstrate how a multiproxy approach - integrating frost rings, ring
widths, maximum latewood density (MXD), ice-core data, and BRs - can enhance our

understanding of the climate system's response to volcanic eruptions.

Overall, the study expands the understanding of the factors that influence blue ring
formation. While previous research has suggested a link between blue rings and
temperature, this study provides a more detailed analysis of the specific climatic conditions
that lead to their formation. By using a large dataset of tree cores and applying statistical
modeling techniques, the research offers a comprehensive assessment of the factors that
influence blue ring formation, including temperature, elevation, and topography. Although
earlier studies established a tentative connection between blue ring formation and volcanic
activity, we reinforced this connection with a larger dataset and longer timeline, and
highlighted specific nuances that BRs can contribute to our knowledge of the timing and

spatial extent of climatic consequences of specific eruptions.

The use of blue rings as a proxy for past cooling events could enhance the accuracy
of climate reconstructions improving our understanding of how climate has changed over
millennia providing an additional layer of information about abrupt short-term events that
might otherwise not be captured by tree ring-based reconstructions. BRs could also help in
untangling the complex interactions between volcanoes, climate, and human activity at

sub-annual resolution. This is because societal resilience or vulnerability is highly reliant
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on agricultural productivity, which can be influenced by short-term weather extremes that
are usually not reflected in the traditional TRW and MXD chronologies. This better
understanding of past climate variability could lead to better predictions of future climate
trends, particularly in relation to volcanic activity and other large-scale climate forcings,

with possible abrupt consequences for societies.
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Streszczenie

Paleoklimatologia — nauka zajmujaca si¢ badaniem zmian klimatu w przesztosci
Ziemi, odgrywa kluczowg role w zrozumieniu systemu klimatycznego obecnie oraz
przewidywaniu przysztych zmian klimatycznych. W tej dziedzinie dendroklimatologia —
nauka wykorzystujaca stoje drewna do wnioskowania o przesztych warunkach
klimatycznych — stanowi szczegolnie cenne zrodto. Stoje drzew dostarczaja rocznych
zapiséw zmienno$ci klimatu, a ich szerokos¢, gestos¢ 1 sktad mogg odzwierciedlad

przeszte temperatury, opady i inne czynniki srodowiskowe.

Sosna dlugowieczna (Pinus longaeva), znana ze swojej dtugowiecznosci i
odpornosci w trudnych warunkach klimatycznych, ros$nie na duzych wysoko$ciach w
Gorach Biatych w Kalifornii i innych wysokich pasmach gérskich w Nevadzie i Utah, co
czyni ja szczegoOlnie wrazliwym wskaznikiem zmian §rodowiskowych. Ta wrazliwo$¢ w
polaczeniu z niezwykle dtugim wiekem jakie osiagaja osobniki tego gatunku sprawia, ze
jest ona idealnym zrodtem materiatow do badania przesztej zmienno$ci klimatu na
przestrzeni tysiacleci. Sekwencje przyrostowe populacji z gérnej granicy lasu korelujg z
temperatura, podczas gdy drzewostany dolnej granicy lasu oferujg zroédto do rekonstrukcji

opadow.

Odkrycie obecnosci ,,niebieskich pierscieni” w tym 1 innych gatunkach drzew
otwiera mozliwos$¢ dodanie nowej warstwy informacji do rekonstrukcji klimatu

uzyskanych z tych drzew.

Formowanie si¢ niebieskich pierscieni jest procesem zaleznym od temperatury, w
ktérym nizsze temperatury w trakcie i po péznym sezonie wegetacyjnym przerywaja
proces lignifikacji, co skutkuje wytworzeniem nie w petni zlignifikowanego drewna, ktore
mozna rozpozna¢ po niebieskim zabarwieniu §cian komdrkowych na preparatach cienkich
drewna zabarwionych Safraning i Astrablue. Aby sprosta¢ potrzebie bardziej precyzyjnych
narzgdzi do rekonstrukcji przeszlych warunkéw klimatycznych, w szczegolnosci
krotkotrwatych i subtelnych wahan temperatury, ktére nie sa dobrze odzwierciedlane przez
inne zrodla, w niniejszej pracy opracowano zastosowanie niebieskich pierscieni jako
czutego wskaznika nizszych temperatur w chronologii sosny dlugowiecznej, argumentujac,
ze mogg one oferowa¢ dokladniejszy znacznik przesztych epizodéw ochtodzen niz

tradycyjne metody dendrochronologiczne.
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Weczesniejsze badania wykazaty silny zwigzek miedzy minimami wzrostu, oraz
pierScieniami mrozowymi a ochlodzeniem i przymrozkami w trakcie sezonu
wegetacyjnego. Ten zwigzek okazal si¢ szczeg6lnie przydatny w rekonstrukcji historii

erupcji wulkanicznych powodujacych niektore z epizodéw ochlodzenia.

Jednak tradycyjne metody dendroklimatologiczne sg obcigzone ograniczeniami w
zakresie zdolnosci do uchwycenia krotkoterminowych i subtelnych wahan temperatury.
Podczas gdy stoje mrozowe dostarczaja cennych informacji, s3 one mniej wrazliwe na
tagodniejsze zjawiska ochtodzenia lub spadki temperatury na koncu i po sezonie
wegetacyjnym. Z drugiej strony szeroko$ci stojéw drewna sg mniej zdolne do uchwycenia
wahan temperatury w skali rocznej 1 ponad rocznej ze wzgledu na silng autokorelacje
wynikajaca ze zjawiska pamigci biologicznej, jako ze przyrosty roczne agreguja sygnat
warunkow wzrostu w skali catego sezonu wegetacyjnego a czasem nawet poprzednich
sezonow. Rekonstrukcje temperatury oparte na szerokosciach przyrostow rocznych czesto
wykazuja opdzniong i wygladzong odpowiedz klimatu w postaci ochtodzen bgdacych
skutkiem efektywnych klimatycznie erupcji wulkanicznych w poréwnaniu z innymi
wskaznikami. Niniejszy projekt odpowiada na potrzebg opracowania bardziej czutego
wskaznika, ktory moglby uchwyci¢ bardziej subtelne wahania temperatury o wigkszej
czestotliwosci, zwiekszajac tym samym doktadno$¢ rekonstrukeji klimatycznych,

uzupetniajac tradycyjne wskazniki dendroklimatyczne.

W szczegdlnosci, w niniejszej pracy zajeto si¢ zbadaniem, czy niebieskie
pierscienie w so$nie dlugowiecznej moga stuzy¢ jako bardziej czuty wskaznik epizodow
ochtodzen pod koniec sezonu wegetacyjnego poprzez opracowanie kompleksowego
szeregu czasowego niebieskich pierscieni z 83 wywiertow drewna sosny dtugowiecznej,
pokrywajacych prawie dwa tysigclecia. Porownujac wystepowanie niebieskich pierscieni z
dostgpnymi danymi klimatycznymi z lat 1895-2008, najpierw zbadano zwigzek miedzy
temperatura, topografia i powstawaniem niebieskich pier§cieni. Ponadto, na przestrzeni
ostatnich jedenastu stuleci, zbadano zwigzek migdzy niebieskimi pierscieniami a
historycznymi erupcjami wulkanow 1 przeanalizowano, w jakim zakresie informacje
zawarte w niebieskich pierscieniach rdznig si¢ od 1 uzupetniajg informacje na temat zmian
klimatu w przeszto$ci pochodzace z pierscieni mrozowych, chronologii szerokosci

przyrostow rocznych drewna oraz chronologii maksymalnej gesto$ci drewna poznego.

W niniejszej pracy odkryto, Zze na formowanie si¢ niebieskich pier$cieni w so$nie
dlugowiecznej istotny wptyw maja spadki temperatury pod koniec sezonu wegetacyjnego,

szczegblnie we wrzesniu. Jednak poza wplywem temperatur wrzesnia zaobserwowano
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rowniez bardziej ztozone wspotdziatanie czynnikow klimatycznych z kilku miesigcy, w

tym nizsze temperatury w kwietniu, czerwcu i sierpniu oraz wyzsze temperatury w lutym i
pazdzierniku. Wystepowanie i intensywnos¢ niebieskich pierscieni stopniowo maleje wraz
ze spadkiem wysokos$ci ponizej gornej linii granicy lasu, wskazujac, ze topografia terenu i

wysoko$¢ nad poziomem morza rowniez modulujg ich powstawanie.

Znaleziono silny, i statystycznie istotny zwigzek mi¢dzy powstawaniem niebieskich
pierScieni a aktywnos$cig wulkaniczng. Wyniki te wskazujg na zwigzek przyczynowo
skutkowy miedzy erupcjami wulkanow a powstawaniem niebieskich pier§cieni poprzez
ochtodzenie wywotane przez wulkanizm, przy czym erupcje tropikalne wykazuja

najsilniejsza korelacje.

Nie wszystkie lata wykazujace niebieskie pier§cienie s3 powigzane ze znaczacymi
erupcjami wulkanicznymi, tak jak nie wszystkie minima szeroko$ci przyrostoéw rocznych
1/lub maksymalnej gestosci drewna pdznego (MXD) odpowiadajg znanym wydarzeniom
wulkanicznym. Dzieje si¢ tak, poniewaz nie kazde zimne lato w danym miejscu mozna
przypisa¢ aktywnos$ci wulkanicznej, i podobnie nie wszystkie erupcje prowadza do letnich
ochtodzen. Niebieskie pierscienie oferujg wrazliwy zapis epizodéw ochtodzenia, ale moga
stanowi¢ zaszumione zrodto informacji, z wieloma latami o niskim udziale niebieskich

przyrostow odzwierciedlajacymi lokalne przymrozki, a nie wielkoskalowe ochtodzenie.

Nasze wyniki pokazuja, ze niebieskie pierscienie maja tendencj¢ do tworzenia si¢
czesciej w szerszych lub neutralnych pierscieniach przyrostoéw rocznych i czgsto
poprzedzaja lata wskaznikowe lata ujemne lub minima wzrostu. Sugeruje to, ze moga one
dostarcza¢ cennych spostrzezen na temat epizodow ochtodzenia pod koniec sezonu lub po
sezonie wegetacyjnym, ktore nie miatyby juz wplywu na szerokos$¢ przyrostu w danym
roku. Dluzsze okresy ochtodzenia, takie jak te zwigzane z klimatycznie efektywnymi
erupcjami wulkanicznymi, moga wplywac¢ na warunki klimatyczne po zakonczeniu
wzrostu radialnego 1 w kolejnych sezonach. W rezultacie, podczas gdy ochtodzenia te
moga powodowac op6zniong reakcje szerokosci przyrostow, niebieskie pierscienie moga
sygnalizowa¢ poczatek takich zdarzen wczesniej. Co wigcej, niebieskie pier§cienie
stanowig lepszy indykator ochtodzen niz szerokosci przyrostow rocznych, poniewaz
powstaja, gdy nagly spadek temperatury zatrzymuje proces lignifikacji, pozostawiajac
trwaly $lad w postaci nie w pelni zlignifikowanych komorek drewna. Natomiast szerokosci
przyrostow w skutek zjawiska pamigci biologicznej oraz autokorelacji, moga wskazywac

na ochlodzenie z opdznieniem oraz wygtadza¢ jego wielko$¢.
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Ostatecznie pokazano rowniez, w jaki sposob podejscie integrujgce wiele zrodet —
w tym pier§cienie mrozowe, szerokosci przyrostow, maksymalng gesto$¢ drewna pdznego,
dane z rdzeni lodowych i niebieskie przyrosty — moze zwigkszy¢ nasza wiedz¢ na temat

reakcji systemu klimatycznego na erupcje wulkaniczne.

Praca ta poszerza wiedze¢ na temat czynnikow wptywajacych na powstawanie
niebieskich pierscieni. Podczas gdy wczesniejsze badania sugerowaly zwigzek migdzy
niebieskimi pier$cieniami a temperaturg, niniejsza praca przedstawia bardziej szczegdtowa
analize konkretnych warunkéw klimatycznych, ktére prowadza do ich powstawania.
Dzigki wykorzystaniu duzej ilo$ci wywiertow z drzew i zastosowaniu technik
modelowania statystycznego, praca przedstawia kompleksowa analize czynnikow
wptywajacych na powstawanie niebieskich pierscieni, w tym temperatury, wysokosci i
topografii. Chociaz wczesniejsze badania wskazaly na wstgpny zwigzek migdzy
powstawaniem niebieskich pierscieni a aktywnos$cig wulkaniczng, tutaj wzmocniono ten
zwigzek na wigkszym zestawie danych i dtuzszej osi czasu oraz zilustrowano konkretne
przyktady nowych informacji, jakie niebieskie pierscienie moga wnie$¢ do naszej wiedzy

na temat czasu i zasiegu przestrzennego skutkow klimatycznych konkretnych erupcji.

Wykorzystanie niebieskich pierscieni jako wskaznika przesztych epizodow
ochtodzenia moze zwigkszy¢ doktadnos¢ rekonstrukeji klimatu, poprawiajac zrozumienie
tego, jak klimat zmieniat si¢ na przestrzeni tysigcleci, zapewniajac dodatkowa warstwe
informacji o nagtych, krotkoterminowych zdarzeniach, ktére w przeciwnym razie mogtyby
nie zosta¢ uchwycone przez rekonstrukcje oparte na szerokosciach przyrostu drzew. Moga
one rowniez pomdc w rozwiklaniu ztozonych interakcji migdzy wulkanizmem, klimatem i
dziatalno$cig cztowieka w rozdzielczosci ponad rocznej. Wynika to z faktu, ze odpornos¢
lub podatnos¢ spoteczenstw w duzym stopniu zalezy od produktywnosci rolnictwa, na
ktora moga wptywac krotkoterminowe ekstrema pogodowe, ktore zwykle nie sg
odzwierciedlone w tradycyjnych chronologiach szerokos$ci przyrostoéw rocznych oraz
maksymalnej gestosci drewna poznego. Lepsze zrozumienie przesztej zmienno$ci klimatu
moze przyczynic si¢ do trafniejszych prognoz przysztych trendow klimatycznych,
szczegolnie w odniesieniu do aktywnosci wulkanicznej 1 innych czynnikdéw klimatycznych

o duzym zasiegu, ktorych nagle skutki mogg mie¢ wptyw na spoteczenstwo.
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Introduction

In climates with distinct seasonality, trees undergo a cycle of growth and a
subsequent dormancy period each year, that results in the deposition of a layer of xylem — a
radial annual growth increment with a characteristic internal structure. Changes in
environmental conditions affect the pace of cambial division and further cell development,
this results in the dimensional characteristics of annual increments that vary from one year
to another. This variability is correlated with the climate parameter that is the most growth-
limiting factor for a particular site, for example, at upper treeline and high latitude sites, the
temperature is usually the dominant growth-limiting factor, whereas moisture availability
dominates tree growth in arid environments. Trees as long-lived organisms, that lay down a
ring of xylem each year, can record these environmental conditions in the parameters
characterizing the growth rings, such as the ring width, the wood density, cellular
dimensional parameters, the isotopic or elemental composition. Typically, in trees at a
given site, the characteristics of radial growth increments retain the same pattern of signal
of the dominant growth limiting factor. This offers the potential to reconstruct long
histories of environmental variation from tree rings. This is achieved by using a set of
dendrochronological methods that start from the specific tree ring parameter measurement
and employ statistics to bring together large datasets of growth ring characteristics from
trees. Individual and age-related trends are removed and groups of matching patterns from
trees at the site level are combined together to build representative chronologies. These can
then be used to reconstruct the dominant growth limiting factor at multi-centennial and
even multimillennial scales. Super-imposed on these longer-term records are various
markers for unusual, sudden onset events such as growing season frosts or geomorphic
disturbances that can affect the dimensional and structural properties of individual tree
rings. This can result in features such as ‘frost rings’ (LaMarche and Hirschboeck, 1984)
intra-annual density fluctuations (Nabais et al., 2014), traumatic resin ducts (Stoftel, 2008),
scars (Stoffel et al., 2005). Chronologies of these tree ring anomalies can be used to

reconstruct the history of more specific conditions leading to their formation.

Blue rings, the object of this study, are continuous bands of axial tracheids
characterized by reduced lignin content. They can be found both in earlywood and
latewood (Crivellaro et al., 2018; Piermattei et al., 2015). If cell wall lignification is

disrupted, the underlignified cells are left behind in the tree ring structure. Blue rings take
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their name from the double staining by which they are revealed, when transverse thin-
sections of the tree ring series are stained with safranin - staining cell walls richer in lignin
red, and astrablue - staining cell walls richer in cellulose blue. Underlignified cells are
displayed as blue/ish (compared to pink normally lignified cells) bands of cells in a radial
file of cells constituting a tree ring. The double-staining procedure allows us to
comprehensively track the effects of incomplete lignification in a tree ring at a cellular

level.

Understanding the factors affecting lignification as well as the timing of this
process within the developmental stages of xylem structure has further implications
regarding the interpretation of the blue ring record, therefore it is necessary to provide
background information related to the process of wood formation. Xylogenesis is a
development process of new fully operational xylem tissue, which performs several
functions in woody plants such as mechanical support, water and nutrient transport, storage
of water, carbohydrates, and other compounds, as well as protection from pathogens by
storing and distributing defensive compounds (Kozlowski and Pallardy, 1997). In conifers
on average wood consists in ¢. 90% of tracheids performing mechanical support and water
conduction functions, and in ¢. 10% of parenchyma cells, that are responsible for storage
and radial transport of various compounds. Tracheid cells have to die off at the end of their
development to be able to perform their functions, whereas parenchyma cells remain alive
for a couple of years (Bollhoner et al., 2012). Conifer cell walls are generally composed of
40-50% of cellulose, 20-35% hemicelluloses, and 15-35% of lignin (Saranpéa, 2003).
Lignin is the last structural element to be incorporated into the cell wall, it impregnates the
main network of cellulose and hemi-cellulose matrix forming chemical bonds with non-
cellulosic carbohydrates (Donaldson, 2001) and due to its chemical structure provides
hydrophobicity, rigidity, and durability (Barnett and Jeronimidis, 2003; Zhong and Ye,
2009).

The xylem formation process consists of five major stages: (1) the division of a
cambial cell that creates a new xylem cell; (2) the enlargement of the newly formed xylem
cell; (3) the deposition of cellulose and hemi-cellulose to build the secondary cell wall; (4)
the impregnation of the cell walls with lignin; and finally, (5) the programmed cell death
(Rathgeber et al., 2016).

Much effort has been invested in exploring the molecular mechanisms, as well as
the biochemical and biophysical pathways that trigger and regulate xylogenesis. This

includes examining phytohormones and gene expression patterns involved in controlling
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the process of cell division, xylem chemical constituents’ synthesis, its structural
development and the programmed death of the tracheary elements (Cosgrove, 2005; Du
and Groover, 2010; Mutwil et al., 2008; Perrot-Rechenmann, 2010; Ursache et al., 2013;
Vanholme et al., 2010; Zhong and Ye, 2015).

This introduction, however, is going to delve in more detail into the external
climatic factors affecting wood formation since these are of interest for studies of past
climate change and of direct relevance to the focus of this thesis. External environmental
conditions affecting specific stages of xylogenesis result in the formation of xylem with
specific characteristics, which once quantified, can then be used to reconstruct these causal
environmental conditions. External factors initiating and controlling cambial reactivation,
cell enlargement, and cell wall thickening are relatively well understood. Intra-annual
kinetics of xylem structure development in several coniferous species have revealed (Cuny
et al., 2014) the intricate connections between the duration and rate of each phase of
xylogenesis and the structural properties of the tree rings under normal conditions. The
onset of cambial cell division in conifers is proven to be driven mostly by the photoperiod
and thermal conditions (temperature, winter chilling, and spring forcing) (Begum et al.,
2013; Delpierre et al., 2019; Huang et al., 2020; Rossi et al., 2007) as well as moisture
availability (Ren et al., 2015; Ziaco et al., 2018) in drought limited sites. Drought stress
can affect cell enlargement since turgor is the main driving force of cell enlargement (Abe
et al., 2003), hence multiple studies linked intra-annual density fluctuations and false rings
to moisture availability during the growing season (Arzac et al., 2021; Gao et al., 2021;
Morino et al., 2021; Nabais et al., 2014; Versace et al., 2021), however it may also be
controlled by temperature even months before the cells are formed (Eckstein, 2013). Cell
wall thickening can also be affected by temperature (Castagneri et al., 2017; Fonti et al.,
2013; Panyushkina et al., 2003) as well as moisture availability since it was observed that
turgor can also impact the biosynthesis of secondary cell walls (Proseus and Boyer, 2006).
Both cell enlargement and secondary cell wall deposition are also modulated by the rate
and duration of each of the phases (Cuny et al., 2014). The first three phases of xylogenesis
(cambial reactivation, cell enlargement, and cell wall thickening), which have their
expression in the total radial growth of a tree in a particular year are mainly affected by
temperature and/or moisture availability. Thus ring widths and other tree ring dimension-
related parameters such as quantitative wood anatomy or MXD measurements are used to
infer past climatic conditions of a site, temperature in high latitude and altitude temperature

limited sites (Briffa et al., 2013; Biintgen et al., 2006; Esper et al., 2012; Salzer et al.,
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2014a) and precipitation in drought limited areas (Salzer and Kipfmueller, 2005; Touchan
et al., 2008). Discrete structural tree ring anomalies like frost rings (Glerum and Farrar,
1966, LaMarche and Hirschboeck, 1984) traumatic resin ducts (Bollschweiler et al., 2008;
Matulewski et al., 2021), etc. can also be used to infer about past conditions and

disturbances affecting the tree growth.

Blue rings studied in this work are not related to dimensional or structural
characteristics of a tree ring, blue rings in essence are a visual manifestation of a
biochemical response of a tree to external conditions leading to a reduction of a lignin

content in parts of a tree ring.

Lignification is initiated by unknown factors at the cell corners in the primary wall
and further spreads through the secondary wall towards the cell lumen. As it starts within
the region furthest from the protoplast, and thus it’s been suggested that there are initiation
sites bound to specific regions of the cell wall, which begin the polymerization process.
The identification of these has, however, so far remained elusive. The process of
lignification in the middle lamella and primary wall typically commences after the
initiation of secondary wall formation, whereas lignification of the secondary wall
typically begins upon the completion of secondary wall formation (Donaldson, 2001).
Coniferyl alcohol, sinapyl alcohol, p-coumaryl alcohol, the monomers of lignin are
synthesized in the cytoplasm and released into the cell wall as monolignols or monolignol
glucosides. Lignification is influenced by the surrounding carbohydrate matrix, which
affects the shape and orientation of lignin lamellae (Atalla and Agarwal, 1985; Donaldson,
1994). Wall porosity regulates lignin concentration across cell wall regions, with the
porous middle lamella and primary wall allowing more lignin deposition compared to the
dense secondary cell wall (Fujino and Itoh, 1998). Lignin fills the voids in the
carbohydrate matrix, binding chemically with hemicelluloses providing compression

strength and waterproofing of conductive elements within the xylem.

The main inspiration to undertake the study of blue rings in my doctoral thesis in
February 2020 was the work published by Piermattei et al., (2015) first describing this
new, visually distinct tree ring anomaly in conifers. Lignin deposition in wood cell walls
had previously been the topic of several studies (Donaldson, 2001, 1993, 1992, 1991;
Gindl, 2001; Gindl et al., 2001, 2000; Trendelenburg, 1939) and (Gindl et al., 2000)
demonstrated that lignin concentration of the terminal latewood cells in Picea abies (L.)
Karst in alpine growing conditions correlates with autumn (September-October)

temperature. However, Piermattei et al., (2015) first described that the conifer cell walls
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with reduced lignin content can easily be distinguished with the use of double staining of
wood thin-sections with safranine and astra blue dyes, proposed to name the discovered
anomaly as “blue rings” and connected the observed blue stained underlignified bands of
cells in Pinus nigra rings to not only be related to autumn temperature but more precisely
with identified episodes of lower than usual air temperature toward the end of the local
growing season (mid-late October). This work brought the topic of lignification to renewed
attention for tree ring scientists from a paleoclimatic perspective for at least two reasons.
First, although wood anatomical thin-section preparation is a laborious process, the
implementation of a double staining technique to detect rings with reduced lignin content,
made the detection and differentiation of these from normally lignified structures more
efficient, and applicable for long tree ring series. Second, the hypothesized fine time
resolution sensitivity to ephemeral cooling episodes of only a few days, offered a means to
explore past cooling episodes with sub-annual resolution, raising the possibility of
extracting a new layer of information unavailable from traditional ring width studies. It has
to be taken into account however, that the detection of underlignified cells with the double
staining procedure is only a qualitative indication and provides no quantitative information

on the actual lignin content.

Since then, a number of studies have undertaken research utilizing BRs both in
contemporary and past climate change studies. In the contemporary context BRs have been
employed to study cold adaptation in assisted migration trials, investigating the influence
of projected climate change on forest productivity and wood quality (Matisons et al., 2020;
Montwé et al., 2018). Several studies have also utilized BRs as evidence and record of past
cooling episodes (Biintgen et al., 2022; Helama et al., 2019; Piermattei et al., 2020; Tardif
et al., 2020). Greaves et al., (2022)examined the continuity of BR formation within a tree
stem. Montw¢ et al., (2018) in a study of cold signatures such as frost rings and BRs in
Lodgepole pine (Pinus contorta Dougl. ex. Loud.) revealed that BRs and earlywood frost
rings (EWFR) are linked to a late initiation of the growing season, an early end of the
growing season, and a generally cool growing season. In a similar study, Matisons et al.,
(2020) analyzed the relationship between BRs and minimal summer temperature (July-
September) in Scots pine (Pinus sylvestris L.) but found it to be very limited and
inconsistent across the trials and provenances studied. While these studies have established
a general link between reduced lignification and temperature, their findings are based on
relatively short time series and/or low sample depths. Such exploratory findings based on

relatively short contemporaneous sequences and low sample replication have limited
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applications in a paleoclimatic context necessitating greater sample depth and longer time

series to truly assess the full potential of blue rings as a paleoclimatic proxy.

In this study we present the chronology of BR occurrence in bristlecone pine (Pinus
longaeva D K. Bailey) for the period 164-2014, with a sample depth of 10 from 897 AD
onwards, reaching 50 in 1428 AD, and a maximum of 83 from 1890 AD onwards. This is
the longest and best replicated BR study to date.

Upper tree line chronologies from bristlecone pine, the world's longest living trees
(Schulman, 1958; Schulman and Ferguson, 1956) have provided multimillennial insights
into past temperature variations, and are well known for their sensitivity to volcanic
forcing on climate (Salzer et al., 2014a, 2014b; Salzer and Hughes, 2007) and the cross-
correlation of frost rings (structural damage in tree rings (Glerum and Farrar, 1966;
Schweingruber, 2007) caused by a sudden, short-term onset of growing season frosts) with
volcanic markers in ice core records (LaMarche and Hirschboeck, 1984; Sigl et al., 2015).
These characteristics make the species a highly prospective object for detailed
investigation of the potential new paleoclimatic proxy, that BRs might become, opening
the door to gain relevant new paleoclimatic insights of subannual resolution that can be

extended over most of the Holocene.

Preliminary explorations of blue rings in bristlecone pine (Tardif et al., 2020)
confirmed their presence and have indicated that BRs may result from a late growing
season start and a cool summer, with an associated interruption of lignification in the late
growing season due to cool temperatures affecting the rate and duration of cell wall
deposition. This work highlighted possibilities that blue rings in bristlecone pine may offer
a more sensitive proxy for subtle changes in climate due to volcanism and other forcings
than the well-established frost-ring record. However limited low sample depth and its
concentration on only two short, discrete time intervals around 536 and 1965 CE warrants
further comprehensive examination of BR record in bristlecone pine to explore the climatic
parameters leading to BR formation and to develop a blue-ring climatic proxy which might

eventually produce paleoclimatic information spanning several millennia.

In this study, we comprehensively research the thermal and topographical factors
leading to and modulating BR formation in bristlecone pine, as well as establish the
connection between BRs and volcanic eruptions and show how BR chronologies can be
used to expand and complement our knowledge about past volcanic eruptions and their

climatic effects.
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Aim, hypothesis and objectives of the study

The overarching aim of my doctoral thesis was to investigate the environmental
conditions affecting blue ring formation in bristlecone pine and to examine how the blue
ring record can enhance our knowledge of the timing and spatial extent of past cooling

episodes, particularly those associated with climatically effective volcanic eruptions.

The foundational hypothesis of this study is that blue rings in bristlecone pine
might provide a more sensitive way to study the cooling effects of past volcanic eruptions

than conventionally used tree ring parameters.

The specific objectives of the study are as follows:

1. Identify and investigate the key climatic parameters leading to blue ring formation.

(P1)

2. Determine if and how elevation and topography modulate the blue ring record.

(P1)

3. Evaluate the natural variability of the blue ring record and assess its paleoclimatic

potential and limitations in bristlecone pine. (P1)
4. Create a blue ring record for bristlecone pine covering the last millennium. (P2)
5. Evaluate the relationship between blue ring formation and volcanic activity. (P2)

6. Analyze the relationship between blue rings and ring widths and determine if blue
rings bring additional information about cooling episodes compared to traditional

ring width chronologies. (P2)

7. Demonstrate on a set of selected volcanic eruption cases how bristlecone pine blue
ring chronology brings additional information, in terms of, timing and spatial extent
of climatic effects of volcanic eruptions compared to selected published traditional
tree ring parameters (frost rings, ring widths, MXD) and derived climate

reconstructions. (P2)
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Abstract

This study develops the use of ‘blue rings’ (BR), reflecting incomplete cell wall lignifi-
cation, as a sensitive thermal indicator in bristlecone pine (Pinus longaeva D.K. Bailey).
Using double-stained anatomical thin-sections, we explore the climatic and topographical
constraints governing BR formation by developing a time-series from 83 cores and com-
paring BR occurrence with the full temporal span of available climatic data (1895-2008
CE). Lignification is temperature-dependent and continues at a cellular level post-radial
growth completion. As BRs reflect incomplete lignification, they can serve as a higher res-
olution and more sensitive proxy for past cooling than previously established tree-growth
indicators. Results indicate that blue ring formation is primarily induced by low Septem-
ber temperatures and responds more sensitively to cooling than the well-established frost-
ring record. Additionally, the occurrence and intensity of blue rings decreases gradually
below the upper tree line. Bristlecone pine BRs are demonstrated to have significant capac-
ity to enhance the reconstruction of past cooling events in North America connected with
both localized and hemispheric scale forcing over multi-millennial timescales. Given its
unmatched longevity, the species offers an unparalleled potential for Holocene length cli-
mate reconstruction. Findings also highlight the potential for blue rings to provide a more
nuanced understanding of past temperature fluctuations across multi-millennial timescales.

Keywords Blue rings - Lignification - Dendroclimatology - Pinus longaeva - Temperature
reconstruction - Wood anatomy
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1 Introduction

The environmental constraints of cell wall lignification and the ecological interpretation of
varying lignification levels in tree rings require further exploration. A range of early stud-
ies using UV microscopic lignin analysis first indicated a connection between the lower
lignification of cell walls and lower temperatures (Trendelenburg 1939; Donaldson 1991;
Gindl et al. 2000), highlighting the possibility that microscopic study of the lignification
process could provide a very real capacity to track seasonal temperature change across a
single year’s growth. Gindl et al. (2000) went on to demonstrate that lignin concentration
in the terminal latewood cells of Norway spruce (Picea abies (L.) H. Karst) correlated
with autumn (September—October) temperature under alpine growing conditions. Recent
advances in wood anatomical thin-section making techniques (Gértner and Schweingru-
ber 2013) have facilitated the further progress of such studies. In particular, the technique
of double staining of transverse micro-sections of tree-ring series with Safranin, which
stains red the cell walls which are richer in lignin, and Astrablue, which stains blue the
cell walls which are richer in cellulose (coined ‘blue rings’ by Piermattei et al. 2015), has
revealed a faster and more comprehensive way to track the lignification process at a cel-
lular level in long tree ring records (Gerlach 1969; Schweingruber 2007). If lignification
is disrupted, the unlignified cells are left behind in the wood structure to create time-series
for the development of proxy records. Piermattei et al. (2015) found continuous layers of
unlignified axial tracheids both in the earlywood and latewood of Black pine (Pinus nigra
Arnold) from an advancing tree line in the central Apennines (Italy), and attributed BR
occurrence in the last formed latewood cells to a temperature drop at the end of the local
growing season (at that growth location, this was the end of October). Crivellaro et al.
(2022), in a study covering large latitudinal (40°S and 80°N), and altitudinal (0-6150 m
asl) gradients, and analyzing 1770 species of trees, shrubs, and herbaceous plants (with
vascular cambium), argues that in the context of global tree line positioning, cell wall ligni-
fication is also temperature driven. Montwé et al. (2018) studied BRs and physical damage
from frost in lodgepole pine (Pinus contorta Dougl. ex. Loud.), revealing that BRs and ear-
lywood frost rings (EWFR) (structural damage characterized by the presence of collapsed/
crushed/abnormal tracheids with lateral expansion and displacement of the rays (Glerum
and Farrar 1966; Schweingruber 2007), can also be linked to a late initiation of the grow-
ing season, an early end of the growing season, and a generally cool growing season.
Matisons et al. (2020) analyzed the relationship between BR and minimal summer tem-
perature (July—September) in Scots pine (Pinus sylvestris L.) and found it very limited and
inconsistent among analyzed trials and provenances. Despite establishing the connection
between reduced lignification and temperature, all these studies were limited to relatively
short time series and/or low sample depth. Such findings based on short contemporaneous
sequences have limited application in a paleoclimatic context. Greater sample depth and
longer time-series are required to truly assess the full potential of blue rings as a paleocli-
matic proxy.

Upper tree line chronologies from bristlecone pine (Pinus longaeva D.K. Bailey)
offer potential for constructing far longer than average time-series (Schulman et al. 1955;
Schulman 1958) and have well demonstrated potential for multi-millennial reconstruc-
tions of temperature, which connect to both regional climate and wider scale volcanic
forcing (Salzer and Hughes 2007; Salzer et al. 2014a). In particular, the presence of frost
rings in this species has been correlated with the impact of explosive volcanism on cli-
mate (LaMarche and Hirschboeck 1984) and has been used to improve chronological
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frameworks for the subsequent deposition of volcanic marker horizons in ice core records
(Sigl et al. 2015). All of this provides a strong basis to further develop a thermo-lignifica-
tion record in bristlecone pine, with potential to span much of the Holocene and to expand
detailed investigations of volcanic forcing.

Preliminary exploration of BRs in bristlecone pine (Tardif et al. 2020) indicated a likely
BR correlation with a late start to the growing season and a cool summer, highlighting the
potential for BRs in bristlecone pine to offer a more sensitive proxy for subtle changes in
climate due to volcanism and other forcings than the well-established frost-ring record.
This study was, however limited by low sample depth and concentrated on only two short,
discrete time intervals around 536 and 1965 CE. In order to comprehensively explore the
specific climatic parameters, timing, and conditions leading to BR occurrence in bristle-
cone pine, a comprehensive investigation of BR occurrence across multiple trees and the
longest possible time frame for which temperature data are available is required. In this
study, BR sequences were created from 83 bristlecone pine cores from the Sheep Moun-
tain/Patriarch Grove area of the Ancient Bristlecone Pine Forest in the White Mountains of
California for the period 1895-2014 and 1981-2014, for which respectively monthly and
daily climatic data were available. This dataset is the longest and best replicated developed
so far with a focus on the investigation of specific climatic conditions leading to BR forma-
tion. It also provides the opportunity not only to better evaluate the natural variability of
such data, but to present a more comprehensive analysis of the potential for, and limita-
tions of, developing a multi-millennial BR record from bristlecone pine. Additionally, it
provides an opportunity to explore the influence of topographic setting in a complex upper
tree line ecotone, providing data to better inform future sampling campaigns targeted at
producing representative BR chronologies.

The main aims of this study are threefold: (1) to investigate climatic parameters lead-
ing to BR formation, (2) to answer if and how elevation and topography modulates the BR
record, 3) to evaluate the natural variability of the BR record and assess its paleoclimatic
potential and limitations in bristlecone pine.

2 Materials and methods
2.1 Samples and study area

A set of 83 cores were selected from a collection of Great Basin Bristlecone pine (Pinus
longaeva D. K. Bailey) samples acquired over a series of field campaigns in the Sheep
Mountain and Patriarch Grove area of the Ancient Bristlecone Pine Forest in the White
Mountains of California (37.5 W, 118.2 N) see Fig. 1.

The trees sampled (Salzer et al. 2014a) spread over an area of roughly 3 km? of rugged
mountainous terrain consisting of predominantly dolomitic substrate. They cover an eleva-
tional transect between 3512 and 3320 m. a. s. I. that is 192 m in vertical distance between
the highest and the lowest situated tree. Cores from trees along two distinct transects, (the
RW of which have been previously analyzed by (Salzer et al. 2014b) one south facing (SF)
and one north facing (NF), were selected to explore the impact of exposure on BR occur-
rence. Samples from three other bristlecone pine chronologies from the White Mountains:
Cottonwood Upper (CWU), Sheep Mountain (SHP) and Patriarch Lower (PAL), were
also selected in order to extend the vertical distance covered by the samples to assess any
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Fig. 1 Locations of sampled trees in the White Mountains of California. Inset map shows the general loca-
tion of the study area in the western United States. Please note that trees SHP972 and SHP975 are not
shown on this map, as these were located circa 3 km to the north from the main group of sampled trees
shown

impact of altitude or distance from upper tree line on BR formation. These cores were also
assigned as predominantly south or north facing based on the topographic position of the
sampled trees.

To explore BR continuity around the stem where possible, we included two cores per
tree. The strip-bark nature of bristlecone growth is such that for more mature trees there
are often only a few sampling locations on the tree where the cambium is active (Brun-
stein 2006; Boyce and Lubbers 2011), imposing some limitations on the sampling strategy.
Suitability for sectioning also required selection of cores with relatively consistent internal
structure to facilitate effective sectioning of the material to avoid any distortion of the tra-
cheid wall dimensions. The final selection of 83 cores suitable for this study includes 44
cores representing double sampled trees and a further 39 representing a single sampling
from a tree (Table S1).

2.2 Laboratory preparation
Cores used for this study were previously air dried, glued into wooden core mounts,
sanded, and measured following standard dendrochronological procedures (Stokes 1996;

Salzer et al. 2014b). For this study, cores were separated from their mounts by soaking in a
tray filled with near boiling water until they detached from the core mounts. Subsequently
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each core was cut into shorter 4-6 cm long diagonally overlapping segments that could be
reassembled with ease to perform accurate cross-dating on the finished sections. The cores
were not cut into equal length segments because each core was individually assessed under
the microscope to ensure maximum ring overlap on both sides of the split. The order of
the sectioned pieces was noted to enable final reassembly of each core when the sectioning
process was over. All core elements were next cut into ¢.10-15 pm thick thin-sections using
a GSL1 microtome (Girtner et al. 2014).

Thin-sectioning was followed by staining in a mixture of Safranine and Astrablue to
reveal lignified cell walls in red and emphasize underlignified cell walls in blue. Stains
were prepared following the procedure by Gértner and Schweingruber (2013), where 0.5 g
of Astrablue powder is dissolved in 100 ml of distilled water and 2 ml acetic acid, and
0.1 g of Safranin powder is dissolved in 100 ml of distilled water. Finally both stains were
mixed in a 1:1 proportion. Each thin-section was placed in the stain bath for 3—4 min, after
which it was washed with water and then ethanol at gradually increasing concentrations of
50%, 75%, 99,8% to remove the surplus stain from intercellular spaces and to dehydrate
the section. Finally, each section was embedded in Canada Balsam under a cover glass and
oven dried for 24 h in 60 °C. Laboratory preparation of 83 cores resulted in 612 permanent
thin-sections. These were then digitized to facilitate ring width measurement and cross-
dating. Thin-sections were photographed with a digital camera (CANON EOS 700D)
coupled to a microscope under 40 times magnification. In total 29,105 high resolution
pictures were taken, which were subsequently stitched in PTGui software (http://www.
ptgui.com) to create high-resolution images of entire thin-sections. A control photo of an
according scale was taken for each microscope magnification to ensure accurate analysis.
Care was taken to achieve a representative overlap (20-30%) between single photos to
secure reliable stitching results. Finally, ring widths of thin-sections representing every
core were measured in Image] software (https://imagej.nih.gov/ij/index.html), and ring
width sequences visually cross-dated and confirmed using CDendro software (http:/
www.cybis.se/forfun/dendro/) against the previously dated cores. The cell structure of the
sections was surveyed using both the high-resolution digital images and the stained slides
at 40 xand 100x magnification. Underlignified tracheids (Fig. 2), were noted and assigned
calendar dates for each observed BR. Earlywood Frost Rings (EWFR) and Latewood Frost
Rings (LWFR) were also observed and assigned calendar dates.

2.3 Climate indices and statistical analysis

To assess the association between temperature and BR occurrence, mean-monthly tem-
perature data were obtained for the grid pertaining to Sheep Mountain (Location: 37.5470
lat, -118.2179 lon, Spatial resolution 4 km, PRISM Climate Group, Oregon State Univer-
sity, http://prism.oregonstate.edu). Mean-monthly temperatures in the PRISM (Parameter-
elevation Regressions on Independent Slopes Model) dataset are available for the period
starting in January 1895; therefore, our analysis covers years 1895-2014 (2014 being the
latest year in which our group of samples were collected). Our complete dataset, unusu-
ally large for thin-section analysis, with a sample depth of 83 cores, and temporal cover-
age of 120 years (for which temperature data was available), allowed us to implement a
modeling approach to analyze the association between BRs and temperature. Our dataset
consists of a time-series (non-independent setting) representing observations within indi-
vidual cores that vary in their sensitivity to BR formation. Therefore we decided to fit a
generalized linear mixed-effects model (GLMM), to account for these dependencies in the
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Fig.2 Observed anatomical abnormalities: a) blue ring type 1 (BR-1), b) blue ring type 2 (BR-2), ¢) blue
ring type 3 (BR-3), d) blue ring type 4 (BR-4), e) BR-1 along with deformed cells of late-wood frost ring,
f) BR-3 followed by a lesser early-wood frost ring. Please note the difference between cell distortion in a)
which occurred during sectioning due to the reduced strength of the cell walls due to lower lignin content,
and the frost deformation of cells during life of the tree in ¢) and f). It is possible to clearly distinguish
between the two effects through microscopic examination of the uncut sample, and the fact that procedural
deformation produces a more uniform effect at a cellular level

data. We treat each core as a random effect, allowing the intercept of the model to vary
among cores. The response variable is binary, representing the absence (0) or presence
(1) of BR in a particular year, in a particular sample. The independent variables are mean-
monthly temperatures of respective years, and the vertical distance from the upper tree line
in meters (hereafter referred to as DTL). Samples analyzed are from trees growing on pre-
dominantly southerly or northerly exposed slopes of the temperature determined upper tree
line (Bruening et al. 2017). Upper tree line elevation differs on both these slopes, so the
distance from the respective upper tree line elevation of 3511 m on the southern slope, and
3475 m on the northern slope (Salzer et al. 2014b) was calculated for each core analyzed.
To account for the independence of observations in our model we included only one sam-
ple per tree, resulting in a sample depth reduction to 61 individual cores. In order to fit
the model, we used a manual step-wise, step-down, backward elimination procedure. We
initially constructed the model with all available explanatory variables (mean temperature
for every month and DTL); subsequently, we built a model retaining only variables sig-
nificant at p<0.01 from the first model. The final model included 7 significant explana-
tory variables: mean monthly temperatures of February, April, June, August, September,
October, and DTL. Data analysis was conducted in R, v. 4.1.3 (R Core Team, 2024), using
the package “Ime4” for mixed modeling (Bates et al. 2015). The model specification was as
follows: BR_event~feb_tmean+ apr_tmean+ jun_tmean + aug_tmean + sep_tmean + oct_
tmean + DTL + (1Icore) and the model was estimated using ML and BOBY QA optimizer.
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Mean-daily temperature data were obtained for the grid pertaining to Sheep Mountain
(Location: 37.5470 lat, -118.2179 lon, Spatial resolution 4 km, PRISM Climate Group,
Oregon State University, http://prism.oregonstate.edu) for the full period available, that is
1981-2014, to explore the association between BRs and daily temperatures.

2.4 Topographicindices and statistical analysis

In order to further assess the association between BR occurrence and topographic vari-
ables, DTL and exposure, we calculated BR frequency per tree for the period 1793-1998,
the longest period continuously covered by the highest number of samples (61 in total). We
then applied simple linear regression between BR frequency and DTL, and used the non-
parametric Mann—Whitney U test to compare cores from southerly- and northerly-exposed
trees. BR frequency was calculated per tree, not per core in this case, because two cores
coming from the same tree are influenced by the same DTL and slope exposure.

In order to assess if trees growing in cooler topographic locations might be more sus-
ceptible to record BRs driven by colder temperatures (as suggested by Bunn et al. 2011;
Bruening 2016; Bruening et al. 2018) as compared to trees in surrounding areas, topocli-
mate variables—mean-monthly temperatures derived by Bruening et al. (2017, 2018) for
each tree location were used. We again used the non-parametric Mann—Whitney U test to
check for significant differences in topoclimate variables between BR-recording and non-
recording trees in years of BR formation.

3 Results
3.1 Bluering typology

Careful examination allowed us to develop a classification of blue ring intensity (Table 1)
for use in this study, based on observations of the full range of variability, such as: numbers
of rows of under lignified tracheids; the degree of lignification of the tracheid walls; the
thickness of the latewood cell walls compared to the latewood of surrounding rings: and
the overall intensity of the blue color ensuing from the proportion of underlignified cell
walls.

The BRs that we observed in this study appear exclusively in the latewood, predomi-
nantly in its outermost part consisting of the 2-5 outermost cells of a radial file. A few of
the most intensive examples included blue in up to 50% of ring width, and these were usu-
ally coupled with LWFRs (Fig. 2e).

In cases of particularly strong BRs (BR-1, BR-2) tracheid shapes can be distorted dur-
ing thin-section preparation because of lowered lignin content (which provides rigidity
and mechanical strength). In such cases, careful microscopic examination can distinguish
strong BRs from frost rings, because in BRs only the tracheid and ray shapes are distorted
during microtome preparation, whereas FRs are also characterized by lateral expansion and
displacement of rays (Fig. 2).

In total (1895-2014, 9357 rings), we identified only 203 BRs (0.022) of which BR-1:
0 (0.0), BR-2: 18 (0.002), BR-3: 67 (0.007), BR-4: 118 (0.013). BR-1 type are extremely
rare and in fact present only in very strong BR years in the earlier part of the dataset, for
which temperature data were not available for comparison. In this dataset, frost rings occur
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even more rarely, only a single LWFR was observed in the period of analysis (0.0001), and
EWEFR in 19 rings (0.002).

Our data indicate that BR and EWFR in bristlecone pine are independent markers,
with only 2 EWFRs out of 19 following BRs. Blue rings in bristlecone pine at our growth
locations form in years with lower-than-normal temperatures during the late part of the
growing season, while EWFRs probably mark early cambial reactivation and cold snaps
at the beginning of the growth season. A Mann—Whitney U Test was performed on mean
monthly temperatures for the period 1895-2014 and confirmed that mean May tempera-
tures were significantly higher (p=0.002) (Table S2, Fig. S2) in years with EWFRs. Such
early-season warmth possibly induces an earlier-than-normal onset of cambial activity and
resultant frost damage from subsequent spring cold snaps. Analysis of daily temperatures
for the period 1981-2014 confirms that in EWFR years (1984, 1992, 2007) minimal daily
temperatures rose above 0°C already in May and were later followed by period of below-
zero temperatures likely leading to the observed frost damage (Fig. S3).

3.2 Temperature constraints of blue ring formation

Model input for the period 1895-2014 includes 61 samples from independent trees, in
total 6848 observations. The model’s total explanatory power is substantial, with a con-
ditional R2=0.796, and the part related to the fixed effects (marginal R2) is 0.558. The
model fit parameters indicate an optimal fit. Both the C-value (0.9681743) and Somers’
D,, (0.9363487) show a good fit between predicted and observed occurrences of BRs.
If the C-value is 0.5, the predictions are random, while the predictions are perfect if the
C-value is 1. C-values above 0.8 indicate real predictive capacity (Baayen 2008). Som-
ers’ D,, is a value that represents a rank correlation between predicted probabilities and
observed responses. Somers’ D, values range between 0, which indicates complete ran-
domness, and 1, which indicates perfect prediction (Baayen 2008).

The model indicates that mean-monthly temperatures in February, April, June, August,
September, and October significantly influence BR formation, along with distance from
upper tree line (DTL) (Table 2).

The higher the average monthly temperature in February, the higher the odds of a BR
forming later in the year (Table 2, Fig. 3a). Whereas, lower temperatures in April raise the
probability of lignification being disrupted later in the growing season, leaving behind an
underlignified band of cells in the latewood of that particular year (Table 2, Fig. 3b).

We observe a negative relationship between June mean temperature and BR formation
(Table 2, Fig. 3c); the cooler June is, the higher the odds of BR formation. It is possible
that June, as the month when cambial activity starts, might also be partly defining how
long cambial activity can be sustained, that is, the length of the growing season. A cool
June may lead to the latest formed tracheids being challenged to fully lignify when cold
snaps in September and/or October arrive. This interplay is clear when we look at the pre-
dicted likelihood of BR formation in September and October under different temperature
scenarios for June (Fig. S5). Lower temperatures in June delay the onset of xylogenesis.
Thus, the lignification of latewood tracheids could still be ongoing in September/October
when colder temperatures arrive, disrupting the lignification completely and leading to the
formation of a BR.

We do not observe any significant relationship between mean July temperature and BR
occurrence. We suggest that, however much cooler, temperatures in July across our period of
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Table 2 Parameters of generalized linear mixed-effects model (GLMM)

Predictors BR event
Log-0Odds CI Statistic p

(Intercept) 8.36 *k 6.42 - 10.31 8.44 3.266e-17
February mean temp 0.26 ##* 0.14-0.37 4.29 1.817e-05
April mean temp -0.33 **k -0.45 - (-0.21) -5.26 1.406e-07
June mean temp -(.82 #xk -0.97 - (-0.67) -10.57 3.976e-26
August mean temp -0.39 sk -0.55 - (-0.23) -4.83 1.396e-06
September mean temp S 12Nk -1.32 - (-0.93) -11.29 1.514e-29
October mean temp Q.15 %X 0.07-0.24 3.44 5.799¢-04
DTL -0.03 #* -0.04 — (-0.01) -3.04 2.361e-03
Random Effects
c? 3.29
T00 symbol 3.82
ICC 0.54
N symbol 61
Observations 6848
Marginal R? / Conditional R? 0.558/0.796
AIC 856.487
* p<0.05 ** p<0.01 *** p<0.001
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Fig.3 Generalized linear mixed-effects model (GLMM) results presented as predicted probabilities of BR
formation for each predictor significant in the model, plotted along observed ranges of predictors. BR prob-
ability is shown according to: a) February mean temperatures, b) April mean temperatures, ¢) June mean
temperatures, d) August mean temperatures, e) September mean temperatures, f) October mean tempera-
tures, g) DTL. Please note the highest effect of September mean monthly temperature on the probability of
BR formation. Note the different y-axis in each subplot
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study (1895-2014) never dropped to the level where they might disrupt the lignification pro-
cess of newly forming early-wood tracheids. This is further supported by the observation that
we also do not see BRs in earlywood across our period of study, just in the last tracheids of the
latewood towards the very end of the growth season.

The effect of the mean temperature in August is negative (Table 2, Fig. 3d), cooler tem-
peratures increase the likelihood of BR occurrence.

Model results indicate that the strongest relationship exists between September tempera-
tures and the occurrence of BRs (Table 2, Fig. 3e). On average, cambial activity in bristlecone
pine ceases when mean daily temperatures drop below 6 °C (Ziaco et al. 2016). This threshold
is normally reached at our site by approximately the 17th of September (Fig. S6). While this
date will vary somewhat, we can extrapolate that the production of new tracheids stops and
lignification of the lastly formed cells occurs around mid-September.

Mean October temperatures appear to have a positive effect on the likelihood of BR occur-
rence (Table 2, Fig. 3f). A 1 °C increase in mean October temperature increases the odds of
BR formation by 16%. In some years, favorable conditions for cambial activity, with average
daily temperatures above 6 °C, can still occur for some part of October (Fig. S6), effectively
extending the time window when lignification can occur into periods where sudden tempera-
ture drops are likely, if not inevitable. In this scenario, late cambial activity leads to a late start
to the lignification process and a subsequent thermally induced lignification disruption and the
formation of a BR. Such situations are not very frequent and therefore the effect of October
temperatures in our model is relatively low. We suggest that the influence of June and October
mean temperatures impacts BR formation by effectively either delaying or extending the time
window of favorable conditions for xylogenesis.

There are cases when BR formation is most probably induced by short temperature
decreases at scale of a couple of days as observed by Piermattei et al. (2015). This kind of
short-term temperature variation is not well captured by average monthly temperatures. Daily
temperature records for the study area are only available from 1981 onwards (PRISM), and
for this most recent period in our dataset, we observed only two BR events, one in 1982 (17
out of 82 samples) and one in 1998 (4 of 82 samples). We compared the relationship of BR
occurrence with mean daily temperatures during these two event years (Fig. S7). The result for
the 1982 growth season indicates that BR formation was mainly influenced by temperature in
June and September. A short growth season characterized 1982, with<6 °C mean daily tem-
peratures occurring until 11th of July and cold snaps with below-zero mean daily temperatures
still occurring up to the 1st of July. The growth season ended with temperatures dropping
below 6 °C on the 11th of September. In contrast, the beginning of the growth season in 1998
was not characterized by such harsh conditions, as indicated by the weaker BR signal present
in only 4 out of 82 upper tree line (DTL-14+15 m) samples. Cambial activity likely started
around the 19th of June; however, temperature dropped below 6 °C for a couple of days begin-
ning on the 10th of September, which might have induced a lignification shutdown and the
limited BR formation seen in the dataset.

Modeled temperature results also revealed a weak but significant negative effect in rela-
tion to distance from the upper tree line (Table 2, Fig. 3g), with a one meter increase in DTL
decreasing the odds of BR formation by 3%. This potential topographic influence was further
explored using different techniques.
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3.3 Topographic influence on BR occurrence

We observe a significant (p=0.01) negative relationship between BR frequency and DTL
(Fig. S4). Although the observed relation explains only 9% in the variance of the data-
set, DTL constitutes the strongest common topographic constraint of BR occurrence. A
non-parametric Mann—Whitney U test between BR frequency on southerly and northerly
exposed slopes shows that there is no significant (W=435, p=0.83) difference between
the distribution of BR frequencies on both exposures (Fig. S4). We therefore found no evi-
dence for exposure influencing the trees’ susceptibility to BR formation.

Results across 79 cores (1793-1998), arranged in an ascending order of DTL show that
the further below the tree line the tree is located, the less severe the temperature impact
of a given event (Fig. 4). We observe a buffering effect with distance below the upper tree
line, which is balanced against the severity of the cold snap. More extreme low-temper-
ature departures result in stronger and more BRs in the higher portion of the elevational
transect, with weaker and fewer BRs present in trees further down from the upper tree line.

Examining the pairs of cores from the same tree (Fig. S8), we can observe that BRs are
often not continuous around the stem. Usually, one of the pair of cores records more BRs
and of higher class than the other. This may be due to stem exposure, where the side of
the trunk that is not exposed to direct solar radiation remains slightly cooler than the sun-
exposed side, and thus the non-exposed side is prone to record more and stronger BRs.

We performed non-parametric Mann—Whitney U test between BR-recording and non-
recording trees in every BR year for DTL and mean monthly temperatures (topoclimate
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variables derived by Bruening et al. (2017)) of each month for the period 1793-1998
continuously covered by 61 trees (Table 3). We identified 47 BR event years (1793,
1797, 1799, 1801, 1805, 1809, 1810, 1811, 1818, 1827, 1828, 1832, 1837, 1839, 1851,
1852, 1854, 1860, 1862, 1868, 1876, 1877, 1878, 1882, 1884, 1891, 1893, 1899, 1901,
1906, 1907, 1911, 1912, 1913, 1920, 1923, 1925, 1927, 1941, 1955, 1965, 1967, 1976,
1978, 1980, 1982, 1998). We observed significant (p < =0.01) differences only for June
in 1907, July 1907 and November 1868 and for DTL in 1907, 1941, 1809, 1837. This
shows that the BR sensitivity of particular trees cannot be sufficiently explained by
obtained topoclimate variables.

Table 3 Results of the Mann—Whitney test (two-sided) of differences in DTL and topoclimatic variables
calculated for each tree location between BR-recording and non-recording trees for 47 BR event years
between 1793-1998. The median and interquartile range (IQR) are indicated. Note that the number of
observations per group varies for each year analyzed. Only results significant at least at the level of p < 0.05
are listed, results significant at p < 0.01 are bolded

Variable Year nBR nnon-RB Median (IQR) BR Median (IQR) non-BR  p value
DTL 1907 26 34 35.5 (11-60) m 67.5 (37-84) m 0.002
1941 16 44 20 (7-45) m 64 (37-83) m 0.005
1809 22 36 27 (11-60) m 66 (40-83) m 0.007
1837 8 51 16 (7-32) m 60 (34-83) m 0.008
1998 4 55 12 (0-22) m 58 (29-82) m 0.014
1854 9 50 17 (11-32) m 62 (35-83) m 0.016
1925 13 47 32(114)m 64 (35-83) m 0.023
1884 44 14 48 (16-70)m 81.5 (34-117)m 0.033
1882 7 52 22 (0-58)m 60 (29-83) m 0.034
1827 10 49 27 (16-60) m 60 (34-83) m 0.045
January temperature 1868 16 43 -6.7 (-6.9-(-6.1)) °C  -5.8 (-6.5-(-5.5)) °C 0.013
1862 16 43 -6.7 (-6.9-(-5.9)) °C  -5.8 (-6.7-(-5.5)) °C 0.047
1811 10 48 -6.8 (-6.9-(-5.8)) °C  -6.1 (-6.7-(-5.5)) °C 0.048
April 1907 26 34 -2.3(-2.5-(-1.9)) °C 2.0 (-2.3-(-1.8)) °C 0.033
temperature
May 1907 26 34 1.7 (1.5-2.0) °C 1.9 (1.7-2.1) °C 0.019
temperature 1809 22 36 1.7 (1.5-1.9) °C 1.9 (1.7-2.1)°C 0.028
June 1907 26 34 7.0 (6.8-7.2) °C 7.2 (7.1-1.5) °C 0.007
temperature 1809 22 36 7.0 (6.8-7.2) °C 7.2 (7.0-7.5) °C 0.026
July 1907 26 34 10.8 (10.6-10.9) °C  11.0 (10.8-11.2) °C 0.005
temperature 1809 22 36 10.8 (10.6-10.9) °C  11.0 (10.7-11.2) °C 0.012
August 1907 26 34 10.7 (10.4-10.8) °C  10.9 (10.7-11.0)°C 0.010
temperature 1809 22 36 10.7 (10.4-10.8) °C  10.9 (10.7-11.0) °C 0.016
September 1907 26 34 7.1 (6.9-7.4)°C 7.4 (7.1-7.6) °C 0.024
temperature
November 1868 16 43 -1.7 (-2.1-(-1.2)) °C  -1.0x+(-1.7-(-0.7)) °C ~ 0.006
temperature 1862 16 43 -1.7 (-2.1-(-1.1)) °C  -1.0 (-1.7-(-0.7)) °C 0.025
1811 10 48 -1.8 (-:2.1-(-1.1)) °C  -1.2(-1.7-(0.8)) °C 0.046
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4 Discussion
4.1 Blue ring typology

At a cellular level, our observations of the lignification process were compatible with
previous studies (Saleh et al. 1967), which observed that cell corners in the primary
wall lignify first and subsequently lignification continues in the middle lamella of the
radial and then tangential walls. Results in this study demonstrate that in varying stages
of incomplete lignification, radial walls are visibly more strongly lignified than tangen-
tial walls (Fig. S1).

BR were present only in the latewood portion of the ring for our time-series
(1793-2014) as observed by Montwé et al. (2018) and Matisons et al. (2020), but not
by Piermattei et al. (2015) who reported BR in both the terminal portion of the ring and
within the earlywood portion.

The fact that in our dataset, LWFR occur less frequently than EWFR, is in contrast to
earlier studies, which report EWFR to occur less frequently than LWFR in bristlecone
(LaMarche 1979; LaMarche and Hirschboeck 1984; Brunstein 1995). However, this dif-
ference may originate from differing sample preparation in earlier studies, where frost
rings were noted on polished core surface, and less obvious EWFRs might have gone
unrecognized. Detailed microscopic analysis based on thin-sections allows us to recog-
nize even the slightest abnormalities in wood structure.

Our analysis shows that BR and EWFR are independent markers of two separate
events. This is contrary to indications by Montwé et al. (2018), on a far more limited
dataset, that BRs capture a cold event at the end of the growing season which leads
to cambial damage and irregular growth upon re-activation in the following spring. In
bristlecone pine at our growth locations, BRs form in years with lower-than-normal, but
not below freezing temperatures during the late part of the growing season that are suffi-
cient to cease lignification without damaging the cambium. In contrast EWFRs probably
mark early cambial reactivation and cold snaps at the beginning of the growth season.

Studies of lodgepole pine (Pinus contorta Dougl. ex. Loud.) (Montwé et al. 2018)
and Scots pine (Pinus sylvestris L) (Matisons et al. 2020) have reported higher propor-
tions of BRs and FRs than this study. While this could be a species specific difference,
the trees used in these earlier studies were not growing in their natural proveniences and
so may have been over sensitized. However, Greaves et al. (2022) also reported higher
BR proportion for Scots pine (Pinus sylvestris L) growing within its seed source loca-
tion and far from the thermal limits of Scots pine growth. As bristlecone pine is highly
adapted for survival in its marginal habitat, we conclude that BRs are formed very
rarely, only during highly extreme conditions, and the bristlecone BR record therefore
constitutes a more reliable record of years with adverse climatic conditions. Both earlier
studies (Montwé et al. 2018; Matisons et al. 2020) also reported higher proportions of
BRs compared to frost rings, which is in agreement with our results. This implies that
BRs represent a more sensitive reaction of tree growth to adverse thermal conditions
than FR, which require below freezing temperatures to form. This is particularly impor-
tant in the context of bristlecone pine given the previously described and longstanding
association of FRs with explosive volcanism (LaMarche and Hirschboeck 1984; Brun-
stein 1996; Salzer and Hughes 2007). Blue ring records might allow early or late growth
season distinction for specific eruptive events (LaMarche and Hirschboeck 1984; Gur-
skaya 2014; Barbosa et al. 2019). A long BR record could augment FR records of past
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eruptions (Piermattei et al. 2020; Biintgen et al. 2022) and could considerably enhance
paleoclimatic and cultural histories related to eruptive events as well as their influence
upon regional circulation patterns.

We did not observe any relationship between juvenility and an increased probability of
BR formation, as noted by Matisons et al. (2020) and Montwé et al. (2018), related to
weaker insulation of the cambium (Payette et al. 2010; Montwé et al. 2018), the lower
height, and weaker heat absorption of smaller trees (Kidd et al. 2014) because all cores
used in this study came from mature trees.

4.2 Temperature constraints of blue ring formation

Connections between mean-monthly June, August, September, and October temperatures
and BR occurrence confirm preliminary observations (Montwé et al. 2018; Matisons et al.
2020; Tardif et al. 2020) that BRs form due to late initiation of the growing season, an
early end of the growing season, and a generally cool growing season. Although limited
by the lack of longer sequences of daily temperature data, we were also able to support the
suggestion made by Piermattei et al. (2015), that there is a connection between short-term
temperature decreases (at the scale of several days) at the end of the growing season and
the occurrence of BRs, based on our observations of the 1982 BR event. Further analysis of
the relationship between short-term temperature decreases and BR formation is necessary
to fully confirm this association in settings where daily temperature records are available.
We were also able to develop a deeper understanding of the previously hypothesized
temperature response, revealing some additional subtleties to be expanded on in future
studies. The observed connection between February and April mean temperatures and BR
occurrence seems initially surprising, as the cambial activity of bristlecone pine in other
growth locations has been observed to start when mean daily temperatures reach around
6 °C (Ziaco et al. 2016), which, at our sampling site occurs on average around 13th of June
(Fig. S6). Therefore, the lignification process, the last phase of xylogenesis, should not be
directly affected by temperatures occurring before the onset of the cambial activity itself.
However, ecophysiological models of the onset of cambial activity can potentially explain
this connection. Delpierre et al. (2019) compared various models, including temperature
threshold, temperature and photoperiod thresholds, heat-sum, chilling influenced heat-sum,
and regression line models, and found that a chilling influenced heat-sum model provides
the highest accuracy predictions of the onset of cambial activity. This was based on a large
observational dataset spreading through a broad altitudinal, and latitudinal gradient of four
different coniferous species. The model considers the complex interplay of chilling and
forcing temperatures in interaction with the photoperiod and attempts to address the influ-
ence of ecodormancy and endodormancy phenological phases on the resumption of cam-
bial activity. During the endodormancy phase, cambial activity is prevented by the tree’s
internal physiology, even if favorable external conditions arise the tree does not respond.
Whereas during ecodormancy, the cambium remains inactive until favorable external
conditions occur, at which point it reactivates. This model provides a potential means to
explain our observed connection between BRs and temperatures in February and April,
outside of the growth period. In the model, chilling temperatures and forcing temperatures
counterbalance each other, and this interaction modulates the onset date of cambial activ-
ity. The resulting hypothesis is that the cambium should require a lower accumulation of
forcing temperatures during ecodormancy, when it has been exposed to increasingly cold
temperatures during the endodormancy phase. Chilling accumulation was modeled to start
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shortly after the winter solstice, whereas forcing accumulation starts around the vernal
equinox. In the context of our results, this would imply that warmer February tempera-
tures would encompass the chilling accumulation phase and lead to lower chilling tempera-
ture accumulation. Further, lower April temperatures shortly after the theoretical start of
the forcing accumulation period (vernal equinox), would lead to lower and slower forcing
temperature accumulation. This, coupled with higher threshold requirements due to lower
chilling accumulation, could lead to later resumption of cambial activity. Consequently,
further xylogenesis phases, including lignification, might be delayed towards the end of
the growing season, when advection of colder air masses is more likely to occur, further
disrupting lignification resulting in underlignified bands of cells in the latewood of a par-
ticular year observed as BRs.

Greaves et al. (2022) found only the very strong 1976 BR, present in most of their
samples, to be related to a cold end of the growing season. They found the remaining BR
years displayed an irregular distribution between and within trees and could not assign
these to any specific temperature signal. They concluded that these weaker BRs might be
related to other biotic and abiotic stresses. Our modeling approach, based on a long chro-
nology and high sample depth spread along an altitudinal gradient, allowed us to capture
a broader picture of interacting thermal conditions during February, April, June, August,
September and October, and BR formation modulated by DTL. It is worth noting that the
site location studied by Greaves et al. (2022) is not near the thermal limit for Scots pine
growth, and therefore the BR signal might have been less consistent. Our samples all come
from trees growing close to the temperature-limited upper tree line, where adverse thermal
conditions are the main common growth-limiting factor, and BR formation is an observed
response to that temperature influence. At different sites, limited by different factors, BR
may potentially constitute a compound response to different stressors. Therefore, future
studies should target trees coming from a wide range of micro-environmental settings to
further assess the consistency of BR formation in trees subjected to different stressors and
to aid its ecological interpretation.

4.3 Topographic influence on BR occurrence

Topography influences ring-width patterns in bristlecone pine. Ring widths from the
lower forest border correlate with precipitation (Hughes and Funkhouser 1998), whereas
at the upper forest border, the correlation is with temperature (LaMarche 1970). The
trees used in this study are from the more complex interface zone between the upper
and lower tree line (Salzer et al. 2009, 2014b; Kipfmueller and Salzer 2010; Bunn et al.
2011). Ring-width analysis of trees within this zone has shown that near the climati-
cally-determined upper tree line, relatively small differences in elevation of the order
of 60-80 vertical meters, alter the factor most limiting to tree-ring growth. Trees grow-
ing in a narrow elevational band near the tree line show a pattern of growth consistent
with temperature limitation, while trees below this band show a pattern of growth more
similar to lower forest border precipitation-sensitive trees. It was also discovered that
in a small subset of the trees growing below the upper tree line, but rooted in particu-
lar locations on the landscape vulnerable to cold-air pooling, ring-width patterns were
more similar to the temperature-sensitive patterns found in the highest trees (Bunn et al.
2011). The BR data in this study add further evidence of this fine-scale spatial sensitiv-
ity of bristlecone pine to temperature close to the upper tree line and indicates that this
sensitivity may be at even finer scales than previously shown. The BR classification
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system developed in this study provided useful additional insights in this context. It
revealed that the further below the tree line a tree is located, not only are fewer BRs
observed, but those that are, are of lower intensity. Although the microscopic examina-
tion of each blue ring occurrence to assign an intensity classification made the analysis
more time-consuming, this effort proved to be worthwhile, providing valuable informa-
tion. It was particularly important to note the presence of even the least intense BR
types, BR-3 and BR-4, as these are the more abundant types of this generally rare phe-
nomenon (BR-3 occurred 67 times and BR-4 120 times out of 205 BRs observed for the
1895-2014 period). Omitting these less intense types would lead to ignoring a large
portion of the information available from this new proxy. We would recommend that
future studies invest in efforts to incorporate BR intensity in their observations, with the
caveat that such an approach relies upon a highly standardized and precise thickness of
micro-sections to ensure direct comparability of all features.

Outliers from this general DTL dependent pattern, like core NF533B (Fig. 4), which
was located in the lower portion of the elevational transect (DTL 116 m) and exhibits a
proportion of BRs more consistent with samples from the higher locations, might illustrate
the effect of cold air pooling (Bunn et al. 2011). Core NF533B comes from a tree situ-
ated on a slight plateau in the NF transect (Fig. 1) which supports this hypothesis. How-
ever, cores NF534A and B, from a tree located approximately 10 m from NF533B, both
exhibit a much lower proportion of BRs (Fig. 4). It is possible that much larger topographi-
cally induced temperature differences experienced by trees exist than previously reported
(Bruening 2016; Bruening et al. 2017), or there may be some individual tree level fac-
tors, like the genetic susceptibility of particular trees to BR formation, that play a role. The
former would be in accordance with the observed lack of regular significant differences
between topoclimate variables of trees recording and not recording BRs (Table 3); the lat-
ter is supported by observations made for Pinus radiata lignification by Donaldson (1993).
Work by Salzer et al. (2014b) indicated that trees on the SF slope grew faster than their NF
slope counterparts; thus, we expected that SF trees, having somewhat better conditions for
growth, might be less responsive in terms of BRs. However, we found no evidence of expo-
sure affecting the probability of BR formation.

Tardif et al. (2020) looked for significant differences in topoclimate variables between
BR recording and non-recording trees for 4 BR years they analyzed (536, 1965, 1978,
1982), with sample depth 12, 31, 29, 29 respectively, and found significant differences in
elevation, seasonal mean temperature, length of the growing season, and mean May and
September temperatures. Our analysis, based on much larger sample depth and including
more BR event years than Tardif et al. (2020), shows a much deeper complexity of interac-
tions between topoclimate and BR sensitivity. We observed significant (p < 0.01) differ-
ences only for June in 1907, July 1907, and November 1868 and for DTL in 1907, 1941,
1809, 1837. This shows that the BR sensitivity of particular trees cannot be sufficiently
explained by obtained topoclimate variables. In BR event years 1965 and 1982, common
for both this study and that of Tardif et al. (2020), contrary to Tardif et al. (2020), we
did not find significant differences between any of the analyzed variables. This difference
might be due to smaller sample depth analyzed by Tardif et al. (2020) or simply site-spe-
cific differences between the White Mountains (this study) and Pearl Peak, Ruby Mountain
Range, Nevada (Tardif et al. 2020).

Future studies aimed at constructing the most representative record of BRs possible in
bristlecone pine should target trees located close to the upper tree line and involve col-
lection of at least two cores per tree in order to capture a full record of BR years. Trees
at lower elevation should also be sampled to provide information about the severity of
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particular event years, as the strongest BR events are captured also in trees situated further
from the upper tree line.

Additional benefits may be gained from experimental designs to assess the daily tem-
perature thresholds for BR formation; because taking into account that BRs are a very rare
phenomenon, it would be very difficult to capture BR formation in observational studies
under natural conditions.

A recent study (Bjorklund et al. 2021), focused on elucidating the differences between
different approaches to obtaining maximum latewood density signals (X-ray, Blue Inten-
sity, and quantitative wood anatomy) has shown that incomplete lignification (as repre-
sented by BR years) is not captured in X-ray and Blue Intensity methods. We suggest that
BR chronologies may have additional value to constitute an independent record of past
temperature in the late part of the growing season, not otherwise captured by densitometric
techniques. Overall, results demonstrate excellent potential for the future development of
BR proxy records from bristlecone pine, and indicate this approach will provide a more
sensitive paleotemperature proxy to complement and inform ring width and/or densitomet-
ric techniques.

Supplementary Information The online version contains supplementary material available at https:/doi.
org/10.1007/s10584-024-03773-8
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Supplementary data

Table S1 Characteristics of cores used in the study

Table S2 Results of the Mann-Whitney test (two sided) of differences in mean monthly temperatures between
EWFR recording and non-recording trees for the period 1895-2014. The median and IOR are indicated.
Results significant at p <= 0.01 are bolded

Figure S1 High magnification microphotographs of a) BR-1, b) BR-2, ¢) BR-3, d) BR-4. Please note the
increasing level of cell wall lignification of different BR intensity types. Lignification process clearly starts in
cell wall corners and continues along first radial walls and then tangential walls. In varying stages of
incomplete lignification, radial walls are visibly more strongly lignified that tangential walls

Figure S2 Boxplots presenting Mann-Whitney test results for mean monthly temperatures of EWFR and non-
EWEFR years (period 1895-2014). EWFR years: 1895, 1897, 1928, 1938, 1950, 1954, 1979, 1984, 1992,
2007. Please note that May mean monthly temperature is significantly higher for EWFR years suggesting
that earlier cambial reactivation may lead to EWFR formation due to subsequent spring frost events

Figure S3 Daily mean temperatures for the period 1981-2014. EWFR years 1984, 1992, 2007. Please note
temperatures raising above 6°C already in May, followed by period of below 0°C temperatures probably
leading to EWFR formation

Figure S4 Significant (p=0.02) negative linear relationship between BR frequency and DTL. Mann-Whitney
test indicates lack of statistically significant (p=0.83) difference of BR frequency distribution between
southerly and northerly exposed trees

Figure S5 Generalized linear mixed-effects model (GLMM) results. Predicted probability of BR formation in
September and October under different temperature scenarios for June. Please note the interaction between
beginning of growth season (June) temperatures and end of growth season (September, October). Lower
temperatures in June delay the onset of xylogenesis, increasing the probability of BR formation in September
and October

Figure S6 Daily mean temperatures in the period 1981-2014. Please note when on average mean daily
temperatures rise above and drop below 6°C — the approximate threshold for cambial activity in bristlecone
pine

Figure S7 Daily mean temperature for the period 1981-2014 and BR years 1982, 1998. Please note cold
snaps in June and September 1982 and September 1998 probably leading to BR formation

Figure S8 BR chronology of 22 pairs of cores coming from double-cored trees continuously covering the
period 1793-1998. Please note that in many cases BRs are not continuous around the stem appearing only in
one of the pair of cores, in other cases BR intensity varies around the stem with BRs of higher intensity class
in one core than in the second
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Table S1 Characteristics of cores used in the study

Core Start End year Length Elevation DTL Exposition
year
CWU409A 1595 2014 420 3512 0 S
CWU416A 1625 2014 390 3473 39 S
CwWu416B 1500 1999 500 3473 39 S
CWU417A 1538 2014 477 3502 10 S
Cwu417B 1626 2014 389 3502 10 S
CWUS537A 1438 2014 512 3510 2 S
CWUS538A 1775 2014 240 3504 8 S
CWUS540A 1730 2014 285 3505 7 S
CWU541A 1671 2007 337 3500 12 S
CWU543A 1750 2014 265 3505 7 S
CWU543B 1306 2014 709 3505 7 S
NF518B 1793 2009 217 3475 0 N
NF521B 1221 2008 788 3446 29 N
NF522B 1547 2008 462 3447 28 N
NF524B 1178 2009 814 3440 35 N
NF525B 1198 2009 811 3423 52 N
NF526A 1181 2009 822 3427 48 N
NF526B 1132 2009 876 3427 48 N
NF527A 902 2009 1103 3430 45 N
NF527B 897 2009 977 3430 45 N
NF528A 954 2002 1049 3427 48 N
NF528B 875 1999 1125 3427 48 N
NF529A 1500 2009 510 3393 82 N
NF529B 1259 2009 751 3393 82 N
NF530A 1545 2009 465 3392 83 N
NF530B 1469 2009 541 3392 83 N
NF531A 1675 2009 335 3391 84 N
NF532A 1378 2009 632 3389 86 N
NF532B 1068 2009 942 3389 86 N
NF533B 871 2009 1139 3359 116 N
NF534A 1166 2009 844 3361 114 N
NF534B 1579 2000 422 3361 114 N
PALO24B 681 2001 1321 3344 168 S
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2005

678
807
614
991
1423
450
294
566
578
272
120
725
479

511

3445
3445
3435
3435
3427
3427
3498
3494
3452
3429
3438
3471
3395
3457

67

67

77

77

85

41

117

55
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Table S2 Results of the Mann-Whitney test (two sided) of differences in mean monthly temperatures between
EWEFR recording and non-recording trees for the period 1895-2014. The median and IQR are indicated.

Results significant at p <= 0.01 are bolded

Month n EWFR  nnon-EWRF Median (IQR) EWFR Median (IQR) non-EWFR  p value
January 10 110 -7.0 (-9.3-(-5.5)) °C -7.0 (-8.3-(-6.3)) °C 0,861
February 10 110 -6,9 (-9.0-(-6.2)) °C -7,6 (-9.0-(-6.4)) °C 0,468
March 10 110 -6,3 (-8.4-(-5.4)) °C -6,2 (-8.1-(-5.1)) °C 0,955
April 10 110 -3,0 (-4.6-(-2.1)) °C -4,3 (-5.4-(-2.8)) °C 0,125
May 10 110 2,5(0.8-3.4) °C 0.0(-1.9-1.3)°C 0,002
June 10 110 5,8 (5.4-6.2) °C 6.0 (4.7-7.4) °C 0,917
July 10 110 10,1 (8.6-10.8) °C 10.0 (8.9-10.7) °C 0,958
August 10 110 9,4 (9-10.3) °C 9.0(8.2-10.1) °C 0,428
September 10 110 6,3(5.3-7)x1°C 5,4 (4.4-6.7) °C 0,171
October 10 110 1,2 (-0.2-2.1) °C 0,7 (-0.3-2.1) °C 0,772
November 10 110 3.0 (-4.1-(-1.1)) °C -3.0 (-4.3-(-1.7)) °C 0,625
December 10 110 -7,2 (-7.8-(-4.1)) °C -6,3 (-8.0-(-5.1)) °C 0,887
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Figure S1 High magnification microphotographs of a) BR-1, b) BR-2, ¢) BR-3, d) BR-4. Please note the
increasing level of cell wall lignification of different BR intensity types. Lignification process clearly starts in
cell wall corners and continues along first radial walls and then tangential walls. In varying stages of
incomplete lignification, radial walls are visibly more strongly lignified that tangential wall




temp mean [°C]

p=0430 p=0234 p=0523 p=0.083 p = 0.001 p=0458 p=0.479 p=0214 p=0.086 p=0.2386 p=0312 p=0557

F

L N

TR i S i
- ] . s si 4 ) .. B 1
sl gl§ ! 4 ]

jan feb mar apr may jun jul aug sep oct nov dec
month

50|Page



Figure S2 Boxplots presenting Mann-Whitney test results for mean monthly temperatures of EWFR and non-
EWFR years (period 1895-2014). EWFR years: 1895, 1897, 1928, 1938, 1950, 1954, 1979, 1984, 1992,

2007. Please note that May mean monthly temperature is significantly higher for EWFR years suggesting
that earlier cambial reactivation may lead to EWFR formation due to subsequent spring frost events
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Figure S3 Daily mean temperatures for the period 1981-2014. EWFR years 1984, 1992, 2007. Please note
temperatures raising above 6°C already in May, followed by period of below 0°C temperatures probably
leading to EWFR formation
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Figure S4 Significant (p=0.02) negative linear relationship between BR frequency and DTL. Mann-Whitney
test indicates lack of statistically significant (p=0.83) difference of BR frequency distribution between
southerly and northerly exposed trees
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Figure S5 Generalized linear mixed-effects model (GLMM) results. Predicted probability of BR formation in
September and October under different temperature scenarios for June. Please note the interaction between
beginning of growth season (June) temperatures and end of growth season (September, October). Lower

temperatures in June delay the onset of xylogenesis, increasing the probability of BR formation in September
and October
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Figure S6 Daily mean temperatures in the period 1981-2014. Please note when on average mean daily
temperatures rise above and drop below 6°C — the approximate threshold for cambial activity in bristlecone
pine
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Figure S7 Daily mean temperature for the period 1981-2014 and BR years 1982, 1998. Please note cold
snaps in June and September 1982 and September 1998 probably leading to BR formation
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Figure S8 BR chronology of 22 pairs of cores coming from double-cored trees continuously covering the

period 1793-1998. Please note that in many cases BRs are not continuous around the stem appearing only in

one of the pair of cores, in other cases BR intensity varies around the stem with BRs of higher intensity class

in one core than in the second
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Publication 2 - An 1100-year record of blue rings in Bristlecone
pine provides new insights into volcanic forcing.
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Highlights:

- Developed a 1100-year blue ring chronology from bristlecone pine in California.

- Found strong correlation between blue ring formation and volcanic eruptions, particularly

of tropical origin.

- Blue rings indicate volcanic cooling effects earlier than traditional ring width

measurements.

- Demonstrated that blue rings are more sensitive indicators of late-season cold spells than

frost rings.

- Provided new insights into spatial signatures of cooling events linked to major volcanic

eruptions.

Abstract

The study of blue rings (underlignified rings) has recently attracted significant
interest due to their potential to provide more insights into past cooling episodes,
complementing other tree ring-derived data. This research developed a blue ring
chronology from bristlecone pine over the past 1100 years, based on 83 cores collected
from a tree line site in California's White Mountains. This chronology, the most extensive
and well-replicated to date, reveals a strong correlation between BRs and volcanic
eruptions, especially those of tropical origin. The study demonstrates that blue rings can
indicate the climatic effects of volcanic activity earlier than traditional ring width
measurements and are more sensitive and reliable indicators of late growing season cold
spells than frost rings. This record, in conjunction with other discrete indicators of
historical cooling from various regions, is used to evaluate the extent and spatial signatures
of cooling events linked to major volcanic eruptions over the past millennium. These
findings underscore the value of BRs in reconstructing high-resolution climate histories

and improving the dating of past volcanic episodes.
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1. Introduction

Volcanoes are one of the dominant contributors to natural climate variability on
interannual to decadal timescales (Crowley, 2000; Mann et al., 2005). By injecting sulfate
into the atmosphere they can cause sudden, short-term reductions in solar radiation
reaching the Earth's surface (Robock, 2000). This can cause rapid onset of short-term
changes in climate, which can have significant impacts for human society (Oppenheimer,
2003). Beyond the written record, tree rings offer means to capture and document such
annual and sub-annual changes. They are therefore particularly useful in the study of past
volcanism both in terms of dating past events via climatic causal connections, and in
understanding subsequent climatic forcing (Briffa et al., 2004). In particular, wood
anatomical abnormalities such as frost rings (Barbosa et al., 2019; Brunstein, 1996, 1995;
Glerum and Farrar, 1966; Gurskaya and Shiyatov, 2006; Hadad et al., 2020; LaMarche Jr,
1970; LaMarche and Hirschboeck, 1984; Payette et al., 2010), light rings (Tardif et al.,
2011; Wang et al., 2000) and blue rings (Greaves et al., 2022; Matisons et al., 2020;
Montw¢ et al., 2018; Piermattei et al., 2020, 2015; Tardif et al., 2020) have been utilized as
anatomical markers of adverse growth conditions, which allow a more detailed exploration
of sub-annual response to volcanic forcing in addition to constructing long annually

resolved records.

Frost rings are caused by a combination of dehydration and the pressure of ice
formation (Glerum and Farrar, 1966; Schweingruber, 2007) from sudden and unexpected
frosts and occur while the cambium is still active and the xylem mother cells are dividing.
They are characterized by structural damage that can clearly be observed under a
microscope as, collapsed/crushed/abnormal tracheids with lateral expansion and
displacement of the rays (Glerum and Farrar, 1966; Schweingruber, 2007). The connection
between frost rings (as well as growth minima) with volcanic eruptions was first
demonstrated in studies on bristlecone pine (Pinus longaeva D.K. Bailey), which show a
strong correlation with volcanic sulfate deposition in polar ice-core records (Baillie, 2010;
Baillie and McAneney, 2015; LaMarche and Hirschboeck, 1984; McAneney and Baillie,
2019; Salzer and Hughes, 2007; M. Sigl et al., 2015). Bristlecone pine is the longest living
tree species currently known and offers an invaluable archive of past climatic change
thanks to its annual resolution, secure dating, and temporal coverage (Bale et al., 2011;
Bruening et al., 2018; Brunstein, 1996, 1995; Bunn et al., 2018, 2011; Ferguson, 1979,
1969; LaMarche and Stockton, 1974; Salzer et al., 2014a, 2009; Salzer and Hughes, 2007,
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Schulman, 1958; Tran et al., 2017). Recent work on ice-core records has utilized
bristlecone data to constrain the dating accuracy of volcanic eruptive history over the
course of the Holocene (Sigl et al., 2015, 2022), underlining the value of further
exploration of the bristlecone record to develop more detailed and well-replicated histories

of sudden, short-term climatic response to volcanic eruptions.

In this study, we explore the potential of blue rings (so called as they are revealed
as blue-stained bands of cell walls by the double staining of wood thin-sections with
safranin and astra blue dyes) as a means to further augment the volcanic signal in
bristlecone pine. Blue rings (BRs) have already been observed to be caused by the type of
sudden, short-term cooling resulting from volcanic forcing (Biintgen et al., 2022;
Piermattei et al., 2020; Tardif et al., 2020). Unlike frost rings, however, which are formed
only when cambial activity continues, blue rings have the capacity to record cooling
episodes outside of the growing period. This is because they reflect the incomplete
lignification of the tracheid walls, a process that continues outside of the phase of radial
growth (Donaldson, 1992, 1991; Piermattei et al., 2015). This is particularly relevant for
further studies utilizing ice-core data and other records to fine-tune our understanding of
the climatic impacts of past volcanism. Ice-core based volcanic activity reconstructions are
subject to dating uncertainties due to potential errors in annual layer interpretation and time
lags between stratospheric injection at the source and deposition at the ice-core site.
Eruption characteristics such as particle size, latitude, season, injection height, and
atmospheric circulation pattern also contribute to different atmospheric residence times of
volcanic ejecta and gasses affecting the eruption-deposition time lag. BRs offer the
potential to better constrain the dating of volcanic episodes and help paint a more accurate

picture of regionally diverse patterns of climatic system response.

Here we present a blue ring chronology from bristlecone pine for the last 1100
years based on 83 cores from trees growing in the White Mountains of California. The
aims were to comprehensively explore this newly created dataset in order to establish the
full potential of blue rings in bristlecone pine as a proxy for sub-annual ephemeral cooling

in association with volcanic eruptions.

2. Materials and methods
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This study used bristlecone pine samples collected over multiple field campaigns in
the Sheep Mountain and Patriarch Grove area of the Ancient Bristlecone Pine Forest in the
White Mountains of California (37.5 W 118.2 N, see fig. S1). Trees sampled were situated
in a rough, mountainous terrain with a dolomitic substrate, and covered an elevational
transect between 3512 and 3320 m a.s.l. 1, with a vertical distance of 192 m from the
highest to the lowest situated tree. Samples used to develop the blue ring record came from
five locations within this transect, north and south facing slopes (SF and NF from Salzer et
al., (2014b)) and sites named Cottonwood Upper (CWU), Sheep Mountain (SHP) and
Patriarch Lower (PAL). From these locations, 83 cores were selected for preparation and

analysis for blue rings (tab. S1)

2.1 Laboratory preparation

Samples had previously been air-dried, glued into wooden mounts, sanded and
measured using standard dendrochronological procedures (Stokes, 1996). To prepare them
for analysis in this study, they were separated from their mounts by soaking in near-boiling
water. Each core was then divided into 4-6 cm long overlapping segments, diagonally cut
to allow for easy reassembly and accurate cross-dating of the finished sections. The
segments were not of equal length, as each core was assessed individually under a
microscope to ensure maximum ring overlap on both sides of the split. The order of the
sectioned pieces was documented for final reassembly of each core. The core elements
were cut into thin sections approximately 10-15um thick using a GSL1 microtome

(Gértner et al., 2014).

To reveal lignified cell walls in red and underlignified cell walls in blue, thin
sections were stained using a mixture of Safranine and Astrablue. The stains were prepared
according to the procedure outlined by (Gértner and Schweingruber, 2013) which involved
dissolving 0.5 g of Astra Blue powder in 100 ml of distilled water and 2 ml of acetic acid,
and 0.1 g of Safranin powder in 100 ml of distilled water. The two solutions were then
mixed in a 1:1 ratio. Each thin section was immersed in the stain bath for 3-4 minutes,
followed by a wash in ethanol at progressively increasing concentrations of 50%, 75%, and
99.8% to remove excess stain and dehydrate the section. Finally, each section was
embedded in Canada Balsam, covered with a cover glass, and oven dried at 60°C for 24

hours.
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The 83 cores yielded 612 permanent thin-sections, which were digitized to facilitate
ring width measurement and cross-dating. Photographs of each thin-section were taken
using a binocular microscope coupled with a CANON EOS 700D camera under 40x
magnification. To ensure accuracy, control photos of a scale were taken for each
microscope magnification. The pictures were stitched together in PTGui software to create
high-resolution images of the entire thin-sections, taking care to achieve a representative
overlap of 20-30% between individual photos. The ring widths were then measured in
Imagel software (https://imagej.nih.gov/ij/index.html), and visually cross-dated and dating
confirmed using CDendro software (http://www.cybis.se/forfun/dendro/). The cell structure
of the sections was surveyed at 40x and 100x magnification using both high-resolution
digital images and stained slides. Underlignified tracheids were noted and calendar dates
assigned to rings containing them. EWFR and LWFR were also observed and dated
accordingly. Blue rings were assigned intensity classes decreasing from BR1 to BR4

following the classification described in Siekacz et al., (2024).

2.2 Data preparation and statistical analysis

The complete BR chronology covers 164-2014 CE with varying sample depth
(fig.S2). However, we restricted our analysis to the period 900-2014 CE (fig.1) during
which the sample depth reaches at least 10 cores. To assess the association between
volcanic eruptions and BR occurrence, we used the time series of Global volcanic forcing
(GVF) in W/m-2 established by Sigl et al., (2015) a record of past eruptions and their
influence on climate. This data was selected because it is currently the most accurate and
securely dated volcanic forcing record over the past two millennia due to the secure
alignment of independent age markers in ice-cores (10Be) to precisely dated markers in
tree rings (14C) caused by solar particle events. This synchronization of the existing
bipolar ice-core chronologies improved dating accuracy to annual resolution, which is
critical for our purpose in this study where we seek to compare tree ring evidence and ice-
core evidence of the same volcanic events. Although this work was extended to cover the
Holocene (Sigl et al., 2022) the authors recommend using the 2015 version in studies

concentrating on the common era.

We used a 3 year time window to investigate correlations between the ice core

sulfate signal and BR occurrence, allowing for time-lags in ice-core sulfate deposition
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(Sigl et al., 2015) and the various timing and scale of climatic impacts following eruptions.
These impacts depend on several factors, including season, latitude, magnitude, altitude,
particle size and stratospheric residence time of the ejected materials etc. (Cole-Dai, 2010;
Dutton and Christy, 1992; Timmreck, 2012). Indeed considerable evidence exists for
delayed or extended, regionally variable cooling responses to volcanic eruptions (Fang et

al., 2023; Vidal et al., 2016).

We performed a chi-squared test of independence to examine the relationship
between our BR record and the record of volcanic forcing derived from ice-core data (Sigl
et al., 2015). The test was performed in two steps, first considering only direct year-year
matches, second allowing a 3 year window of co-occurrence. These steps were performed
in 4 iterations: for all eruptions, and separately for eruptions classified as tropical, northern
hemisphere extratropical (NH) and southern hemisphere extratropical (SH), to determine

whether the association was dependent on the location of the volcanic eruption.

To quantitatively analyze these associations we fitted a generalized linear mixed-
effects model (GLMM), with a binary response variable representing the absence (0) or
presence (1) of a BR in a given year, in a particular sample. The independent variables
included GVF in W/m-2 (Sigl et al., 2015) and distance from upper treeline (DTL) as
previous analysis (Siekacz et al., 2024) demonstrated that BR formation is modulated by
DTL in this temperature limited treeline ecotone, with BR formation probability decreasing
as DTL increases. The model was fit to data covering 1115 years (900-2014 CE), where
sample depth was at least 10 cores. The complete dataset included a minimum and
maximum sample depth of 10 and 83 cores respectively, with 22 cases involving two
samples per tree. However to account for independence of observations we included only
one sample per tree in our model, reducing the maximum sample depth to 61 individual
cores. Each core was treated as a random effect, allowing the model’s intercept to vary
among cores. Data analysis was conducted in R, v. 4.1.3 (R Core Team, 2022), using the
package “Ime4” for mixed modeling (Bates et al., 2015). The model specification was as
follows: BR _event ~ GVF + DTL + (1|core) and it was estimated using ML and BOBYQA

optimizer.

RW measurements of the sectioned cores were conservatively standardized to
remove trends related to age and size. This is a fundamental procedure in
dendrochronology, that aims to eliminate long-term non-climatic factors associated with
the growth of trees as they age and increase in size (Cook and Kairiukstis, 1990; Fritts,

1976). The dplR package (Bunn, 2008) was utilized to standardize the data, which included
70|Page



fitting a negative exponential curve, a linear fit line, or a horizontal line, since high
elevation bristlecone pine stands are open and non-competitive. The raw data was then
divided by the fitted curve. the mean (Std dev) series intercorrelation and mean (Std dev)
first-order auto-correlation coefficient were calculated on the detrended data for each tree
and averaged to be 0.5940249 (0.1244917) and 0.6625052 (0.1580373) respectively. To
create a standard site chronology, the annual standardized indices of tree growth were
averaged by year using a bi-weighted robust mean. We aimed to evaluate if the BR
chronology brings new independent information as compared to the ring widths of the
trees. High autocorrelation prevented the use of standard statistical tests that require
independence of observations. To overcome this issue two standard dendrochronological
methods were deployed: Pointer Year analysis (Becker et al., 1994) and Superposed Epoch
Analysis (SEA). Respective functions from dplR package (Bunn, 2008) were used for the

analysis.

To test whether BRs showed any association with trends in individual ring width
index (RWI) series, Pointer Year analysis was performed on the standardized RWI series.
Pointer years were defined as those calendar years in which at least 75% of the cross-dated
trees presented an RWI variation higher than 10% (Becker et al., 1994). The radial growth
variation represents the extent to which the ring of the current year is narrower (negative
value) or wider (positive value) than the previous one. A further Chi-squared test of
independence was performed to check for evidence of any association between BRs and

neutral, positive or negative classifications of a tree ring.

SEA was performed to determine if the association observed at the individual tree
level is retained in the standardized chronology of the site and remains statistically
significant across the range of BR years. We also examined how this association varies for
sets of years with different number of BRs. The stability of this association was tested
across all BR event years, as well as subsets of years with at least 5, 10, 15, 20, 25, or more

BRs.

To further explore the BR record in terms of response to specific volcanic eruptions, we

compared it to the following tree ring derived datasets (tab. 4):

- Bristlecone pine frost rings and growth minima (Salzer and Hughes, 2007): To
examine whether the blue ring record could complement and expand these data in inferring

the timing of climatic impacts caused by volcanic forcing.
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- Growth minima in chronologies from the Yamal Peninsula and Finland
(Hantemirov and Shiyatov, 2002; Helama et al., 2002) - as reported by Salzer and Hughes,
(2007): To assess whether the growth minima in these regions were present,synchronous,
or delayed compared to our BR chronology, yielding insights into the timing, onset and

extent of volcanogenic climatic effects.

- Northern hemisphere MXD series from 1400 to 1998 CE (Briffa et al., 1998) based
on a network of circum-hemispheric temperature sensitive tree ring density chronologies:
To explore whether the BR record can offer further insights into cooling than these data,
which are already considered more immediately responsive and sensitive to temperature
than RWs, the MXD data were ranked and the lowest 5 percent of values compared with

BR years in our record.

- The two longest state of the art northern hemisphere temperature anomaly
reconstructions. The first, based on a circum-hemispheric network of mixed RW, MXD and
blue-intensity (BI) temperature sensitive data (Wilson et al., 2016) covering 750-2011 CE.
The second, based purely on a network of MXD data (Schneider et al., 2015) spanning
600-2000 CE: To further explore the potential of the BR record for enhanced temperature
sensitivity, these records were restricted to 900-2000 CE, ranked, and the lowest 5 percent

compared to our BR record.

- BR record from Pinus uncinata from Pyrenees (Piermattei et al., 2020): To explore
the spatial signatures of volcanically induced cooling episodes in BRs of these two

geographically distant regions.

3. Results and discussion

3.1 Blue ring and Frost ring chronology

Over the entire chronology length (164-2014, 57816 rings) we identified 1271 BRs
(0.022 of all rings), These were subdivided into the intensity classes (1-4 from strongest to
weakest) of Siekacz et al. (2024), as follows: BR-1, 98 (0.002), BR-2, 183 (0.003), BR-
3, 442(0.008) and BR-4, 557 (0.01). We also identified frost damage in 152 rings, with 43
latewood frost rings (LW _FR (0.001), and 109 earlywood frost rings (EW_FR 0.002). Fig.
1 presents the chronology from 600 CE onwards illustrating the observed BR and FR
types, along with sample depth (for the full chronology see fig. S2).
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A clear pattern emerged where the number and intensity of BRs decreased with
increasing distance below the treeline (fig. 2). The most intense BRs (BR-1, BR-2) tend to
occur in the higher portion of the analyzed transect. However, during particularly strong
BR years such as 1601, BRs spread across almost the entire elevational transect, appearing

in 53 out of 64 samples (83%) with 29 classified as BR-1 and 12 as BR-2.

In this case, BRs are found through almost the entire elevational transect, with a
significant proportion of high intensity BRs indicating the severity of the event. Four more
years show a BR frequency higher than 50%: 1200 (BRn=18, n =32, 56%), 1453 (BRn=45,
n=51, 88%), 1860 (BRn=43, n=82, 52%), 1884 (BRn=56, n=81, 69%). However, 1601
remains the year with the highest share of BR-1 class. Taking into account that the highest
section of elevational transect is only partially covered in 1601 (fig.2), it is by far the

strongest BR event of the last eleven centuries.

LW _FR occurrences are always associated with BRs, but not all BRs are associated
with LW_FRs (fig. 3). In fact, LW _FR occurred only in years of high BR frequency and in
much lower numbers. LW_FRs were observed in the following years: 1100 (LW_FRn=1,
BRn=5), 1200 (LW_FRn=1 , BRn=18 ), 1453 (LW_FRn=4, BRn=45), 1601
(LW_FRn=23, BRn=53), 1680 (LW_FRn=1, BRn=26), 1725 (LW_FRn=1, BRn=16), 1732
(LW_FRn=1, BRn=8), 1760 (LW_FRn=1, BRn=28), 1789 (LW_FRn=1, BRn=10), 1884
(LW_FRn=8, BRn=56), 1978 (LW_FRn=1, BRn=25).

The fact that BRs occur in a higher number of years than LW _FRs suggests that
BRs respond to subtler temperature declines than LW_FRs, which require subfreezing
temperatures to form (Glerum and Farrar, 1966; Schweingruber, 2007). BRs can form in
response to temperature declines occurring later in the year, beyond the period when
LW_FRs can form. LW_FRs form under sub-freezing temperatures and develop when the
cambium is still active, and xylem mother cells are undergoing division and growth
(Glerum and Farrar, 1966; Schweingruber, 2007). In contrast, blue rings, characterized by
incomplete lignification of tracheid walls, can form even after the cambial activity and
radial growth have ceased. This is because cell wall lignification continues and may
sometimes persist into the winter or even the following spring in some species (Donaldson,

1992, 1991).

These data indicate that blue rings serve as more sensitive indicators of low
temperatures, with their formation documented during colder conditions, although not

necessarily below freezing (Siekacz et al., 2024; Piermattei et al., 2015). Unfortunately
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estimates of a more precise temperature threshold for blue ring formation have not yet been
determined in the literature, and further experimental studies aimed at its estimation are

required.

The formation of both BRs and LW_FRs in the listed years, but BRs in a larger
number of trees, demonstrates not only that BR are more sensitive to subtle temperature
declines, but also how even relatively small changes in elevation and topography can affect
the temperatures experienced by individual trees. It shows that a subset of trees located in
the higher part of the transect experienced temperatures that dropped below freezing, while
others at lower elevations experienced a decline large enough for BRs to form, but not
sufficiently cold to cause LW _FR formation. This observation aligns with earlier studies
(Bunn et al., 2018, 2011, Salzer 2014b) that analyzed the influence of fine-scale elevation
and topography variations on RW patterns in bristlecone pine, where authors showed that
temperature differences experienced by individual trees are larger than can be explained by

a dry adiabatic lapse rate, underlining the importance of fine-scale topography.

3.2 Blue ring association with volcanic eruption signals in ice-cores

During the period from 900 to 2014, 220 BRs and 133 volcanic ice-core signals
occurred (fig. 4). The expected frequency of joint occurrences of events in two random,
independent series is equal to the product of their individual probabilities. For all volcanic
events listed in Sigl et al., (2015) 29 exact joint occurrences with BRs were observed (fig.
4, tab. 1), which is not significantly higher than the 26 that would be expected by chance
X2 =0.40884, p = .5226., However, when accounting for a 3 year window (including exact
matches, and BRs occurring a year before or a year after ice-core volcanic signal), joint
occurrences increased to 87, which is more than 3 times what would be expected by chance
X2=201.62, p <0.0001. Over the analyzed period, 65% of volcanic eruptions can be
matched with BR events either in the same year, the year before or the year after. For
tropical volcanic events, exact matches are already two times higher than what would be
expected by chance X?=5.491, p=0.0191. In the 3 year window 34 joint occurrences are
almost five times higher than expected: X = 110.09, p < 2.2e-16. In the case of tropical
eruptions 85% can be matched with BRs within the 3-year window. For southern
hemisphere extratropical eruptions, neither direct nor 3 year widow joint occurrences are
significantly higher than random co-occurrences. However, for northern hemisphere

extratropical eruptions, joint occurrences in the 3 year window (41) are 3 times higher than
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expected randomly X? = 77, p < 2.2e-16, and 61% of these eruptions can be matched with
BR event.

Model input for the period 900-2014 includes 61 samples from independent trees,
in total 39383 observations (tab. 2). Conditional R2 of 0.393 and a marginal R2 of 0.134
suggest that the model explains a moderate proportion of the variance in the response
variable, with both fixed and random effects contributing to the explanatory power of the

model.

Global volcanic forcing (fig. 4a) has a statistically significant negative effect (beta
=-0.03, p=0.01), the stronger volcanic forcing (represented by negative values) the higher
the probability of BR formation. Among the source variables (fig. 4c) tropical eruptions
exert the strongest influence, significantly increasing the likelihood of a BR event (beta =
1.81, p <0.0001). Northern hemisphere extratropical eruptions also have a positive, but
lower, effect on BR formation (beta = 0.34, p = 0.008). In contrast, southern hemisphere
extratropical eruptions have a negative effect on BR formation probability (beta = -1.45, p
=0.003). These findings are consistent with the contingency testing, where we observed
the most matches between BRs and tropical eruptions, followed by northern hemisphere
extratropical eruptions, and no association between BRs and southern hemisphere
eruptions. Additionally, increasing DTL (fig. 4b) decreases (beta = -0.02, p < 0.0001) the

probability of BR occurrence.

These results indicate a non-random association (through a causal climatic link)
between BR formation and volcanic eruptions. The location of the source volcano
significantly influences an eruption’s potential to cause BR formation (cooling), with
eruptions of tropical origin having the strongest association with BRs. However, it should
be noted that in the dataset used (Sigl et al., 2015), the attribution of eruptions to specific
latitudinal bands is somewhat flexible except in cases where the source volcano is known.
More recent studies have shown that bi-polar sulfur deposition (hitherto used as an
indication of eruption location) is no longer exclusively indicative of a tropical eruption
(Abbott et al., 2021; Pearson et al., 2022). Large enough northern hemisphere extratropical
eruptions can cause sulfur deposition in ice of both polar regions and also have a marked
influence on climate. When attributing source to an ice-core sulfur signal and associated
cooling episode multiple lines of evidence must be considered. Only a historic record or
geochemical evidence can definitively pinpoint the latitudinal source of an eruption.
Therefore, while a strong cooling signal recorded by BRs indicates a significant climatic

impact, it cannot conclusively determine whether the eruption was of tropical origin.
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3.3 Blue ring versus ring width information

During the period 900-2014, 131 years were classified as negative pointer years,
836 as neutral, and 148 as positive pointer years (tab. 3, fig. 6). Out of the 216 BR events
41 occurred in years classified as positive pointer years which is 1.5 times more frequent
than expected by chance (X?=12.909, p = 0. 001573). Conversely, only 14 BR years were
associated with negative pointer years. This shows that BRs are less frequently associated
with narrow rings suggesting that BRs provide information about cooling episodes that is

in most cases independent from RWs.

Visual inspection (fig. 6) of the standardized chronology displaying BR events and
negative pointer years, confirms that BRs more frequently occur in wider or neutral growth
rings. Only 14 BR events coincide with negative pointer years, and only 2 BR events fall
within 5% of lowest RWI values. However 43 BR years precede negative pointer years and

14 BR events occur the year before a year within 5% of lowest RWI values.

Previous analyses have shown that BR formation in bristlecone pine is most
strongly associated with thermal conditions in September (Siekacz et al.,2024, Tardif et al.,
2020). This suggests that BRs may provide higher time-resolution information about
cooling episodes at the end of the growing season and possibly into the dormant season, as
lignification continues after the radial growth phase of xylogenesis has concluded. For
some species, lignification is documented to continue even during winter and up to the
following spring (Donaldson, 1992, 1991). This is consistent with our results which show
that BRs form not only significantly more frequently in wider or neutral rings, but also in
many cases precede a negative pointer year or a growth minimum. Our findings suggest
that BR occurrence may contain additional insights about ephemeral cooling events late in
the growing season or after it, when radial growth of a particular year has concluded.
During such periods, cooling events can no longer directly impact the radial growth of the
current year. However, protracted cooling episodes, such as those linked to climatically
effective volcanic eruptions, could still affect climatic conditions after radial growth has
ceased, with their effects manifesting in the ring widths of subsequent years. In this
context, BR chronologies, which as our results show consistently provide information
distinct from ring widths, can offer additional details regarding ephemeral cooling events
occurring post the radial growth completion of a given year. Moreover, they may provide

early indications of volcanically induced cooling, thus offering more precise dating of
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climatically effective eruptions compared to those recorded in traditional tree ring

parameters.

Superposed epoch analysis supports this inference at a stand level and as being
consistent in time, showing that in BR years, RWs are significantly wider, consistently
across all BR number groups (fig. 5). This consistency is important, as the subjective
definition of what constitutes an event is a source of uncertainty in SEA and can affect the
SEA response (Rao et al., 2019). For example, here the threshold used to define a BR event
(the number of BRs per year) is a subjective choice. Furthermore although RWs of the year
following a BR event tends to be narrower on average, this difference is not significant.
This is likely because the cooling episodes captured by BRs are often ephemeral in nature
and do not consistently affect the following year’s RWs, leading to an averaging between

ephemeral and protracted cooling events across the BR years analyzed.

Ultimately, our results both at individual tree level, at a stand level and across a range of
observed BR years in time, support the hypothesis that BRs can indicate cooling events
occuring after growth completion in a given year. These events may be ephemeral in nature
or could go on to impact RWs of the following years. Furthermore, in our chronology, out
of 87 BR years associated with an eruption in the 3-year window, 25 occurred a year
before volcanic ice-core signal (fig. 4), showing that in some cases they have a capacity to
capture volcanically induced cooling even before sulfur ice-core deposition occurs,

offering an alternative earlier dating of some eruptions.

Tree ring width based temperature reconstructions were initially conceived to better
understand low resolution (multidecadal and longer) climatic variability (D’ Arrigo et al.,
2013) and in many respects are less reliable in making inferences at annual and interannual
timescales such as abrupt consequences of volcanic eruptions. This reduced sensitivity to
high-frequency events such as volcanic eruptions results from RW formation more likely to
draw on stored reserves from the prior growing season and to reflect the cumulative
cambial activity over the growing season, as well as needle retention in conifers
(LaMarche Jr, 1974). As a result, due to the persistent presence of biological memory,
treeline conifers tend to exhibit a high year-to-year autocorrelation in ring widths
(Anchukaitis et al., 2012; Frank et al., 2010). Consequently, the cooling effects of volcanic
eruptions may appear to persist for multiple years in RW-based temperature
reconstructions. It's well recognized in the literature that this can lead to an
underestimation of the abruptness and severity of climatic extremes resulting from

volcanic cooling in RW-based reconstructions which can exhibit a lag over several years
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(D’ Arrigo et al., 1992; D’ Arrigo and Jacoby, 1999; Frank et al., 2010; Krakauer and
Randerson, 2003). Previous studies (Wilson et al. 2016) show that RW-based temperature
reconstructions (D’ Arrigo et al., 2006), show peak post volcanic cooling in 5-6 years after
the event, in contrast to MXD-based reconstructions (Schneider et al., 2015) with peak
cooling a year after the event. The magnitude and lag of peak cooling reconstructed by
RW-based, MXD-based and mixed reconstructions (Wilson et al., 2016) seems to be
variable between reconstructions and different sets of volcanic events. These differences
might arise from different spectral properties of reconstructions, varying representation of
different regions in source chronologies and temporal and spatial dynamical response of
the climate system to volcanic cooling as well as its record in different tree ring
parameters. While RWs remain valuable for examining the impacts of volcanism on
historical climate in various capacities, it may not be the most suitable parameter for
quantitative, large-scale analyses of volcanic cooling and associated estimates of Earth's
climate sensitivity on interannual time scales (Anchukaitis et al., 2012; D’ Arrigo et al.,

2009).

BRs on the other hand, are better suited to record high resolution cooling events as
essentially they are a record of a cessation of lignification process, which seems to be
stopped by abrupt temperature drops, and which does not resume later and so leaves a
permanent effect on growth ring structure in the form of underligified bands of cells.
Mechanistically, this immediate cessation of the continuous lignification process creates a
discrete record of a particular cooling event, independent of long-term growth trends and
unaffected by biological memory. Additional evidence supporting this assertion is provided
by the comparison of BR years frequency with long term trends in bristlecone pine growth
and derived temperature reconstruction (Salzer et al., 2014a). Figure S2 presents the RW
chronology developed in the course of this work (fig. S3a), the master Sheep mountain
chronology (fig. S3b), (Salzer et al., 2014a), and the temperature anomaly reconstruction
based on five bristlecone pine chronologies (Salzer et al., 2014a) (fig. S3¢). The strong
correlation > = 0.88 (p < 2.2e-16) between our chronology based on a limited number of
samples, with the full Sheep Mountain chronology is very high which demonstrates its
representativeness of overall growth trends from the site. Furthermore, the high correlation
of a 20 year smoothing spline of our chronology with the Salzer et al., (2014a) temperature
anomaly reconstruction r? = 0.82 (p < 2.2e-16) shows that a large proportion of the
reconstructed temperature trends is retained in our chronology. Visual inspection of BR

years spread across the range of reconstructed temperature anomalies shows that BRs tend
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to occur uniformly and are not particularly associated with gradual negative temperature
anomaly trends (fig. S3¢). The calculated BR year frequency during the current warming
trend (c. 1850-2000) is equal to that during the Little Ice Age (c. 1400-1850), both at 0,23.
Lower BR frequency during Medieval Climate Anomaly (c. 950-1250) -0,13 is most likely
associated with lower sample depth during that earlier period of our chronology, and the
fact that trees representing that earlier part of the chronology come from the lower section
of the analyzed transect (fig. 3), so BR years for this period are likely underrepresented in
the current study. This evidence shows that BRs form a discrete record of abrupt cooling
episodes at the end and after the growing season, and their formation is not modified by
long term growth and temperature trends. As evidenced in our BR — volcanic eruptions
analysis (fig.3), a large number of BRs are associated with cooling episodes resulting from
volcanic eruptions. However, BRs also record ephemeral cooling episodes not associated
with volcanic eruptions, just as not all cooling episodes result from volcanic eruptions and

not all volcanic eruptions produce a cold summer (D’Arrigo et al., 2013; Schneider, 1983).

3.4 Blue ring contributions to volcanic case studies

We selected the 20 largest Global volcanic forcing (GVF) estimates (Sigl et al.,
2015) 900-2014 CE and explored these with our BR sequence and other tree-ring derived
data.

1601 stands out as the strongest BR year in our chronology (fig. 3, fig. 4, tab. 4),
with 83% (53 BRs in 64 samples) of samples containing BRs, including 29 classified as the
strongest class (BR-1) and 23 LW_FRs. Notably, strong BRs were formed even in the
lowest situated trees of the elevational transect. It corresponds to the 9™ largest GVF
estimate of the period, with ice-core evidence dated to 1601 (Sigl et al., 2015) attributed to
the 1600 eruption of Huaynaputina (Peru). Historical sources suggest this eruption
occurred in February and March of that year (De Silva and Zielinski, 1998) MXD and
mixed RW-MXD-based evidence (Briffa et al., 1998; Schneider et al., 2015; Wilson et al.,
2016) all classify the 1601 as the largest negative anomaly but the reconstructed
temperatures quickly return to normal values in 1602 (ranked as 357 coolest anomaly in
Wilson et al., (2016). In bristlecone pine ring 1602 is among the 5% lowest ring widths of
the past 5000 years. This one year delay aligns with the widely accepted phenomenon of

lagged RW response to volcanic eruptions due to biological memory (Anchukaitis et al.,
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2012) supporting the idea that BRs can provide an earlier indication of volcanically
induced cooling than RWs. The strongest BR signal in bristlecone pine in 1601 clearly
points to low temperatures at this site, with FRs indicating that some trees experienced
freezing conditions while the cambium was still active. BRs were also recorded for 1601 in
the Pyrenees (Piermattei et al., 2020) confirming that low temperatures were synchronous

between the American south-west and the Iberian peninsula at this time.

1453 is the strongest (by percentage) BR year in our record of the last eleven
centuries (fig. 3, fig. 4, tab. 4), 88% (45 BRs in 51 samples) of samples recorded BR and 4
LW_FR. However, the lower number of the strongest class of BR (BR-1), with only 10
occurrences, makes it the second strongest BR event overall. Sigl et al., (2015) ranks it as
the 19" largest estimated GVF of the past 1100 years. In our chronology it represents a
prolonged BR occurrence, with 3 more BRs in 1454 CE. The MXD data of Briffa et al.,
(1998) and JJA MXD-based northern hemisphere temperature anomaly (Schneider et al.,
2015) rank 1453 as the 4™ and 5 lowest respectively. Mixed MXD and RW MIJJA
temperature anomaly reconstruction (Wilson et al., 2016) ranks 1453, 1454 and 1455 as the
6, 49" and 37" coldest years respectively, but this apparent extended cooling might also
be a result of mixed sources of the reconstruction retaining some of the RW lagged
cooling. In the 5000 year bristlecone pine chronology (Salzer and Hughes, 2007) 1453
doesn’t fall within lowest 5% RW values, however a FR was noted. Salzer and Hughes,
(2007) also report that in Yamal and Finland chronologies 1453, 1454, and 1456 are among
the 5% lowest RW values. BRs were not formed in the Pyrenees (Piermattei et al., 2020)
that year. Strong BR signal in 1453 followed by a weaker one in 1454 indicate that
bristlecone pine experienced significant cooling at the end of the 1453 growing season and

a lesser one the following year.

1458 was the second largest GVF over the study period (Sigl et al., 2015), but only
weakly registered in bristlecone pine BRs in 4 out of 51 samples in 1457. The BR signal a
year before the ice-core sulfur deposit may suggest an earlier date of the eruption. Salzer
also recorded FR in 1457 and an extended growth minimum over 1458-1462 suggesting an
prolonged climatic impact possibly accentuated by a combined effect of earlier 1453
eruption, but also characteristic of a lagged RW response. Piermattei et al., (2020) didn’t
note BR for that year in their chronology. However, MJJA temperature anomaly
reconstruction (Wilson et al., 2016) lists the 15" and 19'" coolest conditions in 1457 and
1459 respectively. Interestingly neither Briffa et al., (1998) nor Schneider et al., (2015)

record this period among low values. This diverse response in hemispheric scale
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reconstructions indicates that, even these based on MXD, which carry a stronger
temperature signal (D’Arrigo et al., 2013; Esper et al., 2015; Frank et al., 2007) and are
better suited to accurately resolve rapid temperature changes associated with volcanic
eruptions may be biased. This likely results from temporal and spatial dynamics of the
climate system response to volcanic cooling and uneven representation of different regions
in the source chronologies building the hemispheric mean. Moreover, our BR record with a
much stronger BR signal in 1453 than 1457 (45 vs 4 BRs) provides further support to the
argument made by Esper et al., (2017) that 1453, rather than 1458, should be the correct
date of the stronger of the two 1450s sulphate singlas in ice-cores. This challenges the
redating of its earlier placement in 1453 (Gao et al., 2008, 2006) to 1458 by Sigl et al.,
(2015).

The 1883 Krakatoa eruption, ranked as the 24™ largest eruption of the past 1100
years (Sigl et al., 2015), is reflected in the bristlecone pine BR chronology, which records
56 BRs across 80 cores and 8 LW_FRs in 1884. This indicates cooling a year after the
eruption’s climactic phase in august 1883. Piermattei et al., (2020) also reported BR in
1884, although this year is not represented by a RW minimum in bristlecone pine (Salzer
and Hughes, 2007), nor it is among the 5% lowest RW values in Yamal and Finland
chronologies. However, other studies (Briffa et al., 1998; Schneider et al., 2015; Wilson et
al., 2016) report 1884 as a year with cool conditions ranked as 13", 61 and 11%,
respectively and 1885 as 41* in Schneider et al., (2015).

The major unknown eruption in 1809 and the famous Tambora eruption in 1815
(followed by 1816 — the so called “year without a summer” (Oppenheimer, 2003)) rank as
the 6" and 3 largest GVF respectively (Sigl et al., 2015). This double event sequence is
evidenced by BRs in 1809, 1810 and 1811 with 22, 13 and 10 BRs out of 80 samples
respectively. Salzer and Hughes, (2007) reported FR in 1809 and 1810, but no growth
minima related to 1809 or 1815 eruptions. Piermattei et al., (2020) reported BRs in 1809
and Schneider et al., (2015) classified 1813 as the 21 largest negative anomaly in MXD-
based JJA temperature reconstruction. The lack of immediate response to the 1809 volcanic
episode, even in MXD-based reconstruction, which is not burdened with biological
memory artifacts, indicates a complex climate response. We can clearly identify a

protracted BR signal in our chronology pointing to cooler conditions experienced by
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bristlecone pine over 3 seasons, however the RWs do not reflect a significant negative
response, suggesting that the low temperatures were experienced after the growing season
window, while lignification continued. The BR recorded in 1809 in the Pyrenees
(Piermattei et al., 2020) is evidence to synchronous conditions there. Response to the
Tambora eruption seems to be even more enigmatic. Despite being widely regarded as one
of the largest eruption of the last millennium (Oppenheimer, 2003) we find no BRs related
to this eruption. Salzer and Hughes, (2007) report lower RW for 1815 but not low enough
to fall into 5% lowest values. In the reconstructions we compare (Briffa et al., 1998;
Schneider et al., 2015; Wilson et al., 2016) the period 1816 to 1819 and inSchneider et al.,
(2015) even 1815, all rank among the 30 largest negative deviations (tab. 4). Anchukaitis et
al., (2012) however, calculating spatial anomaly maps of reconstructed April-September
mean temperature using the Briffa et al., (1998) MXD network, shows regionally variable
climatic response to the double volcanic event, with cooling in western United States in
1810 and warming in 1815, which aligns with our BR evidence. Similarly, Esper et al.,
(2013) noted different climate regimes governing weather in central and northern Europe,
with MXD data showing different patterns between central European and Scandinavian
chronologies. Four most negative deviations for northern Europe occurred in 1453, 1614,
1632/33 and 1812, in central Europe these are 1258, 1698, 1816, 1912. This suggests that
the reconstructed cooling strength depends on the proximity and density of proxy data. For
example Briffa et al., (1998) NH extratropical MXD network, compared with Esper et al.,
(2013) findings from Europe, suggests that spatially heterogeneous temperature patterns
mitigate post-volcanic effects at the hemispheric scale. Cooling patterns are regionally
variable, and connecting distant proxy sources might smear and dampen the overall
cooling reconstructed. D’ Arrigo et al., (2006) concluded that the reconstructing a single
large-scale parameter like annual or seasonal hemispheric temperature does not provide

any valid spatial climatic information.

A protracted BR signal appears related to the 1640 eruption attributed to Parker
volcano (Toohey and Sigl, 2017). This eruption is estimated to be 6™ largest GVF of the
last 1100 years and corresponds with BRs in 1640-1644 (16, 9, 7, 9, 2 BRs out of 65
samples respectively). Salzer and Hughes, (2007) also reported FR in 1640 and RW
minima in 1641, 1644-1647. This is another case where the climate pattern does not appear
to be replicated in the Pyrenees (Piermattei et al., 2020). The MXD data and temperature
reconstructions (Briffa et al., 1998; Schneider et al., 2015; Wilson et al., 2016) all classify
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years 1641-1643 as falling into 30 largest negative deviations. A bristlecone pine BR and
FR signal in 1640 suggests cooling had already begun late in the growing season of 1640,
demonstrating the capacity of BRs to record volcanically induced cooling even before

highly temperature sensitive MXD data.

An intriguing case is the unattributed volcanic eruption recorded in the ice-cores in
1695. The MXD and temperature anomaly data (Briffa et al., 1998; Schneider et al., 2015;
Wilson et al., 2016) all indicate protracted cooling episode starting in 1695 (tab. 4), with
negative deviations falling within lowest 5% up to 1699. However, our BR signal in 1694-
1695 though weak, points to the onset of cooler conditions already in 1694.Piermattei et
al., (2020) reported BR in 1698 and Salzer and Hughes, (2007) frost ring in 1699. RW
minima were also reported in Finland and Yamal chronologies in 1696 and 1698
respectively, confirming cooling in those regions with characteristic to RWs delayed

response.

The unattributed ice-core signal in 1191 (Sigl et al., 2015; Toohey and Sigl, 2017)
is associated with BRs already in 1190 (tab. 4) suggesting an earlier date for the eruption.
Schneider et al., (2015) MXD-based JJA temperature anomaly reconstruction ranks 1190
as the 47" largest negative anomaly, however this cooling signal is missing from other
reconstructions analyzed (Briffa et al., 1998; Wilson et al., 2016). This illustrates how
lower sample depth in earlier periods of the reconstructions and underrepresentation of
some regions in the source chronologies can result in an underestimation of cooling in
hemispheric scale reconstructions. This regionally variable climate system response is

exemplified by a lack of BRs in the Pyrenees (Piermattei et al., 2020) for that eruption.

The largest GVF of the last millennium, the 1257 Samalas eruption (Sigl et al.,
2015; Toohey and Sigl, 2017) shows up in our BR chronology with a delay and to a very
limited extent. Only one BR was recorded in 1259 followed by two in both 1260 and 1261,
and seven in 1262. There is no associated RW minimum, but FRs were noted in 1257 and
1259 (Salzer and Hughes, 2007). Piermattei et al., (2020) reported BRs in 1258, and only
the JJA MXD-based temperature reconstruction (Schneider et al., 2015) rank 1258 and

1259 as among the 5% coldest years (9th, 29th respectively). This suggests that the
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magnitude of the estimated GVF does not directly translate to the magnitude of climatic
response. Multiple lines of tree ring evidence show that some of the lower magnitude
eruptions might have had a larger climatic impact than Samalas. To more accurately assess
volcanic impact on climate it is important not only to consider the size and extent of the
volcanic sulfur signal in ice-core records, but to also include tree ring evidence of cooling
episodes from various regions. Anchukaitis et al., (2012) demonstrated that General
Circulation Models (GCMs) may exhibit distinct patterns of summer warming across
regions following seemingly significant eruptions, such as the one in 1258, despite the
overall trend toward global and hemispheric summer cooling. The extent of these
temperature changes depends on various factors including the eruption's characteristics,
resulting changes in solar radiation, prevailing background climatic conditions, internal
climate variability, season, latitude of the eruption and other relevant factors.
Consequently, atmospheric wave patterns may be perturbed, causing cooling in certain
regions, while others may experience minimal change or even warming (Robock and Mao,
1992). Furthermore, factors such as seasonal growth patterns and climate response, the
geographical distribution of tree ring chronologies, biological persistence, autocorrelation,
divergence and the increasing scarcity of chronologies further back in time, all add

complexity to analyzing the climate impact of volcanic eruptions in the proxy record.

4. Conclusions

Our results indicate that BRs are very temperature-sensitive, high-time resolution
indicators of ephemeral cooling. We demonstrated a clear association between large
climatically effective volcanic eruptions and BRs in bristlecone pine, with the strongest
effect of tropical eruptions. We illustrate how a multiproxy approach combining BRs, FRs,
RW minima, MXD minima and hemispheric scale temperature reconstructions can enhance
our understanding of climate system response to specific volcanic eruptions. In some cases,
BRs provide earlier evidence of cooling onset than RWs due to their ability to capture
cooling episodes after the radial growth phase in a particular year is complete. This ability
makes BRs valuable in overcoming the limitations of RWs in capturing sudden and short-
term cooling episodes, which are often impacted by biological persistence and
autocorrelation. In certain instances, BRs have the capacity to capture some of the
volcanically induced cooling episodes earlier than RW and even MXD-based temperature

anomaly reconstructions because cooling patterns are regionally variable and connecting
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distant proxy sources in hemispheric scale reconstructions can smear and dampen the
overall cooling (Esper et al., 2013). This is particularly evident in the earlier part of
hemispheric scale reconstructions (Briffa et al., 1998; Schneider et al., 2015; Wilson et al.,
2016), when a limited number of source chronologies and their geographic representation
can delay and average out the reconstructed cooling. We have also shown that certain BR
event years can suggest an earlier date for an eruption than the ice-core record, responding

to the cooling effect of the stratospheric sulfate before it is deposited.

Overall, we have demonstrated that BR chronologies can provide an additional line
of evidence for past cooling episodes, some of ephemeral and more localized nature, some
related to large volcanic eruptions with quick rebound to neutral conditions (eg. 1601) and
some with more persistent consequences manifested in cooler conditions for a number of
years (eg. 1640-1644, 1809-1811). However, not all BR signals are associated with large
volcanic eruptions, just as not all MXD minima occur associated with identified volcanic
eruptions (Briffa et al., 1995; Hughes et al., 1999). This is because not every cold summer
in a specific location can be attributed to a volcanic event, and likewise, not all volcanic
eruptions result in cooler summers. BRs offer a highly sensitive record of local thermal
conditions, but are a noisy proxy. Many years with a low BR signal may reflect localized
coldsnaps rather than large-scale cooling. In mountainous areas, diverse topography can
influence BR formation, so a relatively large sample depth is required to discern between
the evidence of localized cold snaps present in some trees, and signatures of regional
cooling episodes. However, we advocate for development of more BR chronologies in long
tree ring records from various regions. This approach will help build a more accurate
picture of spatial climatic signatures of past volcanic eruptions and enable better evaluation

of the influence of explosive volcanic events on regional and global climates.
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5. Figures and tables
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Figure 1 Blue ring and frost ring chronology for period 600-2014 sorted by sample depth.
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Figure 2 Blue ring and frost ring chronology for the period 900-2014 sorted by distance from upper treeline.
This figure illustrates the developed chronology showing how blue ring occurrence and intensity class is
modified by the distance from upper treeline. Please note how BRs are clearly replicated in the same years
between different trees indicating that they respond to the same forcing agent. Also note how blue ring
occurrence decreases with increasing distance from upper treeline. And how in the strongest blue ring years
(1601) BRs form in almost the entire elevational transect, and how BR intensity class decreases the further
below the tree line the tree is situated (eg. 1884). Comparing BR occurrence and intensity between different
BR years across the elevational transect qualitatively illustrates the difference in the strength of cooling
episodes that led to blue ring formation.
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Figure 3 Aggregated BR number of all classes per year versus Global volcanic forcing (GVF) (Sigl et al.,
2015). A shows 900-1450 CE, B shows 1450-2000 CE. BR and volcanic eruption cooccurrence (red), BRs a
year before or after a volcanic ice-core signal (green), BR with no correlation (blue). GVF tropical (violet),
southern hemisphere extratropical (brown) and northern hemisphere extratropical (yellow). Please note the
high co occurrence of BRs and volcanic eruptions in the 3-year match window, also direct BR-volcano
matches with particularly high BR numbers in 1601, 1809, and 1884 for eruptions of tropical origin. Most
very weak BR years (1-2 BR a year) are not associated with volcanic signal and are likely result of a
localized cold-air pooling (Bunn et al. 2011). Note also that several strong BR years appear not to be
associated with volcanic ice-core signal eg. 1403, 1680, 1702, showing that not all cooling episodes result
from volcanic eruptions.
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Figure 4 Figure 4 Generalized linear mixed-effects model (GLMM) results presented as predicted probability
of BR formation for each predictor significant in the model, plotted along observed ranges of predictors. BR
probability is shown according to: a) GVF, b) DTL, ¢) attributed latitudinal band of the eruption. Please note
the highest effect of tropical eruptions on BR formation.
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Figure 5 Figure 5 Superposd Epoch Analysis results for 5 years prior to an event, the event and 5 years after
the event year. Event years are: A - all BR years, B - BR years with equal to or more than 5 BRs, C - BR years
with equal to or more than 10 BRs, D - BR years with equal to or more than 15 BRs, E - BR years with equal
to or more than 20 BRs and BR years with equal to or more than 25 BRs. Displayed are scaled departures
from the mean RW index values for the 5 years prior to each event, the event year and 5 years immediately
after the event. 95%-confidence intervals were computed for the scaled values for each year in the
superposed epoch based on 1000 bootstrap resampling of event years; dark gray are significant at p<0.05.

96 |Page



*

TR ___ il s

il 7 | i__ 7

— 20y smoothing spline _H_ BR

m

—

__ __:____ I

-——

80

75

70

65

60

55

50

'S
o

yidap ajdwes

I
o

35

30

25

15

10

o

0

97|Page



Figure 6 Relationship between BRs and RW. Standard site chronology calculated for the 83 cores analyzed in
this study for the period 900-2000 AD. Larger orange points indicate negative pointer years from the pointer
years analysys, red horizontal line delineates the 5th percentile of the chronology, RWI index values below
are classified as RW minima. BRs are displayed as finer blue points, BRs a year before a growth minimum
are displayed in red, and a year before negative pointer year in purple. BRs coinciding with a pointer year
are displayed as finer blue point overlaid on negative pointer year, BRs coinciding with growth minima fall
below the 5th percentile line. Grey dotted line represents the sample depth, blue vertical bars display number
of BRs in a particular year compared to a sample depth. Left y-axis RW index scale, right y-axis sample
depth scale.
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Table 1 Results of Chi-squared test of independence between volcanic eruptions chronology (Sigl et al., 2015)
and BR chronology for time period 900-2014.

Vol all Vol trop Vol SH Vol NH
1 0 1 0 1 0 1 0
observed 29 187 14 202 2 214 13 203
BR 104 795 26 873 24 875 54 845
X2 (1, N=1115)= X2 (1, N=1115)= X2 (1, N=1115)= X2 (1, N=1115)=
0.40884, p =.5226 5.491, p =.01912 1.6225, p =.2027 1.9298e-29
’ p = 1
observed 87 129 34 182 10 206 41 175
BR- 46 853 6 893 16 883 26 873
3y
X2 (1, N=1115)= X2 (1, N=1115)= X2 (1, N=1115)= X2 (1, N=1115)=77,
201,62, p <.001 110.09, p <.001 5.0224, p =.02502 p<
.001
expected 25.77 190.23 7.75 208.25 5.04 210.96 12.98 203.02
107.23 791.77 32.25 866.75 20.96 878.04 54.02 844.98
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Table 2 Parameters of generalized linear mixed-effects model (GLMM).

BR_event
Predictors Log-Odds cl Statistic p
(Intercept) -3.65™  -4.18--3.12 -13.48 2.025e-41
Global volcanic forcing -0.03" -0.06--0.01 -2.53 1.125e-02
GVF W/m?
tropical 1.81™ 1.55-2.07 13.66 1.699e-42
NH 034"  0.09-0.60 2.63  8.431e-03
SH -1.45"  -2.43--047 -291 3.625e-03
DTL -0.02™ -0.02--0.01 -3.94 7.990e-05
Random Effects
02 3.29
T00 symbol 1.41
ICC 0.30
N symbol 61
Observations 39383
Marginal R? / Conditional R> 0.134/0.393
AIC 7257.409

* p<0.05 ** p<0.01 *** p<0.001
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Table 3 Results of Chi-squared test of independence between pointer years and BR chronology for time

period 900-2014.

Pointer years

-1 0 1
BR 117 675 107
Observed 14 161 41
X2 (2, N=1115)=12.909
,p=.001573
Expected BR 105.6 674 119.3
254 162 28.7
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Table 4 BR chronolgy comparison with other tree ring proxies for eruptions with Global volcanic forcing
larger than or equal to that of Krakatoa (Sigl et. 2015). Underlined are case studies discusses in more detail
in the main text. Bolded are BR years when BRs formed a year earlier than the ice year for eruption. (1)
Source attribution, eruption year and VSSI after Toohey et al. (2017), (2) GVF estimates and ice dates after
Sigl et al. (2015), (3) Salzer and Hughes, (2007), (4) Piermattei et al. (2015), (5) Briffa et al. (1998), 5%
lowest values of the period 1400-1994, (6) Wilson et al. (2016), 5% lowest values of the period 900-2000, (7)
Schneider et al. (2015), 5% lowest values of the period 900-2000.

MIJA

lce Year Eruption BR BRn in BCPRW  FIN RW Y'fm'\lll MXD temp JIA temp GVF \ﬁ_s'
Volcano (1) Year BRn/N  consecutive FR(4) minima minima - BR (5) minima anomaly anomaly g
(CE)(2) ears minima [W/m2](2) [S])
e Y years (4) @) (6) minima @)
() @ (2)
1259- . 1257, (9)1258,
Samalas 1258 1257 1262 1/37 1;2;2;7 1259 1258 (29)1256 32,79 59,42
. . 1458- 1459- (15)1457,
Unidentified 1458 1458 1457 4/51 1457 1462 1460 1460 (19)1459 -20,55 32,98
(36)1815,
g;i:ig (4)1816,  (12)1816,
Tambora 1815 1815 0/81 1813 1815 1816 (2218 1 (91817, (161817, 17,2 28,08
’ (11)1819  (32)1818,
(29)1819 (28)1819
Unidentified 1230 1230 1229 2/35 1230 1233 (43)1230 (52)1230 -15,9 23,78
Grimsvétn (Laki) 1783 1783 0/78 (26)1783  (12)1783 (4)1783 -15,49 20,81
. . 1809- 1809,
Unidentified 1809 1809 1811 22/80 2,130 oo 1809 (21)1813 412,01 19,26
Unidentified 1108 1108 1109 2/18 1109 ((38;:)111?36 -11,99 19,16
1640- 1641, 1641, 1642 (3)1641,  (8)1641, (3)1641,
Parker 1641 1640 1644 16/65  16;9;7;9;2 1640  1644- 1642, 1604 (28)1642, (14)1642,  (18)1642, 111,84 18,68
1647 1644 (10)1643  (7)1643 (7)1643
1601,
Huaynaputina 1601 1600 1601 53/63 1601 1602 igg?: 1609 1601 (1)1601 (1)1601 (1)1601 -11,58 18,95
1610
nidentifie -11, X
Unidentified 1171 1171 1171 10/23 1171 (20)1172 11,3 18,05
1694 (6)1695, ((:g)) 112257' (42)1695,
Unknown 1695 1695 1695 1/72 1;2 1699 1696 1698 1698  (9)1698, (5)1698 ’ (6)1698, 10,24 15,74
(11)1699 (2)1699' (2)1699
Unknown 939 939 940-941  2/11 2;2 (26)940 10,12 16,23
Unknown 1286 1286 1122168_ 6/37 6;2;1 1287 1288 1288 -9,69 15,06
Unknown 1345 1345 1345 1/45 1133‘;% 1345 (45)1446 -9,4 15,11
Unknown 1276 1276 1277 5/36 1277 -7,71 11,53
(12)1835,
. 1836, (21)1836, (51)1835,
C 1836 1835 1837 8/81 1837 1834 1835 3)1836, -6,57 9,48
oslgtina / 1838 (15)1837 (( 1 ;) 1asy (3511836
Pinatubo 1991 - 0/81 1992 -6,49 -
17)1832, 24)1832,
Babuyan Claro 1832 1831 1832 6/81 ((25))18823' ((10))18823' -6,46 12,98
1453- 1453, (61453,
Unknown/Kuawe 1453 1453 45/51 45;3 1453 1454 ! (4)1453 (49)1454, (5)1453 -5,99 9,97
1454 1456
(37)1455
Unknown 916 916 0/11 -5,94 6,08
Unknown 1191 1191 111199(;' 2/29 2;1 1190 (47)1190 -5,86 8,53
Nevado del Ruiz 1595 1595 ]issgg:' 6/62 6;14 1596 (67)1594 -5,75 8,87
Unknown 1182 1182 0/28 -5,57 10,05
(11)1884,
Krakatau 1884 1883 1884 56/80 1884 1884 (13)1884 (61)1884 (47)1885 -5,48 9,34
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Supplementary data
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Figure S 1 Locations of sampled bristlecone pine specimens on a relief map of the study area and inset map
showing the location of the study area in the south-western United States.
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Figure S 2 Blue ring and frost ring chronology for period 164-2014 (full chronology lenght) sorted by sample
depth.
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Figure S 3 Standard site chronology calculated for the 83 cores analyzed in this study for the period 900-
2000 CE, B - Master Sheep mountain chronology (Salzer et al., 2014a), C - the temperature anomaly

reconstruction based on five bristlecone pine chronologies (Salzer et al., 2014a). Please note high
correlation between each.
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Summary

Our study constitutes the largest and most comprehensive investigation of blue rings
(BRs) to date. We have developed a BR chronology from bristlecone pine, spanning 164-
2014 AD, with an increasingly robust sample depth from 10 samples in 900 AD to 83 in the
most recent period. In total, we analyzed 57816 rings and identified 1271 BRs.

The results are presented in two thematically coherent articles. The first article,
focuses on the classification of BRs and analyzes the influence of thermal and topographic
factors on their formation. The second article, establishes a clear relationship between the
occurrence of BRs and climatically effective volcanic eruptions over the past eleven
centuries. Moreover, it explores the relationship between BRs and the widths of annual rings
in bristlecone pine, demonstrating the potential of BRs to reveal short-term cooling episodes
not recorded in traditional chronologies of annual ring widths and maximum latewood

density.

Based on the observed variability, BRs were classified into four intensity levels,
ranging from BR-1 to BR-4 (the strongest to the weakest). The classification of BR intensity
was developed based on several factors, including the number of rows of under-lignified
tracheids, the degree of lignification of tracheid walls, the thickness of latewood cell walls
compared to surrounding rings, and the overall intensity of the blue color resulting from the
proportion of underlignified cell walls. Our study assessed the full variability of BR intensity
in bristlecone pine over the past 18 centuries, showing that BRs appeared exclusively in the
latewood, predominantly in the outermost cells of the radial file. We found that the weaker
BR classes (BR-3 and BR-4) are the most abundant types of this generally rare phenomenon,
they contain significant information and should not be overlooked in future studies. We also
identified and analyzed the occurrence of frost damage, classifying these as latewood frost
rings (LW_FRs) and earlywood frost rings (EW_FRs).

Using a generalized linear mixed-effects model, we demonstrated that mean monthly
temperatures significantly influence BR formation. We identified a complex interplay of
mean monthly temperatures of several months affecting BR formation, with the strongest
relationship with lower temperatures in September, followed by June, August, and April.
We also found a positive relationship with temperatures in February and October. Although
our analysis of available daily temperature data over 1981-2014 was limited to only two BR

years, we were able to show a connection between short-term temperature decreases (at the
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scale of several days) at the end of the growing season and the occurrence of BRs, based on
our analysis of the 1982 and 1998 BR events.

Topographic factors affecting BR formation were also explored. The model revealed
a significant negative relationship with distance from the upper tree line, indicating that trees
located further below the tree line exhibit fewer and lower intensity classes of BR. No
evidence was found that exposure affects BR formation. Our study highlights the complex
interplay between temperature, topography, and BR formation, with low temperatures as the
primary driver, modified by elevation due to the adiabatic lapse rate. We observe a buffering
effect with distance below the upper treeline, which is balanced against the severity of the
cold snap. More extreme low-temperature departures result in more BRs of higher intensity,
occurring further down the transect than less severe cooling events. Consequently, BR
classification and sampling strategy across a larger elevational transect, rather than only near
the upper tree line, provide valuable paleoclimatic insights and should be implemented in
future studies.

A more detailed analysis of previously developed monthly topoclimate indices
revealed no consistent significant differences between the topoclimate variables of trees that
recorded BRs and those that did not. This finding suggests that the BR sensitivity of a
specific tree cannot be fully explained by current topoclimate variables, raising the
possibility that trees may experience more significant microsite-induced temperature
variations than previously documented, or that genetic susceptibility at the individual tree

level may play a role in BR formation.

The study offers an in-depth analysis of the factors leading to blue ring formation in
bristlecone pine trees. It concludes that BRs are sensitive indicators of late-season cooling
events, with their formation influenced by both temperature and topography. However, the
BR sensitivity of specific trees in topographically variable mountainous environments are
influenced by multiple factors making them a complex but valuable proxy for reconstructing
past climatic conditions.

In the second article, we demonstrated based on the full temporal span of our dataset
that BRs are more sensitive indicators of past cooling episodes than latewood frost rings.
This conclusion is supported by the fact that while all LWFR occurrences are accompanied
by BRs, the reverse is not true, BRs are more numerous than LWFRs. BRs are more frequent
both over time and within a single year's elevational transect. This suggests that BRs can

record cooling episodes that: 1) are of lower intensity, since LW_FRs require subfreezing
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temperatures to form, and 2) occur later in the season, since while LW_FRs form during
periods of cambial activity, BRs can form even after cambial activity has ceased but when
the last-formed tracheids are still lignifying. This enables BRs to capture cooling episodes

that frequently are not reflected in the LW_FR record.

We established a strong, statistically significant connection between BR formation
and volcanic activity. Between 900 and 2014 CE, 220 BR events and 133 volcanic signals
from ice cores were recorded. Contingency tests show that 65% of ice core volcanic sulfate
signals can be matched with BR events within a three-year window, indicating a strong non-
random association between volcanic eruptions and BR formation. Tropical eruptions
showed the strongest correlation with BRs, with exact matches twice as high as expected
randomly, and joint occurrences within the three-year window nearly five times higher.
Specifically, 85% of tropical eruptions match BRs within the three-year window.
Conversely, southern hemisphere extratropical eruptions showed no significant association
with BRs, while northern hemisphere extratropical eruptions had joint occurrences three

times higher than expected, with 61% matching BR events.

A statistical model analyzing data from 61 tree samples and 39383 observations
supported these findings, showing that global volcanic forcing significantly increases the
likelihood of BR formation, with tropical eruptions having the strongest influence. These
results indicate a causal link between volcanic eruptions and BR formation, influenced

significantly by the eruption's geographical origin.

Analysis of pointer years and growth minima reveals that BRs tend to form
significantly more often in wider or neutral rings, and frequently preceding a negative
pointer year or growth minimum. As such we conclude that BRs may provide additional
insights into ephemeral cooling events occurring late in the growing season or after it, when
radial growth of a particular year has concluded. During such periods, cooling events are no
longer able to influence the current year's radial growth directly. However, protracted
cooling events, such as those linked with climatically effective volcanic eruptions, could
influence climatic conditions post the completion of radial growth of a specific year and into
the following growing season. As a result, the effects of these events may manifest with a
delay in the ring widths formed in subsequent years. In this context, BR chronologies, which
as our results show consistently provide distinct information independent of ring widths, can
offer additional details regarding ephemeral cooling events that occur after the completion

of radial growth of a given year. Moreover, they may serve as early indications of cooling
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induced by volcanic activity, thus providing more precise dating of climatically effective

eruptions compared to other tree ring parameters.

Superposed epoch analysis further reinforces this conclusion at both the stand level
and across different event years, demonstrating that in BR years, ring widths are consistently
and significantly wider across all BR frequency categories. Our findings across individual
trees, at the stand level, and over a range of BR years, consistently support the hypothesis
that BRs can signal cooling events occurring after a year's growth has concluded, these
cooling events may be ephemeral, or more lasting and affect the ring widths in the following

years, constituting a valuable proxy complementing climate reconstructions.

Furthermore our chronology reveals that out of 87 BR years linked to volcanic
eruptions within a three-year match window, 25 of these occurred a year before the
corresponding volcanic ice-core signal was detected. This suggests that BRs may sometimes
capture evidence of volcanically induced cooling before sulfur deposition in ice cores,

offering an alternative earlier dating of some eruptions.

It is widely recognized that tree ring based temperature reconstructions suffer from
biological memory and autocorrelation issues, which makes them less reliable in making
inferences at sub-annual and interannual timescales as relevant to the sudden consequences
of volcanic eruptions. This can lead to an underestimation of the abruptness and severity of
climatic extremes resulting from volcanic cooling in RW based reconstructions which can
exhibit a lag over several years. In contrast, BRs are better suited to record cooling episodes.
BR formation results from the immediate cessation of the lignification process in tree rings,
triggered by sudden temperature drops. This process does not resume, leaving a permanent
record of the event in the form of bands of under-lignified cells. Unlike RWs, BR formation
is not influenced by long-term growth trends or biological memory, making them a more

reliable indicator of specific cooling events.

Utilizing a set of 24 volcanic eruptions with Global volcanic forcing larger than or
equal to that of Krakatoa, we demonstrated that a multiproxy approach integrating BRs, frost
rings, growth minima, maximum latewood density (MXD), and hemispheric temperature
reconstructions—can significantly enhance our understanding of climate system responses

to volcanic eruptions.

BRs can provide earlier evidence for the onset of cooling compared to RWs,
capturing cooling episodes after the annual radial growth phase has concluded. This ability
allows BRs to address limitations in RWs, which may fail to accurately reflect sudden, short-
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term cooling due to biological persistence and autocorrelation effects. BRs can sometimes
indicate volcanically induced cooling earlier than both RW and MXD-based temperature
reconstructions. This is because cooling patterns can vary regionally, so when combining
distant proxy sources in hemispheric reconstructions the overall cooling signal (even in
temperature sensitive MXD based reconstructions) can become diluted and smoothed out.
This issue is especially pronounced in the earlier segments of hemispheric reconstructions,
where a limited number of source chronologies and their geographic representation can delay
and average out the recorded cooling. Furthermore, some BR event years may suggest an
earlier timing for volcanic eruptions than indicated by ice-core records, reflecting the
climate's response to stratospheric sulfate before its deposition. While 40% of BR events are
associated with volcanic cooling episodes, BRs also record ephemeral cooling episodes not
associated with volcanic eruptions. Not all BR signals are linked to significant volcanic
eruptions, just as not all MXD minima correspond to known volcanic events. This is because
not every cold summer in a particular location can be attributed to volcanic activity, and

similarly, not all eruptions lead to cooler summers.

BRs offer a sensitive record cooling episodes but can be a noisy proxy, with many
low BR signal years reflecting localized cold snaps rather than large-scale cooling. In
mountainous regions, diverse topography can influence BR formation, necessitating a
relatively large sample depth to distinguish between localized cold snaps reflected in some
trees and regional cooling episodes. Future work should focus on the development of more
high-resolution records of past cooling events, such as BR chronologies from long tree-ring
records in various regions. This approach will help build a more accurate understanding of
the spatial climatic signatures of past volcanic eruptions, enabling us to better evaluate their

influence on both regional and global climates.
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Future outlooks

We identify three main areas of further development of our study:

1) To further explore the lignification classes developed in this study in two
directions: a) quantitative wood anatomy (QWA) to characterize the dimensional
parameters of cell walls specific for each BR class and b) to establish a quantitative

interpretation of the present qualitative BR classification.

Earlier explorations (Piermattei et al., 2020, 2015) noted that the cell lumen area
and cell wall thickness in the latewood during BR years are reduced compared to fully
lignified rings, which is in agreement with our visual characteristic of the BR-1 intensity
class. However more detailed exploration of tracheid dimensional characteristics of all four
BR intensity classes is merited. Confocal Raman Spectroscopy will be used to complement
these cellular analyses and provide detailed higher resolution insights targeting and
studying the composition of specific cell wall layers (Zhang, 2021). Traditionally, the
lignin content in plant cell walls is determined through wet chemical analysis, a method
that offers only average compositional data and lacks the resolution to examine lignin
distribution at the micro-level within cell walls. Initial exploration of Confocal Raman
Spectroscopy in comparative studying of BRs and normally lignified rings (Piermattei et
al., 2020) showed lignin depletion in BRs compared to normally lignified rings. We plan to
target specific blue rings from our dataset representing varying BR intensity classes and
perform a comparative analysis between stained thin-sections and spectral maps of the
same rings in spectral bands representative of lignin, cellulose, and hemiceluloses
(Agarwal, 2006; Gierlinger et al., 2012; Gierlinger and Schwanninger, 2006; Piermattei et
al., 2020; Zhang, 2021). The Raman spectra are often complex, with overlapping peaks
from cellulose, hemicellulose, and lignin. Spectral deconvolution techniques, such as curve
fitting or multivariate analysis and calibration techniques can be used to accurately
quantify the lignin content. Comparative analysis between double stained thin-sections and
Raman lignin spectra imaging will help further develop a more representative BR
classification, qualifying the actual lignin content in specific BR intensity classes. We will
investigate to what extent the qualitative BR classification developed in this study
represents different levels of lignin content. Eventually, through comparative analysis of

double-stained thin-sections and Raman spectroscopy results, we will aim to provide an
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approximate calibration method for lignin quantification to be further implemented in

double-stained thin-section BR studies.

2) The dataset of double-stained thin-sections of 83 bristlecone pine samples
covering the period 164-2014 AD should be explored at quantitative wood anatomy
(QWA) level. Roxas software (von Arx and Carrer, 2014) can be used for the automatic
identification and measurement of anatomical structures across all tracheid cells in the
digitized thin-sections and the boundaries of annual rings. The measured anatomical
parameters can further be used to calculate dendroanatomical density, i.e., the percentage
of the wall area of each cell in relation to the full cell area, and integrated into density
profiles from which the anatomical maximum latewood density (aMXD the highest value
of the anatomical density of a tree ring defined as the proportion of cell wall area (CWA) in
relation to the full tracheid area (TA). The TA is the area sum of the CWA and the lumen
area (LA)) can be calculated.

Upper tree line chronologies from bristlecone pine have been utilized to reconstruct
temperature over the past 4500 years however this TRW based temperature reconstruction
retains temperature variability over decadal to centennial timescales (Salzer et al., 2014a).
At interannual timescales, MXD is proven to be a supreme parameter for temperature
reconstruction since it is considered to be less burdened by biological memory and the
year-to-year autocorrelation issues and more directly responsive to late growing season
temperature as they affect cell wall thickening and therefore density of latewood (D’ Arrigo

et al., 2013; Esper et al., 2015; Frank et al., 2007).

Based on our thin-sections dataset we want to develop aMXD chronology and
perform temperature reconstruction for the period 1400-2005. Within that period the
largest BR signals related to volcanic eruptions occur in 1453, 1601, and 1884 along with a
series of less pronounced BR signals related and unrelated to identified volcanic sulfur
deposition in ice cores. We want to further explore how BR chronology can enhance the
information that comes from direct aMXD measurements from the same cores analyzed. In
our study so far we have already established how BRs can bring additional information
about ephemeral cooling episodes compared to bristlecone pine RWs, and that BRs can
bring an additional layer of information to MXD chronologies from other species and
regions, and TRW and MXD-based hemispheric temperature reconstructions. Bjorklund et
al., (2021) revealed that BRs are characterized by low aMXD, however, not all low aMXD
values are associated with BRs. Furthermore, we want to explore if and what footprints

different classes of BR intensity leave in aMXD profiles. Bjorklund et al., (2021) focused
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on studying the differences between different approaches to obtaining maximum latewood
density signals (X-ray, Blue Intensity, and aMXD) and showed that incomplete
lignification (as represented by BR years) is not captured in traditional X-ray and Blue
Intensity methods. Bristlecone pine trees are characterized by very narrow growth rings,
their iconic gnarly shapes, and the twisted internal structure of tracheids, which made it
impossible so far to measure MXD with traditional X-ray MXD technique that requires the
X-ray beams to be parallel to the tracheids in the analyzed sample. However recent
improvements with the development X-ray Computed Tomography (X-ray CT) made it
possible to measure MXD from challenging wood samples (De Mil et al., 2016; Van den
Bulcke et al., 2014) as this new technique allows to correct for grain angle enabling
extraction of MXD information from irregular wood structure. These advances led to the
very recent development of X-ray CT-based MXD chronology for bristlecone pine (De Mil
et al. 2024, preprint), which is reported to correlate significantly with a wide seven-month
(March-September) warm season temperature window. This allowed further development
of warm season X-ray CT-based MXD temperature reconstruction which is reported to
retain high frequency interannual temperature variability. We want to further compare
aMXD and X-ray CT-based MXD records and temperature reconstructions. aMXD data
can be aggregated at various resolution levels, even higher than X-ray CT-based MXD
records. We want to compare information coming from X-ray CT-based MXD records and
different resolution levels of aMXD data and investigate if finer resolution aMXD could
provide even more skilled temperature reconstruction than X-ray CT-based MXD records.
Such studies for bristlecone pine so far were impossible due to methodological challenges
and lack of datasets however soon to be published X-ray CT based MXD record (De Mil et
al. 2024, preprint) and aM XD dataset (that we’re currently developing) will enable this
detailed analysis of bristlecone pine record. Furthermore, we want to explore how and if

specific BR intensity classes can be captured by X-ray CT-based MXD and aMXD data.

3) Continued development of the BR record to cover the full timespan of the
existing bristlecone pine record. Bristlecone pines are recognized as the longest-living trees
and serve as a vital record of historical climate variations. Their ability to provide data of
annual resolution, secure dating, and temporal coverage makes them exceptionally
valuable for studying past environmental change (Bale et al., 2011; Bruening et al., 2018;
Brunstein, 1996, 1995; Bunn et al., 2018, 2011; Ferguson, 1979, 1969; LaMarche and
Stockton, 1974; Salzer et al., 2014a, 2009; Salzer and Hughes, 2007; Schulman, 1958;
Tran et al., 2017). Recently the discovery of so called Miyake events (Miyake et al., 2012)

121|Page



has allowed to tie precise 10Be markers in ice cores and 14C spikes in bristlecone pine to
constrain the dating of ice core records and utilized growth anomalies and frost ring
records to secure timelines of volcanic eruptive history during the Holocene (Sigl et al.,
2022, 2015). Our study has demonstrated that BR chronology provides information about
cooling episodes not captured or captured with higher time resolution than RW and FR
chronologies. This underscores the importance of further developing continuous BR record
for the full extent of bristlecone pine archives to develop more comprehensive and reliable
histories of abrupt, short-term climate responses to volcanic events. A long BR record
could considerably enhance paleoclimatic and cultural histories related to eruptive events
(Blintgen et al., 2022; Piermattei et al., 2020) as well as understanding of their influence on

regional circulation patterns.

Furthermore, we expect that the scientific interest in the significant paleoclimatic
potential of BRs is going to increase and result in the development of more BR
chronologies from different regions and species (Biintgen et al. 2022). We have
demonstrated how comparison of such records from distant sources is going to help better
constrain the spatial and temporal footprints of past climatically effective volcanic

eruptions.
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