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a b s t r a c t

The study of anatomical irregularities in tree rings has recently gained momentum as a complement to
traditional tree-ring measurements as they may provide information on extreme climatic events. Two
anomalies, blue rings (BR) and frost rings (FR), were analyzed in bristlecone pine (Pinus longaeva D.K.
Bailey) trees located along an elevation gradient in northeastern Nevada. These two subannual ring
anomalies were systematically compiled for two periods; one centered on 536 CE (well-known for a
volcanically-induced period of climatic cooling) and the other on 1965 CE (useful due to the availability of
instrumental climate data). During the period 523e545 CE (n � 10 trees), both BR and latewood FR
(LWFR) were recorded abundantly in 532 and 536, as well as a BR cluster from 539 to 542 CE. Years when
trees solely recorded a BR (without an accompanying LWFR) were more frequent in the earlier period
than in the modern period (1954e2006 CE; n � 10 trees) when both anomalies tended to co-occur. These
results suggest a shorter growing season in the 536 period than in the 20th century. Modern BR/LWFR
were most abundant in 1965 and 1978 CE. Both anomalies were mainly observed in the highest elevation
trees and both were produced in years characterized by cooler than average temperatures throughout
the growing season. Anatomically, BR and LWFR did not differ significantly in tracheid dimensions except
that LWFR clearly showed damages associated with sub-freezing temperatures. The main feature dis-
tinguishing BR and LWFR from “normal” tree rings was a significant reduction in latewood secondary
wall thickness. In P. longaeva, BR like pale latewood (light) rings, result from short and cool growing
seasons which leads to reduced (or interrupted) lignification of tracheids. In species producing extremely
narrow latewood like P. longaeva it may be difficult to macroscopically identify pale latewood years, thus
rendering microscopic investigation of BR as a climate proxy useful in paleoclimatic research.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Tree-ring anomalies and climate

The study of tree-ring anomalies (anatomical irregularities), of
their anatomical characteristics and of the environmental factors at
their origin, in particular extreme climatic events, has recently
regained attention in dendrochronology and paleoclimatology
(Wimmer, 2002; Schweingruber, 2007; Br€auning et al., 2016). Such
studies provide information on past environmental processes that
occurred during the growing season of sets of trees (Tardif et al.,
isciplinary Research (C-FIR),
, Manitoba, R3B 2E9, Canada.
2011; Hadad et al., 2020 and references below). Comparisons can
then be made along environmental gradients and across temporal
scales to help inform questions regarding ecological and climatic
processes. Tree-ring anomalies can also provide an exactly dated
proxy record of climate events occurring at local, hemispheric and
global scales. Anomalies, like frost rings (Glerum and Farrar, 1966;
LaMarche, 1970; Hantemirov et al., 2004; Gurskaya and Shiyatov,
2006; Waito et al., 2013; Gurskaya, 2014; Montw�e et al., 2018;
Hadad et al., 2019; Hadad et al., 2020; Barbosa et al., 2019), false
rings (Wimmer et al., 2000; Hoffer and Tardif, 2009; DeMicco et al.,
2016) and pale latewood rings (also referred to as light rings;
Brunstein, 1995; Szeicz, 1996; Gindl and Grabner, 2000; Girardin
et al., 2009; Tardif et al., 2011; Montw�e et al., 2018) have long
been studied from a wood anatomical perspective and for their
climatic significance. More recently the study of white earlywood

mailto:j.tardif@uwinnipeg.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.quascirev.2020.106516&domain=pdf
www.sciencedirect.com/science/journal/02773791
http://www.elsevier.com/locate/quascirev
https://doi.org/10.1016/j.quascirev.2020.106516
https://doi.org/10.1016/j.quascirev.2020.106516


J.C. Tardif et al. / Quaternary Science Reviews 244 (2020) 1065162
rings (Waito et al., 2013), dark rings (Novak et al., 2016) and blue
rings (Piermattei et al., 2015) have broadened understanding of
environmental forcing on tree-ring formation.

Frost damage to xylem tissue during the active growing season
has been linked to the production of frost rings (hereafter FR).
These rings are characterized by the presence of collapsed/crushed/
abnormal tracheids with lateral expansion and displacement of the
rays (Glerum and Farrar, 1966; Schweingruber, 2007). The position
of a FR within a tree’s annual ring can also provide information
regarding the timing of frost events (LaMarche and Hirschboeck,
1984; Gurskaya, 2014; Barbosa et al., 2019). Frost-ring intensity
varies according to the level of cambial activity at the time of the
event and also with the temperature and duration of the frost.
Latewood FR (LWFR) have been observed in high-elevation Great
Basin bristlecone pine (Pinus longaeva D.K. Bailey) and in Rocky
Mountain bristlecone pine (Pinus aristata Engelm.). These cold-
damaged rings have been associated with volcanically-forced
cooling events (LaMarche and Hirschboeck, 1984; Brunstein,
1996; Salzer and Hughes, 2007). In contrast to LWFR, EWFR in
bristlecone pine were reported to be scarce (LaMarche, 1970;
LaMarche and Hirschboeck, 1984; Brunstein, 1995).

Blue rings (hereafter BR) were first identified in European black
pine (Pinus nigra Arnold) and were defined as tree rings showing
the presence of “… a continuous layer of unlignified axial tracheids
occurring either in the earlywood or in the latewood” (Piermattei
et al., 2015). Blue rings were observed after double staining tree-
ring thin transverse sections (15e20 mm) with Safranin and Astra
blue dyes. Cell walls that did not sufficiently lignify during the
growing season take on the blue color (Piermattei et al., 2015). Blue
rings were also recently described in Scots pine (Pinus sylvestris L.)
trees growing in Romania (Semeniuc et al., 2016) and Latvia
(Matisons et al., 2019), in lodgepole pine (Pinus contorta Dougl.)
trees growing in western Canada (Montw�e et al., 2018) and in
P. longaeva trees growing in western United States (Hughes et al.,
2016), again featuring the presence of under-lignified tracheids.
The main hypothesis related to latewood BR formation calls for the
observed lack of lignification in tracheids to be caused by low air
temperature at the end of the growing season (Piermattei et al.,
2015; Semeniuc et al., 2016). Similar climatic events are also
believe to form pale latewood (light) rings (Szeicz, 1996; Gindl and
Grabner, 2000; Gindl et al., 2000; Girardin et al., 2009; Tardif et al.,
2011). In timberline spruce (Picea abies (L.) Karst.) light rings (LR)
were shown to have latewood cells with reduced lignin content due
to interference by cooler temperature towards the end of the
growing season (Gindl and Grabner, 2000; Gindl et al., 2000). A
delayed growing season as well as cooler early and late growing
seasons have also been stressed (Szeicz, 1996; Girardin et al., 2009;
Tardif et al., 2011). Interestingly, Brunstein (1995) mentioned that
LR and LWFR often co-occurred in P. aristata trees. Hantemirov et al.
(2004) also observed the co-occurrence of LR and FR in Siberian
juniper (Juniperus sibirica Burgsd.) and in Siberian larch (Larix
sibirica Ledeb.). Br€auning et al. (2016) suggested that the term BR
may simply be another representation of LR using an alternative
detection method. Montw�e et al. (2018) implied that both BR and
LR described essentially the same anomaly, i.e. tree rings with
tracheids showing a lack of complete cell lignification. Further,
Matisons et al. (2019) equated BR with early frost in late summer.

1.2. Tree rings and volcanic eruptions in 536 and 1965 CE

In this paper, both BR and FR in P. longaeva were analyzed
focussing on two periods centered on 536 and 1965 CE (hereafter
all dates will refer to the Common Era unless otherwise specified).
The period centered on 536 is central to the Dark Ages Cold Period
(410e775, Helama et al., 2017) and to the recently described Late
Antique Little Ice Age (536e660; Büntgen et al., 2016). Major vol-
canic eruption signatures identified in high-resolution ice-core
records of volcanic sulfur were reported during the mid-6th cen-
tury in 536 and 540. This is thought to have caused global low
irradiance, climatic cooling and major societal impacts (Larsen
et al., 2008; Sigl et al., 2015; Büntgen et al., 2016; Helama et al.,
2018; Newfield, 2018). Toohey et al. (2016) indicated that the
combined impact of the 536 and 540 volcanic eruptions was un-
precedented in the last 1200 years leading to mean temperature
anomalies of more than �2 �C in the Northern Hemisphere. While
uncertainties remain regarding the origin of these volcanic erup-
tions, the El Chich�on volcano (Mexico; Nooren et al., 2017) and the
Ilopango volcano (El Salvador; Dull et al., 2019) were identified as
the potential source for the 540 tropical eruption. The societal
impacts of the 536 and 540 eruptions are a subject of ongoing
debate. Some emerging criticism has focused on environmental
determinism and potentially too large a role attributed to the vol-
canic eruptions when assessing the cultural volatility of the 6th
century (Haldon, 2016; Moreland, 2018).

Tree-ring indicators suggest the existence of global-scale tem-
perature anomalies centered on 536 (see review by Newfield, 2018)
as indicated by the formation of FR in trees growing in high-altitude
regions in northern hemisphere. Helama et al. (2019) recently re-
ported a FR dated to 536 in the latewood of subfossil P. sylvestris
trees from Finish Lapland. Using stable carbon isotopes to model
solar radiation, Helama et al. (2018) reported an irradiance decline
for 536 and 541e544 attributing these negative departures to
volcanic dust veil. At high-latitude sites from southern Siberia,
Churakova (Sidorova) et al. (2014) reported FR dated to 536 in the
latewood of larch trees. The major cooling around 536 was also
supported by measurements of ring width, cell-wall thickness, and
stable carbon (d13C/d12C) and oxygen (d18O/d16O) isotope ratios in
cellulose (Churakova (Sidorova) et al., 2014). In 536, the observed
reduction in ring width and cell wall thickness as well as the strong
decline in d13C and d18O values all supported the existence of a
major cooling of air temperature during the growing season. In the
same year, FR were also observed in the mid-earlywood of Siberian
pine (Pinus sibirica Du Tour) trees growing at the Mongolia
timberline (D’Arrigo et al., 2001). At upper forest border bristlecone
pine sites in the western United States, LWFR have also been re-
ported in 536 in numerous trees (Brunstein, 1995, 1996; Salzer and
Hughes, 2007).

Many of the FR years identified by LaMarche and Hirschboeck
(1984), Hallman (2001) and Salzer and Hughes (2007), including
536 and 1965, have been linked to volcanic eruptions. Brunstein
(1995) also mentioned that LR and FR co-occurred in P. aristata
trees in these two years. The 1965 LWFR is thought to be associated
with the Mount Agung eruption (Indonesia) in 1963-64 (LaMarche
and Hirschboeck, 1984). LaMarche (1970) associated this anomaly
with a delayed and cool growing season with sub-freezing tem-
perature at upper treeline elevations in mid-September in Nevada.
In this case, cooler than average summers delayed both the onset
and the completion of cambial activity rendering trees more
susceptive to end of season damaging frosts (LaMarche and
Hirschboeck, 1984). Modern (1900e1992) LWFR in P. aristata,
similar in appearance to those identified in 536, have also been
linked to cold growing seasons in Colorado, with record subfreezing
temperature in early to mid-September in Colorado as well as se-
vere outbreaks of cold air across the western United States in 1965
from June to September (1.5e2.0 �C cooler than normal; Brunstein,
1996). The seasonal timing of the formation of LWFR and BR in
P. longaeva has also been recently reinforced by xylogenesis studies
of P. longaeva trees growing in the Great Basin (3355 m a.s.l). This
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work indicates that the onset of xylem formation generally started
in early June (mean air temperature reaching ~7 �C) with tracheid
maturation being completed by mid-September (Ziaco et al.,
2016b).

In dendroclimatology, linking tree-ring features to large-scale
circulation has a long tradition. In their review, Hirschboeck et al.
(1996) stated that both dendroclimatology and synoptic clima-
tology have had a parallel and interconnected development. Syn-
optic dendroclimatology aims at connecting “extreme” climate
events recorded in tree rings to large-scale circulation by using
techniques such as indexing, correlation fields and composite maps
(Hirschboeck et al., 1996). Composite maps were used by Stahle
(1990) to summarize the conditions involved in the development
of weather systems leading to false springs and EWFR formation in
post oak (Quercus stellataWangenh.) trees growing in the southern
Great Plains of the United States. Early growth resumption (false
spring) was found to be a major component associated with the
formation of EWFR and false springs were often observed during
strong La Ni~na conditions. Hadad et al. (2019) also reported that
EWFR in chihu�en (Araucaria araucana (Molina) K. Koch) trees from
Argentinaweremore abundant in La Ni~na events which correspond
to earlier spring in South America. Composite maps provided evi-
dences that sub-freezing events in Argentina were associated with
an anomalous trough crossing the region at 500 hPa in NWeSE
direction. Hadad et al. (2020) also showed that earlywood FR in
black spruce (Picea mariana (Mill.) B.S.P.) trees growing in interior
North America were associated with early spring which corre-
sponded to the prevalence in April of a high-pressure system over
central Canada. The authors also discussed the influence of the El
Ni~no-Southern Oscillation (ENSO) in being related to the occur-
rence of false springs in interior North America.

Hirschboeck et al. (1996) analyzed the atmospheric circulation
associated with the 1965 LWFR in subalpine bristlecone pine in
several localities from thewestern United States. The authors found
that, at both monthly and daily scales, the 1965 LWFR was linked to
the development of a strong ridge over the Gulf of Alaska leading to
a deep trough located over the western United States and
conveying Artic air masses. In the Colorado Rockies, composite
maps indicated that both earlywood and latewood FR in P. aristata
occurred during amplified mid-to high-latitude atmospheric cir-
culation regimes resulting in cold surface air temperatures pene-
trating into the westcentral United States (Barbosa et al., 2019).
Tardif et al. (2011) established that LR formation in jack pine trees
growing in central Canada corresponded to cool summer temper-
ature anomalies across wide areas of interior North America
ranging as far as fromMinnesota, United Stated, to the Baffin Island,
Canada. Persistent positive height anomalies (ridges) over the Gulf
of Alaska and negative height anomalies (troughs) east of the
Hudson Bay, as revealed by 500-hPa geopotential heights com-
posite maps, were associated with the LR formation. Hirschboeck
et al. (1996) concluded that FR, despite being linked to short-
term events (sub-freezing temperature), also contained climate
information at a longer time scale making them an excellent proxy
from which to evaluate anomalous circulation patterns. Blue rings
like FR and LR are also likely linked to specific large-scale compo-
nents of atmospheric circulation.
Fig. 1. Map of the study area. Upper left inset shows position of study area within
North America (black circle). Topographical map indicates location of Pinus longaeva
trees recording a latewood frost ring in 1965 in relation to derived topoclimate sea-
sonal mean temperature (upper right inset; see section 2.4.2 for details). The lower
right inset indicates mean temperature differences between tree locations for those
recording the 1965 frost ring and those that did not.
1.3. Objectives

The objectives of this study were i) to quantify both BR and
LWFR in high-elevation P. longaeva trees from a wood anatomy
perspective, ii) to discuss their presence in relation to climate and
atmospheric circulation and iii) to assess their co-occurrence along
an elevation gradient in the two time periods discussed above. One
overall goal was to assess if threshold temperatures or particular
climate conditions can be associated with BR and FR formation in
the second-half of the 20th century so as to provide an analogue for
their past occurrence. This research also contributes to discussion
surrounding what has been referred to as the fine-scale spatial
sensitivity in tree-ring climate response near the upper treeline
(Bunn et al. 2011; Bunn et al., 2018; Salzer et al., 2013; Salzer et al.,
2014; Tran et al., 2017).

2. Methods

2.1. Study area

The study area is Pearl Peak at the southern end of the Ruby
Mountain Range (Fig. 1). It is located in northeastern Nevada
(40.235 N. Lat., 115.542 W. Long.) within the Great Basin physio-
graphic section of the Basin and Range Province of North America.
Three tree-ring sites from Pearl Peak were used (PPL,
2996e3086 m; PPU, 3094e3221 m; and PRL, 3074e3291 m). These
can be considered separate groves of trees or distinct areas within
the upper treeline zone of Pearl Peak. See Salzer and Hughes
(2007), Salzer et al. (2009), Salzer et al. (2013) and Bruening
(2016) for further information regarding research that used this
study location. These three sites were used because initial exami-
nations of specimens from Pearl Peak revealed the existence of
many FR in the trees from the upper treeline zone. For the 536
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period.
All the samples that were available were used for that temporal

interval and for which wewere able to effectively cut a thin section
for BR analysis. For the 1965 period the same constraint applied; all
the living tree core samples along the elevational gradient were
used and for which thin sectioning could be done without
destroying the core.

2.2. Sample collection

The tree-ring samples used in this study were collected over a
twelve-year period from 2003 to 2014 as part of an ongoing
research effort that uses P. longaeva as a paleoclimate proxy record
(Salzer and Hughes, 2007; Salzer et al., 2009; Salzer et al., 2013;
Tran et al., 2017; Bunn et al., 2018). Core samples from both living
P. longaeva trees and from remnant wood pieces were used as well
as small, hand-sawn samples from remnants. The living tree core
samples used in the analyses of 1965 anomalies were roughly
distributed along an elevation gradient (Fig. 1). For the 536 period,
the 12 P. longaeva trees used were more evenly distributed eleva-
tionally, growing at a mean elevation of 3225 (±47 m asl). They had
an average minimum age of 1150 (±619 years). The 31 trees
covering 1965 were growing at a lower elevation, 3126 (±92 m asl)
and were younger, with an average minimum age of 554 (±336
years).

2.3. Tree-ring anatomy and image analysis

Wood anatomical slides were produced from dried P. longaeva
cores and cross-sections using a sledge microtome (AO Spencer N0.
860). Continuous thin sections were obtained for each sample
either corresponding to the period centered on 536 or 1965. In
total, 12 (536) and 31 (1965) tree samples were thin-sectioned. All
thin sections were prepared following standard methods (G€artner
et al., 2015; Tardif and Conciatori, 2015). Prior to thin-sectioning,
core samples were softened by applying water with a brush and
approximately 16e18 mm thin sections were produced after
applying a starch-based non-Newtonian fluid (Schneider and
G€artner, 2013) and a water soluble glue (Mowiol 4e88 polyvinyl
Fig. 2. Pinus longaeva samples showing both blue rings and frost rings in years 532, 536 or 1
right which came from the same tree and were respectively taken using a Nikon dissectin
pretation of the references to color in this figure legend, the reader is referred to the Web
alcohol powder; G€artner et al., 2015). A double-staining procedure
(mixture of 1g safranin and 0.5 g of Astra blue each in 100 ml of
distilled water and 2 ml of acetic acid) was applied. The thin sec-
tions were soaked in the mixture for a 3e5 min treatment and then
rinsed with distilled water to remove excess dye. The sections were
next placed in successive ethanol baths (50%, 75, 95% and 99.5%) for
1e2 min and then placed in clearing solvent (Safeclear II) for
1e2 min to clear them of remaining impurities prior to perma-
nently mounting on standard microscope slides. After the
anatomical slides were dried, they were visually scanned under a
microscope to determine the occurrence of both BR and FR along
the exactly annually dated tree-ring sequence (Fig. 2) and the BR
and FR data were compiled.

Wood anatomy parameters were generated using image anal-
ysis of the 536 and 1965 tree rings. Twelve samples were analyzed
for year 536 and 27 samples for year 1965 (four were dropped
because of poor condition). The procedures used to measure
tracheid dimensions were similar to those described in Waito et al.
(2013). The prepared surfaces were photographed with a Nikon DS-
FI1 digital camera connected to a Nikon Eclipse 200 microscope to
generate color images at a 20x magnification and a resolution of
2560 x 1920 pixels. A Nikon blue microscope filter was used to
increase the contrast between tracheid walls and the lumen. Adobe
Photoshop Elements (Ver 14.1) was used to merge images when
necessary. Each image was then analyzed using software program
WinCELL Pro V 2016c (R�egent Instruments Inc. Canada). Correction
of images, if needed, mainly involved increasing contrast between
the tracheid lumen and cell wall boundaries and visually repairing
damage to the tracheid cell walls that resulted from thin sectioning.
Despite using a non-Newtonian fluid and a water soluble glue
during thin section preparation, sectioning BR and LWFR with a
microtome may be challenging due to the presence of under-
lignified tracheids. Numerous slides for each sample were thus
produced.

For each image, tracheid dimensions weremeasured along three
radial files selected from the upper, middle, and lower portion of
the image. The main criterion in selecting the three radial files was
that they have minimal artefacts from slide preparation. Tracheids
measured along the radial files were divided into an earlywood
965 CE. All pictures come from different trees except that of the bottom left and upper
g microscope SMZ1000 and a Nikon compound microscope Eclipse E200. (For inter-
version of this article.)
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(EW) and latewood (LW) component using the average cell wall/
lumen ratio >0.25. This tracheid classification (Mork’s definition)
however does not consider the wide variability in tree-ring struc-
ture associated with the study of tree-ring anomalies (Park et al.,
2006) and a manual correction was applied when appropriate. In
addition, each tracheid was also visually classified as being a BR or a
LWFR tracheid. The tracheid features that were measured included
number of tracheids (NT), lumen area [LA], radial lumen diameter
[LD], average cell wall thickness [CWT; calculated as half the shared
cell wall with the tracheid preceding and that following the
tracheid being measured along the radial file] and the wall-to-
tracheid ratio [WTR; calculated as CWT/LD]. This resulted in five
anatomical parameters for the earlywood (EW), the latewood (LW)
and for tracheid classified as BR and FR. The proportion of early-
wood (EW%), latewood (LW%), blue ring (BR%) and frost ring (FR%)
tracheids was also calculated. For each sample, the average of the
three radial files was calculated resulting in a total 24 anatomical
parameters for each of the 536 (12 trees) and 1965 (27 trees) tree
rings.
2.4. Statistical analyses

2.4.1. Tree-ring anomalies and climate
To evaluate the association between the frequency of tree-ring

anomalies (BR and FR) and synoptic circulation, composite maps
were made using the Climate Explorer facility (http://climexp.
knmi.nl/; Trouet and van Oldenborgh, 2013) of the Royal
Netherlands Meteorological Institute (KNMI). Composite maps are
particularly useful when derived from non-continuous, event-
based time series (Hirschboeck et al., 1996; Trouet and van
Oldenborgh, 2013). Composite maps were derived using the
NOAA-CIRES-DOE Twentieth Century Reanalysis (V3) monthly
geopotential heights (HGT, in mgp) at 500 hPa level and in a global
regular 1.0 � � 1.0 � latitude-longitude gridwas used (Slivinski et al.,
2019; NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, https://psl.
noaa.gov/). The objective was to identify and to compare domi-
nant synoptic-scale circulation patterns associated with BR and FR
formed during the period centered on 1965. The analyses were
conducted over the period 1954e2006 which corresponded to the
period when a minimum of ten trees were included in the tree-ring
anomaly chronologies. To calculate the association with “local”
climate, mean of monthly minimum and maximum temperature
and total precipitation datawere obtained for the grid pertaining to
Pearl Peak (40.235 N. Lat. and 115.542 W. Long; Spatial resolution
4 km, PRISM Climate Group, Oregon State University, http://prism.
oregonstate.edu, created 18 Oct. 2019). All correlation analyses
between frequency of tree-ring anomalies (BR and both earlywood
and latewood FR) and gridded climate data were done using
Spearman’s rho correlation due to the non-normal distribution of
the 1954e2006 tree-ring anomalies. To complement the correla-
tion analyses, we also tested for differences in mean monthly
temperatures using the non-parametric Mann-Whitney U tests.

Because there are no long-term weather stations for the study
area, we used atmospheric air temperatures at 500 mb height from
the NOAA-CIRES-DOE 20CR V3 (Slivinski et al., 2019) from 1836 to
2015 to put BR and LWFR formations into a longer-term context. To
better approximate temperature experienced by the trees we used
daily interpolated surface temperature data PRISM (Daly et al.,
2008) from 1982 to 2015 to adjust the NOAA-CIRES-DOE 20CR V3
data. Because these two data sets covary strongly, we modeled the
surface temperature from PRISM using the reanalysis data to create
a surface temperature from 1836 to 2015. We used a generalised
least squares of the form yt ¼ b0 þ b1xt þ εt where t is the time in
days, y is the PRISM data, x is the NOAA-CIRES-DOE 20CR V3 data,
b0 and b1 are coefficients and ε are autocorrelated residuals
following an ARMA (1,2) process. This model had an R2 of 0.83.
Extending the surface temperature in this way allows us to put the
years with abundant LWFR and BR into a longer-term context.
2.4.2. Tree-ring anomalies and environmental features
The environmental and climate setting between trees recording

BR only, LWFR only and both BR/LWFR (recording trees) as
compared to co-located trees without these anomalies (non-
recording trees) was examined using non-parametric Mann-
Whitney U tests. First, we tested for differences in tree elevation in
536 (n ¼ 12), 1965 (n ¼ 31) and 1978 (n ¼ 29). In addition, top-
oclimate variables were derived for each tree location. Given that
topography affects local climate at scales relevant to tree-ring for-
mation (e.g. see Bunn et al., 2011), we tested to see if trees growing
in cooler topographic locationsmight bemore susceptible to record
anatomical growth anomalies driven by colder temperatures as
compared to trees in surrounding areas.

At Pearl Peak, Bruening (2016) and Bruening et al. (2017, 2018)
used 50 temperature sensors arrayed across topographic gradi-
ents to model monthly temperature anomalies with topography
(“topoclimate”) at a 10-m horizontal resolution. Those data, and
data from other Great Basin treeline sites, showed that topography
attenuates maximum and minimum air temperatures beyond the
expectations derived from elevational-lapse rates. In particular,
Bruening et al. (2017) found that temperatures during the growing
season vary according to topographic setting several times more
than predicted by the dry adiabatic lapse rate. These observations
have helped to explain variations in the position of the alpine
treeline on the landscape (Bruening et al., 2017, 2018) as well as the
growth response of individual trees (Tran et al., 2017; Bunn et al.,
2018). We used four topoclimate variables developed by Bruening
et al. (2017, 2018) to assess if BR and LWFR were recorded in
trees in colder topoclimate settings than generally found even at
the alpine treeline ecotone. These variables were mean tempera-
tures in May and in September (respectively start and end of
growing season), the length of growing season in days (LGS)
defined as the sum of days with daily mean temperature above
0.9 �C, and the seasonal mean temperature in �C (SMT) (K€orner,
2012). SMT was defined as average of the daily mean tempera-
tures for the days included in the LGS. These topoclimatic variables
were calculated following Bruening (2016), Bruening et al. (2017),
and Tran et al. (2017) for each tree location, provided a way of
integrating the deviation in temperature that a given tree experi-
ences over the growing season.
2.4.3. Tree-ring anatomy of blue and latewood frost rings
To determine if the anatomical features in tree rings (EW and

LW) differed significantly between recording (BR only, LWFR only
and both BR/LWFR) and non-recording trees the non-parametric
Kruskall-Wallis one-way analysis of variance was used. The
Dunn-Bonferroni post-hoc method was performed following a
significant Kruskal-Wallis test. Both year 536 (n ¼ 12) and 1965
(n ¼ 27) were pooled in this analysis. Additionally, to determine if
BR tracheid features differed from LWFRones, theMann-Whitney U
Test was performed.

Standardized tracheidograms were also produced to compare
yearly tree-ring anatomical profiles (Vaganov 1990; Gindl, 1999;
Vaganov et al., 2006; Ziaco et al., 2014a; Ziaco et al., 2014b). Tra-
cheidograms represent measurement profiles of tracheid di-
mensions across tree rings. Standardization allows for structural
comparison of rings with a different number of cells (Vaganov et al.,
2006). Yearly anatomical features (LA, LD, CWT and WTr) were
computed using the “tgram” package (DeSoto et al., 2011; available

http://climexp.knmi.nl/
http://climexp.knmi.nl/
https://psl.noaa.gov/
https://psl.noaa.gov/
http://prism.oregonstate.edu
http://prism.oregonstate.edu
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fromCRAN; https://cran.r-project.org) in R (R Core Team, 2013). The
tracheidograms for year 536 and 1965were standardized to 20 cells
which closely matched the average number of tracheids observed
in the 1965 samples. This analysis allowed comparisons of tracheid
dimensions for the year 536 and 1965 and of tree rings recording
and not recording BR and FR. All standardized tracheidograms
(536: n ¼ 36 radii pertaining to 12 trees and 1965: n ¼ 81 radii
pertaining to 27 trees) were averaged to produce mean
tracheidograms.
3. Results

3.1. Blue rings and frost rings: their frequency and climatic
connection

In the mid-6th century both BR and LWFRwere abundant in 532
and 536 and to a lesser extent in 574 and 525 (Fig. 3a). We also
observed a cluster of BR from 539 to 542with amaximum observed
in 540. Few EWFR were observed and years with solely a BR being
recorded were more abundant than for the second half of the 20th
century (Fig. 3b). In the latter period, both BR and LWFR were
recorded in high abundance in 1965 and 1978 and to a lesser extent
in 1982. Earlywood FR never reached the same abundance as LWFR
andwere not synchronized with BR. In contrast, LWFR years and BR
were synchronized; BR were typically observed in LWFR years.

Data from individual trees (not presented) indicated that, within
a tree, LWFRwere almost always associated with a BR, whereas tree
rings showing only a BR or only a LWFR were less common. At the
tree level and specifically looking at years 536 and 1965, of the
recorder trees (10/12 and 18/27 respectively), most trees that
recorded a BR also produced a LWFR (6/10, 12/18 respectively); few
trees recorded solely a BR (3/10, 4/18 respectively) or a LWFR (1/10,
2/18 respectively). Chi-square testing for 1965 indicated that BR
and LWFR were not independent and trees with BR recorded more
LWFR than expected by chance (Pearson Chi-Square
Fig. 3. Distribution of earlywood frost rings (EWFR), latewood frost rings (LWFR) and blue rin
of samples is indicated by the solid line. (For interpretation of the references to color in th
value ¼ 811.519, p ¼ 0.001, n ¼ 31).
Correlating the portion of the chronologies pertaining to a

minimum of 10 trees (1954e2006; Fig. 3b) with PRISM gridded
climate data further supported the similarities between BR and
LWFR in contrast to EWFR (Fig. 4). Earlywood FR were negatively
correlated to March precipitations and positively to May maximum
temperatures (Fig. 4). In contrast, both LWFR and BR were found to
be more frequent in years characterized by cooler minimum tem-
perature in late spring months (May and MayeJune; Fig. 4a). Blue
ring and LWFR were also found to be more frequent in years when
maximum temperatures were cooler in the late growing season
(AugusteSeptember) as well as during the entire growing season
(Fig. 4b). Compared to BR, LWFR had slightly stronger negative
correlation with minimum temperatures. The Mann-Whitney U
test confirmed that the mean of May maximum temperatures was
significantly warmer (by 2 �C) in years forming EWFR
(Suppl. Tables 1 and 2). In contrast, years with LWFR and BR
recorded significantly cooler minimum temperatures in May (1.5
and 1.4 �C respectively) with LWFR years also recording signifi-
cantly cooler minimum temperatures throughout the growing
season. Years with LWFR and BR also recorded significantly cooler
maximum temperatures during the growing season and in partic-
ular in the late portion of the growing season (Suppl. Tables 1 and
2). Further both the modeled surface daily temperature data for
1965, 1978 and 1982 (Fig. 5) and the 500mb daily temperature data
(not presented) clearly indicated that in these three years much of
May, June and September fell below the long-term temperature
average. Major sub-freezing temperature departures were also
observed in September (Fig. 5); these presumably being the source
of the frost damages at ground level.

At the hemispheric scale, the synoptic signal associated with
EWFR was coherent with the Spearman’s rank correlation analyses
and composite maps indicated that in EWFR years a high ceiling
(Great Basin High) in May prevailed over the study area (Fig. 6). The
signal associated with both BR and LWFR anomalies was coherent
gs (BR) in Pinus longaeva trees within the 536 (A) and 1965 (B) CE periods. The number
is figure legend, the reader is referred to the Web version of this article.)

https://cran.r-project.org


Fig. 4. Spearman rank correlation coefficients between earlywood frost rings (EWFR),
latewood frost rings (LWFR), blue rings (BR) chronologies and PRISM climate variables
for the period 1954-2006. The dotted lines indicate significant correlation at p < 0.05
and p < 0.01. Capital letters indicate months from January to September. mj: May and
June average, ms: May to September average and as: August and September average.
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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over a large portion of North America with composite maps
showing negative that both BR and LWFR were more common
during years when the growing season was characterized by a low
pressure system (Great Basin Low) persisting from May to
September (Fig. 6). These results indicate that during BR (LWFR)
years, mean growing season temperatures were cooler than in non-
recording years with significant intrusions of cold air masses over
the western portion of the United States. In the month of
September, the deep trough over the study area was particularly
noticeable in BR years. Inversely, EWFR may be more frequent in
years characterized by warm Mays and an early reactivation of
cambial activity.

3.2. Blue ring, latewood frost ring, elevation and topoclimate

In order to account for BR and LWFR formation in P. longaeva
trees, we tested for significant differences between tree locations
both in elevation and in topoclimatic features using years when BR
and LWFR were observed in a large number of trees i.e., 536, 1965
and 1978 (Figs. 1 and 3). The results indicated that elevation was
most often discriminating among trees recording or not recording a
given anomaly (Table 1). In 1965, 1978, a difference of about 100m
was observed between recorder and non-recorder trees. This dif-
ference in elevation reflects.

Significant cooler seasonal mean temperature and shorter
length of the growing season for recorder trees (Fig. 1 and Table 1).
For example, in 536, despite a low number of observations (n¼ 12),
trees recording LWFR or both BR and LWFR tended (p < 0.1) to also
grow at higher elevation and to record lower seasonal mean tem-
peratures than those not recording these anomalies. Trees
recording anomalies also experience shorter and cooler growing
seasons (Table 1).

3.3. Anatomy of blue ring and latewood frost rings

Comparing the average tracheid features across anomalies (BR
only, LWFR only and both BR-LWFR) using combined data from 536
to 1965 revealed few statistical differences among categories
(Table 2). Among them, trees recording both BR and LWFR had
earlywood tracheids with both significantly smaller lumen areas
and length values than trees that recorded neither BR nor LWFR.
The most significant difference however, was observed in the
latewood; trees recording both BR and LWFR had latewood tra-
cheids with significantly reduced cell wall thickness (p < 0.001;
Table 2). In both BR and LWFR, secondary walls in latewood tra-
cheids were 37% less thick than in trees not showing the anomalies.
Testing using solely the 1965 data revealed essentially the same
results. Comparisons between tracheid features identified as being
a constituent of a BR and/or a LWFR revealed no statistical differ-
ences between anomalies (Table 3). Both BR and LWFR were
composed of about 6 tracheids on average representing about 20%
of the ring width.

Given the absence of significant differences in BR and LWFR
tracheid features, the tree rings showing BR only and LWFR only
were pooled with those showing both anomalies when calculating
the standardized tracheidograms calculated for 536 and 1965
(Fig. 7). The standardized tracheidograms indicated, both in 536
and 1965, cell wall thickness was the main variable differentiating
tree rings showing anomalies from those not showing anomalies
(Fig. 7cd). Starting with a CWT of about 2.5 mm, the year 536 values
slightly increased to approximately 3.0 mm. The recording and non-
recording trees then diverged (cell 10), with the tree rings pre-
senting anomalies decreasing toward a value of 2.0 mmat the end of
the growing season. In 1965, a similar trend was observed with the
divergence between recorder and non-recorder trees occurring
later in the tree ring. Compared to 536, the lumen area and lumen
diameter in 1965 was greater and average cell wall was more
similar (Fig. 7abef). Smaller differences were observed in CWT
between the two years studied (Fig. 7cd). The reduced lumen area
and lumenwidth in 536 compared to 1965 also led to higher wall to
cell ratio observed in 536 (Fig. 7gh).

4. Discussion

4.1. Frost rings, blue rings and “normal” rings in P. longaeva

In this study, EWFR in P. longaeva trees were rarely observed
compared to LWFR as earlier noted (LaMarche and Hirschboeck,
1984; Salzer and Hughes, 2007). In P. aristata, the same point was
reported by others (LaMarche, 1970; Brunstein, 1995) with the
exception of Barbosa et al. (2019) who specifically selected sites
subjected to intense cold air drainage. In numerous studies, EWFR
have been associated with late spring frost events following early
reactivation of cambial activity in years with warm springs (Stahle,



Table 2
Kruskall-Wallis one-way analysis of variance among cell features pertaining to tree rings showing or not tree-ring anomalies. The data was generated from 39 bristlecone pine
trees and includes tree rings produced in 536 (n¼ 12) and in 1965 (n¼ 27). Bold number in grey box indicates significant test with significant (P < 0.05) Dunn-Bonferroni post-
hoc test indicated by different small case letters.

Variables No BR-LWFR BR only LWFR only BR-LWFR Pvalue

N (536,1965) 11 (2, 9) 7 (3, 4) 3 (1, 2) 18 (6, 12) e

EW Tracheid No 14.81 ± 8.37 18.33 ± 16.04 14.22 ± 2.55 21.39 ± 15.60 0.635 a

% 91.20 ± 11.20 92.77 ± 4.73 97.34 ± 0.31 95.62 ± 3.60 0.169 a

LA (mm2) 503.61 ± 114.72a 420.10 ± 168.72 ab 516.44 ± 20.53 ab 373.74 ± 78.74b 0.016 b

LD(mm) 23.27 ± 2.83a 20.95 ± 3.54 ab 25.08 ± 1.96a 20.07 ± 2.02b 0.003 b

CWT (mm) 2.72 ± 0.38 2.74 ± 0.47 2.54 ± 0.80 2.41 ± 0.34 0.113 b

CWR (%) 0.13 ± 0.03 0.14 ± 0.04 0.12 ± 0.5 0.13 ± 0.02 0.706 a

LW Tracheid No 2.42 ± 2.00 2.81 ± 1.45 1.00 ± 0.33 2.06 ± 1.46 0.153 a

% 8.80 ± 11.20 7.23 ± 4.73 2.66 ± 0.30 4.38 ± 3.60 0.169 a

LA(mm2) 114.07 ± 32.12 91.77 ± 39.55 116.48 ± 23.44 79.93 ± 44.29 0.126 a

LD(mm) 6.08 ± 1.71 5.46 ± 1.95 6.80 ± 2.89 4.17 ± 2.19 0.123 a

CWT (mm) 2.76 ± 0.43a 2.38 ± 0.35 ab 2.70 ± 0.33 ab 1.74 ± 0.79b 0.001 b

CWR (%) 0.69 ± 0.29 0.68 ± 0.32 0.86 ± 0.41 0.66 ± 0.40 0.819 a

a Also not significant (p < 0.05) using data for year 536 and 1965 separately.
b Also significant (p < 0.05) using data from 1965 only.

Table 1
Mann-Whitney U test indicating significant differences in topographic (Elev: elevation) and topoclimatic (SMT: seasonal mean temperature; LGS: length of growing season in
days) variables between trees not recording and recording a tree-ring anomaly (blue ring, frost ring and both) in years 536, 1965 and 1978. The mean and standard deviations
are indicated. Note that the number of observations per group varies for each year analyzed. Bold number in shaded grey box indicates significant differences at p < 0.05.

Year Variables NoBR BR Pvalue NoLWFR LWFR Pvalue NoBR-LWFR BR-LWFR Pvalue

536 N 3 9 e 5 7 e 6 6 e

Elev. 3213 ± 12 3230 ± 54 0.482 3203 ± 25 3242 ± 54 0.073 32bb07 ± 24 3244 ± 59 0.065
SMTa 8.4 ± 0.1 8.1 ± 0.2 0.100 8.3 ± 0.1 8.1 ± 0.2 0.073 8.3 ± 0.1 8.1 ± 0.2 0.026
LGSa 148.3 ± 1.2 146.9 ± 5.3 0.482 148.6 ± 2.6 146.3 ± 5.7 0.106 148.7 ± 2.3 145.8 ± 6.1 0.065
TmeanMaya 0.03 ± 0.1 �0.23 ± 1.0 0.482 0.04 ± 0.6 �0.31 ± 1.0 0.268 0.02 ± 0.6 �0.35 ± 1.1 0.240
TmeanSepta 7.4 ± 0.1 7.2 ± 0.4 0.373 7.4 ± 0.1 7.2 ± 0.4 0.202 7.4 ± 0.1 7.1 ± 0.4 0.065

1965 N 12 19 e 14 17 e 16 15 e

Elev. 3067 ± 76 3162 ± 83 0.003 3071 ± 66 3171 ± 87 0.003 3084 ± 77 3170 ± 87 0.009
SMT 8.8 ± 0.3 8.5 ± 0.3 0.004 8.8 ± 0.3 8.4 ± 0.3 0.005 8.7 ± 0.3 8.5 ± 0.3 0.024
LGS 160.9 ± 6.8 153.2 ± 7.6 0.010 161.1 ± 6.0 152.2 ± 7.6 0.002 159.6 ± 6.9 152.5 ± 7.9 0.019
TmeanMay 1.6 ± 1.0 0.5 ± 1.2 0.010 1.6 ± 0.9 0.4 ± 1.2 0.002 1.4 ± 1.0 0.4 ± 1.2 0.017
TmeanSept 8.4 ± 0.5 7.8 ± 0.6 0.010 8.4 ± 0.5 7.7 ± 0.6 0.003 8.3 ± 0.5 7.7 ± 0.6 0.021

1978 N 17 12 e 22 7 e 23 6 e

Elev. 3086 ± 76 3190 ± 80 0.003 3106 ± 84 3203 ± 83 0.028 3112 ± 88 3194 ± 86 0.090
SMT 8.7 ± 0.3 8.4 ± 0.3 0.011 8.6 ± 0.3 8.4 ± 0.3 0.037 8.6 ± 0.3 8.4 ± 0.3 0.080
LGS 159.0 ± 6.9 151.1 ± 7.7 0.016 157.6 ± 7.7 149.7 ± 6.7 0.028 157.1 ± 7.9 150.3 ± 7.1 0.090
TmeanMay 1.4 ± 1.0 0.2 ± 1.2 0.009 1.1 ± 1.2 0.1 ± 1.0 0.032 1.0 ± 1.2 0.2 ± 1.1 0.090
TmeanSept 8.2 ± 0.5 7.6 ± 0.6 0.021 8.1 ± 0.6 7.5 ± 0.5 0.055 8.1 ± 0.6 7.6 ± 0.6 0.142

a Topoclimate data from Bruening (2016).
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1990; Montw�e et al., 2018; Hadad et al. 2019, 2020). Here,
maximum temperatures in May (corresponding to a Great Basin
high at 500 Mb) were positively associated with EWFR formation
supporting previous findings that early cambial reactivation in-
creases the probability that trees experience and record late spring
frosts. Despite their low abundance, EWFR were observed more
frequently in the 20th-century period compared to the 6th-century
period. In contrast to EWFR, LWFR have been associatedwith both a
delayed start of cambial activity and a cooler than average growing
season delaying tracheid maturation, thus increasing the risk of
frost damages in the late growing season (LaMarche and
Hirschboeck, 1984; Brunstein, 1996; Montw�e et al., 2018).

Latewood FR were often associated with the same individual or
other nearby trees recording BR in the same year. In contrast, BR
were often recorded without a corresponding LWFR being recor-
ded. This indicates that cool growing seasons were not always
associated with cold air intrusions leading to sub-freezing tem-
peratures in the late growing season and the formation of LWFR.
The lack of independence between BR and LWFR years suggests
that both anomalies result as a response to the same or a very
similar cause: A climatic system that generates cool late springs,
cool summers and cool early falls. In these years, the location of a
tree with regard to the topographical gradient (mainly elevation)
determines which P. longaeva trees will record a BR, punctuated or
not by a LWFR, i.e., if prolonged sub-freezing temperatures are
encountered. Our results support previous findings indicating that
LWFR are associated with years with a cool late spring, a cool
summer and a cool early fall (LaMarche and Hirschboeck, 1984;
Brunstein, 1996; Barbosa et al., 2019). The weather conditions
leading to the LWFR of 1965 have been well described (LaMarche
and Hirschboeck, 1984; Brunstein, 1996; Barbosa et al., 2019) and
will not be further discussed.

Our results also indicated a lack of significant differences be-
tween tracheid features measured in BR and LWFR years except
that the latter clearly showed macroscopic damages resulting from
late growing season frosts at the time tracheids are differentiating.
The frost events leading to LWFR may also have prevented normal
subsequent tracheid differentiation, thus accentuating the pres-
ence of under-lignified tracheids. Generally, a band of under-
lignified and crumpled tracheids is observed as part of a FR
(Glerum and Farrar, 1966). In Monterey Pine (Pinus radiata (D.
Don)), Donaldson (1992) also noted poor differentiation of



Fig. 5. Modeled surface daily temperatures from May 1st, 1836 to September 30th,

2015 (see section 2.4.1 for details). The black line is the daily mean for the entire period
and the red lines indicate the years 1965, 1978 and 1982 (top to bottom). Note the
severe September freezing episodes in 1965 and 1978. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this
article.)
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latewood tracheids associated with FR formation. In this study,
latewood secondary wall thickness in both BR and LWFR years
differed significantly from years with “normal” tree rings and the
comparative tracheidograms produced were similar to those found
in LR studies (Gindl, 1999; Gindl and Grabner, 2000). The same
general departure in latewood cell wall thickness was observed
when compared to “normal” tree rings with no differences in
lumen diameter. Unfortunately, no previous BR studies to our
knowledge have provided tracheid cell wall measurements.

In P. longaeva, BR looked very similar to the incompletely
differentiated latewood tracheids described in silver fir (Abies alba
Mill.) by Gri�car et al. (2005; Fig. 1). Their samples collected in early
autumn (October 17th) presented blue-stained inner latewood wall
parts which were absent in samples collected in late autumn
(November 14th) which showed complete tracheid differentiation.
In P. longaeva, BR also look similar to the unspecified BR observed in
the latewood of P. aristata (Barbosa et al., 2019, Fig. 2). The BR in
P. longaeva were also similar to some photographs of BR in P. nigra
provided by Crivellaro et al (2018, Fig. 1) and in which the under-
lignified portion of the tracheid cell wall was mainly restricted to
the inner portion of the wall. Pinus longaeva BR also appear to be
more lignified than those presented in P. nigra (Piermattei et al.,
2015) in which solely the cell corners were lignified indicating a
premature interruption of lignification. We did not observe ligni-
fication occurring solely in the tracheid corners. Typically, tracheid
lignification begins at the cell corners in the middle lamella and S1
regions, eventually spreading across the secondary wall towards
the lumen after the formation of the S2 and S3 layers (Donaldson,
1992).
4.2. Blue rings and pale latewood (light) rings

Our results strongly suggest that BR and LR are representing the
same irregularity, perhaps presenting a gradient in tracheid lignin
content or in duration of tracheid differentiation leading to reduced
secondary wall thickness. Both anomalies are associated with
cooler growing season temperatures and reduced lignification of
latewood tracheids. All published BR studies have identified cool
growing season (early, entire or end) temperatures as the main
driver for the observed reduced tracheid lignification (Piermattei
et al., 2015; Semeniuc et al., 2016; Crivellaro et al., 2018; Montw�e
et al., 2018; this study). Cool growing seasons have also been
associated with the formation of LR in numerous coniferous species
(Szeicz, 1996; Gindl and Grabner, 2000; Gindl et al., 2000; Girardin
et al., 2009; Tardif et al., 2011; Montw�e et al., 2018). Light rings are
also characterized by reduced lignification of latewood tracheids
(Gindl and Grabner, 2000; Gindl et al., 2000). Interestingly, the
abnormally cool growing season conditions of 1965 that caused a
BR in P. longaevawere similar to those related to 1965 LR formation
in jack pine (Pinus banksiana Lamb.; Girardin et al., 2009, Fig. 3) in
central Canada. Both LR (Brunstein, 1995) and BR (Hughes et al.,
2016; this study) have been reported in bristlecone pine trees.
Brunstein (1995) defined LR in P. aristata as rings with fewer late-
wood cells than the surrounding rings leading to a narrow late-
wood ring. He also reported that LR and LWFR were co-occurring in
numerous years and he referred to various radii recording either a
LR or a LWFR. Similar to our findings, Brunstein (1995) reported
that in 536 and in 1965 both LR and LWFR were recorded (BR and
LWFR in this study).

It is worth noting that LR are more difficult to detect macro-
scopically in coniferous species producing thin latewood compared
to those producing thick latewood. Among Canadian boreal co-
nifers the demarcation between LR (pale latewood) and thin late-
wood years is unequivocal in species producing thick latewood
(e.g., P. banksiana and Larix laricina ((Du Roi) K. Koch), whereas
identification difficulties arise with species producing thin late-
wood (e.g., P. mariana and Picea glauca ((Moench) Voss)). In
contrast to boreal pine species, P. longaeva trees produce an
extremely narrow latewood band. Like in other studies (Baas et al.,
1986; Ziaco et al., 2016a) tree-ring width variations in P. longaeva
were mainly attributable to earlywood tracheids; latewood often
being composed of solely one or two cells (Mork’s definition of
latewood). Given that macroscopically identifying LR can present
difficulties in species producing thin latewood, it may prove
beneficial, in absence of more easily detectable LWFR, to assess if BR
are present. Both BR and LR are proxies for cool growing season
temperature with BR providing qualitative information about
lignification. It still remains unclear if BR and LR can provide
additional climate information compared to quantitative mea-
surement of lignin and/or latewood density. Their observation is
however less demanding in terms of costs, time and equipment.
Whenworking with species that produce little latewood it can also
be challenging to distinguish LR years from thin latewood years.
Future quantitative work aimed at deriving the differences be-
tween thin latewood rings and pale latewood rings (BR and LR
included) in P. longaevamay reveal that thin latewood years and LR
(BR) years provide different climate information.
4.3. Mid-6th and Late-20th century climate

Regional cool conditions in the 6th century are supported by the
observation that our LWFR chronologies concurred with Salzer and
Hughes (2007) who identified LWFR in 532, 536 and 574 in
P. longaeva trees from various mountain ranges in the western



Fig. 6. Composite maps derived for years showing earlywood frost ring (left panel), latewood frost rings (middle panel) and blue ring (right panel) chronologies. The maps represent
gridded monthly geopotential heights at 500 hPa level from NOAA-CIRES-DOE Twentieth Century Reanalysis (V3; NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, https://psl.noaa.gov/
) for May (upper), May to September (middle) and September (lower). The period of analysis is 1954e2006. The black square indicates position of the study area. The maps were
created using the Royal Netherlands Meteorological Institute (KNMI) Climate Explorer. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Table 3
Mann-Whitney U Test performed between the cell features identified as a blue ring
or a frost ring. The data included tree rings produced in 536 and in 1965 and for
which tracheids were classified as part of a blue ring or a frost ring.

Variables Blue Ring Frost Ring Pvalue

N 25 21 e

Tracheid No 6.09 ± 4.25 5.40 ± 3.56 0.581
Total Ring (%) 20.89 ± 12.71 17.69 ± 7.37 0.453
Lumen area (mm2) 194.01 ± 79.21 205.39 ± 72.09 0.597
Lumen diameter (mm) 10.63 ± 3.25 11.22 ± 3.53 0.589
Cell wall thickness (mm) 2.07 ± 0.41 2.00 ± 0.41 0.453
Cell tracheid ratio (%) 0.38 ± 0.24 0.36 ± 0.21 0.843
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United States. In our study, a LWFR (and BR) was also observed in
525. Salzer and Hughes (2007) also reported LWFR in 541 in the
White Mountains of California. The cluster of BR recorded in
539e542 suggests that cool temperatures prevailed through the
growing seasons during this extended interval. In fact, in the trees
growing in the mid-6th century more annual rings recorded solely
BR (without FR) in contrast to thewarmer mid-20th century (Salzer
et al., 2009). During the period centered on 1965, more EWFR were
observed likely indicating the occurrence of false springs and
earlier onset of radial growth and potentially longer growing sea-
sons. The positive association between EWFR and warm May
temperature supports these findings. Tree-ring width (number of
tracheids) in the 536 period was also narrower compared to the
1965 period. This reduced radial growth further suggests cooler and
shorter growing seasons, although it should be noted that the 536
trees were growing at slightly higher elevation. The tracheid lumen
area and lumen diameter were also reduced in tree rings from 536
compared to 1965. Ziaco et al. (2014a) also reported that P. longaeva
trees growing at higher elevation produced smaller cellular ele-
ments. Salzer and Hughes (2007) also observed a ring-with mini-
mum in 536. In addition to the 1941 and 1965 LWFR reported by
Salzer and Hughes (2007), we also observed LWFR in 1964, 1978
and 1982.

The formation of LWFR in P. longaeva trees has been associated
with outbreaks of polar air during the growing season with the
formation of a deep mid-tropospheric trough over the western
United States (LaMarche and Hirschboeck, 1984; Hirschboeck et al.,
1996). These findings are supported by our results. The study area
was significantly cooler during years recording BR and/or LWFR
(early, entire and late growing season) and results suggest the
persistence of troughs over the Great Basin region bringing cold
temperatures. A recent study of FR in P. aristata (Barbosa et al.,
2019) also associated LWFR formation to “large-scale advection of
cold air masses into the west-central United States”.

The presence of LWFR in high-elevation P. longaeva trees has

https://psl.noaa.gov/


Fig. 7. Standardized tracheidograms for years 536 CE (left panel) and 1965 CE (right panel) and comparing tracheid features in Pinus longaeva trees not recording anomalies (black
lines) and those recording either a blue ring, a frost ring or both (blue lines). The errors bars represent the standard error of the mean. The dotted line in G and H indicates the
transition from earlywood to latewood tracheids (average cell wall/lumen ratio >0.25). (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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been associated with volcanically-forced short-term cooling events
(LaMarche and Hirschboeck, 1984; Hallman, 2001; Salzer and
Hughes, 2007). In this study, years with a high frequency of BR
also coincided with the years of volcanic eruptions. The well-
studied “Dust Veil” period is known for three major volcanic
eruptions: 536 (unsourced eruption), 540 possibly Ilopango in El
Salvador (Sigl et al., 2015; Dull et al., 2019), or El Chich�on in tropical
Mexico, (Nooren et al., 2017), and 574 possibly Rabaul in New
Britain, (Sigl et al., 2015). These eruptions lead to global low irra-
diance and associated climatic cooling with possible major societal
impacts (Larsen et al., 2008; Sigl et al., 2015; Helama et al., 2018;
Büntgen et al., 2016; Toohey et al., 2016). The 6th century eruptions
are recorded in P. longaeva trees as narrow tree rings with
numerous BR and LWFR which, again, indicates cool growing sea-
son conditions. The climate that led to the production of both BR
and LWFR in 1965 has been associated with lagged cooling
conditions from the Mount Agung eruption (Indonesia) in 1963-64
(LaMarche and Hirschboeck, 1984); this was the largest and most
devastating eruption of the 20th century (Self and Rampino, 2012).
The 1978 tree-ring anomalies have not been associated with any
known large scale volcanic activity. As far as we know, BR and LWFR
in 1982 have not been previously linked to volcanic effects. How-
ever, the El Chich�on eruption in Mexico may be related to the
P. longaeva anomalies we found in that year. It erupted three times
between March 28 and April 4, 1982 (Tilling et al., 1984). As indi-
cated by Nooren et al. (2017), the 1982 El Chich�on eruption was the
most disruptive in modern Mexican history.

4.4. Environmental modulation of radial growth and tree-ring
anatomical variations

Our results indicated that slight changes in elevation (roughly
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100 m) were sufficient to modulate the climatic conditions leading
to P. longaeva trees recording or not a BR or a FR. Salzer et al. (2014)
established that small changes in elevation (less than 100 m) near
upper treeline can modulate the response of trees to climate,
shifting them from being temperature sensitive to precipitation
sensitive. Our BR and LWFR distributions across elevation indicate
that anomalies are associated with different groups of trees
depending on their position along the elevation gradient and on
local topoclimate. For example, we observed that the elevation
difference between trees recording and not recording a BR, a FR, or
both was generally about 90e100 m. In our sample set, 6th century
trees grew at a higher elevation than 20th century trees, and
despite fewer samples (n ¼ 12), trees recording a LWFR grew at a
higher elevation (p < 0.1).

While our objective was not to assess the overall damage to
trees from frost events and cool summers near the altitudinal
treeline, BR and lignin deficit studies suggest that reduced lignin
content in tracheids could lower embolism resistance and affect the
safety of water transport and wood mechanical properties in trees
(Crivellaro et al., 2018; Pereira et al., 2018). Increased porosity of the
S3 layer associatedwith reduced lignin content could also affect the
barrier between the lumen and the rest of the cell wall potentially
increasing the spread of pathogens in trees (Donaldson, 1987). The
direct impact of sub-freezing temperatures (and cooler growing
season temperatures) at a time trees are physiologically active may
affect photosynthesis inducing needle loss, death of developing
shoots and mortality (Lamontagne et al., 1998). In addition to the
direct physiological response, subfreezing temperature may also
physically damage trees. Hiratsuka and Zalasky (1993) conducted a
thorough review of potential damages associated with tempera-
tures below freezing, alternation of freezing and melting, and
accumulation of ice glaze and snow on trees. These climatically-
related damages to trees may add to the complexity of the
climate response in mountain environments and along short
elevation gradients. For dendroclimatic studies, these elements
related to elevation and topoclimate could influence the temporal
stability of response to climate in trees growing fairly closed to each
other and considered growing in a uniform setting.

Results from our study further support the proposition that
relatively small differences in location (topographical setting) will
influence the “local climate” experienced by trees which could
potentially lead tomixed-climate signals in mean site chronologies.
We observed that the impact of temperature may be observed at
various elevations depending on the yearly climate, thus compli-
cating the response of P. longaeva trees over short altitudinal gra-
dients (100m). Our findings, in additions to those of Salzer et al.
(2014), suggest that “signal dilution” in mountain environments
may occur at a much finer spatial scale than previously recognized.

5. Conclusion

Our results provide a better understanding of how environ-
mental conditions such as topography and climate can modulate
xylem formation in P. longaeva trees and the resulting tree-ring
anatomical features. This information can, in turn, be used to gain
information about past environmental conditions in which the
trees grew. Our results re-emphasize the fact that the mid-6th
century and the mid-20th century were characterized by some
years with cool growing seasons leading to trees recording both BR
and LWFR in their annual rings. Trees growing in the mid-6th
century period recorded more BR years than 20th century trees
and the 6th century set of BR recorded from 539 to 542 indicates
consecutive cool growing seasons. The main tracheid feature that
allowed BR and LWFR to be distinguished from “normal” rings was
the noticeable reduction in latewood cell wall thickness; late
growing season cellular damages from frost were only perceptible
in FR. In both anomalies this reduction and lack of lignification
presumably resulted from a late growing season start and a cool
summer with an associated interruption of tracheid differentiation
(lignification) in the late growing season due to cool temperatures
affecting the rate and duration of cell wall deposition. All years that
recorded LWFR also had at least one tree recording BR in that year.
In years without late growing season frosts, trees recorded only BR
in that year. Elevation and topoclimate were found to modulate the
formation of these two anomalies. More research is needed to study
the impact of reduced lignification and frost damages along short
elevation gradients in regards to the temporal stability of the
climate proxy provided by tree rings. Further, our results suggested
that BR (microscopic) and LR (macroscopic) anomalies may origi-
nate from the same climate conditions which cause reduced
lignification of the latewood tracheids. The vocabulary used to
describe tree-ring anomalies at the macroscopic and microscopic
scales may need to be re-examined and standardized to avoid
confusion. Lastly, macroscopic distinction between thin latewood
rings and LR in tree species producing narrow latewood like
P. longaeva is challenging andmay rendermicroscopic investigation
of BR inevitable in climate proxy studies especially in absence of FR.
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