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a b s t r a c t

Linked to major volcanic eruptions around 536 and 540 CE, the onset of the Late Antique Little Ice Age has
been described as the coldest period of the past two millennia. The exact timing and spatial extent of this
exceptional cold phase are, however, still under debate because of the limited resolution and geograph-
ical distribution of the available proxy archives. Here, we use 106 wood anatomical thin sections from 23
forest sites and 20 tree species in both hemispheres to search for cell-level fingerprints of ephemeral
summer cooling between 530 and 550 CE. After cross-dating and double-staining, we identified 89
Blue Rings (lack of cell wall lignification), nine Frost Rings (cell deformation and collapse), and 93
Light Rings (reduced cell wall thickening) in the Northern Hemisphere. Our network reveals evidence
for the strongest temperature depression between mid-July and early-August 536 CE across North
America and Eurasia, whereas more localised cold spells occurred in the summers of 532, 540–43, and
548 CE. The lack of anatomical signatures in the austral trees suggests limited incursion of stratospheric
volcanic aerosol into the Southern Hemisphere extra-tropics, that any forcing was mitigated by
atmosphere-ocean dynamical responses and/or concentrated outside the growing season, or a combina-
tion of factors. Our findings demonstrate the advantage of wood anatomical investigations over tradi-
tional dendrochronological measurements, provide a benchmark for Earth system models, support
cross-disciplinary studies into the entanglements of climate and history, and question the relevance of
global climate averages.
� 2022 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

With the brief title ‘‘Mystery cloud of AD 536”, Stothers [1] trig-
gered an enduring quest to understand the relationships between
volcanism, climate, and history in the mid-6th century CE. In his
pioneering work, the astronomer and planetary scientist drew on
observations of solar dimming recorded by Byzantine writers to
infer the presence of stratospheric volcanic aerosol. His interpreta-
tions were substantiated by subsequent studies of Greenland ice
cores, which confirmed the volcanic origin of the ‘‘mystery cloud”
and further revealed that it was succeeded, just four years later, by
another stratospheric sulfate aerosol veil [2]. The later event in
circa 540 CE has been linked to an eruption of Ilopango in El Sal-
vador, Central America, consistent with the tropical location sug-
gested by a pattern of sulfur deposition in bipolar ice cores [3],
though this attribution has been disputed [4]. Ice core evidence
points to a Northern Hemisphere extra-tropical volcano as source
of the circa 536 CE dust veil [2].

The two eruptions are implicated in the strongest summer cool-
ing over much of the Northern Hemisphere in the Common Era [5–
7], as revealed by several tree ring-based growing season temper-
ature reconstructions and corroborated by coupled aerosol-climate
model simulations [8]. With a mean and median of �1.54 and
�1.34 �C and a range of �0.38 to �3.36 �C with respect to the
1961–1990 mean (Fig. 1a, b), a community-driven ensemble of
15 state-of-the-art dendroclimatological reconstructions assigns
536 CE to the coldest boreal summer of the Common Era [7]. It
defines the onset of the so-called Late Antique Little Ice Age (LALIA)
(Fig. 1c, d), which persisted up to the mid-7th century [5], at least
in central Europe and inner Eurasia. Independent lines of archaeo-
logical, climatological, environmental, and historical evidence have
substantiated the LALIA concept and brought refinements to its
chronology [6–18]. The cluster of exceptionally cold summers at
the onset of the LALIA in the 530s and 540s coincides with harvest
failures, famines and pestilence spanning at least Mesoamerica and
northern North America, Europe including the British Isles and
Scandinavia, the Mediterranean, inner Eurasia, and large parts of
China [1,2,5,19–24].

Among the historical events that may relate to the LALIA are
[5]: (1) the outbreak of the Justinianic Plague between 541 and
543 CE across the Later Roman (Byzantine) Empire. (2) The demise

of the Northern Wei Dynasty in the 530s CE, which was followed
by a series of short-lived Chinese dynasties. (3) The replacement
of the Rouran in the early-550s CE as the dominant steppe power
across inner Eurasia by the Türks, who went on to defeat the Avars
and the Hephthalite Huns in the following decade, took control of
the trading towns of the Sogdians, and initiated exchanges with the
Persian Empire that brought central Asian silk to Persia. (4) The
arrival of at least two ethnic groups north of the Black Sea and Pan-
nonia, which engaged in diplomatic relations but also military con-
flict with the Romans, possibly playing a role in the Lombards’
invasion of Italy in 568 CE (see [5] for further details). It should
be further noted that much of Scandinavia and the Baltic countries
witnessed an unprecedented shift in settlement locations and a
population decline of up to 50% in the mid-6th century [25]. It
has also been argued that this period coincides with a demographic
collapse of the Maya civilisation in Mesoamerica in the early 540s
associated with the Tierra Blanca Joven eruption of Ilopango vol-
cano in El Salvador [3]. We do not suggest these historical episodes
are a direct consequence of the LALIA but do argue that it should be
considered as an environmental factor embroiled with other
chance factors along with political and economic conditions that
shaped the course of history in this period [26].

While some consensus is forming around the concept of the
LALIA, its exact timing and spatial extent are still debated
[27,28]. The declining quality and quantity of annually resolved
and absolutely dated climate proxy archives before medieval times
[29,30], and the biological memory in tree-ring width measure-
ments (that usually also reflect average growing season conditions
rather than sub-seasonal extremes) [31] challenges proxy-model
comparisons [32–35]. This has implications for our understanding
of the relative contributions of external climate forcing versus
internal climate dynamics [36,37], and for cross-disciplinary inves-
tigations into the entanglements of past climate variability and
changes in human society (including the devastating ecological,
agricultural, and societal effects of ephemeral cold spells) [38–40].

In seeking to provide a more nuanced picture of the spatial and
temporal characteristics of the onset of the LALIA, we present here
more than one hundred double-stained wood anatomical thin sec-
tions from temperature-sensitive forest trees that grew in five con-
tinents between 530 and 550 CE. We focus the microscopic
assessment of our global network on the identification and inter-
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pretation of three different types of precisely dated cell-level
responses to distinct cold spells: Blue Rings (BRs), Frost Rings
(FRs) and Light Rings (LRs) [41–50]. BRs signify reduced cell wall
lignification, whereas FRs contain deformed and/or collapsed cells
that may occur at any point in time during the growth period, and
LRs refer to unusually thin cell walls in the latewood zone. All three
anatomical features are considered a reflection of short-term, sub-
seasonal cold spells rather than average growing season conditions
that are usually captured by more traditional dendrochronological
measurements, such as ring width and wood density. Finally, we
describe intra- and interannual, as well as regional to large-scale
patterns in the occurrence of anatomical responses and discuss
their potential climatological implications in the context of the
coldest episode of the past two millennia, the onset of the LALIA.

2. Materials and methods

We compiled 106 absolutely dated wood samples from living
and relict trees that grew at 23 high-elevation and high-latitude
sites in both hemispheres (Fig. 2a). Each sample continuously cov-
ers the period 530–550 CE. The annual dating precision of most of
the 23 tree-ring chronologies has been confirmed independently
by the detection of globally coherent cosmogenic radiocarbon
spikes in 774 and/or 993 CE [51]. Including 20 different species
from ten genera and ranging from 1 to 16 trees per site (Table 1),
our network spans an elevational gradient from near sea level in
Alaska, Northern Ireland, Siberia, and New Zealand to 3870 m asl
on the Tibetan Plateau in China (Table 1 and Fig. 2a). The dataset
not only contains a wide range of biogeographic settings from tem-
perate and boreal forest regions, but also represents different wood
anatomical traits (Supplementary materials online) [52–54]. After
cross-dating and quality control of each radial stem piece, rice
starch was used to stabilise cell walls before thin sections were
cut with a WSL-lab microtome [55]. The resulting � 15 lm thin

sections were bleached with sodium/potassium hypochlorite to
decolour cell walls and remove undesired cell content. A 1:4 blend
of Safranin and Astra Blue was then used to stain lignified cell walls
red and less-lignified cell walls blue [47]. The resulting 106 double-
stained thin sections were repeatedly rinsed with water and etha-
nol at increasing concentrations, and finally embedded in glycerol
under cover glasses. A high-magnification compound microscope
was used to record the occurrence of BRs, FRs, and LRs (Fig. 2b),
and produce high-resolution images (Figs. S1–S3 online). Ring
widths between 530 and 550 CE were then measured on the same
thin sections (Figs. S4 and S5, and Table S1 online).

3. Results

A total of 108 wood anatomical responses to abrupt cold spells
are found in 20 out of 21 years between 530 and 550 CE, at 15 out
of 17 high-elevation or high-latitude sites in the Northern Hemi-
sphere (Table 1). The only year in which no cell-level anomaly is
found is 547 CE. Moreover, BRs, FRs and LRs are entirely missing
at two maritime sites in Alaska and Northern Ireland (S1 and
S11). Notably, no sign of ephemeral cooling is detected in any of
the six sites and five species from the Southern Hemisphere. Fol-
lowed by one LR in 530 CE in north-eastern Siberia (S17) and one
BR in 531 CE in north-western Siberia (S15), three high-elevation
sites in the western USA (S4–S6) reveal the first sign of an abrupt
regional summer cooling event in 532 CE (Fig. 3a). Between one
and two LRs are found in 533, 534, and 535 CE in north-eastern
Siberia (S17) and the Altai Mountains (S18). Five out of seven sites
in North America (S2–S6), two out of four sites in Europe (S12 and
S14), and five out of six sites in Siberia and inner Eurasia (S16–S19)
exhibit BRs in 536 CE (Figs. 3a, b and 4). In the same year, two and
eight sites in the Northern Hemisphere contain FRs and LRs,
respectively. Two sites in the western USA (S7) and north-
western Siberia (S15) that do not show a BR in 536 CE exhibit a

Fig. 1. Temperature variability and volcanic activity. (a) Ensemble of 15 slightly different Northern Hemisphere summer temperature reconstructions from 0 to 2016 CE [7],
together with their mean and median (orange and red); (b) a closer look into temperature changes at the onset of the LALIA between 530 and 550 CE. (c) Estimated Northern
Hemisphere extra-tropical Stratospheric Aerosol Optical Depth (SAOD) from 0 to 2016 CE [9], with the largest known volcanic eruptions named; (d) a closer look into
cumulative volcanic sulphate flux between 530 and 550 CE [10], with the light brown bar referring to the Southern Hemisphere.
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Fig. 2. Wood anatomical network. (a) Location of 23 sampling sites of 20 different species from ten genera in both hemispheres (see Table 1 for details), separated into 12
high-latitude, low-elevation sites < 580 m asl and 11 mid-latitude, high-elevation sites between 1900 and 3870 m asl (triangles and circles), with symbol sizes referring to the
number of samples ranging from 1 to 16 cores or discs per site. (b) The three main wood anatomical responses to abrupt growing season cooling between spring and autumn:
a Blue Ring (BR; lack of cell wall lignification), Frost Ring (FR; cell deformation) and Light Ring (LR; reduced cell wall thickening), formed in 536 CE (black dots) in larch (Larix
sibirica), pine (Pinus aristata) and larch (Larix sibirica) trees in the Altai, Arizona, and Yamal (there is also a LR in 537 CE in the Yamal sample), respectively.

Table 1
Network characteristics.a)

Code Site Latitude Longitude Elevation (m asl) Main species Samples Blue Rings Frost Rings Light Rings

S1 Tebenkof Glacier, USA 60.75�N 148.50�W 50 Tsuga mertensiana 4 0 0 0
S2 Glacier Bay, USA 58.60�N 136.55�W 500 Picea stichensis 16 5 (1.5%) 0 1 (0.3%)
S3 Northern Quebec, Canada 54.60�N 70.30�W 580 Picea mariana 4 10 (11.9%) 0 10 (11.9%)
S4 Mt Washington, USA 38.90�N 114.30�W 3400 Pinus longaeva 8 16 (9.5%) 0 0
S5 Sheep Mt, USA 37.55�N 118.20�W 3500 Pinus longaeva 4 7 (8.3%) 0 0
S6 San Francisco Peaks, USA 35.30�N 111.65�W 3530 Pinus aristata 4 9 (10.7%) 2 (2.4%) 0
S7 Chicken Spring Lake, USA 34.45�N 118.20�W 3450 Pinus balfouriana 2 3 (7.1%) 0 0
S8 El Asiento, Chile 32.65�S 70.80�W 1940 Austrocedrus chilensis 2 0 0 0
S9 El Cepillo, Chile 34.55�S 70.55�W 2000 Austrocedrus chilensis 2 0 0 0
S10 Rio Alerzal, Argentina 42.75�S 72.00�W 550 Fitzroya cupressoides 6 0 0 0
S11 Northern Ireland, UK 54.75�N 6.95�W 10 Quercus sp. 5 0 0 0
S12 N Scandinavia, Finland 67.20�N 25.15�E 300 Pinus sylvestris 2 5 (11.9%) 1 (2.4%) 4 (7.1%)
S13 Austrian Alps, Austria 47.25�N 11.60�E 2050 L. decidua, P. cembra 2 0 0 1 (2.4%)
S14 Italian Alps, Italy 46.30�N 10.85�E 1950 Larix decidua 10 7 (3.3%) 0 11 (5.2%)
S15 Yamal, Russia 67.40�N 70.10�E 30 Larix sibirica 5 10 (9.5%) 0 15 (14.3%)
S16 Taimyr, Russia 72.50�N 102.60�E 10 Larix gmelinii 6 7 (5.6%) 0 10 (7.9%)
S17 Indigirka, Russia 65.30�N 143.15�E 400 Larix cajanderi 5 1 (1.0%) 1 (1.0%) 23 (21.9%)
S18 Altai, Russia 50.60�N 86.20�E 2200 Larix sibirica 9 4 (2.1%) 4 (44%) 19 (10.1%)
S19 Sol Dav, Mongolia 48.30�N 98.95�E 2420 Pinus sibirica 2 2 (4.8%) 1 (2.4%) 0
S20 Tibetan Plateau, China 37.30�N 97.45�E 3870 Juniperus przewalskii 1 3 (14.3%) 0 0
S21 Mt Read, Tasmania 41.80�S 145.40�E 570 Lagarostrobos franklinii 5 0 0 0
S22 North Kaipara, New Zealand 36.10�S 174.00�E 50 Agathis australis 1 0 0 0
S23 Oroko Swamp, New Zealand 43.25�S 170.30�E 120 Manoao colensoi 2 0 0 0

a) Name, location and elevation, main species, sample size, as well as the total number and percentage of detected Blue Rings (BRs), Frost Rings (FRs) and Light Rings (LRs)
between 530 and 550 CE (inclusive) of each of the 23 sites in both hemispheres (S1–S23). Sites are ordered from northwest to southeast.
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BR the year after, together with another two FRs and six LRs in 537
CE in North America and Eurasia. One BR (S12) and three LRs (S14,
S15, and S17) are found in Europe and Siberia in 538 CE, and one BR
(S16) and two LRs (S17 and S18) are found in Siberia in 539 CE.
Dominated by sites in North America (S2–S7), the next cluster of
four and six BRs is centred on 540 and 541 CE (Figs. 3a and 4),
and supplemented by a total of five LRs in these consecutive years.
One BR and FR each, and two LRs are found in 542 CE, followed by
three BRs (S5, S15, and S20) and two LRs (S15 and S17) in 543 CE.
Another cluster of three BRs and three LRs in North America and
Eurasia dates to 548 CE (Figs. 3a and 4).

The overall lack of wood anatomical responses in Southern
Hemisphere trees is remarkable because these species have been
reported to exhibit BRs, FRs, and LRs in response to ephemeral cold
spells (see Supplementary materials online). Our sub-seasonal
resolved, wood anatomical evidence is consistent with the mean
growing season ring width in the corresponding tree-ring
chronologies (Fig. 3b), which suggest the strongest growth depres-
sions across the Northern Hemisphere occurred in 536 and
between 542 and 546 CE. Reflecting boreal summer conditions,
the 17 individual site chronologies from North America and Eurasia
exhibit exceptional year-to-year and decadal coherency, with a
grand average inter-series correlation of 0.4 between 530 and
550 CE (Figs. S4 and S5 online). However, the tree-ring width
chronologies from the Southern Hemisphere have no variance in
common. The most distinct growth suppressions in the Southern
Hemisphere are related to the seasonal means between September
and March in 532/3, 540/1, and 547/8 CE (Fig. 3b and Fig. S5b
online).

The intra-annual timing of the three anatomical responses sug-
gests a Northern Hemisphere-wide cold spell in 536 CE that likely
peaked between mid-July and early-August (Fig. 5 and Figs. S1–S3

online). In the summer of 536 CE, 14 sites exhibit a total of 22
anatomical responses to cold. In 537 CE seven sites exhibit ten
anatomical responses to cold. In both 540 and 541 CE six sites exhi-
bit seven anatomical responses to cold, and in 548 CE five sites
exhibit six anatomical responses to cold. Over the entire 21 years
analysed between 530 and 550 CE, the Northern Quebec site (S3)
and the Indigirka site (S17) contain the highest number of anatom-
ical responses (Table 1 and Fig. 5), followed by sites in Alaska and
Arizona (S2 and S6), the Italian Alps (S14), Yamal (S15) and the
Altai (S18). A closer look into the species- and site-specific charac-
teristics of the observed 89 BRs suggests that all of them were
probably triggered by short cold spells at the end of growing sea-
son when the formation of tracheids was terminated, and the cam-
bium was inactive (as previously described [47]). Similarly, all 93
LRs refer to the end of the growing season, and all FRs occurred
well into the boreal growing season, after the formation of early-
wood tracheids. Referring to different intensity levels of cell defor-
mation and collapse, the nine FRs are characterised by banded rays,
callus cells, and non-lignified tracheids (see Supplementary mate-
rials online for species-specific wood anatomical descriptions).

4. Discussion and conclusion

Using cell-level information from 106 trees in both hemi-
spheres, this study represents the first large-scale wood anatomi-
cal perspective on the spatiotemporal occurrence of ephemeral
cold spells in the mid-6th century. Our sub-seasonal insights into
the onset of the LALIA between 530 and 550 CE are usually not
offered by more traditional dendrochronological parameters
(Fig. 1a, b), which are known to integrate longer growing season
conditions between spring and autumn [5–7], and often contain

Fig. 3. Wood anatomical and dendrochronological responses. (a) Temporal distribution of Blue Rings (BRs), Frost Rings (FRs), and Light Rings (LRs) between 530 and 550 CE
(see Table 1 and Fig. 1 for the individual site codes). (b) Double-stained Pinus sylvestris thin section from Northern Scandinavia (S12), which covers 530–550 CE and reveals a
distinct BR in 536 CE. (c) Tree-ring width (TRW) measurements averaged over 17 sites (84 trees) in the Northern Hemisphere (green line) and six sites (15 trees) in the
Southern Hemisphere (orange line). The individual raw TRW series were normalized to have a mean of zero and a standard deviation of one over 530–550 CE (see Fig. S5
online for the individual site chronologies). Since the seasonal formation of secondary cell walls in the extra-tropics of the Southern Hemisphere starts in the boreal autumn of
a given year and ends in the boreal spring of the following year, austral tree-ring series should lag rather than precede those from the Northern Hemisphere by approximately
six months.
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biological memory that damps interannual variability [31].
Although wood formation of all 20 species used here is largely sen-
sitive to changes in growing season temperature (Figs. S1–S3
online), ring porous oak samples from Northern Ireland were not
found to exhibit any BR. However, material from this site was
included in our study because it had provided the first den-
drochronological evidence for distinct summer cooling in 536 CE
[19], which was described as a widespread dust-veil event associ-
ated with one or several large volcanic eruptions. This pioneering
study also engaged with archaeological and historical records
and set an agenda for the ice core community [2,8–10,56]. Inde-
pendent dendrochronological and wood anatomical signs of the
cold spell in 536 CE were later reported from high-elevation Pinus
sp. sites in the western USA [45,50], and from high-elevation or
high-latitude Larix sp. and Pinus sp. sites in the Austrian Alps, the
Russian Altai, Mongolia, northern Scandinavia, and Siberia
[5,6,57–59].

With a total of 108 anatomical responses in 20 years at 15
extra-tropical sites in the Northern Hemisphere (Table 1), wide-

spread evidence for ephemeral cooling during the boreal growing
seasons of 536–537, 540–543, and 548 CE not only exceeds the
sporadic background noise of BR and LR occurrence of up to two
cases per year (Fig. 3a), but also coincides with the timing of sulfur
fallout recorded in ice cores (Fig. 1d). Notably, FRs occur only in
536, 537, and 542 CE in the western USA, northern Scandinavia,
and Mongolia (Figs. 2 and 3). The frequency and intensity of the
observed anatomical responses to cold extremes at the onset of
the LALIA appears particularly high when contrasted against the
378 individual tree rings from the Southern Hemisphere that do
not exhibit a single sign. The distinct wood anatomical signatures
for repeated Northern Hemisphere cold spells are somewhat
reflected in the corresponding tree-ring width series (Fig. 3c and
Fig. S5 online). The only year that is equally strongly captured by
our wood anatomical and dendrochronological data is 536 CE.

The geographical patterns of the three major cold spells across
the Northern Hemisphere extra-tropics reveal the widespread nat-
ure of the 536-event (Fig. 4), which seems to prolong into 537 CE
mainly at two sites in the western USA (S7) and north-western

Fig. 4. Spatial wood anatomical responses. Spatial distribution of Blue Rings (BRs; dark blue fillings), Frost Rings (FRs; blue frames) and Light Rings (LRs; light blue vertical
lines) in the most affected years between 536 and 548 CE across the Northern Hemisphere extra-tropics, where only two maritime sites in Alaska (S1; Tsuga mertensiana) and
Northern Ireland (S11; Quercus sp) do not exhibit wood anatomical anomalies.
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Siberia (S15) where BRs are not found in 536 CE. Comparison of the
patterns of 536/7 and 540/1 CE hint that the first event occurred
slightly earlier in the growing season or was shorter (between
mid-July and early-August), whereas cooling of the second event
extended further into the succeeding year (or at least its effect
on cell wall lignification). The intra-annual timing of the
volcanically-induced radiative forcing and subsequent cooling in
536 CE could be associated with ancient eyewitness records of a
solar dimming [5,17,19].

Although the spruce and larch sites in north-eastern Canada
(S3) and north-eastern Siberia (S17) exhibit the highest number
of anatomical responses to severe ephemeral cooling in 536/7,
540/1, and 548 CE (Figs. 3–5), their remote locations do not allow
for any straightforward comparison with archaeological or histor-
ical records from the same locations. Nevertheless, we consider our
findings a useful groundwork for deeper and more chronologically
precise investigations into the volcano-climate-human nexus. For
instance, the absence of wood anatomical responses at all six sites
in the Southern Hemisphere (S8–S10 and S21–S23) suggests the
LALIA was not a global event and its onset was possibly triggered
by large volcanic eruptions in the Northern Hemisphere extra-
tropics. Our findings further imply that the repeated regional- to
large-scale cold spells between 532 and 548 CE were possibly mit-
igated by the vast oceans of the Southern Hemisphere. In this
regard, we note also the lack of cooling signs at two maritime
Northern Hemisphere sites in Alaska (S1) and Northern Ireland
(S11). It could also be that rapid cooling occurred outside the aus-
tral growing season. In any case, the absence of anatomical
responses in South America and Australasia is consistent with a
generally muted signal of volcanic forcing in the Southern Hemi-
sphere [60,61], which implies conceptual and methodological chal-
lenges of global climate averages.

The compilation of well-preserved and absolutely dated wood
samples from the first half of the Common Era is challenged by a
general lack of data prior to medieval times and inadequate archiv-
ing of relevant material that often originates from field campaigns
conducted decades ago, with important metadata since lost [40].
With only six sites distributed across Chile, Argentina, Tasmania,
and New Zealand, and no samples from Africa, our network is
clearly biased towards the Northern Hemisphere extra-tropics
(Fig. 2a). It should be further noted that site-specific sample size
ranges from 1 to 16 trees, with a mean of 4.6 wood pieces from
any given location (Table 1). In addition to the network’s geograph-
ical bias and variability in sample replication, our site- and species-
specific estimates of growing season lengths, which may range
from a several weeks to almost half a year (Fig. 5), must be consid-
ered with caution. With approximately six weeks frommid-June to
the end of July on the Taimyr Peninsula in northern Siberia (S16),
and with up to six months from May to October in Northern Ire-
land (S11), the individual growing seasons not only vary substan-
tially, but can also change from year-to-year by several days to
weeks [62]. The relative early endings of xylogenesis at high-
elevations in the western USA and high-latitudes in northern
Siberia may partly explain why BRs at two sites were not formed
in 536 CE but a year later (S7 and S15).

Moreover, the timing, intensity and duration of cold spells
needed to trigger BR formation remain unclear [46–50], because
of the yet unknown proportions of cell wall lignin, cellulose and
other polysaccharides that are likely also affected by thermal con-
ditions [63]. Although the concept of a cold threshold regulating
biosynthesis of plant cell wall cellulose and hemicellulose is gener-
ally known, the biotic and abiotic drivers of lignin formation
remain uncertain. Moreover, the eco-physiological and biochemi-
cal factors and processes relevant for plant cell wall lignification

Fig. 5. Intra-annual wood anatomical responses. Occurrence and timing of Blue Rings (BRs; dark blue frames), Frost Rings (FRs; blue frames) and Light Rings (LRs; light blue
horizontal lines) within and between in the most affected years between 536 and 548 CE across the Northern Hemisphere extra-tropics, where only two maritime sites in
Alaska (S1; Tsuga mertensiana) and Northern Ireland (S11; Quercus sp.) do not exhibit wood anatomical anomalies. The green horizontal bars refer to the site- and species-
specific individual growing season lengths (see Table S1 online for details), and superimposed are the estimated timings of BRs, FRs and LRs. Figures at the top and bottom
(and right) refer to the number of sites (or years) in which one or more anatomical responses were found and the total amount of anatomical responses per year (or per site).
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are highly complex and still under debate [64]. Future research
should therefore explore the thermal limits of biosynthesis within
different cell wall components to unravel the factors responsible
for xylogenesis and lignin formation. Performed either under con-
trolled laboratory or open field experiments, such studies should
consider plant stem anatomical analyses of different cell functional
types across the largest trees and smallest herbs to quantify the cli-
matic controls of BRs within and between species and lifeforms.
For example, mutants of the model plant Arabidopsis thaliana (L.)
Heynh with and without the expression of lignin-relevant key
enzymes could be used to investigate the biochemical basis for a
putative temperature threshold for lignin formation [65], and to
explore the ability of lignin to penetrate cell walls. Genetic control
of different types of lignin in plant cell walls is expected to provide
new insights into the potential and limitations of Safranin and
Astra Blue double-staining. A confocal fluorescence imaging
approach, applied to samples stained only with Safranin, is likely
to enable quantitative assessments of cell wall lignification in
BRs [66]. This could reveal variance in the level of cell wall lignin
between different BRs, from which one may infer further climatic
information beyond the rather simplified binary BR classification
used here and in most prior studies.

In conclusion, our study demonstrates the advantage of well-
replicated wood anatomical investigations over traditional tree-
ring measurements (i.e., ephemeral shocks versus growing season
integrals), and emphasizes the importance of double-stained thin
sections that reveal biochemical responses beyond anatomical
anomalies (i.e., BRs versus FRs and LRs). The improved archive res-
olution of our wood anatomical network will hopefully open new
pathways for cross-disciplinary investigations into the direct and
indirect relationships between volcanic eruptions, climatic
changes, and ecological and societal responses at sub-seasonal
timescales.
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