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Abstract

Frost and light rings of living and dead individuals of Siberian juniper (Juniperus sibirica Burgsd.) and Siberian larch (Larix
sibirica Ledeb.) growing at the upper (Polar Ural Mountains) and polar (Yamal Peninsula) tree lines in northwest Siberia have
been studied to reconstruct summer frosts and abrupt temperature declines during the second half of the growing season over the
past 1250 years. The most severe temperature events in both regions were in AD 801, 1109, 1259, 1278, 1466, 1601 and 1783.
Comparison of our data with data from other regions of the world shows that there is agreement in the timing of extreme
temperature events in AD 800—801, 1109, 1258—1259, 1453, 1466, 1585, 1601, 1783, 1884, 1912 and 1992 between several

regions. Most probably, these extremes have been caused by climatically effective explosive volcanic eruptions.
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1. Introduction

Extreme climatic events have a strong effect on the
state, functioning, and stability of ecosystems. At high
latitudes, they include frosts and multiday abrupt
temperature declines during the growing season. The
analysis of anomalous structures in tree rings provides
a promising method for reconstructing such events in
times before the advent of instrumental meteorologi-
cal observations. This is of particular importance in
the subarctic regions of Siberia and the Urals where,
in contrast to the situation in Europe, there are

* Corresponding author. Tel.: +7-343-2606494; fax: +7-343-
2606500.
E-mail address: rashit@ipae.uran.ru (R.M. Hantemirov).

0031-0182/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.palaco.2003.12.023

virtually no records of anomalous climatic events in
preinstrumental times.

Two types of microanatomical trace have been
used for the reconstruction of such short extreme
temperature events, namely, frost-damaged layer of
cells (frost rings) and thin-walled latewood cells (light
rings). A typical frost ring in a coniferous species
consists of underlignified, crumpled (deformed) tra-
cheids, collapsed cells, traumatic parenchyma cells,
and abnormal tracheids (Glerum and Farrar, 1966;
Schweingruber, 2001). Experimental studies (Glerum
and Farrar, 1966) and observations performed in
nature (e.g., Glock, 1951; Nilov and Chertovskoy,
1975; Stoeckli, 1996; Hantemirov et al., 2000) dem-
onstrated that frost rings appear when the air temper-
ature drops to subzero values during the period of
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cambial activity and xylem cell growth. It has been
shown (Nilov and Chertovskoy, 1975; Hantemirov et
al., 2000; Schweingruber, 2001) that soon after the
frost event, a typical frost ring may be formed, or
several rows of damaged (crushed) cells followed by
regenerating tracheids growing in an altered direction,
or a ring consisting only of deformed (distorted)
tracheids. The term ‘frost ring’ has, on occasion, been
applied to each of these structures.

Light rings contain thin-walled (i.e., incompletely
lignified) latewood cells. Such rings are formed in the
years with unfavourable conditions. In the subarctic
zone, light rings may be formed as a consequence
of cool and short summers, especially the second
half of the summer (Yamaguchi et al., 1993; Wang et
al., 2000; Gurskaya, 2000; Gurskaya and Davy,
2001).

2. Material and methods
2.1. Objects

Analyses of frost and light ring frequency have
been carried out on the wood of Siberian larch (Larix

sibirica Ledeb.) and Siberian juniper (Juniperus sibir-
ica Burgsd.).

Siberian larch growing at the upper and northern
limits of their range has been widely used in dendro-
climatic studies, because of the high sensitivity of
ring-width and wood-density chronologies to summer
temperature changes. Tree-ring structure in larch is
often broken by extreme weather conditions such as
frosts and abrupt temperature drops (Shiyatov and
Gorlanova, 1986; Knufinke, 1998; Gurskaya, 2000;
D’Arrigo et al.,, 2001). However, the sensitivity of
trees, including larch, to frost damage decreases with
increasing diameter of the tree and bark thickness (i.e.,
age) (Stoeckli, 1996; Gurskaya, 2002). Therefore,
frost rings are formed mainly in the central rings of
the stem.

Siberian juniper is a typical arctoalpine shrub with a
height of up to 1.0—1.5 m. An individual juniper bush
usually consists of several branches; branches can
form adventitious roots and old individuals are cush-
ion-like with a diameter of 2—3 m. Frost rings are the
most frequent anomalies in the wood of these northern
junipers (Hantemirov et al., 2000). It is important to
note that their frequency does not decrease with age, as
the juniper branches are covered by thin bark (no more

Fig. 1. Region of research. Areas in Polar Urals (1) and Yamal Peninsula (2) shown as grey circles.
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than 2—5 mm). Moreover, these branches are in the
surface air layer where frosts are more pronounced. On
the other hand, light rings are very rare in the wood of
Siberian juniper, in contrast to larch, because latewood
of this species is usually weakly developed, i.e.,
“light”. Therefore, rings that appear lighter than
normal are rare.

The oldest living larches in the north of Western
Siberia reach an age of 400—500 years. The oldest
living branches of Siberian juniper we found in the
Polar Urals were 840 years old. To prolong chronol-
ogies beyond the age of the oldest living larches and
junipers, samples from dead trees and shrubs have
been used. There is a large amount of dead-and-
down larches and junipers near and above the upper
limit of the open larch forest distribution (200—280
m above sea level) in the foothills of Chernaya
Mountain and the Rai-Iz Massif (eastern slope of
the Polar Urals), located in the area approximately at
66°48'N and 65°46'E (Fig. 1). In the southern Yamal
Peninsula, sandy alluvial deposits of Holocene age
contain a large amount of subfossil tree stem rem-
nants. By far, the greatest proportion of these trees is
made up of Siberian larch (95%). The collection of
subfossil wood samples in the southern Yamal Pen-
insula was carried out in the basins of small rivers
that traverse the plain located between 67°00 and
67°50'N and 68°30" and 71°00'E (Fig. 1).

2.2. Material

Several dozen samples from each site and each
species have been used for the analysis reported here
(Table 1). In the case of juniper, discs from the most
well-developed branch of each bush were selected.
For larches, mainly discs from stems have been used.
In the Polar Urals, increment cores from stems of

Table 2

Frequency of frost and light rings

Site Species Frost rings Light rings
Polar Urals  Juniperus sibirica 642 (2.2%) 60 (0.2%)

Larix sibirica 433 (0.8%) 5310 (9.8%)

337 (1.2%) 3667 (13.5%)

Fraction of total rings analyzed in this study shown in parentheses
(see Table 1).

Yamal Larix sibirica

living trees and discs from roots of dead larches have
also been used.

The determination of calendar dates of tree-ring
formation was carried out by cross dating with pre-
existing ring-width master chronologies. For dating
dead larches from the Polar Urals, the 1350-year-long
chronology developed by Shiyatov (1986, 1995) was
used. For dating junipers from the same site, the 1359-
year-long chronology by Shiyatov et al. (2002), and for
larches from Yamal, the 4000-year-long chronology by
Hantemirov (2000), and Hantemirov and Shiyatov
(2002) have been used as master chronologies.

The evaluation of the relationship between the
formation of frost rings and light rings and climatic
parameters was based on the 117-year record of
meteorological observations from the meteorological
station at Salekhard (1883—-1999), which is situated
60 km southeast of the research area in the Polar Ural
Mountains and 150-200 km southwest of the re-
search area in the Yamal Peninsula (Fig. 1).

3. Results
3.1. Frequency of frost and light rings

The frequencies of different types of wood struc-
ture anomalies are shown in Table 2.

Table 1
Description of material used for analysis
Site Species No. of used samples Period covered Total rings
Living Dead Total n>4 analyzed
Polar Urals Juniperus sibirica 57 641-1999 988—-1999 28,711
Larix sibirica 148* 281° 643-1999 745-1999 54,044
Yamal Larix sibirica 13 644-1996 742-1996 27,112

? Including 138 increment cores.
® Including 133 discs from the base of roots.
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It was mentioned above that, in juniper, frost rings
can be formed throughout the life span of a branch.
This is the reason for the higher frequency of frost
rings in the wood of juniper in comparison with
larches. The greater frequency of frost rings in larch
from the Yamal Peninsula compared to those in the
Polar Urals can probably be explained by the greater
proportion of samples from young trees in the Yamal

material. This would be consistent with the tendency
for frost rings to be formed more frequently in young
wood in larch.

Analysis of the incidence of tree ring anomalies
revealed a somewhat “blurred” picture.

This results from there being many cases when
only one or a few trees showed frost or light rings.
Thus, 213 of the 1012 years (21%) studied have such
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Fig. 2. The proportion (%) of frost rings (bold part of bars) and light rings (thin part of bars) in the wood of juniper and larch from the Polar Ural

Mountains and Yamal Peninsula. The height of each band is 100%. The broken lines above bars show the replication.



R.M. Hantemirov et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 209 (2004) 155-164 159

a feature in at least one juniper specimen. In the case
of larch, this applies to 921 of the 1255 years (73%) in
the Polar Urals, and 890 of 1255 (71%) on the Yamal
Peninsula.

Frost or light rings may have been produced in one
or a few trees in a particular year as a result of those
individuals starting growth unusually early, and hence
being more susceptible to frost damage in spring.
Alternatively, they may result from the particular
microclimatic features of the sample site. To exclude
such “casual” frost and light rings we have applied
the following procedure. We have assumed that any
anomaly may occur by chance. We then calculated the
theoretical frequencies of binomial series by random
appearance of these anomalies within the observed
periods (1255 years for larches from Polar Urals and
Yamal and 1012 years for juniper). As a critical level,
we have considered the number of anomalies in one
year (for the given sample size) for which the
expected number of years with this amount of anoma-
lies (for the given length of chronology) is less than 1.
Years where the number of frost rings or light rings
reaches the critical value in at least one species or site
we considered to be “extreme”.

These years are shown in Fig. 2 and Table 3. The
chronology in Fig. 2 begins with AD 800, though
reliable larch data are available from 742, because in
the period from 742 to 800 there were no extreme
years.

The extreme years tend to co-occur in both species
and at the various sites. Although the sites are all
within approximately 200 km of one another, they
represent very different situations—mountains,
valleys and plains. Thus, the observed degree of
synchroneity in the frost and light rings suggests that
the climate phenomena causing them had at least a
regional extent.

3.2. Weather extremes responsible for the formation of
frost and light rings

Using daily air temperature data we have shown
(Hantemirov et al., 2000), that in Siberian juniper, the
presence of frost lesions in tree rings provides evi-
dence for frosts that occurred in late June or in the first
half of July. Frost rings that formed in 1891 appar-
ently resulted from a cold spell on July 5—7, which
was probably accompanied by frost on the soil sur-

face. In 1968, more strongly expressed frost lesions
formed in a significant number of junipers because
of frost (temperature below 0 °C) on the night of
July 10-11.

The frost rings in larch in our study areas of
research are formed by frosts occurring at the same
time of year, from June 20 to July 20 (Gurskaya,
2002). As to light rings, the comparison with meteo-
rological data indicates that formation of light rings in
the larch coincides with extreme low mean July—
August air temperature, i.e., during the middle and
end of summer (Fig. 3). Thus, Fig. 2 can be consid-
ered as a reconstruction of temperature extremes.

Although frost rings are almost always also light
rings, and are associated with cold periods, we cannot
exclude the possibility that they might be formed
independently in the same year.

4. Discussion

Frost and light rings may be related not only to
regional climate extremes, but also to global phenom-
ena. The occurrence of frost and light rings has been
shown to correspond fairly closely with cooling after
major volcanic eruptions (e.g., LaMarche and Hirsch-
boeck, 1984; Filion et al., 1986; Briffa et al., 1998).

It is impossible to conclude whether an event was
of global scale from data derived in one region.
Therefore, we have compared our data with the data
of other authors who have reconstructed the occur-
rence of such extreme cold events. Our aim was to
determine the spatial scale of the events. We com-
pared these records with the years in which we found
significant numbers of frost and/or light rings in our
materials (Table 3). As the climate effects of a
volcanic event often appear in 1 or 2 years after the
eruption and may have different lags in regions
remote from the volcano, we have also noted cases,
when the cooling in other regions was 1 year before or
after the extreme year in northwest Siberia. We
comment on several years in which many samples
form our collections show frost or light rings, and
place them in the context of other similar records.

The event of AD 800—801 resulted in frost or light
rings in almost all larch sampled from the Polar Urals
and Yamal Peninsula. Both samples of juniper from
the Polar Urals available for this period have frost
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Table 3
Dates of extreme years in northwest Siberia and other regions of the world
NwW Western | Eastern | NW NE Northern | NW Western | Eastern | NW NE Northern
Siberian | USA Canada | Canada | Siberia | Hemi- Siberian | USA Canada | Canada | Siberia |Hemi-
extreme | Pinus lon- | Picea Picea Larix sphere extreme | Pinus lon- | Picea Picea | Larix sphere
years gaeva & | mariana | glauca cajanderi years gaeva & | mariana | glauca | cajanderi
742-1999 | P. aristata 742-1999 | P.aristata
Frost Light Light Ring Latewood Frost Light Light Ring Latewood
rings rings rings width density rings rings rings width density
3435 BC —| 695 - 1186— 1400- 1400- 3435 BC —| 695 - 1186- | 1400- 1400-
1993 AD | 1994 1989 1994 1995 1993 AD | 1994 1989 1994 1995
(20 30 (20 (30
coldest | coldest coldest |coldest
years) years) years) years)
800 1548 +
801 +1 1560 -1
878 -1 1585 s + +
884 -1 +1 1601 his S + +
901 -1 1617 +
903 + 1631 -1 +
912 1634 +
972 +1 1666 -1 +
976 + 1677 i +
1004 -1 1679 +1 +1 +1
1032 -1 1683 +
1042 1699 +1 |-1 + -1 +
1051 + + 1717 +1 |-1 +
1077 + -1 1730 A 4 -1
1099 s + 1731
1109 + 1732 4 A +1
1172 -1 -1 +1 1745 +
1180 1757 +
1201 -1 +1 1783 +1 s s
1209 -1 +1 1797
1258 + 1799 +1 +
1259 +1 1811 +1
1278 +1 1857 +
1288 + 1862 A A
1312 -1 1867 -1 + +1
1328 +1 +1 1872 -1 -1
1342 -1 -1 1879 -1 -1
1350 1882 +
1354 +1 +1 1884 4 A I +*
1371 + 1885
1383 + -1 1891
1435 1912 3 + + +
1440 + -1 1916 +
1453 3 3 + 3 1917 +1 +
1455 + 1941 < A +
1457 4 + 1958 -1 +1
1466 A A 1968 -1 +1| -1 +1 +
1481 + -1 1970 -1 -1
1509 + 1978 + + +
1523 -1 1980
1531 + 1992 s 3 +
1535 + 1996
1538 + -1 1997
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Fig. 3. July—August mean air temperatures from Salekhard weather station (1883 —1999 period). (C_) mark years when a significant proportion

of trees formed light rings.

rings in both of these years. There are historical data
for an eruption of Fuji, Japan in April AD 800
(Simkin and Siebert, 1994) with a Volcanic Explosiv-
ity Index (VEI)=4. There are records of several other
major eruptions, e.g., Dakataua, Papua New Guinea
(VEI>4), Popocatépetl, México (VEI>3), that dated
much less precisely to around AD 800 (Simkin and
Siebert, 1994). However, apart from Fuji, we have not
found any well-dated records mentioning traces of
large volcanic eruptions at this time. Nevertheless, AD
800 was among the five coldest years in Fennoscandia
during last 1400 years (Briffa et al., 1990); and in
Quebec in AD 802, the majority of trees sampled
formed a light ring.

In AD 1109 in Quebec, as well as in Western
Siberia, light rings occurred in a significant fraction of
the trees sampled, and it too was one of the five
coldest years in Fennoscandia (Briffa et al., 1990).
This may have resulted from the eruption of Hekla
(Iceland) in about AD 1104.

The next two remarkable years are AD 1258 and
1259. In northwest Siberia, 1259 was most strongly
expressed. In 1258 in eastern Canada, a significant
fraction of spruce rings was light. Furthermore, in
Mongolia (D’Arrigo et al., 2001), in both of these
years, frost rings occurred in Siberian pine. Moreover,
Russian chronicles mentioned frost during the sum-

mer of 1259 (Borisenkov and Pasetsky, 1988).
Stothers (2000) described in detail the climatic and
demographic consequences of the massive volcanic
eruption in beginning of 1258. Oppenheimer (2003)
dated this eruption as mid-1257. It was probably the
world’s largest volcanic eruption of the past millen-
nium, or probably the last seven millennia (Zielinski,
1995), and was recorded in ice cores from both polar
regions. Although this eruption clearly had global
effects, its identity is unknown.

In 1278, a majority of larch and juniper samples
from northwest Siberia showed frost or light rings.
There is no other evidence of extreme climate events
in tree rings. There is a trace of an eruption of an
unknown volcano dated about (before) 1286 AD
(Zielinski, 1995).

Growth anomalies in the 1453 ring are not espe-
cially extreme in the Polar Urals and Yamal, but are
marked almost everywhere else. There are historical
records (Borisenkov and Pasetsky, 1988) of a cold
rainy summer in this year and during the subsequent 4
years in the European part of Russia, and also early
autumn frost. The conventional reason for a global fall
in temperature in 1453 is the Kuwae eruption,
Vanuatu (Briffa et al., 1998).

AD 1466 is the most extreme year in the West
Siberian chronology (excluding AD 801, for which

Notes to Table 3:

Shadowed rows indicate years when extreme rings were formed in three or more regions. “ — 1’ and ““+ 1" indicate cases when the cooling in
other regions was 1 year before or after the extreme year in northwest Siberia.

Data for Western USA from LaMarche and Hirschboeck (1984); Brunstien (1996); for east Canada from Filion et al. (1986); Delwaide et al.
(1991); Yamaguchi et al. (1993); Wang et al. (2000); for northwest Canada from Szeicz (1996); for northeast Siberia from Hughes et al. (1999);

for Northern Hemisphere from Briffa et al. (1998).
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there are not enough data from juniper). All of the
junipers from the Polar Urals and larches from Yamal
showed frost or light rings in this year. There is
historical information (Borisenkov and Pasetsky,
1988) that in this year in European Russia, snow
covered ground even on May 26. On August 18, frost
had already occurred, and the winter and following
summer were cold. This year’s event was reflected in
tree rings of spruce from eastern Canada, light rings
being found in almost all spruce examined (Wang et
al., 2000). These effects were probably caused by the
climatic consequences of the eruption of some as yet
unidentified volcano. In the Greenland Ice Core
GISP2 high peaks of volcanic aerosols were found
in the ice layers for 1460 and 1461 (£ 2 years)
(Zielinski, 1995). One possible source is volcanic
eruption of Kuwae, Vanuatu, mentioned above. There-
fore, this eruption was probably responsible for one of
the global coolings, in 1453 or 1466.

The formation of light rings in many regions of the
world in 1585 could be associated with the eruption of
the volcano Billy Mitchell (SW Pacific).

Anomalous tree rings were formed in many regions
in 1601. A large proportion of the samples from the
Polar Urals and Yamal Peninsula have frost or light
rings in 1601. Interestingly, our reconstructions of
summer temperatures, based on tree-ring width data,
for the Polar Urals (Hantemirov et al., 1999; Shiyatov
et al., 2002) and Yamal Peninsula (Hantemirov and
Shiyatov, 2002) showed that the average summer
temperature of 1601 was at the long-term mean level.
Nevertheless, some global event left its trace in tree
rings of woody plants in this region. This was prob-
ably the climatic consequence of the eruption of
Huaynaputina, in Peru at the beginning of AD 1600,
the world’s greatest eruption over the past 500 years
(de Silva and Zielinski, 1998).

AD 1783 was noteworthy. The existence of a
severe cold spell this year has been established by
several authors (see Stothers, 1996), causing dry fog,
and observed from England to the Altai Mountains.
Cold weather reached Alaska (Jacoby et al., 1999),
where lakes and rivers froze over in midsummer. This
anomaly was caused by the eruption of Laki in the
same year. In the wood layers formed in 1783 in the
Polar Urals and Yamal Peninsula the frost and light
rings were formed in the majority of trees and shrubs
sampled. Moreover, the radial growth of tree rings

from this region in 1783 was the least for the last
500—600 years (Shiyatov et al., 2002; Hantemirov
and Shiyatov, 2002).

In 1884, the eruption of Krakatau (Indonesia) most
probably caused the formation of anomalous tree rings
in many regions of the world. Double frost injuries
were found in spruce tree rings from northwest Siberia
(Gurskaya and Shiyatov, 2002). In 1912, the Katmai
eruption (Alaska) lowered summer temperatures
abruptly, and in 1992, Pinatubo (Philippines) had a
similar effect. However, our anomaly-based recon-
struction did not show these years to be especially
extreme.

5. Conclusion

The analysis of frost and light rings provides a
promising method for reconstructing extreme temper-
ature events in times before the advent of instrumental
meteorological observations. In contrast to ring width,
growth anomalies are produced by very short term
events, and in some cases they occur within seasons
that were not reconstructed as cold using ring-width
data. In other words, this method enables us to obtain
important information about past climate that is
unachievable by other proxies.

Weather extremes in the Polar Ural Mountains and
Yamal Peninsula, reconstructed by analysing anoma-
lous structures in tree rings of Siberian juniper and
Siberian larch, not only reflect global climatic
anomalies most likely caused by major volcanic
eruptions. They also record regional anomalies
resulting from the specific processes of atmospheric
circulation.

Frost and light rings in juniper and larch from
northwest Siberia provide an invaluable aid in cross-
dating tree-ring records from this region. Such “point-
er years” as 800—801, 1109, 12581259, 1278, 1466,
1601, 1783 are very good markers for dating subfos-
sil, historical and archaeological wood.
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