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Introduction: Terrestrial forest ecosystems in northern high-latitude regions
are crucial to the global carbon cycle and climate system but vulnerable to
climate change. Global warming has contributed to increased forest decay and
mortality in this region. Despite decades of research on temporal variability, the
long-term stability and regional representativeness of resilience components
remain poorly understood, limiting our ability to predict future forest resilience.
Hence, this study aimed to examine past extreme tree-growth reduction (EGR)
events and the associated resilience components across northern high-latitude
regions.

Methods: This study estimated the past EGR events and associated resilience
components using the tree-ring width index (RWI) data from 523 International
Tree-Ring Data Bank (ITRDB) sites across the northern high-latitude regions and
analyzed the spatial and temporal variations in resilience.

Results: No significant regional differences were found in the frequency of EGR
events over the past several hundred years; however, the resilience components
exhibited large spatial variations with significant regional differences. The
regional-averaged resilience (Rs) over the entire analysis period was lower
in Canada than in Alaska, Eurasia, or Europe, suggesting a possible higher
vulnerability to EGR events in Canada.

Discussion: The high vulnerability in Canada was not attributed to the large
reduction in growth during the EGR event but to the small amount of recovery
(Rc) after the event. As almost no significant temporal changes were observed
with respect to regional differences in the resilience components over the four
analysis periods, that s, (i) pre-1700, (i) 1701-1800, (iii) 1801-1900, and (iv) post-
1900, the resilience components estimated in this study could be considered
as representative values for each region, and the pattern of regional difference
remained relatively consistent from the past to the present and likely into the
future. These results are crucial to understand future tree and forest dynamics
in the high latitudes of the Northern Hemisphere, particularly regarding risks
associated with tree decline and mortality due to climate extremes and other
disturbance factors.
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1 Introduction

Forest ecosystems cover 31% of the global land area and provide
essential socioeconomic services, including timber supply, carbon
storage, and biodiversity maintenance (FAO and UNEP, 2020). Since
the early 1970s, global forest ecosystems have experienced varying
warming rates. In particular, warming rates across northern high-
latitude regions have exceeded those observed elsewhere on Earth.
This phenomenon, known as Arctic amplification (Serreze and Barry,
2011), exhibits a potentially significant impact on forest ecosystems
(Tei et al., 2019a,b).

Global warming has driven the increase in forest decay and
mortality (van Mantgem et al., 2009; Allen et al., 2015; Tei et al.,
2019a), and this increase has a strong climate-feedback potential
(Adamsetal,, 2010; Allen et al., 2010). Forest decay and mortality can
alter ecosystem structure and function (Millar and Stephenson, 2015;
Anderegg et al., 2016), resulting in ecotone shifts (Allen and Breshears,
1998), reduced carbon storage (Breshears and Allen, 2002; Kurz et al.,
2008), and altered hydrology (Newman et al., 2006). While reports
indicate forest decay and mortality caused by climate extremes, such
as severe drought or heavy rainfall (Tei et al., 2019a,b), a more
comprehensive understanding of forest decay and mortality, especially
in response to disturbance events such as climate extremes, is
necessary to accurately predict future forest distribution, productivity,
and the associated carbon sequestration (McDowell et al., 2013; Allen
etal,, 2015). This is particularly important for ecosystems in northern
high-latitude regions that are vulnerable to climate change (Bonan,
2008; Gauthier et al., 2015).

Most studies on tree responses to climate extremes have focused
on severe drought events and showed that many tree species exhibit a
certain degree of resilience even after reduced growth during severe
drought events (Bottero et al., 20215 Fang and Zhang, 2019; Gazol
et al, 2017). Resilience is the ability of trees/forests to recover
pre-disturbance functions after a disturbance event (Gazol et al,
2017). The resilience of a tree species to climate extremes, such as
severe drought, can affect its distribution, population dynamics,
structure, and function in the areas it occupies (DeSoto et al., 2020).
Furthermore, the resilience of dominant tree species can influence
forest ecosystems and ecosystem services and determine tree mortality.

Quantitatively, resilience has been assessed using resistance (Rt),
recovery (Rc), and resilience (Rs) (Lloret et al., 2011). These
components have been widely used to evaluate forest stability and
adaptation to climate change (Merlin et al., 2015) and have been
particularly applied to gauge tree responses to severe drought events
(Bose et al., 2020; Bottero et al., 2021).

Tree rings are valuable proxies for long-term tree-growth
responses to climate change, at levels ranging from individual trees
to communities, and have been used to study tree responses to
climate extremes (Tei et al.,, 2019a; Cherubini et al.,, 2021; Zhang
et al., 2023). Tree rings have been studied based on the resilience
components Rt, Rc, and Rs to examine the vulnerability of trees to
climate extremes observed in the high latitudes of the Northern
Hemisphere (Bonan, 2008; Gauthier et al., 2015). Most of these
studies adopted the approach of extracting specific extreme climate
events from available meteorological data and evaluating tree
responses to them (e.g., Fang and Zhang, 2019). Consequently, the
analysis has been limited to approximately the past 120 years, for
which meteorological data were available. Furthermore, climate
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extremes are rarely observed during this limited period, which
makes it difficult to obtain sufficient examples for analysis. Hence,
despite previous studies examining temporal variabilities over
decades (e.g., Wang et al., 2023), long-term temporal variabilities
have been studied less than the spatial distribution of
resilience components.

However, key gaps remain in the current understanding of forest
and tree resilience. It is still unclear whether these resilience
components are stable over time and whether data from previous
studies can provide representative estimates for different regions. In
addition, the extent to which spatial variations and regional differences
in these resilience components are universal from the past to present
and the future is unclear. Addressing these gaps is important for
estimating the future resilience of forests and trees in a given location
and area.

To address these gaps in the research, this study aimed to estimate
extreme tree-growth reduction (EGR) events over the past several
centuries and examine the resilience components on those occasions
over the Northern Hemisphere high latitudes from tree-ring width
time-series data. Rather than identifying the climatic drivers of EGR
events, this study aimed to extend the analysis period (including many
sites from before 1700) to incorporate a large number of EGR events
and assess resilience components representative of a site or region
across temporal and environmental factors. Site-or regional-averaged
resilience components were calculated by aggregating data from
multiple EGR events and were expected to reflect a range of causal
factors, including, in some cases, multiple types of climate extremes.
This study particularly focused on the temporal stability of the
resilience components for each region and the pattern of regional
differences. However, because an analysis of the resilience component
in EGR events attributable to unspecified factors described above may
be less sensitive to detect regional differences in the resilience
components, a complementary analysis was also conducted. This
secondary analysis specifically examined resilience components
during EGR events corresponding to specific climate extremes, that is,
severe low-temperature and low-rainfall events.

2 Methods
2.1 Tree-ring data

Raw tree-ring width chronologies from 675 sites in the
International Tree-Ring Data Bank (ITRDB; http://www.ncdc.noaa.
gov/paleo/treering.html accessed during spring—winter 2020) located
in the high latitudes of the Northern Hemisphere (above 50°N) were
collected. The standard ring width index (RWI) chronology was
generated for each site in R (R Core Team, 2017) using the “dpIR”
package. The growth patterns associated with tree age and natural
disturbances in the raw time-series data, derived from a single
dominant tree species at each site, were detrended using cubic
smoothing splines, and the standardized ring widths among the
samples were subsequently averaged. Spline fits of length 2/3 of the
series length were applied to the raw time-series data. Although
standardization methods typically vary among chronologies and sites,
this study applied spline fitting uniformly to ensure consistency, using
a conservative approach that is relatively site-insensitive (Cook, 1985;
Cook and Kairiukstis, 1990).

frontiersin.org


https://doi.org/10.3389/ffgc.2025.1574845
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
http://www.ncdc.noaa.gov/paleo/treering.html
http://www.ncdc.noaa.gov/paleo/treering.html

Tei

The quality of RWI was assessed using the expressed population
signal (EPS). The EPS is a measure of how well a finite sample of tree-
ring data represents an infinite population chronology, and an EPS
value of 0.85 is considered the threshold of acceptable statistical
quality for dendrochronological analysis (Wigley et al., 1984). EPS
values for 523 of 675 sites were higher than 0.85 for a given period,
indicating a high degree of common variability between individual
trees. Therefore, for subsequent analysis, this study used the RWI for
these 523 sites (Figure 1). The frequency distribution of correlation
coeflicients for RWIs within and across regions and the distribution
for autocorrelations of RWIs per region were calculated to further
demonstrate the quality of RWIs (Supplementary Figures S1-53).
These inter-regional RWI correlation coefficients were distributed
around 0, whereas those within regions were shifted in the direction
of positive, indicating a trend toward higher RWI correlations within
regions. The RWT autocorrelations for each region were distributed
roughly around 0.4 to 0.5.

2.2 EGR events

To detect EGR events at each ITRDB site, z-transformation
(Jetschke et al., 2019) of the standardized RWI chronologies was
performed in R (R Core Team, 2017) using the “pointRes 2.0” package.
The Z-score is a numerical value representing the standard deviation
of a data point from the mean and is used to identify anomalous data
points. Typically, a data point was considered an outlier if its Z-score
exceeded a predefined threshold. In this study, the absolute standard
deviation threshold for an individual year to be considered as an EGR
event was set to 1.28.

2.3 Resilience components

To assess tree vulnerability to EGR events, this study estimated
four resilience components—Rt, Re, Rs, and the recovery period (Rp)
from standardized RWI chronologies (Figure 2). Rt represents the
ability of an individual tree to withstand external stresses, such as
severe low temperatures or drought; maintain physiological functions;
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and minimize growth loss. Rc and Rs are the abilities to recover from
reduced growth owing to damage sustained during disturbances (Bose
et al.,, 2020; Lloret et al,, 2011). The Rt, Rc, and Rs indices were
calculated as described by Lloret et al. (2011).

Rt =Dr/ PreDr
Rc = PostDr | Dr

Rs = PostDr | PreDr

Here, “Dr” indicates the standardized RWI in an EGR event.
“PreDr” and “PostDr” represent the RWI over five years before and
after the EGR event, respectively. In addition, Rp was defined as the
number of years until growth completely returned to pre-EGR event
levels (Figure 2). In this study, the resilience components were
calculated from standard RWI chronologies for individual trees, and
site averages were used.

2.4 Climate data

Gridded monthly near-surface average temperature and total
precipitation datasets from the Climate Research Unit (CRU TS 4.05;
1901-2020; 0.5° x 0.5°; Harris et al., 2020) were used to derive
monthly climate records from grids over the RWT sites.

2.5 Data analysis

To determine the spatio-temporal variability of resilience
components and regional differences in the Northern Hemisphere at
high latitudes, this study used the site-or regional-averaged resilience
components over the analysis period (across multiple sites dating back
to before 1700). Because some EGR events had extremely high or low
resilience component values, the site-averaged values were calculated
after removing the values belonging to the upper or lower 10%.

To determine temporal variations in the regional-averaged
resilience components, resilience components were calculated and

90-
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o Canada (CA)
o Eurasia (EA) A
e Northern Europe (NE) 1
0-  ® Western Europe (WE)
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FIGURE 1

Regional classification as provided in the International Tree-Ring Data Bank (ITRDB) sites. We classified ITRDB sites into five regions, i.e., Canada (CA),
Alaska (AK), Eurasia (EA), Northern Europe (NE), and Western Europe (WE). The regional classification follows the description in ITRDB.
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FIGURE 2

Diagrammatic representation of extreme tree-growth reduction
(EGR) events and their resilience components calculated from
standard ring width index (RWI) chronologies. “Dr" indicates the
standardized RWI in an EGR event. "PreDr" and “PostDr" represent
RWI over five years before and after the EGR event. Rt (Rt = Dr / PreDr
) represents the ability of an individual tree to withstand external
stresses. Rc (Re = PostDr / Dr) and Rs (Rs = PostDr / PreDr) are the
ability to recover from reduced growth owing to damage sustained
during disturbances. In addition, the recovery period (Rp) was
determined as the number of years until growth completely returns
to pre-EGR event levels.

analyzed separately for each of the four time periods, namely,
pre-1700, 1701-1800, 1801-1900, and post-1900. To focus on changes
in the resilience components over time, including the effects of various
factors, but not on changes in resilience components due to changes
in specific climatic factors, the time period was set to every 100 years
on a calendar basis.

This study also examined regional differences in resilience
components during EGR events corresponding to specified extreme
climate events, i.e., extreme low-temperature and low-rainfall events.
Extreme low-temperature and low-rainfall events were defined as
those that happened during years in which the mean annual
temperature and accumulated precipitation at each grid over the RWI
sites were at least 26 lower than their 1901-2020 mean values. Because
a time lag can be expected in tree responses to climate extreme events
(Teietal, 2019a,b), this study assumed that EGR events were caused
by climate extreme events not only when EGR events were observed
in the year of the climate extreme event but also in the following
2 years.

To detect regional differences among the resilience components,
this study classified ITRDB sites into five regions: Canada (CA),
Alaska (AK), Eurasia (EA), Northern Europe (NE), and Western
Europe (WE). The sites were classified regionally based on their
descriptions in the ITRDB, but Eastern Europe in the ITRDB
classification was classified as Eurasia (EA) in this study (Figure 1).
The number of sites included in each region and information on the
tree genera targeted at each site are shown in Table 1.

For detecting significant regional differences, this study first
examined whether significant differences in medians of resilience
components between at least one regional group could be detected by
the Kruskal-Wallis test, a nonparametric test. If a significant difference
was detected, Dunn’s test (Dunn, 1961) was then applied, implemented
using the “dunn.test” package in R (R Core Team, 2017), to identify
regional groups showing significant differences. Although Dunn’s test
is one of the least powerful multiple comparison methods, it was
chosen for its highly conservative and widely applicable nature,
making it particularly suitable for a large number of comparisons.
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TABLE 1 Number of sites in each region and information on tree genera
targeted at each site.

Genera AK CA EA NE WE

Abies 27

Betula 1 5

Chamaecyparis 5

Fagus 13

Larix 8 99 4 3

Picea 68 85 29 7 6

Pinus 29 21 31

Populus 1

Pseudotsuga 8 2

Quercus 1 21 15

Tsuga 20 12

Total 95 170 154 63 39
3 Results

3.1 Frequency of EGR events over past
several centuries

The Kruskal-Wallis test demonstrated no significant (p-value <
0.05) regional differences for frequency of past (during the entire
analysis period) EGR events among any regional group
(Chi-squared  statistic = 6.1623,
p-value = 0.19), ranging from 0.093 to 0.098 events/year across all

number of groups =4,
regions (Table 2). The total number of EGR events detected in each
region was proportional to the number of sites included in the
respective region, whereas the number of EGR events corresponding
to extreme events was not (Table 3). The identified frequencies of
EGR events corresponded to n used during the statistical detection
of regional differences in resilience components (Figures 3-5).

3.2 Spatial variations in resilience
components at high-latitude regions in the
northern hemisphere

Site-averaged resilience components, namely, Rt, R¢, Rs, and Rp,
calculated using the standard RWI chronology for all available periods
at each site exhibited a large spatial variability (Figures 3A-D). The
Kruskal-Wallis test demonstrated a significant (p-value < 0.05)
difference in medians of all regional resilience components between at
least one regional group (Supplementary Table S1), and then Dunn’s
test was applied, showing significant regional characteristics (Figure 3;
Supplementary Table 52). The Rt values in AK and CA in North
America were significantly higher than those in EA or WE. The Rt in
EA and WE were significantly lower than that in NE. Rc in EA was
significantly higher than those in any other region. In addition, Rc in
WE was significantly higher than those in other regions except EA. In
contrast to the pattern observed for Rt, Rs in CA was lower than those
in EA or NE. Within North America, AK showed higher Rs values than
CA. Shorter trends were observed for Rp values in EA and WE than in
AK or NE. Similarly, longer trends were observed in NE than in CA.
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TABLE 2 Frequency (times/year) of extreme tree-growth reduction (EGR)
events during the entire analysis period.

Number of events/year

Mean sd
AK 0.097 0.024
CA 0.095 0.016
EA 0.098 0.017
NE 0.093 0.021
WE 0.097 0.020

TABLE 3 Total number of EGR events detected in each region as well as
the number of EGR events corresponding to extreme low-temperature
and low-rainfall events.

Region Typr of EGR event Number of EGR
event
All EGR event 1,537
EGR event corresponding to extreme o
AK low temperature
EGR event corresponding to extreme -
low precipitation
Al EGR event 3,255
EGR event corresponding to extreme .
CA low temperature
EGR event corresponding to extreme 79
low precipitation
Al EGR event 3,148
EGR event corresponding to extreme 5
EA low temperature
EGR event corresponding to extreme 5
low precipitation
Al EGR event 705
EGR event corresponding to extreme 16
NE low temperature
EGR event corresponding to extreme "
low precipitation
All EGR event 313
EGR event corresponding to extreme 9
WE low temperature
EGR event corresponding to extreme 7
low precipitation

3.3 Temporal variations in resilience
components at high latitude regions in the
northern hemisphere

Temporal changes in the regional-averaged resilience components
over the four analysis periods: (i) pre-1700, (ii) 1701-1800, (iii) 1801-
1900, and (iv) post-1900 showed significant regional characteristics
(Figures 4A-D). The Kruskal-Wallis test demonstrated a significant
(p-value < 0.05) difference in medians of all resilience components for
most analysis periods and regions between at least one regional group
(Supplementary Tables S3, S4), and then Dunn’s test identified
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FIGURE 3

Spatial distribution of the site-averaged resilience components, Rt,
Rc, Rs, and Rp, calculated using standard RWI chronology for all
available time periods at each site (A—D). Boxplots for regional
resilience components (E-H), i.e., Canada (CA), Alaska (AK), Eurasia
(EA), Northern Europe (NE), and Western Europe (WE). Significant
level of differences between regions are indicated using an asterisk;
that is, * for p-value < 0.05 and ** for p-value < 0.01. The horizontal
lines drawn in the boxes indicate the third quartile, second quartile,
and first quartile (from the top), with outliers indicated by filled
circles.

regional groups showing significant differences
(Supplementary Tables S5-513). Throughout all analysis periods,
except for the difference with WE in the 1701-1800 and/or post-1900
periods (when no significant differences were detected), EA exhibited
significantly lower Rt and higher Rc than the other regions. For Rs,
AK consistently showed significantly higher values than CA across all
analysis periods, except for the 1801-1900 period. In addition, Rs in
CA was significantly lower than that in EA during the 1801-1900 and
post-1900 analysis periods. For Rp, some significant regional
differences were detected during the 1701-1800 and 1801-1900
analysis periods. Importantly, regional differences remained relatively

stable throughout the analysis period. Although some differences
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FIGURE 4
Temporal changes in regional, i.e., Canada (CA), Alaska (AK), Eurasia (EA), Northern Europe (NE), and Western Europe (WE), resilience components,
namely, Rt, Rc, Rs, and Rp (A-D), over the four time periods: (i) pre-1700, (i) 1701 -1800, (iii) 1801 -1900, and (iv) post-1900 periods. See
Supplementary Tables S3-513 for the significance of regional difference.

fluctuated between being significant and non-significant, no cases of
positive significant differences reversing into negative significant
differences, or vice versa, were detected, except in the case of Rt
between CA and NE.

Significant temporal changes were frequently detected in the
resilience components over the four analysis periods in EA. Only in
the EA, significant (p < 0.05) differences between at least one analysis
period group were detected in all resilience components
(Supplementary Table S4). An increasing trend was identified for Rt
(no significant difference detected between 1801-1900 and post-1900
periods), with a decreasing trend for Rc (no significant difference
between 1701-1800 and 1801-1900 periods). Conversely, Rs in EA
was significantly higher during the 1801-1900 period than during
pre-1700 or post-1900 periods.

Few significant temporal changes in resilience components were
detected outside EA. In CA, Rc during the 1701-1800 period was
significantly higher than that during any other period. In NE, Rp
during the 1801-1900 period was significantly longer than that during
the pre-1700 or post-1900 periods. However, although significant
temporal changes were detected across several regions and
components, mainly in EA, the pattern of regional differences among
each of the components did not appear to change significantly over
time, indicating that regional values were relatively stable. In
particular, no significant differences in Rs were detected between
analysis period groups in regions outside of the EA.
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3.4 Resilience components corresponding
to climate extreme events

The ratio of EGR events detected simultaneously as an extreme
low-temperature event was determined by site and summarized by
region, with the ratio being highest in NE, lowest in CA and WE, and
intermediate in AK and EA (Supplementary Figure S4A). Regional
resilience components exhibited significant regional characteristics
(Figures 5A-D). The Kruskal-Wallis test demonstrated a significant
(p-value < 0.05) difference in medians of all resilience components
group
(Supplementary Table S14), and then Dunn’s test identified regional

other than Rp between at least one regional
groups showing significant differences (Supplementary Table S15).
The Rt in EA was significantly lower than that in CA or NE. CA
showed significantly higher Rt than AK. In contrast to the differences
in Rt, Rc in CA was significantly lower than those in EA or AK. Rcin
CA was also significantly lower than those in NE. For Rs, CA showed
lower values than AK or NE. The tree genera with the highest ratio of
observed EGR events corresponding to extreme low-temperature
events (among those detected in at least 10 sites) were Picea, Abies,
Pinus, Pinus, and no applicable tree genera, for AK, CA, EA, NA, and
WE, respectively (Table 4).

The ratio of EGR events detected simultaneously as an extreme
low-precipitation event was determined by site and summarized by

region, with the ratio being highest in WE, lowest in AK, and
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FIGURE 5
Boxplots for regional, i.e., Canada (CA), Alaska (AK), Eurasia (EA), Northern Europe (NE), and Western Europe (WE), resilience components, namely, Rt,
Rc, Rs, and Rp, during EGR events corresponding to extreme low-temperature events (A-D). It should be noted that the Kruskal-Wallis test
demonstrated a non-significant (p-value < 0.05) difference between any regional groups for Rp. Panels (E—H) are the same as A-D but for resilience
components during EGR events corresponding to extreme low-rainfall events. Significant level of differences between regions are indicated using an
asterisk; that is, * for p-value < 0.05 and ** for p-value < 0.01. The horizontal lines drawn in the boxes indicate the third quartile, second quartile, and
first quartile (from the top) with outliers indicated by filled circles.

in CA, EA, and NE
(Supplementary Figure S4B). Regional resilience components

intermediate between these values

exhibited significant regional characteristics (Figures 5E—-H). The
Kruskal-Wallis test demonstrated a significant difference in medians
of all resilience components between at least one regional group
(Supplementary Table S14), and then Dunn’s test was applied, showing
significant regional characteristics (Supplementary Table 516). Rt in
AK was significantly higher than those in other regions. However, Rt
was significantly lower in EA than in other regions except for WE. In
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contrast to the difference in Rt, Rc in EA was significantly higher than
those in all regions except for WE. In addition, Rc in AK in North
America was significantly lower than those in NE or WE in Europe.
For Rs, CA showed lower values than AK or WE. Shorter trends were
observed for Rp in AK than in other regions except WE. The tree
genera with the highest ratio of observed EGR events corresponding
to extreme low-precipitation events (among those detected in at least
10 sites) were Picea, Pinus, Larix, Pinus, and Fagus, for AK, CA, EA,
NA, and WE, respectively (Table 5).
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TABLE 4 Number of sites per tree genus where at least one EGR event
corresponding to extreme low-temperature event was observed in each
region.

Genera AK CA EA NE WE
Abies 17 (63.0)

Betula 1(100) 2 (40.0)

Chamaecyparis 0(0)

Fagus 2(15.4)
Larix 0(0) 21(21.2)  1(25.0) 1(33.3)
Picea 17(25.0) | 13(153) | 11(37.9) @ 6(85.7) 0(0)
Pinus 4 11(52.4) | 20 (64.5)

Populus 0(0)

Pseudotsuga 1(12.5) 1(50.0)
Quercus 1(100) 5(23.8) | 4(26.7)
Tsuga 15(250)  5(41.7)

Total 33(347)  41(24.1)  45(29.2) 32(50.8) = 8(20.5)

The number in parentheses indicates the percentage of those sites relative to the total
number of sites for the tree genus by region (see Table 1). Columns with 0 in the number of
sites (site percentage) indicate tree genera by region for which EGR events have been
observed but no EGR events corresponding to extreme low-temperature events have been
detected. The bottom total column indicates the total number of sites with at least one EGR
event corresponding to a low-temperature event by region and its percentage of the total
number of sites (the number in parentheses).

4 Discussion

4.1 Spatio-temporal variations in resilience
components on EGR events across the
high latitude regions of the northern
hemisphere

In the Northern Hemisphere high latitudes, no significant regional
differences were found in the observed frequency of EGR events.
However, large spatial variations with significant regional differences
in the resilience components were evident. The regional-averaged Rt
over the entire analysis period was highest in North America and
lowest in Eurasia. At the time of large reductions in tree radial growth,
that is, EGR events, the reductions were more intense in the Eurasian
region than in North America. However, a lower Rt does not
necessarily lead to a lower Rs, which is potentially associated with
future tree decline and mortality risks (DeSoto et al., 2020). This could
be partly attributed to the fact that, despite low Rt, Rc was greater in
the Eurasian region than in the North American regions.
Consequently, lower Rs tended to be observed in CA in North
America, where Rt was significantly higher than those in EA,
suggesting a potential higher vulnerability to EGR events.

In a previous study, a smaller Rs was strongly related to the risk of
future tree decline and mortality, although the discussion was at an
individual tree basis at the same site and a different spatial scale from
that of this study (DeSoto et al., 2020). Our findings may be important
for discussing future tree/forest dynamics in the high-latitude regions
of the Northern Hemisphere, particularly future risks related to tree
decline and mortality caused by climate extremes and other
disturbance factors. However, in AK, EA, and NE, although Rp was
not shorter than that in CA, Rs was higher than in CA. Thus, despite
the immediate recovery of tree radial growth to some extent after an
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TABLE 5 Number of sites per tree genus where at least one EGR event
corresponding to extreme low-rainfall event was observed in each
region.

Genera AK CA EA NE WE
10
Abies
(37.0)
Betula 0(0) 1(20.0)
Chamaecyparis 0(0)
Fagus 13 (100)
Larix 0(0) 30(30.3) 2 (50.0) 3(100)
14 18
Picea 9(31.0) 3(42.9) 6 (100)
(20.6) (21.2)
15
Pinus 9 (42.9) 15 (48.4)
(51.7)
Populus 0(0)
Pseudotsuga 4 (50.0) 2 (100)
Quercus 1 (100) 11 (52.4) 13 (86.7)
Tsuga 6(30.0)  3(25.0)
20 51
Total 49(31.8) 31(49.2) 37(94.9)
(21.1) (30.0)

The number in parentheses indicates the percentage of those sites relative to the total
number of sites for the tree genus by region (see Table 1). Columns with 0 in the number of
sites (site percentage) indicate tree genera by region for which EGR events have been
observed but no EGR events corresponding to extreme low-rainfall events have been
detected. The bottom total column indicates the total number of sites with at least one EGR
event corresponding to a low-rainfall event by region and its percentage of the total number
of sites (the number in parentheses).

EGR event in AK, EA, and NE, a reasonable amount of time may still
be required for them to return to pre-EGR event growth levels.

Significant temporal changes were detected in the regional
resilience components over the four analysis periods in the EA. In
Eastern Siberia, located in the EA region, tree decline and mortality
events due to heavy rainfall occurred in the taiga forest (Tei et al.,
2019a) and taiga—tundra boundary areas (Tei et al., 2019b). Large
temporal changes in the resilience components in the EA region may
reflect large temporal variability in the magnitude and frequency of
climate extremes, such as severe drought and heavy rainfall. In
contrast, although significant temporal changes were detected in the
regional resilience components in some areas, the pattern of regional
differences appeared to be relatively independent of the period of
analysis. This suggests that the observed regional differences in
resilience components are relatively universal from past to present and
even into the future and may be used for future forecasting.
Considering those results, differences in the magnitude and frequency
of climate extremes and other disturbance events by region may not
be large enough to alter the pattern of regional differences in
resilience components.

Because resilience components in EGR events attributable to
unspecified factors may be less sensitive to detecting regional
differences in resilience components, this study was conducted
simultaneously using resilience components in EGR events
corresponding to severe low-temperature and low-rainfall events. The
results were approximately consistent with the results of the analysis
using all EGR events. The regional-averaged Rt during EGR events
corresponding to both extreme low-temperature and low-rainfall
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events tended to be higher in North America and lower in Eurasia and
Europe. However, Rc tended to be lower in North America and higher
in Eurasia and Europe, resulting in lower Rs in CA. This result strongly
supports the estimated high vulnerability of CA to EGR events in the
analysis using resilience components for EGR events in the past
during the entire analysis period. Furthermore, regional differences in
resilience components appeared to be more pronounced during EGR
events corresponding to extreme low-rainfall events than during EGR
events corresponding to extreme low-temperature events. In this
regard, it seems reasonable that many previous studies (e.g., Bose
etal., 2020; Bottero et al., 2021) targeted vulnerability factors to severe
drought events.

4.2 Extreme climate events and resilience
components

A synthetic analysis using the RWI on the ITRDB demonstrated
the widespread negative sensitivity of tree radial growth to warming
over high latitudes in the Northern Hemisphere, particularly in
continental dry climate regions (Tei et al., 2017). During global
warming, temperature-induced drought limits tree growth (Barber
et al., 2000; Silva et al., 2009; Dulamsuren et al., 2010; Tei et al., 2014)
and increases mortality (van Mantgem et al., 2009), owing to the
limited availability of soil moisture.

RWI has often been used to study tree responses to climate
extremes (Cherubini et al., 2021; Zhang et al., 2023) and particularly
to assess responses to severe drought events (Bose et al., 2020; Bottero
etal, 2021). For example, Marques et al. (2018) investigated Alnus and
Fraxinus tree growth responses to climate change in the Mediterranean
region and found similar tree growth responses to drought in both
species; however, responses to extreme drought events were species-
specific. In addition, Fang and Zhang (2019) showed that juniper trees
in the Tibetan Plateau were highly resilient to extreme droughts and
that spatio-temporal Rt and Rc were related to moisture availability
and diurnal temperature range, respectively. In a broader study,
DeSoto et al. (2020) reported that the resilience of a tree species to
climate extremes, such as severe drought, can affect its distribution,
population dynamics, and the structure and function of the areas it
occupies. The resilience of dominant tree species can affect forest
ecosystems and their services and determine the probability of tree
mortality. The RWT has also been used to assess tree resilience in
waterlogged environments (Fan et al., 2018; Tei et al., 2019a). Tei et al.
(2019a) demonstrated that a waterlogged environment could be a
factor of tree mortality, even for larch in eastern Siberian taiga forests,
which are located in a continental arid climatic zone and frequently
exposed to severe drought. They also demonstrated that larch
resilience was related to moisture availability, similar to the responses
of Rtand Rc to extreme droughts reported by Fang and Zhang (2019).

Dead trees exhibit severe stress signals, such as those indicating
carbon starvation, hydraulic failure, and the interdependency
between them (McDowell et al., 2011), not only in the year of death
but also in the years before death (McDowell et al., 2010; Levanic
etal, 20115 Cailleret et al., 2017). This suggests that tree mortality
pathways may be significantly influenced by the history of
environmental conditions that occurred before tree mortality and
that the process of tree mortality is complex, even when tree
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mortality occurs synchronously in specific years of extreme
environmental conditions. In addition, the long-term averaged tree-
growth response to environmental conditions also exhibited a
one-year lag (Tei et al., 2017; Tei and Sugimoto, 2018), which could
be considered a beneficial adaptation of forest ecosystems to
severely water-stressed environments (Chapin et al, 1990;
McDowell et al., 2008; Genet et al., 2010; Wiley and Helliker, 2012).

Given the observed time lag in tree responses to environmental
changes, including responses to climate extremes, accurately
identifying the climatic/environmental factors that contribute to tree-
growth reduction, decay, and mortality may be challenging. Therefore,
this study did not focus on identifying the climatic drivers of EGR
events; instead, this study extended the analysis period to include a
large number of EGR events and assessed the resilience components
that are representative of a site or region. The site-or regional-averaged
resilience components were calculated to include multiple EGR
events. These resilience components are expected to include EGR
events owing to a variety of factors. Nevertheless, this study focused
on extreme low-temperature and low-rainfall events as the primary
causes of EGR events; the ratio of sites where EGR events were
detected in response to climate extreme events was higher in cases
corresponding to extreme low-rainfall events in CA, EA, NE, and
WE and was particularly pronounced in WE. In contrast, a higher
percentage of EGR events were detected in AK in response to extreme
low-temperature events.

Despite the identification of such regional differences, the
frequency of EGR events in which these extreme low-temperature
and low-rainfall events were the primary cause was not as high as
expected. Therefore, a large portion of EGR events is likely
attributable to climate extreme events other than extreme
low-temperature and low-rainfall events or to internal or external
factors affecting tree physiology and dynamics other than climatic
factors or to a combination of these factors; the regional differences
in resilience components identified in this study may be attributed
to more complex factors. That is, they may reflect not only climate
variability and the magnitude and frequency of climate extremes
but also the history of other natural and anthropogenically
influenced environmental conditions experienced by trees in the
region. In addition, differences in the dominant tree species in each
region may also influence the differences in resilience component
dynamics during EGR events. DeSoto et al. (2020) showed that
conifers and gymnosperms have different recovery strategies
during EGR events resulting from severe drought.

From a future perspective, the identification of exact drivers of
EGR events, which are presumably complex processes, is vital.
However, this identification requires precise consideration of the
time lag of tree responses to climate change (Tei et al., 2017, 2019a;
Teiand Sugimoto, 2018), which in this study was assumed to be up
to 2 years. The time lag need not be on an annual scale but could
be on a seasonal scale. Moreover, in addition to climatic factors,
site-specific environmental factors that could impact the tree
responses should be considered. In addition to analyses based on
tree rings, that is, dendroecology, promoting cross-disciplinary
research by combining other protocols, such as in-situ plant
physiological observations, process research using ecosystem
models, and long-term forest dynamics monitoring over wide areas
using remote sensing techniques, is necessary. Such approaches
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would facilitate a comprehensive understanding of forest decay and
mortality related to EGR events and allow for accurate prediction
of future forest distribution, productivity, and associated
carbon sequestration.

5 Conclusion

This study estimated past EGR events and resilience
components associated with these occasions using the RWI
chronology from 523 ITRDB sites over northern high-latitude
regions and investigated their spatio-temporal variabilities.
Significant regional differences were not identified in the
frequency of EGR events, whereas large spatial variations with
significant regional differences were observed among the
resilience components during EGR events. The regional Rt over
the entire analysis period was higher in North America and lower
in Eurasia and Europe. However, a lower Rt does not necessarily
lead to a lower Rs. Rather, regional resilience was lower in Canada,
suggesting a possible higher vulnerability to EGR events. The high
vulnerability in Canada was not because of the large reduction in
growth during the EGR event. It was instead attributed to the low
extent of recovery after the event.

Significant temporal changes were detected in regional-
averaged resilience components over the four analysis periods in
Eurasia. However, minimal alterations were detected in other
regions, which may reflect large temporal changes in the
magnitude and frequency of climate extremes in Eurasia, such as
severe drought and heavy rainfall events. Although significant
temporal changes in the regional-averaged resilience component
were detected in some areas, the associated patterns of regional
differences appeared to be relatively independent of the period of
analysis. Thus, the pattern of regional differences was relatively
universal from the past to the present and even into the future and
may be used for future forecasting. The results of this study are
thus important for discussing future tree/forest dynamics in the
high latitudes of the Northern Hemisphere, particularly future
risks related to tree decline and mortality caused by climate
extremes and other disturbance factors.
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