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Abstract

Cryptomeria japonica (Thunb. ex L.f.) D.Don is a conifer species native to Japan that has
been tested in several European trials, including in Germany, due to its high growth potential.
However, its adaptability to emerging climatic conditions and its response to extreme events such
as drought and late frost remain poorly understood. Therefore, we studied trees of C. japonica
originating from the northern part of the natural distribution in Japan and planted at a trial site in
northern Germany. Using dendroecological methods, we analysed growth responses to extreme
drought and late frost events, assessed variation among trees, and examined growth patterns in
response to short- and long-term climate variability. Tree growth was primarily limited by moisture
availability in February rather than summer drought, yet individuals showed strong sensitivity to
extreme years. Within the analysis period, we identified three extreme drought years and one
late frost year. Resistance to late frost was lower than to drought, and relative resilience compo-
nents differed between spring and summer drought events. Although C. japonica achieved high
growth rates with diameters up to 58 cm at age 54, its growth in northern Germany was clearly
constrained by climatic conditions. Given projected increases in drought and frost extremes, this
species may face increased vulnerability under future climate change.
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Introduction non-native tree species that proved their

ecological and economic suitability for

The search for suitable and alternative
tree species that can withstand prolonged
drought periods and altered climatic con-
ditions in the face of climate change is of
utmost interest to increase the resilience
of native forest ecosystems. Besides
native tree species, the focus shifted to

cultivation. There are many systematic
trials available, investigating growth and
tolerance against biotic or abiotic extreme
events (Potzelsberger et al. 2020). Espe-
cially, the tolerance to extreme drought
events is gaining importance, since such
events are suggested to increase rapidly


https://orcid.org/0000-0002-9242-4016
https://orcid.org/0000-0002-5218-6682
https://orcid.org/0000-0001-8840-5026
mailto:m.liesebach@t-online.de

90 J. M. Kormann, E. van der Maaten, and M. Liesebach

in the future (IPCC 2021). The introduc-
tion of non-native tree species to Germa-
ny that might be better adapted to those
changing climatic conditions has a long
history and comprises species from North
America, Europe and Asia (Schober and
Spellmann 2001). However, trial exper-
iments with some of these fast-growing
species demonstrated unsuitability for
forestry purposes. Whereas the number
of trials in Germany investigating their
growth or climate response is low.

One species that has received little
attention in German forestry strategies
is Cryptomeria japonica (Thunb. ex L.f.)
D.Don (Japanese cedar or Japanese red-
wood; ‘sugi’ in Japanese). It is native to
Japan and thrives in cool- to warm-tem-
perate regions with high humidity and
high annual precipitation (Stratmann
1988, Matsumoto et al. 2006). The spe-
cies is a monotypic genus of conifers.
Due to its high economic importance in
Japan (4.5 million ha or 45 % of the for-
ested area) and long tradition in com-
mercial forestry since the 17th century,
the natural distribution cannot be exactly
retraced (Hogrebe 1974, Matsumoto et
al. 2006). The use of C. japonica has a
long history and dates back more than
3,000 years (Takahashi et al. 2023). The
discontinuous natural distribution ranges
from the southern island Yakushima to the
northern part of Honshu, the main island
of Japan (Kurata 1964). It was later intro-
duced to Hokkaido at the northern edge
of the Japanese archipelago (Eguchi et
al. 1965). The species is characterised by
high growth rates and can reach heights
of up to 50 m (Schober 1977, 1978) and
mean diameters at breast height (DBH) of
2 m (Schenck 1939). In Japan, it is one
of the most widely used timber species
(Dallimore and Jackson 1923). It provides
high-quality wood with good workability

and a wide range of uses, such as con-
struction, furniture, and rice wine barrels
(Schenck 1939, Hogrebe 1974). In its nat-
ural habitat, the species generally lives
for 200 to 300 years (Stratmann 1988). In
southern Japan, trees up to about 2,000
years old have been recorded on Yakus-
hima Island (Stratmann 1988). C. japoni-
ca can be susceptible to wind, frost, and
snow damage depending on site condi-
tions and provenance (Schenck 1939,
Eguchi et al. 1965). Based on its high
water demand and limited ability of water
uptake, the species is suggested to be
susceptible to water stress, especially in
regions with limited water availability and
dry climates (Schober 1978, Matsumoto
et al. 2006, Tange et al. 2009). This sus-
ceptibility may be further exacerbated by
climate change, as growth declines in C.
Japonica forests in Japan could be linked
to water stress and increasing tempera-
tures (Matsumoto et al. 2006). However, a
previous dendroecological study in west-
ern Germany revealed low resistance of
C. japonica in extreme drought years, but
at the same time, also significantly higher
resilience compared with other introduced
species (Hoffmann 2019), which can be
explained by its isohydric behaviour (Ku-
magai et al. 2008).

In Europe and especially in Germa-
ny, previous C. japonica trials have been
largely disappointing, which may be ex-
plained by using reproductive material
of unknown origin, unsuitable climatic
conditions and consequently maladapta-
tion to frost and snow damage (Hogrebe
1974, Stratmann 1988). The observed
high susceptibility to frost resulted in the
recommendations to plant the species
under canopy cover in respective regions
(Schenck 1939, Hogrebe 1974). On the
other hand, this species showed strong
sensitivity to crown cover and lateral com-
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petition, highlighting the necessity of early
silvicultural treatments (Stratmann 1988).
However, individual trials reported high
growth rates under moist climatic condi-
tions comparable to high-yielding Nor-
way spruce or Douglas fir (Schober 1978,
Schober and Spellmann 2001). Especial-
ly, trees originating from Akita Prefecture
located in the North of Honshu showed
the most promising growth responses in
Germany (Schenck 1939, Schober and
Spellmann 2001). Furthermore, C. japoni-
ca trees in parks or arboreta have reached
impressive sizes (Schenck 1939). Never-
theless, the species has not become wide-
ly used in ornamental horticulture due to
the brown-purple winter discoloration of
individual branches (Schiitt et al. 1984).
The mainly disappointing trial experi-
ences in Germany and the observed high
susceptibility to frost and drought have led
to a general lack of interest in this species
in a forestry context. However, since tri-
als for this species are scarce, continuous
evaluation of this species under changing
climate conditions is necessary for un-
derstanding its performance. Therefore,
we investigated individuals of the species
originating from the northern distribution
area, which were planted at a trial site in
northern Germany. Using a dendroecolog-
ical approach, we examined the long-term
growth response to climatic fluctuations
and investigated the tolerance to extreme
drought periods as well as to a late frost
event, as a main criterion for the suitability
of C. japonica in Germany under changing
climate conditions. In that way, we quan-
tified the similarity in the growth response
of individual trees in order to evaluate in-
traspecific adaptation to extreme events.
The aim of this study is to assess the
suitability of C. japonica for future forest-
ry use in Central Europe by evaluating its
growth response, tolerance to climatic ex-

tremes, and variation in resilience.

Material and Methods

Study site

We investigated the growth response of
six trees of C. japonica using a small tri-
al (0.13 ha) located in the north-east of
Hamburg (53°31'8.76" N, 10°15'52.49" E).
The trial site is characterised by moist
conditions with an annual precipitation of
802 mm and a mean annual temperature
of 9.3 °C (Fig. 1). The trial was estab-
lished in 1972 with six-year-old trees of
a single provenance. The spacing is 6 x
4 m with no replication. The mother trees
were selected in the Matsumae district in
the south of Hokkaido, Japan. Here, C.
japonica trees were introduced from the
Akita prefecture and grew near the north-
ern ecological limit of the species’ natu-
ral distribution (Matsumoto et al. 2006).
The offspring were selected according to
their frost hardiness and survived -17 °C
of midwinter temperature (Eguchi et al.
1965). One-year-old plants were brought
to the institute in Grofshansdorf as part of
a research collaboration. Here, they were
cultivated in the institute’s tree nursery. In
1972, the field trial was established with
52 trees in total. Today, 37 trees exist at
the trial site.

Sampling and measurements

For assessing the growth of the trees,
DBH was measured in 1980 (age 14)
and 2020 (age 54) on the living trees. To
evaluate the total growth performance of
the living trees, we focused on the DBH
at age 54 (37 trees in total). For the ex-
amination of the growth response, we se-
lected randomly six trees, four trees are
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Fig. 1. Walther-Lieth diagram (left) for the period 1970-2024 and the Standardised Precip-
itation Evapotranspiration Index (right) for the period from 1991 to 2024 at the trial site
Vorwerksbusch.

Note: The dashed line marks the -1.5 threshold used to identify drought years.

clones (35_11, 378 _160, 409 195, and
421_217) and two trees are seedlings
(268 and 284). In winter 2024, increment
cores on the six trees were sampled in
one direction at 1.3 m, to investigate the
growth responses to past climate fluctu-
ations and extreme drought events. The
increment cores were air-dried and pre-
pared in the laboratory using a WSL mi-
crotome (Gartner and Nievergelt 2010)
and digitised using the ATRICS-system
(Levani¢ 2007). On these high-resolu-
tion images, annual ring-width measure-
ments were conducted and statistical-
ly cross-dated using CooRecorder and
CDendro (version 9.6.3, Cybis Elektronik
& Data AB, Sweden). Ring-width series
were detrended using a cubic smoothing
spline function with a 50 % frequency cut-
off at 30 years to obtain high-frequency
climatic signals (Speer 2011). Chronology
statistics were calculated to assess and
validate the individual ring-width series
using the R package dpIR (Bunn 2008).
More specifically, we calculated the ex-
pressed population signal (EPS) to vali-
date the adequacy of the subsamples in
representing the theoretical population,
as well as the Gleichlaufigkeit (GLK) to

assess the similarity in growth response.
Furthermore, we calculated the Gini coef-
ficient to characterise the dissimilarity of
ring width over time (Bunn et al. 2013).

Climate data

For the investigation of the growth re-
sponse to long- and short-term climatic
fluctuations, we used monthly means of
temperature, precipitation and evapo-
transpiration (available from 1991) data
from a 1 x 1 km gridded database avail-
able at the German Weather Service
(DWD Climate Data Center 2022a,b,
2024). Furthermore, we identified the
three driest years, 1996, 2003 and 2018,
within the period from 1991 to 2023 by
calculating the Standardised Precipitation
Evapotranspiration Index (SPEI) based on
monthly precipitation and evapotranspira-
tion using the R package SPEI (Begueria
and Vicente-Serrano 2023). Therefore, we
used a timescale of 6 months to account
for the water availability for tree growth
(SPEIB). Drought years were confirmed
when SPEI values exceeded a threshold
of -1.5 during the vegetation period (April
to September), following a classification
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after McKee et al. (1993) (Fig. 1). In ad-
dition, we identified a late frost event in
2010 and considered this year as an ex-
treme year in the analysis as well.

The evaluation of climate sensitivity to
long-term climatic fluctuations was done
using climate-growth relationships. There-
fore, bootstrapped correlations were cal-
culated between the individual detrended
chronologies and monthly temperature,
precipitation, and SPEI6. To consider the
influence of the previous year conditions,
these correlations were calculated over a
16-month window from previous June to
current-year September. The calculations
considered the period from 1992 to 2023,
in which values for the evapotranspiration
were available (necessary for the calcula-
tion of SPEI values), using the R package
treeclim (Zang and Biondi 2022).

In addition to assessing the long-term
growth response to climate impacts, we
quantified the individual trees’ response
in the identified extreme years using dif-
ferent resilience components provided by
Lloret et al. (2011). Specifically, resistance
was calculated as the ratio between ring
width during and before a drought year
(Dr/PreDr), taking into account the growth
depression during the extreme event. The
ability of a tree to reach the growth lev-
el before the drought event is defined as
resilience and is calculated as the ratio
between the growth after and before the
extreme event (PostDr/PreDr). Further-
more, resilience can be weighted by the
damage experienced during the extreme
events ((PostDr — Dr)/PreDr) and is called
relative resilience, defining the speed of
the recovery of a tree while taking into
account the damage experienced during
the extreme event. For the calculation of
the resilience components, we considered
three years before and after an extreme
event, using the R package pointRes (van

der Maaten-Theunissen et al. 2015). To
consider differences in the stability of the
growth responses among the identified
extreme years, which may differ in timing,
duration, or severity, an ANOVA was per-
formed with the resilience components as
response variables and the extreme years
as fixed effects. Significant differences
between extreme years were calculated
using a post-hoc test and displayed via
compact letter display. The data analysis
was performed in the R programming en-
vironment (R Core Team 2023).

Results

Growth and annual increment

DBH at age 54 (in 2020) of C. japonica
trees on the trial site varied between 34.6
and 58.8 cm. Mean height at the age of 54
was 26.0 m.

The individual chronologies show
a strong common signal, as indicated
by a high mean interseries correlation
(F = 0.718) and high Gleichlaufigkeit
(GLK =0.71). The EPS of 0.938 exceeded
the common prescribed threshold of 0.85,
underlining the common signal of the indi-
vidual chronologies (Wigley et al. 1984).
The standard deviation was similar among
trees (Table 1), except for tree 409 195.
This tree shows the highest variation in the
common overlap period from 1989 to 2024
(Fig. 2), indicated by the highest standard
deviation and the highest Gini coefficient.
The mean of the chronologies was similar
among trees, with tree 421_217 showing
the lowest value (Table 1). In contrast, the
first-order autocorrelation varies between
individuals with the highest autocorrela-
tion for 35_11. Furthermore, the variation
in ring width decreases towards the higher
ages. Thereby, some years, such as 2003
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Table 1. Chronology statistics for the six analysed trees.

Tree number DBH, cm Mean, mm StDev, mm Gini AR1
268 54.9 4.274 1.880 0.244 0.529

284 46.0 4.020 1.840 0.236 0.426

35 11 47.8 4.467 1.708 0.214 0.703
378_160 50.3 4.967 2.408 0.257 0.454
409 _195 44.3 4,961 3.657 0.395 0.463
421 217 53.4 3.720 1.804 0.264 0.606

Note: DBH was measured at age 54 (in 2020). Mean — mean ring width, StDev — standard
deviation, Gini — Gini coefficient, AR1 — first-order autocorrelation.
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Fig. 2. Ring width and ring-width index (RWI) for the common overlap period from 1989
to 2024.
Note: colours represent different trees; the black line indicates the mean.

and 2010, showed a synchronous growth
depression in RWI across all chronologies
(Fig. 2).

Main climatic drivers of growth

In accordance with the common growth
response, the climate-growth relation-
ships revealed similar sensitivity to the
climate variables (Fig. 3). For example,
all trees showed a positive correlation

with temperature in February, and at least
three of six trees also correlated with tem-
peratures in January and March. Also,
trees showed high sensitivity to precipi-
tation in February. In contrast, summer
drought did not appear to be a major cli-
matic driver as indicated by the overall
weak correlations with SPEI6 and pre-
cipitation in June and July. Overall, pre-
vious-year conditions had no significant
impact on growth.
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Fig. 3. Heatmap of bootstrapped correlations between tree-ring width and monthly tem-
perature, precipitation, and SPEI6.
Note: Correlations were calculated over a 16-month window from previous-year June (jun) to
current-year September (SEP) for the period 1993 to 2023. Colours indicate correlation strength,

asterisks significant correlations.

Response to extreme conditions

Within the period from 1991 to 2023, we
identified 1996, 2003 and 2018 as the dri-
est years based on SPEI6 values during
the vegetation period, whereas 2010 was
characterised by a late frost event in May
and low winter temperatures (Table 2).
The drought years differed in severity and
timing. While in 1996 a spring drought was
observed, 2003 and 2018 were marked
by summer drought, as indicated by the
SPEI6 values (Table 2).

Resistance to drought was similar

between the extreme years, whereas re-
sistance to late frost was lower (Fig. 4),
indicating no clear difference in resistance
between summer and spring droughts.
The highest variation was found in 2018
and the lowest in 2010. In contrast, rela-
tive resilience during the spring drought in
1996 differed significantly from the sum-
mer drought of 2003 and 2018, as well as
the late frost conditions in 2010. For 2010,
relative resilience was lowest, showing
that the trees did not return to pre-distur-
bance growth level within the 3 years (see
also Fig. 2). The ability to reach pre-dis-

Table 2. Extreme years characterised by minimum SPEI6 values for the vegetation period
(Apr—Sep) and corresponding mean SPEI6 values for the vegetation period, spring (Apr—
May) and summer (Jun—Aug), including May temperature data for the late frost event in

2010.
Extreme SPEI6 Frost
year Minimum Mean Mean Mean Minimum Mean
(Apr-Sep) (Apr-Sep) (Apr-May) (Jun-Aug) MayT,°C MayT,°C

1996 -2.43 (Apr) -1.09 -2.15 -0.71 - -
2003 -1.38 (Jul) -1.17 -0.81 -1.24 - -
2010 - - - - 5.7 7.6
2018 -3.25 (Jul) -1.71 0.17 -2.38 - -

Note: Drought years differed in severity and timing, with 1996 experiencing a spring drought,
whereas 2003 and 2018 were marked by summer drought, as reflected by the SPEI6 values. For
2010, the minimum monthly temperature in May (Minimum May T, °C) and the mean minimum
May temperature for the period 1990-2023 (Mean May T, °C) are shown.
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Fig. 4. Resistance (left) and relative resilience components (right) for the identified
extreme drought years (1996, 2003, and 2018) and the late frost year (2010).
Note: Colours refer to the trees (n = 6). Different letters indicate statistically significant differ-

ences between extreme years; means sharing

turbance growth levels was highest for
1996, also showing the greatest variation
among trees.

Discussion

Due to its high growth potential in its nat-
ural range, C. japonica became the focus
of various trial experiments across Europe
during late 19th and 20th centuries, with
early tests in the UK, Sweden, Denmark,
and Germany mostly showing unsatis-
factory results (Schenck 1939, Thiringer
1967, Hogrebe 1974). One reason may
be the uncontrolled use of different prove-
nances from the natural distribution, since
it varies strongly in climatic conditions
(annual precipitation, temperature, and
the amount of snowfall), leading to genet-
ic and morphological differences between
populations caused by natural selection
(Kimura et al. 2014, Tsumura et al. 2014).
However, later trials in Germany docu-
mented provenances and reported high
growth rates of northern provenances

the same letter are not significantly different.

comparable to the first and second yield
classes of Japanese yield tables (Schober
1978, Schober and Spellmann 2001).
Compared to the native fast-growing Nor-
way spruce, C. japonica exceeded by far
the first yield class, with the best growing
trees originating from the Akita Prefecture
in northern Honshu (Schober and Spell-
mann 2001). The trees investigated in
this study showed a wide range in growth
(DBH: 34.6-58.8 cm), which is also higher
compared to the first yield class of Norway
spruce at age 55 (DBH: 38.6 cm; Albert
et al. 2021). As these trees also originate
from the northern parts of the natural dis-
tribution, previous observations of high
growth rates compared to native species
are confirmed.

In contrast to the partly impressive
sizes of C. japonica in Germany, its re-
sponse to climatic fluctuations may rep-
resent a limiting factor in the introduced
range, potentially contributing to unsatis-
factory results and limited silvicultural in-
terest. Climatic conditions in Japan differ
substantially from those in Germany. The
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average annual precipitation is more than
twice as high, reaching up to 4,000 mm in
the southern areas (Thiringer 1967). As
a result, the species is adapted to humid
and mild climates, whereas growth may
become constrained under drier condi-
tions (Hoffmann 2019). In the climate—
growth correlation analysis (Fig. 3), sum-
mer drought was identified as a significant
growth-limiting factor in only two ftrees,
suggesting that it is not the dominant cli-
matic driver. Instead, moisture conditions
in February (temperature and precipita-
tion) showed a stronger correlations with
tree growth, consistent with findings for
native conifers such as pine (Stolz et al.
2021). Elevated spring temperatures may
promote photosynthesis once specific
thermal thresholds are reached (Harvey
et al. 2020). Nevertheless, the event-
based analysis (Fig. 4) indicates mea-
surable growth reductions during drought
years, reflecting a detectable drought
sensitivity. Such growth responses are
consistent with isohydric behaviour, char-
acterised by early stomatal closure under
water deficit to limit transpiration (McDow-
ell et al. 2008), as previously reported for
C. japonica (Kumagai et al. 2008, Tange
et al. 2009, Hoffmann 2019). Importantly,
relative resilience differed between spring
and summer drought events, with faster
recovery following spring drought. This
suggests that seasonal timing influences
post-drought growth dynamics and high-
lights that resistance during drought and
resilience after drought represent distinct
aspects of the growth response.
Interestingly, the lowest resistance
was observed in the year with a late frost
event, showing also the lowest variation
among the trees studied (Fig. 4). Accord-
ing to Eguchi et al. (1965), the trees are
progenies of trees growing in the Matsu-
mae District, where they experienced tem-

peratures between -17 and -5 °C. For the
selection of the frost-hardiest C. japonica,
different types were determined based on
crown architecture, bark and form of nee-
dles and observed in terms of desicca-
tion as well as resistance to frost damage
(Eguchi et al. 1965). It therefore seems
surprising that resistance to late frost was
lower than in the drought years. Howev-
er, low frost resistance is a commonly
observed pattern in previously described
trials in Germany (Schober 1978, Schober
and Spellmann 2001). Additionally, the
species showed a high susceptibility to
snow damage (Schober and Spellmann
2001), which could not be investigated
in this study (missing data). Furthermore,
the small number of trees examined limits
the comparability with previous studies.
However, the results clearly underline cur-
rent observations and recommendations
that this species is conditionally suitable
for cultivation under mild and humid cli-
matic conditions (Hogrebe 1974, Schober
and Spellmann 2001, Hoffmann 2019).

In order to elucidate the biological
mechanisms of how C. japonica responds
to different environmental conditions,
Nose et al. (2023) analysed the annual
transcriptome dynamics of a C. japonica
clone planted at three climatically different
locations using microarrays. Takashima et
al. (2021) established a high-throughput
method for evaluating clonal stress re-
sponses to drought stress using infrared
thermography and chlorophyll fluores-
cence methods in C. japonica. The meth-
od is intended to enable the evaluation of
clonal stress responses in the species in
order to enhance the breeding program
for drought tolerance.

The geographical latitude and the as-
sociated period of sunshine (duration of
sunlight) have an influence on the adapt-
ability of tree species, particularly in the
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northern latitudes of Europe (e.g., Picea
abies, Schmidt-Vogt 1986). This has not
been confirmed in the introduction of Jap-
anese tree species such as Larix kaemp-
feri (Schober and Rau 1991), Betula max-
imowiciana (Liesebach et al. 1997), and
Betula platyphylla var. japonica (Liese-
bach et al. 2007) to Germany.

Conclusions

Cryptomeria japonica has been described
as highly susceptible to water stress both
in Japan (Matsumoto et al. 2006) and in
Germany (Schenck 1939, Schober 1978)
in the context of climate change with in-
creasingly frequent drought periods. The
cultivation of C. japonica should there-
fore proceed with caution (e.g. Stratmann
1988). Nevertheless, high growth rates
under favourable, mild conditions and the
use of appropriate provenances suggest
that good productivity is possible. The
long-standing recommendation to plant
the species under canopy to reduce frost
damage should be followed (Hogrebe
1974), especially when growing prove-
nances from the southern part of the nat-
ural distribution, which are more sensitive
to frost (Schober and Spellmann 2001).
A comparison of provenances was not
possible in this study and remains an im-
portant topic for further research. It also
remains unclear whether the species can
adapt to the rapidly changing climatic con-
ditions in the introduced range, despite its
broad ecological amplitude and adaptabil-
ity within its natural distribution. Overall,
the good growth performance and the ob-
served tolerance to drought and late frost
— even under relatively poor site condi-
tions — indicate that C. japonica should not
be neglected in discussions on future tree
species selection under climate change.
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