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ABSTRACT. Metasequoia glyptostroboides, a deciduous gymnosperm, also known as dawn redwood, was
thought to be extinct until living members of the species were found in China in 1943. Analyzing the climate
response of a transplanted stand of the trees can give insights into their physiological plasticity, into their use
in restoration and reforestation, as well as into interpreting the environmental conditions of the geologic past
from fossil Metasequoia. An annual ring-width chronology—spanning 1955 to 2010 and based on a stand of 19
M. glyptostroboides trees planted in Secrest Arboretum in northeast Ohio, USA—shows negative correlations
with maximum monthly temperatures: with the strongest relationship with February and the warm months of
June and July, all significant at the 99% confidence levels. A positive May to June precipitation correlation is the
strongest moisture signal (p <0.05) and the narrowest rings in the chronology occurred during the drought of
1987 to 1988, consistent with one of the warmest and driest Junes on record. These results have implications
for the future as climate change affects the native and transplanted range of this species. Future response of
this species to a changing climate will depend on the relative rates of warming maximum temperatures in the

winter and summer, as well as changing moisture conditions during the summer months.
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INTRODUCTION

Metasequoia glyptostroboides Hu & W.C. Cheng,
a deciduous gymnosperm also known as dawn
redwood, was thought to be extinct until living trees
were found in Chinain 1943 (Huand Cheng 1948;
Maand Shao 2003). The fossil record of Metasequoia
dates back to the Late Cretaceous, and the species
is a common constituent of Cenozoic fossil floras
and is widespread throughout the middle to high
latitudes in the Northern Hemisphere (LePage et
al. 2005). However, today’s extant population is
limited and may be the most restricted since the
Miocene, perhaps linked to global aridity and
cooling along with increased competition from
Pinaceae (LePage et al. 2005).

Only about 5,400 individuals comprise the
extant native population, which grows in the
border region of Hunan, Hubei, and Sichuan
provinces in south-central China. Native stands
are scattered along moist ravines, ranging from
approximately 800 to 1,500 m a.s.l., and are
likely the remnants of more extensive stands that
were lost due to human-induced land use change

(Williams 2005; Tang et al. 2011). The species is
listed as critically endangered in the International
Union for Conservation of Nature’s Red List of
Threatened Species™ (Farjon 2013).

To prevent extinction of this relict species,
extensive ex situ conservation efforts followed its
discovery. Beginningin 1947, seeds were distributed
worldwide. Today, the dawn redwood has been
successfully cultivated in 50 different countries (Ma
2007). Despite the geographically restricted nature
of the endemic population, M. glyptostroboides
is capable of growing across a wide spectrum of
climate conditions. Although it thrives in mesic
temperate climates, it persists in North America
from the humid continental climate of Montreal,
Canada, to the subtropical, humid climate of New
Orleans, Louisiana, USA (Williams 2005). M.
glyptostroboides also grows quickly: stem length can
grow over 30 m in less than 50 years (Williams
2005). The species puts on biomass rapidly, and
therefore has the potential to be useful in carbon
sequestration and soil stabilization efforts.
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Metasequoia glyptostroboideshasbeen well studied
in terms of its paleobiogeography, ecophysiology,
forestecology, genetics, and horticultural properties
(Kuser et al. 1997; Vann et al. 2004; LePage et al.
2005). Fossil wood has been studied to interpret
pre-Quaternary paleoclimate (Kumagai et al.
1995; Jahren 2007; Richter et al. 2008). Finally,
Holocene-age sub-fossil M. glyptostroboides, found
within its native habitat, presents the opportunity
for more recent paleoclimate studies (Yang et al.
2004).

Tree-ring studies of dawn redwood have been
undertaken in Krakow, Poland (Wilczynski et al.
2014), where 18 planted trees, 40 years of age,
were used in a ring-width series and correlated with
local climate data as part of an analysis to assess
the resistance of the species to urban pollution. No
adverse effects were noted in the ring-width series
with respect to air quality, but the climate analysis
identified a negative relationship (strong growth
with lower temperatures) with temperature for the
coldest month of the year, January (significant at
the 0.05 level). A significant negative relationship
(p<0.05) was also identified with April and May
temperatures. The precipitation signal in the Polish
study was positive and strongest for the months of
April and August and relative humidity was also
positive for April to June (all significant at the 0.05
level). The negative correlation with temperatures
in the spring and the positive correlations with
precipitation and humidity in the spring and
summer can be explained by high transpiration
demands during these warm and dry months
(Wilczyniski et al. 2014).

Despite these previous studies of M.
glyptostroboides, relatively little is known about
their climatic response in North America;
thus, further investigation of the climate—tree-
ring association in existing trees could prove
informative for both paleoclimate reconstruction
and assessing future forest health with respect
to climate change. Better understanding of tree
growth—climate association is also important
because the native area of these trees is projected
to warm by approximately 3 °C above the late-
20th-century baseline by the mid-21st century
under RCP8.5 (Hijioka et al. 2014). This
current report presents the first investigation
of the climate response of M. glyptostroboides in
North America by comparing ring-width series
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with mean monthly temperature data and total
monthly precipitation data. This study sampled
an ex situ collection that was established in 1953
at the Secrest Arboretum in Wooster, Ohio, USA.

SITE DESCRIPTION AND METHODS

Increment cores were collected from an original
grove of 20 M. glyptostroboidestrees, planted in 1953,
atthe Secrest Arboretum within the Ohio Agricultural
Research and Development Center (OARDC) (lat
40°46'52"N, long 81°54'57"W; elevation: 311 m), in
Wooster, Ohio (Fig. 1A). Trees were planted ina grid
of 4 rows approximately 3.5-meters apart. Monthly
temperature and precipitation data spanning 1955
to 2010 were retrieved from the Global Historical
Climatology Network (GHCN) (Peterson and
Vose 1997). The weather data used was generated
at a station located on the grounds of the Secrest
Arboretum, about 0.3 km west of the sample site
(Fig. 1A). The mean annual precipitation for the
period of study was 950 mm with a mean annual
temperature of 9.9 °C (Fig. 1B). The growing season
was generally from March to September, with the
wettest months being May and June and the warmest
being July and August. The coldest months were
January and February, with February also being the
driest month (Fig. 1B).

One to three cores were taken from each tree at
breastheight. Metasequoia glyptostroboides commonly
form support buttresses at their base, which impacts
the ring widths. Therefore, cores were collected
avoiding the folds in the lower portion of the tree’s
buttresses. Samples were mounted and finely sanded
in preparation for crossdating in The College of
Wooster Tree-Ring Laboratory. Cores were measured
to the nearest 0.001 mm using a Velmex sliding
stage micrometer. Annual increments were visually
crossdated, as well as statistically crossdated using
the computer program COFECHA (Holmes 1983).
No missing rings were noted, although false rings
were common (Fig. 2). While none of the series
were truncated, some series with low correlations
were eliminated from the climate analysis because,
although they were correctly dated, they did not
have a strong record of climate in their annual ring
widths. The final chronology used 32 ring-width
series from 19 different trees.

The chronology was standardized using the
ARSTAN software, a freeware program developed
at the Tree-Ring Lab of the Lamont-Doherty
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FIGURE 1. (A) Location map of the study site located within the Secrest Arboretum, Wooster, Ohio. Note that the
meteorological station (white circle) on the campus of the OARDC is located approximately 300 meters west of
the dawn redwood stand (white square). (B) Climograph showing the mean monthly temperatures (red) and
precipitation (blue) for Wooster. February is the driest month of the year and the second coldest month.

FIGURE 2. Four photomicrographs of dawn redwood cores. Growth is left to right and the white dot
is placed on the earlywood of the 1988 ring. The 1987 to 1988 rings were the most-narrow of the
series. Note that the upper core has some faint false rings that were common in some cores.
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Earth Observatory (https://www.ldeo.columbia.
edu/tree-ring-laboratory/resources/software) based
on the work of Cook (1985). Each raw series was
conservatively detrended using either a negative
exponential curve orastraightline through the mean.
The negative exponential curve, which follows the
expected growth function of a radially expanding
tree, was used to detrend most series. This process
produces a chronology of standardized ring-width
indices that was then used in the climatic analyses.
This study also generated a residual chronology
using ARSTAN and examined this high frequency

chronology for its climate signal.
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The standard chronology (Fig. 3A) was then
compared to the 51 years of mean, maximum, and
minimum monthly temperature data and total
monthly precipitation data spanning the period
from 1960 to 2010. This study truncated the ring-
width series to begin at 1960, when there were
more than 10 cores in the chronology (Fig. 3A).
Correlations for the 3 monthly temperature series
and the total monthly precipitation were calculated
for the dendroclimatic year (Speer 2012) (March
through December of the previous year of growth
and January through September of the year of
growth) (Fig. 3B).

16 - A.
1.4
1.2

1

/\/\ A

0.8

A N
vvu

04

\J N

0.6

Tree-Ring Indices

1987-
1988 ~_ _

Ny

50

0.2

1970

|
1980

Number of Series

| |
1990 2000 2010

Year CE

Correlation

= . = .

c T 2 2 > o B +# > J £ 8 © T 2 2 > o B

522353238288 ¢ 822235323

- prior year growth year >
Month

FIGURE 3. (A) The standard ring-width chronology developed using 32 series from 19 trees. The bold black line
below the ring-width chronology indicates the number of series (sample size) through time. (B) Correlations of
the maximum monthly temperature (red bars) and total monthly precipitation (blue bars) compared with the
standard chronology for the dendroclimatic year (March through December of the previous year of growth and
January through September of the year of growth). The 95% confidence levels are indicated.
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RESULTS

The final ring-width series for M. glyptostroboides
has a mean sensitivity (a measure of year-to-year
variability) of 0.38, a mean series intercorrelation
of 0.62, and a mean first-order autocorrelation of
0.59. The mean width measurement is 4.65 mm,
the mean segment length is 48 years, and the total
chronology spans 56 years between 1955 and 2010.
Correlations of the standard chronology with both
monthly precipitation and maximum temperature
data (Fig. 3B) provide insight into the climatic
controls on growth of M. glyptostroboides. The
residual chronology yielded much weaker results
than the standard chronology and thus the residual
is not included here in the results; discussion below
focuses on analyses of the standard chronology.

The trees exhibit a strong negative correlation
with February maximum temperatures as well
as June and July maximum temperatures for the
growing season (Fig. 3B), all significant at the
95% confidence level or greater. For the month
of February, the mean and minimum temperature
series have stronger correlations than with the
maximum temperatures (at -0.44 and -0.43, for
the mean and minimum temperatures; both highly
significant (p <0.001) compared to the correlation
of the maximum temperature series of -0.37
(p<0.008) Fig. 3B). The correlation for the average
of June and July temperature values and ring-
widths is 0.34 (p<0.02) and the first differenced
correlation thatemphasizes year-to-year variability
is 0.36 (p<0.01). The May through June average
precipitation series compared with ring widths
correlatesat 0.33 (p <0.02) and a correlation of the
first differenced data for May to June precipitation
is 0.43 (p<0.0002). The most-narrow rings are
the years 1987 and 1988 (Fig. 2, Fig. 3A), which
is a well-documented drought and warm period in
northeast Ohio that persisted from September 1987
through August of 1988 (Rogers 1993).

DISCUSSION

The negative correlations with maximum Juneand
July temperatures of the growth year (Fig. 3B) suggests
that during warm summers tree growth is adversely
affected, likely due to high evapotranspiration
demands. Wet Mays and Junes have a positive
relationship with tree growth consistent with higher
amounts of summer moisture, which are favorable
to tree growth during these warm months.
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The negative correlations between M.
ghyptostroboidesradial growth and maximum monthly
February (the second coldest month in northeast
Ohio) temperatures may be linked to the low snow
cover. Cooler Februaries are favorable to tree growth.
This relationship could be linked to more snow
surviving into the spring and providing moisture
to early growth. Additionally, the higher correlation
with mean and minimum February temperatures
than with maximum temperature is consistent with
the possibility that snow pack in February may have
a positive influence on tree growth—Dbecause cooler
February temperatures and a surviving snowpack
would protect this shallow-rooting species from frost
damage in the root zone. The thermal protection of
asnowpack against winter frost has been noted from
the Midwest and at higher latitudes (e.g., Hennon et
al. 2016; Buma et al. 2017; Reinmann et al. 2019).

A comparable climate response was found in
the only other ring-width chronology assembled
from dawn redwood, assessed near Krakow, Poland
(Wilczyniski et al. 2014). The Polish study similarly
compared ring-width series to monthly climate
records. The tree-ring series in the Polish study
was built from 18 cores from 18 trees with a mean
interseries correlation of 0.36 (p<0.05) spanning
1974 t0 2011, a 37-year interval. The current study,
which was 56 years in length (1955 to 2010) and
included 32 cores from 19 trees, resulted in a series
intercorrelation of 0.62. The climate analysis for the
dawn redwoods in Poland showed that for January
(the coldest month in Krakow), May, and June,
temperatures were negatively correlated with tree
growth; the wet April and August months favored
tree growth. Negative correlations with the warm
months of Apriland May in Poland—and the similar
finding in Ohio for the same months—indicate that
warm summers and increased evapotranspiration
can negatively impact tree growth. In the case of the
Ohio trees, the reduced growth seen in the narrow
marker years of 1987 to 1988 is consistent with
this finding.

The negative winter temperature response for
February in Ohio and January in Krakow is also
consistent with tree growth benefitting from cooler
winter months. Theleading hypothesis put forth here
to explain this observation is informed from work
on Alaska cedar growth in the Pacific Northwest
(Hennon et al. 2016; Buma et al. 2017) and in a
variety of species from New Hampshire (Reinmann
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et al. 2019). These aforementioned studies show
that warm winters can be detrimental to tree growth
due to warmer temperatures leading to a loss of
snowpackand subsequentrootinjury due to freezing.
Furthermore, for the sites in the Pacific Northwest,
climaticanalyses using tree-rings are consistent with
these findings (Wiles et al. 2012; Comeau et al.
2019; Wiles et al. 2019). Similar to the findings in
Alaska, where mean winter temperatures at Alaska
cedar sites are at a critical transition between 2 and
-2 °C, the Wooster, Ohio, site falls within this zone
asmapped by Bumaetal. (2017). Bumaetal. (2017)
predicted that tree growth at locations within this
critical temperature range would be susceptible to
frost damage, especially as warming continues in
many parts of the world. The northeast Ohio site is
within this crucial winter temperature range and so
is the Lichuan region of China, the present natural
range of the M. glyptostroboides. The identification of
this winter climate response may be useful to forest
managers and arborists, because M. glyptostroboides
continues to be listed as endangered (Farjon 2013).
Further investigations, however, are needed to more
fully explore the link between winter temperatures
and tree growth.

CONCLUSIONS

The current tree-ring study from northeast Ohio
is from a managed stand of M. glyprostroboides trees
outside of their present native species range. These
analyses, however, can yield insights about the
future response of tree growth to changing climate
in the natural region, as well as the potential of
using M. glyptostroboides in climate reconstruction
studies. This study shows that warming coupled
with drying would adversely affect the growth of
M. glyptostroboides. For Ohio, warming is coupled
with increased moisture in the spring months and
increased frequency of drought in the late growing
season (USGCRP 2017); thus the health of the trees
depends on the relative rates of these changes in
northeast Ohio (Butler etal. 2015). For the winter
season, the observed decrease in snowfall in the
region (Butler et al. 2015) may be detrimental to
tree growth whereas increased precipitation overall,
in the form of summer rain, will benefit growth.

Future efforts should be directed towards better
identifying the mechanisms that cause winter
sensitivity in dawn redwood, thus refining the
roles of summer precipitation changes relative to
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warming temperatures. These investigations would
aid in the development of more robust climate
and ecosystem models that incorporate drought
stress and temperature thresholds in relation to
tree health.

A final note acknowledges that this study, and
the one in Krakow, Poland (Wilczyniskietal. 2014),
are both relatively short chronologies and from
regions that are complacent with respect to climate
response: the study trees of Wilczynski etal. (2014)
are growing in a floodplain setting and the Ohio
site in a managed arboretum. Tree-ring studies
within the native range would better characterize
the potential response of the dawn redwood growth
within that native range. Given the remarkable
rates of growth of dawn redwood, future tree-ring
investigations could have implications in making
decisions for tree plantings, carbon sequestration,
and land preservation (Crowther et al. 2015).
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