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Abstract: Chinese Torreya is a vital crop tree with an average life span of a thousand years in
subtropical China. Plantations of this tree are broadly under construction, to benefit the local economy.
Information on the growth and adaptation to climate change for this species is limited, but tree
rings might show responses to historical climate dynamics. In this study, six stem sections from
Chinese Torreya trees between 60 and 90 years old were acquired and analyzed with local climate
data. The results indicated that the accumulated radial growth increased linearly with time, even at
the age of 90 years, and the average radial increment of each tree ranged from 1.9 to 5.1 mm/year.
The variances of basal area increment (BAI) increased with time, and correlated with the variances of
precipitation in the growing seasons. Taylor’s power law was present in the radial growth, with the
scaling exponents concentrated within 1.9–2.1. A “Triangle”-shaped relationship was found between
the precipitation in the growing seasons and annual radial increments. Similar patterns also appeared
for the standard precipitation index, maximum monthly air temperature and minimum monthly
air temperature. The annual increases were highly correlated with the local climate. Slow growth,
resilience to drought and multiple stems in one tree might help the tree species adapt to different
climate conditions, with the implications for plantation management discussed in this paper.
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1. Introduction

Progressing global climate change, with increased frequency of extreme climatic events, increased
atmospheric CO2 concentration and related disturbance regimes, affects plant growth, survival,
and range shift [1,2], which causes environmental and economic consequences [3,4]. Increasing air
temperature will accelerate plant growth and increase the rate of water use; increasing atmospheric
CO2 concentration will decrease leaf stomatal conductance and lead to increased water-use efficiency,
but this effect will vary with species, and will depend on soil water and nutrient status [5,6]. In order
to mitigate the negative impacts of climate change on plant production and maintain sustainable
food supplies, it is necessary to develop adaptation strategies and enhance plant resilience, especially
for those crucial crops [7]. Since climate change’s impacts on plant production may have spatial
and temporal variations, due to complicated interactions among species, weather and landscape [8],
environment-specific or local adaptation strategies need to be developed [9,10]. Studying some existing
plants (e.g., trees) with long life spans and already-experienced climate dynamics may help provide
clues in understanding plant adaptation strategies [11].

Chinese Torreya (Torreya grandis cv Merrillii) is an evergreen coniferous tree with light green
leaves in subtropical China [12,13]. Currently, there exist only six species, with a restricted distribution
globally. T. california Torrey and T. taxifolia Arn. are distributed in North America [14], T. nucifera
(L.) Sieb. et Zucc. is in Japan and South Korean [15], and three species (T. fargesii Franch, T. grandis
Fort. ex Lind. and T. jackii Chun) and two varieties (T. fargesii var. yunnanensis and T. grandis var.
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jiulongshanensis) are found in China [13,16]. Only Chinese Torreya trees produce edible seeds, and can
live for a thousand years [13,17], with some dating to the late Tang Dynasty in China. This tree was
first scientifically described by R. C. Ching in 1927 [18]. Chinese Torreya has become an important
economic tree cultivar for its nuts, which have been used as food in China [19]. One mature tree can
produce thousands of dollars in nut crops [20]. The economic benefit has helped thousands of farmers
to overcome poverty in Shaoxing [21,22]. Currently, establishing Chinese Torreya plantations and
providing nuts is a strategy for poverty alleviation in some poor mountainous areas. The tree also
has important medicinal value [23]. Additionally, its timber is an excellent material for high-quality
ornaments, such as sculptures and furniture. An increasing number of farmers are setting up Chinese
Torreya plantations in order to gain a higher income from this high-value tree species. However,
this tree grows slowly, usually producing seeds after 5–10 years [12,20]. This tree species experienced
an increase in annual air temperature from 15 ◦C to 17.5 ◦C during the last century in this region [11].
Under the global climate change scenario, the annual air temperature and precipitation in this region
are modeled to increase by about 2–2.5 ◦C, and 2–12%, respectively [24]. It is unknown whether
climate change will affect this tree, and whether this species can adapt to climate change. Currently,
there are some studies on the short-term physiological responses of Chinese Torreya seedlings under a
controlled environment [25,26]. For one-year-old seedlings, the growth in height was found mainly in
May–June and September [27]. However, there is limited information concerning long-term radial
growth for mature trees of this critical species.

One approach to studying the tree growth process is through tree ring analysis, which provides
an understanding of tree growth dynamics and the capacity to adapt to climate change [28]. Tree rings
can be used to estimate tree age and assess long-term growth patterns in tree species, which provide
information on species life history [29,30]. Tree ring widths can also give information about the growth,
biomass accumulation and productivity of the species [31,32]. In addition, tree rings reflect the effect
of climatic and environmental conditions on tree growth, and the vulnerability of tree species [33–36].
The patterns of tree rings show the combined impact of growth responses and environmental changes
on tree species. Increasing atmospheric CO2 concentration can increase the photosynthetic rate, but this
also depends on air temperature, water and nutrient condition. Climate change may lead to a reduction
in rainfall but increased temperatures, which can affect some trees’ growth and carbon sequestration
potential [37,38]. The long life span of Chinese Torreya trees provides an opportunity to study its
adaptation to climate dynamics. However, so far, there is no chronological study for Chinese Torreya.

Sustainable management of Chinese Torreya plantations needs to enhance seed production, carbon
storage and livelihoods [12,20,39,40]. These objectives require a deeper understanding of the tree’s
growth behavior and responses to past environmental changes. However, it is challenging to acquire
stem samples, because these trees have been the source of income for farmers, and it is not possible
to collect samples without damaging the tree. Further, applying an increment borer can introduce
diseases. Most old trees have a rotten heartwood, although they still grow well and produce seeds.

This study aims to find some tree samples and study tree rings of Chinese Torreya trees, as well
as find their growth patterns. Since Chinese Torreya trees have existed in the region for more than a
thousand years, it is reasonable to assume that this tree could endure climate change. Furthermore,
it was found that there was an increase of inter-annual variation in seed production with time
in some trees due, to environmental change [41]. Thus, it might be assumed that there was an
increased inter-annual variation of tree ring growth for the Chinese Torreya. The specific objectives
of this study include: (i) studying the growth rate and patterns of tree rings and testing the above
assumptions; (ii) indicating relationships between tree growth and climate, and understanding the
tree’s adaptation; and (iii) providing suggestions for the adaptive management of Chinese Torreya
forests under climate change.
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2. Materials and methods

2.1. Materials

Six stem sections from six Chinese Torreya trees were used for this study, and one tree (tree #6)
had two stems according to the two sets of tree rings (Table 1). All stem sections are preserved in the
Torreya Museum at Zhuji County, in Zhejiang Province of China. Each stem section was acquired from
the tree bottom (above the grafting point) in the nearby Chinese Torreya forest (27.7191 ◦N, 120.5127 ◦E)
at Zhaojiazhen around 2015. Trees of 100 years of age can usually reach 10–15 m. These trees were
cut down due to house building or wind damage. Tree #5 might be a different ecotype or mutation.
This area is the central production area of Chinese Torreya trees, and the oldest Chinese Torreya tree in
the area is about 1300 years old, with a height of approximately 23 m [12,20]. The local soil is yellow
earth, with a pH value of 5.2–7.5. The elevation varies from about 300 m to 600 m. The region has a
monsoon climate with a hot and humid summer and relatively cold and wet winter. The annual mean
temperature is approximately 16 ◦C, and the average annual precipitation is about 1400 mm, which is
mostly concentrated between May and August [11,39,40]. Intense rainfall usually occurs during the
monsoon and typhoon periods, within the growing seasons. Currently, routine management practices
include weeds control, tilling or fertilizer applying. However, there were limited management practices
about 20 years ago, and it can thus be assumed that the growth of these sampled trees was mainly
controlled by the natural condition. Since the ages of these trees were different, it is not valid to
compare their tree rings directly because they might be at different life stages. However, comparing
their growth patterns and general relationships with climate would be helpful to understand this tree
species’ adaptation to historical climate dynamics

Table 1. Tree ring information of six Chinese Torreya trees.

Item Tree #1 Tree #2 Tree #3 Tree #4 Tree #5
Tree #6

Stem 1 Stem 2

Age (year) 90 89 81 86 63 75 80
Diameter (mm) 426 408 382 340 638 368 308

Average
Ring width (mm) 2.4 2.3 2.4 2.0 5.1 2.5 1.9

Maximum
Ring width (mm) 5 5 9 7 8 8 7

Minimum ring width (mm) 0.5 1 0.5 0.3 1 1 1

2.2. Methods

Tree ring measurement: For each stem section, the radiating rings were measured in three
different directions because the tree rings were not perfect circles. Then, the average of the ring radiates,
widths between rings or annual radial increments, and basal areas of increases (BAI) were estimated.

Taylor’s power law: Taylor’s power law is one of the most widely verified empirical relationships
in ecology [42]. In this study, Taylor’s power law is expressed as:

Variance = a×Meanr (1)

where Variance is the variance of tree ring radiates, and the Mean is the average of tree ring radiators.
After taking the logarithm, log (Variance) = log (a) + r × log (Mean). With the time scale increased from
1, 2 or 3 to the age of a tree, the scaling exponent (r) between the variance and average of tree ring
radiators for each Chinese Torreya tree was estimated.

Climate data: Since there was limited climate information from the ground observations in the
area with Chinese Torreya plantation at Zhaojiazhen, the climate data for this area were collected
from the Climate Research Unit. The high-resolution gridded (0.5◦ × 0.5◦) data of the monthly air
temperature and precipitation during 1923–2015 were used in this study. The data were drawn directly
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from the CRU TS 4.03 dataset and related nearby observations [43]. The CRU dataset has been broadly
cross-checked with ground-monitored climate data [44]. Thus, here the data were not cross-checked
due to the limited ground observations.

Each year, the average monthly air temperature, maximum and minimum monthly air temperature,
and the average monthly air temperature during the growing season (from April to September) were
estimated. Although Chinese Torreya is an evergreen tree species, it usually stops radial growth
in wintertime.

The drought was estimated by the standardized precipitation index (SPI), which is based on [45],
and only the precipitation was involved.

Monthly SPI = (Monthly precipitation − the average precipitation of this month from 1923 to
2015)/the standard deviation of this month’s precipitation from 1923 to 2015. If SPI > 0, it is wet;
if SPI < 0, it is dry.

SPI in the growing seasons = the sum of the monthly SPI from April to September each year.
Precipitation in the growing seasons = the sum of the monthly precipitation from April to

September each year.
Also, with the consideration of drought induced by heat in the growing seasons, the hydrothermal

coefficient (HTC), including both air temperature and precipitation, was used here by applying
Selyaninov’s formula as the following [46]:

HTC = Σp/(Σt× 10) (2)

where Σ p and Σ t are the sum of precipitations and air temperatures (≥ 10 ◦C) in the growing seasons,
respectively; when HTC > 1.0, it is considered humid; while HTC is within 0.7–1.0, it is dry; and if
HTC is within 0.4–0.7, it is very dry [46].

Statistics: Pearson’s correlation was used between the accumulated radial growth and time,
BAI and time, log(average of radial growth) and log(variance of radial growth), the slopes of
the accumulated radial growth and the scaling exponents of Taylor’s power law, SPI and HTC,
and log(variance of precipitation) and log(variance of BAI) in the six trees. The correlation coefficients
were recorded, and the statistical test was considered as significant at p < 0.05.

3. Results

3.1. Tree Age and Growth

The tree ages based on the tree rings varied from approximately 63 to 90 years old, among the six
trees considered under this study (Table 1). The average increment of tree rings for each tree ranged
from 1.9 mm to 5.1 mm. The maximum width of the tree rings was 9 mm, and the minimum width
was 0.3 mm. The increments of radial growth were mainly distributed at 1 and 2 mm. The variance of
radial increments did not increase with time for all trees. However, the accumulated radial growth
increased linearly with time for each tree (Figure 1), and most of them had slight changes in growth
rate. For tree #3, the growth rate changed around 41 years old. For tree #6, the two stems had different
rates of accumulated radial growth. The accumulated radial growth did not become stable for each
tree, which means these trees were not senescent in their ages. BAI generally increased with tree,
age but varied dramatically (Figure 2). The variance of BAI increased with time for all trees (Figure 3).
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Figure 1. Accumulated radial growth with time for six Chinese Torreya trees.

3.2. Taylor’s Power Law

Taylor’s power law was present between the average accumulated radial growth and variance
(Figure 4). The scaling exponents were concentrated within 1.9–2.1, which might indicate a similar
growth regime. For tree #6, the two stems had similar scaling exponents. These scaling exponents
were significantly correlated with the slopes of the fitting lines between the accumulated radial growth
and time (Figure 5).
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3.3. Climate and Radial Growth

The relationship between the average monthly air temperature during the growing season and
annual radial increment was not apparent. A “Triangle”-shaped relationship existed between the
precipitation in the growing seasons and annual increments. When the accumulated precipitation
during the growing seasons was close to an average of 975 mm (±200 mm), there were high annual
increments in radial growth (Figure 6). This pattern was similar to the SPI, which was between −2
and 2 (Figure 7). For the two stems of tree #6, stem 1 had more growth when SPI < 0, while stem
2 had more growth when SPI > 0. The sensitivity and lasting time of each tree that responded
to SPI change were different; for example, tree #4 could grow at 0.3 mm each year for 10 years
(Figure 8). Similar “triangle”-shaped patterns existed for the maximum monthly air temperature in the
growing seasons or the minimum monthly air temperature in winters (Figure 9). When the maximum
monthly air temperature was around 27.5–28.5 ◦C, or the winter monthly air temperature about 3–4 ◦C,
there were high annual increments in radial growth.

There was a significant correlation between SPI and HTC (p < 0.05, Figure 10), which indicates
the consistency between the two metrics. The trees had a high BAI when HTC was around 0.7–0.9,
which was classified as a dry condition, based on HTC.
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4. Discussion

The dendrochronological data of six trees indicated that the accumulated radial growth increased
with time in these Chinese Torreya trees when they were cut. This result means that these trees were
not at the senescent age [47]. Usually, the life span of this tree can reach hundreds of years, or even
more. Currently, the oldest in the region is approximately 1300 years old [13]. This result provided
more evidence that slow-growth trees were associated with long life spans [48]. The long life span
is advantageous for this tree species, as it helps create a long-term income from the seeds. Further,
the slow growth and long life span of the species make it suitable for carbon sequestration. Other tree
species grow fast but die young, so the periods over which they store carbon are short [49].

Taylor’s power law can be observed in the accumulated radial growth, and the scaling exponents
concentrated at 1.9–2.1, although the rates of accumulated radial growth varied among these trees.
This means that the radial growth of these trees was under a similar regime (e.g., the same area
with similar biological and environmental interactions) [50]. The historical climate dynamics did not
constitute a significant regime shift in the radial growth for these trees. This study also confirmed the
high tolerance of this tree species [11], that is, Tree #3 and #4 could endure limited radial growth for
about 10 years. The slopes of the accumulated radial growth with time are significantly correlated
with the scaling exponents of Taylor’s power law. Both these slopes may reflect the biological and
environmental interactions (e.g., self-organization) of these trees. Most annual radial increments were
approximately 1 or 2 mm/year in these trees. The average annual radial increment of these trees
was above 2 mm/year, and tree #5 even reached 5 mm/year. This rate is considerably larger than
the original reported value, of 1.1 mm/year, from a 1500-year-old tree by the Beijing Natural History
Museum in 2012 [17]. These different rates and lasting times might be linked to small-scale local
environmental conditions that support individual trees. However, the growth rates found here are still
very low compared to those of other trees, such as loblolly pine in southeastern USA, which can reach
12 mm/year [51]. Thus, the first assumption of the slow growth rate being related to adaptation to the
environment is valid.

Despite the approximate increase of 70 ppm in global average CO2 concentration (increased from
315 ppm to 390 ppm from the 1920s to 2015), and the increase of approximately 2.5 ◦C in the local
annual air temperature [11], there was no clear trend of increasing radial increment in these trees.
Furthermore, the variance in the radial increment did not increase for all individual trees. However,
the variance of BAI generally increased for all trees. The second assumption related to the increase of
variance is valid for BAI; it is more accurate for describing tree growth than radial increment, because
the same radial increment can indicate a different BAI if the radiating rings are different. For some
trees, there was a significant correlation between the variance of growing season precipitation and the
variance of BAI (Figure 11). The variance of growing season precipitation explains about 40–66% of the
variance of BAI. The CO2 fertilization effect might be counterbalanced by other environmental stressors,
such as light condition, insufficient precipitation, and extremely high or low air temperature [52].
Different from [44], the tree ring widths here were not correlated with the annual rainfall.

There were “triangle”-shaped relationships between the annual radial increments and climate
factors, such as the precipitation in growing seasons, the maximum monthly air temperature, and the
minimum monthly air temperature in winter. This result means that tree growth was limited by
many factors. The outlier points can be fitted by polynomials with a power of 2. The optimum
values of these factors were found in this study: the optimum precipitation during the growing
seasons was approximately 975 mm (±200 mm), SPI was between −2 and 2, the maximum monthly air
temperature was about 27.5–28.5 ◦C, the minimum monthly air temperature in winter was around
3–4 ◦C, and HTC was approximately 0.7–0.9. A climate within these limits may be better for growing
Chinese Torreya trees. Climate conditions that are too dry, too wet, too warm or too cold may affect the
radial increments of Chinese Torreya, which are believed to be linked with seed production. The trees
could also tolerate a drought condition, with SPI around −6, or HTC of 0.46 in the growing seasons.
This climate envelope may help in finding suitable areas to introduce Chinese Torreya into for industrial
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plantations. The result also provides a base for the agricultural insurance policy in this region. If trees
cannot produce a normal amount of seeds under unfavorable weather conditions, then an agricultural
insurance company will make a specific payment to the farmers to cover the loss. This result is
different from [44], wherein rainfall augmented tree ring width, and hot temperature reduced tree
ring growth in Scutia buxifolia. A positive correlation with precipitation, and a negative correlation
with extreme summer temperatures, were usually observed for trees in Africa and Australia [53,54].
However, growth ceased at a certain threshold, rather than showing a continuous linear decline, was
also observed in ponderosa pine [55].
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The phenomenon of multiple stems living on one tree is very popular in Chinese Torreya. In this
study, it was found that (i) the two stems had quite different radial increment rates; (ii) the two stems
shared a similar growth regime (e.g., similar scaling exponents in Tayler’s power law); and (iii) the
two stems had different climate adaptations (e.g., dry or wet climate). The heterogeneous growth
rates might be related to different positions, or the adaptation to different microclimate conditions.
The phenomena may show the ability of an individual tree to achieve maximum growth under different
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environmental conditions. Morphological changes in trees are an adaptation strategy to climate
change [56]. A tree with multiple stems may have the advantage of using solar radiation at different
positions, and maintaining productivity under environmental variation, over a tree with a single stem.
It is not known whether more stems is always better. However, Chinese Torreya trees with a couple of
stems are popular in the central production area. Usually, a tree with multiple stems may have a big
canopy, which may be easily damaged by typhoons.

This study provides several implications for the adaptive management of Chinese Torreya
plantations. First, these trees still had radial growth at the age of 90 years. Since the life span of this tree
species could reach a thousand years, it indicated that these trees were still at the early growth stage,
which means Chinese Torreya trees can lead to long-term economic and biological income. However,
the farmers still need to wait for 5–10 years for seedlings to produce the first seeds. Second, the timber
growth rate of most trees was slow. However, some trees could have a relatively high growth rate,
such as tree #5. This result might be related to a genetic mutation or suitable local environmental
setting (e.g., soil, water). This deviation makes it possible to identify the fast-growing tree varieties
or select appropriate sites for a plantation. Regular citizen science or community activities may help
select the variety with a high timber or seed production. Local citizen scientists should be trained
to preserve genetic variations and other natural resources that are particularly adapted to climate
change [12]. Some trees grow slowly, but may have a high endurance to climate change. Third, selecting
trees with multiple stems in plantations may offer the advantage of maintaining productivity under
environmental change. The stems can take advantage of the light at different positions, and adapt
to different conditions. Fourth, the effect of climate change on tree growth could be estimated via
precipitation in growing seasons, and the highest or the lowest monthly air temperature. Further,
the climate conditions identified by this study may be useful for introducing Chinese Torreya trees to
new locations. Besides, human management practices, such as cutting grasses and shrubs and digging
surface soil, could alter tree growth through the changing soil water and air temperature. However,
these management practices may not be a good way to maintain proper environmental conditions at
certain stages, and may lead to environmental problems [12,39,40]. Finally, based on the radial growth
patterns, it is possible to estimate the tree canopy size and possible seed production through allometric
scaling relationships [49,57,58]. This algorithm may help forest farmers assess potential income and
benefits, and also helps them manage Chinese Torreya plantations more effectively.

5. Conclusions

Chinese Torreya is an important crop tree with a long life span. The dendrochronological data of
Chinese Torreya trees are very scarce. This study is the first one that provides relevant information for
understanding growth patterns and the adaptation of this tree to climate dynamics. In this central
production area, the long-term persistence of Chinese Torreya could indicate its adaptation to the
historical climate fluctuation and atmospheric CO2 enrichment. The slow radial growth rate of Chinese
Torreya (on average, form 1.9 to 5.1 mm/year) might help this species to adapt to unfavorable conditions.
The change of precipitation in growing seasons could impact the variation of basal area increment.
The radial growth regime did not change significantly during their life spans, because similar Taylor’s
power law exponents existed in the accumulated radial growths. “Triangle”-shaped relationships,
which indicate optimum values, occurred between the climate and annual radial increments, especially
the extreme air temperature (maximum and minimum monthly air temperatures), precipitation in
growing seasons, and drought, which could affect its growth rate as well as the variance. The trees
could tolerate the drought conditions with SPI of approximately −6, or HTC of 0.46 in growing seasons,
and being either too dry or too wet both decreased tree growth. The presence of multiple stems in
one tree could help it adapt more effectively to the local environment. It is necessary to conduct
long-term intensive monitoring projects across different environmental settings, which can help in
collecting data to find the relationships between tree growth and environmental change. It will be
helpful to derive the core increment data from some old trees, although this may affect these trees.
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However, these long dendrochronological data could provide beneficial information about adaptive
response and endurance. Local agencies need to organize citizen scientists to collect sample trees and
preserve genetic diversity, since some trees (e.g., tree #5) could grow much faster, which may provide
the opportunity for developing fast-growing trees. In contrast, other trees (e.g., tree #4) might have
high endurance. The current introduction of this tree to new areas for plantation should be based
on the environmental requirements. Regional planners and decision-makers need to know the tree
growth ecology, and consider the possible unfavorable environmental conditions, before introducing
or developing large-scale plantations of Chinese Torreya.
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