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Abstract: Studying the capacity of some plant species to adapt to climate change is essential for
ecological research and agricultural policy development. Chinese Torreya (Torreya grandis ‘Merrillii’)
has been an important crop tree in subtropical China for over a thousand years. It is necessary
to characterize its adaptation to climate change. In this study, the average monthly temperature
and precipitation from 1901 to 2017 in the six regions with Chinese Torreya plantations at different
provinces were analyzed. The results indicated that the average annual air temperature across
these regions had increased by about 2.0 °C, but no general trend in the annual precipitation and
incidence of drought was found. The annual air temperature that Chinese Torreya plantations had
experienced was 12.96-18.23 °C; the highest and the lowest average monthly air temperatures were
30.1 °C and —-0.8 °C, respectively. The lowest and the highest annual precipitation were 874.56 mm
and 2501.88 mm, respectively. Chinese Torreya trees endured a severe drought period in the 1920s.
The monthly air temperature at Zhuji, which is the central production region, showed a significant
correlation with the air temperature in the other five regions. The monthly precipitation in Hunan
and Guizhou had no significant correlation with that of Zhuji. Chinese Torreya plantations have
been grown in the regions with a similar climate distance index of air temperatures but different
precipitation. This tree has a high capacity to adapt to climate change based on the climate dynamics
across its range. This approach may provide a way to evaluate climate adaptation in other tree species.
These results may provide helpful information for the development of Chinese Torreya plantations.

Keywords: climate distance index; drought; monthly air temperature; monthly precipitation;
standardized precipitation index

1. Introduction

Climate is considered to be the primary limiting factor for the range limits of species [1,2], such
as the distribution of forests and trees. There are three possible outcomes for tree populations under
climate change scenarios: migration to new habitats (habitats shrink or expand), adaptation to new
conditions at their current locations, and local extinction.

Considerable attention has been paid to the prediction of the future distribution of trees and forests
using bio-climate envelope models. The assumptions behind these models include that (i) climate
and environmental conditions are the primary factors of a realized tree species niche, and (ii) climate
and tree species or forest distribution are at an equilibrium [3], which means that there are strong
associations between climate and species range. In this way, the future distribution of a species can be
directly predicted from future climate scenarios using the environmental parameters associated with
the current species distribution [4]. Spatial climate variations among test sites are used to substitute
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for temporal climate variations and to make predictions about the response of populations to future
climates, often because appropriate data are unavailable for some process-based parameters [5-7].

However, consideration of the biological capacity of populations, or recognition of the extent and
role of adaptation under local climate dynamics, is needed [8]. Successful adaptation cases should
be characterized [9]. The role of intrinsic biological factors in regulating tree distribution remains
poorly understood. This missing information results in inconsistency in our understanding of species
responses to recent warming. Some species have moved northward as expected, while others have
remained static or have shifted in the opposite direction to the expected [10,11]. Despite regional
warming of 0.6 °C, the forests of northern Canada showed no expansion over the last 25 years from
satellite imaging [12]. Progress should be made in the monitoring and evaluation of adaptation [9].

Thus, it is essential to study the extent of climate variation within species distribution regions to
understand the adaptations of species to climate change. Studying adaptations to climate change is
necessary so that people can adjust ecological, social, or economic systems in response to actual or
expected climate change and its impact [13]. Quantifying the adaptability of plant species may provide
strategies to mitigate the effects of climate change through species diversity [7,14]. Changes in the
viability or distribution of some species may bring impacts on ecosystem functions and services [15,16].

The Chinese Torreya tree (Torreya grandis ‘Merrillii’) is an evergreen conifer that is found in the
subtropical mountains of China, such as in Zhejiang, Anhui, and Fujian Provinces (Figure 1) [17,18].
The origin of Chinese Torreya plantations can be traced back to over a thousand years ago to the late
Tang Dynasty in China. The trees can live for hundreds of years, sometimes even over a thousand years;
some existing trees are as old as approximately 1500 years [17]. These trees were selected from quality
trees of Torreya grandis Fortune ex Lindl. that were grafted on other trees in the Torreya genus [17,18].
Chinese Torreya is an important economic tree species that has been used for the production of nuts as
food in China for thousands of years [18-22]. The tree also has a high medicinal value [17,18,23]. Due
to the increasing requirement of nuts for recreational food, the price of the processed nuts has increased
to $50-70 per kg. More than 50,000 farmers have been raised out of poverty by planting this valuable
tree species to produce nuts in the Shaoxing region of China [18,20,24]. During the past ten years, in
Zhuji County of Zhejiang Province alone (which is at the central production area), the total area of
Chinese Torreya plantations increased from about 5333 ha in 2007 to 9000 ha in 2017 [20]. Currently,
thousands of hectares of Chinese Torreya plantations have been planted in the surrounding counties
and provinces. Regional farmers are developing large industrial plantations to increase nut production,
especially in mountainous regions with weak economies. The governments in these regions have used
Chinese Torreya plantations as an approach to help raise local people out of poverty.

Global climate change can affect local or regional vegetation in southeastern China [25]. Since
Chinese Torreya trees are essential to the local economy, it is necessary to evaluate their adaptation to
climate change, even though Chinese Torreya trees still grow well throughout their old habitat regions.
However, the adaptability of tree species to climate change is challenging to test experimentally due to
their long life cycles, high reproductive age, and the slow rate of speciation and extinction of trees [26].
Drought stress could affect the survival of seedlings and saplings of Chinese Torreya [17,27] because
young roots cannot reach deep groundwater; however, this can often be combined with other factors
(such as intensive solar radiation and extreme high and low temperatures) that cause tree deaths. So far,
there have been limited reports on climate change and Chinese Torreya on a large scale. Thus, the goal
of this study was to estimate how much climate variation Chinese Torreya had already experienced.
The detailed objectives for this study included determining answers to the following questions: (1)
Has there been a general trend in climate dynamics during the past several decades in regions with
Chinese Torreya plantations? (2) How much variation in temperature and precipitation occurred in the
regions with Chinese Torreya plantations in China? Was there a trend of increasing occurrences of
drought? Finally, (3) how similar is the climate in those regions? The answers to these questions may
help with the establishment of Chinese Torreya plantations in the new areas and with the management
of established Chinese Torreya plantations.
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Figure 1. The distribution area of Chinese Torreya plantations in the provinces of China.

2. Materials and Methods

2.1. Study Areas

Chinese Torreya plantations are sparsely distributed across the middle part of the subtropical
region of China (Figure 1). For this study, six regions that have Chinse Torreya plantations in different
provinces were selected [17]. The detailed information of these regions is listed in Table 1. These
regions included Shexuan, Anhui Province (short name: Anhui); Qianshan, Jiangxi Province (Jiangxi);
Wayishan, Fujian Province (Fujian); Rongshan, Hunan Province (Hunan); Songtao, Guizhou Province
(Guizhou); and Zhuji, Zhejiang Province (Zhuji). Since the seedlings in other regions were once
introduced from Zhuji, then, Zhuji was considered to be the central production area. The climate niche
of Chinese Torreya was initially supposed to be an annual air temperature that is above 15 °C and
annual precipitation of 1000 mm [17], based on its geographic distribution.

Table 1. The six regions with Chinese Torreya plantations in this study.

Location and Province Latitude Longitude
Shexuan, Anhui 29°52” N 118°56’ E
Qianshan, Jiangxi 28°22" N 117°44’ E
Wuyishan, Fujian 27°52’ N 118°02" E
Rongshan, Hunan 29°30” N 109°30" E
Songtao, Guizhou 28°10’ N 109°08” E
Zhuji, Zhejiang 29°41’ N 120°19’ E

2.2. Climate Data

Since there were limited ground observations of climate data in regions with Chinese Torreya
plantations, the climate data for these six regions were obtained from the Climate Research Unit
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(University of East Anglia, UK). High-resolution gridded (0.5° x 0.5°) data for monthly air temperature
and precipitation from 1901 to 2017 were used in this study. The data were drawn directly from the
CRU TS 4.03 dataset, which included nearby observations [28].

2.3. Climate Properties

Stability was estimated using the coefficient of variation (CV), which is equal to the standard
deviation/average. The average refers to the mean air temperature (monthly or yearly) from 1901 to
2017. A low CV suggests that the climate (temperature and precipitation) was stable.

The occurrence of the drought was estimated using the standardized precipitation index (SPI),
which is based on [29], and only precipitation is included.

Monthly SPI = (Monthly Precipitation — the average precipitation of this month from 1901 to
2017)/standard deviation of precipitation in this month from 1901 to 2017.

Yearly SPI = Sum of every monthly SPI in that year.

If the yearly SPI < —1.0, then that year was considered a drought year [29]. The number of drought
years was totaled for each decade from 1901 to 2017, which might be meaningful for forest plantations.
Then, the drought probability in each decade was derived.

Since Zhuji is considered to be the central production area for Chinese Torreya plantations, the
climate in Zhuji was compared with the climate in other regions with Chinese Torreya plantations. In
order to measure the difference in climate among various sites, we used the distance index to estimate
climate distance with the following equation:

12 12
Climate distance index = J Z(Tn - Tx,n)2 + Z(Pn - P,m)2
1 1

This index includes any similarity in monthly temperature and precipitation in each year from
1901 to 2017. T,: average monthly temperature in Zhuji from January to December of each year;
Ty n: average temperature in another region (x) from January to December; P,: average monthly
precipitation in Zhuji from January to December; Py ,: average monthly precipitation in another region
(x) from January to December. A low climate distance index indicates that the climates of the two
regions are very similar.

2.4. Statistical Analysis

Pearson correlation was used to determine any correlations in the monthly air temperature and
precipitation from 1901 to 2017 between Zhuji and other production regions. The correlation coefficients
were recorded. The statistical test was considered significant at p < 0.05.

3. Results

There was a general trend of increasing annual air temperatures across these regions with Chinese
Torreya plantations except for Guizhou (Figure 2). The average annual air temperature across these
regions increased by 2.0 °C from the 1900s to the 2010s. Fujian, Anhui, and Jiangxi increased by
about 2.3 °C, but Guizhou only increased by about 1.2 °C. There was no general trend in the annual
precipitation across all of the regions (Figure 3). Fujian had the highest annual precipitation (1700 mm),
and Hunan had the lowest (1200 mm). The annual air temperature was more stable than the annual
precipitation across all of the regions (Figure 4). Guizhou had the most stable climate, with a CV of
0.025 for the annual air temperature and 0.098 for the annual precipitation. The annual air temperature
and the annual precipitation of Anhui and Jiangxi, respectively, were less stable.
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Figure 2. The general trend of annual air temperature in the six regions with Chinese Torreya plantations.
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Figure 3. The change of annual precipitation in the six regions with Chinese Torreya plantations.
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The lowest and highest annual air temperatures varied across the different regions with Chinese
Torreya plantations (Figure 5a). The average difference between the upper and low limits of annual
air temperatures was about 2.2 °C across all regions. Overall, the annual air temperature range that
Chinese Torreya plantations had experienced was 12.96-18.23 °C across these regions. The highest
and the lowest average monthly air temperatures that had occurred in these regions were 30.1 °C and
—0.8 °C, respectively (Figure 5b). The average monthly air temperature during the growing season
(from April to November) varied from 18.84 °C to 24.06 °C (Figure 5c).
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Figure 5. The lowest and highest values of annual air temperature varied at the six regions of Chinese
Torreya plantations (a), the maximum (Max) and minimum (Min) values of monthly air temperature
(b), and average monthly air temperature in the growing season (c).
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The lowest and highest annual precipitations that had occurred across the regions with Chinese
Torreya plantations were 874.56 mm and 2501.88 mm, respectively (Figure 6a). The highest and lowest
monthly precipitations were 606.8 mm and 0 mm, respectively (Figure 6b). The latter suggests that
the Chinese Torreya plantation could tolerate conditions with no monthly precipitation. During the
growing seasons, the average monthly precipitation varied from 82.29 mm to 269.84 mm (Figure 6¢).
The dynamics of drought occurrences at the decade scale were similar among Zhuji, Anhui, and Jiangxi
(Figure 7), but Hunan and Guizhou were both different from Zhuji. Chinese Torreya plantations
endured a long drought period (70-80% of the time) during the 1920s in all of these regions except for
Guizhou. There was no general trend for increases in the drought occurrences at a decade scale from
1901 to 2017.
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Figure 6. The lowest and highest values of annual precipitation varied at the six regions with Chinese
Torreya plantations (a), the maximum (Max) and minimum (Min) values of monthly precipitation (b),

and average monthly precipitation in the growing season (c).
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In comparison with the monthly air temperature at Zhuji, Jiangxi had a similar monthly air
temperature with a distance index of 3.4 (Figure 8). Hunan had an entirely different monthly air
temperature, with a distance index of 8.4. The monthly temperature for Zhuji correlated significantly
with the other regions (Table 2), but the monthly precipitation did not correlate significantly with
Hunan or Guizhou. For overall climate similarity, Anhui had a similar climate to Zhuji, and the
climate distance index was 91 (Figure 8). Hunan had quite a different climate to Zhuji, and the
climate distance index was 221. Jiangxi, Fujian, and Guizhou had close climate distance indices among
themselves. The difference in climate between Zhuji and other regions was mainly caused by variations
in precipitation because the difference in temperature was tiny.

12

~—O— Anhui —@— Jiangxi --®--Fujian Hunan == Guizhou
10
2
Z_;
e / d§83§ 6% Qngqf\
=5
2
£ n e |
9 /2 ‘c a ‘ J | @\l
z * A £ U\ v § AL L/
§ 40 a‘:-ﬂl' R v% I 5

o

1900 1920 1940 1960 1980 2000 2020

Time (year)

Figure 8. Cont.



Atmosphere 2020, 11, 176 10 of 14

150 —&— Anhui —@— Jiangxi Fujian Hunan == Guizhou

400 ?

350

300 | 94 {

250 . 4 ‘ ! S IRNK L il

200

n

100

Climate distance index

1900 1920 1940 1960 1980 2000 2020
Time (year)

Figure 8. The distance index for air temperature between Zhuji and other regions and climate distance
between Zhuji and other regions.

Table 2. Correlation coefficients (R?) between Zhuji and other regions in the monthly air temperature
and precipitation from 1901 to 2017.

Anhui Jiangxi Fujian Hunan Guizhou
Monthly air 0.9988 * 0.9978 * 0.9964 * 0.9906 * 0.9910 *
temperature
Monthly precipitation 0.8823 * 0.6994 * 0.6884 * 0.3836 0.3824

* correlation is significant at p < 0.05.

4. Discussion

Air temperature increased across these Chinese Torreya plantation regions, but the annual
precipitation did not show any noticeable trend. Overall, the annual air temperature (CV < 3%) was
more stable than the annual precipitation (CV < 15%), and Guizhou had the highest stability among
these regions. The magnitude of air temperature change varied by location. Zhuji, Anhui, and Jiangxi
had a slightly higher increase in air temperature than Hunan and Guizhou. Consequently, Chinese
Torreya plantations have already experienced climate change in the past century, such as the average
increase of 2.3 °C documented here. The results of this study were broader than the previous [30],
which found that the annual air temperature had increased 1.0-2.0 °C, while annual precipitation
varied by 80-150 mm, during the past 50 years in Zhuji region. Our findings may partially explain why
Chinese Torreya trees have been present in Zhuji and surrounding regions for more than a thousand
years. The oldest Chinese Torreya trees in the region are around 1500 years [17].

It was indicated that the warmest period in the history of eastern China was around the 1230-1250s,
which had a temperature of 0.9 °C higher than it was from 1950 to 1981 [31]. The coldest period was
during the 1650-1670s, which was 1.1 °C lower than it was during the 1950-1980s. This suggests that
Chinese Torreya trees that are growing today might be experiencing the highest temperatures in their
recorded history. However, it is not known what further increases in air temperature due to climate
change Chinese Torreya trees can tolerate. A previous study indicated that latitude 25-35° N might
experience a decrease in air temperature based on the output of a global circulation model [25].

It appears that Chinese Torreya trees still grow well under current climate change conditions.
The possible mechanism that allows for this may be the grafting processes because the scions of selected
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quality trees of Torreya grandis with edible nuts were grafted on to other Torreya trees with inedible nuts,
which were then cultivated and propagated [18]. As long as other Torreya trees (the stock trees) can
grow well, then, it should be possible to develop Chinese Torreya. Agroforestry may provide strategies
for adaptation to changing local climates, through grafting, shading, and irrigation [32]. However, the
adaptive plasticity of this species may not be able to maintain adaptive phenotypes under extreme
environmental shifts [33]. Because of this, it is necessary to study the effects of climate change on the
growth and production of Chinese Torreya trees, due to their social and economic benefits.

The annual air temperature required for the survival of Chinese Torreya plantations could be
inferred as being within 12.96-18.23 °C, because trees in these plantations still grow well and produce
seeds. The highest and the lowest average monthly air temperatures that occurred in these regions
were 30.1 °C and —0.8 °C, respectively. Also, the extent of annual precipitation suitable for the survival
of Chinese Torreya plantations was broad and varied from 874.56 mm and 2501.88 mm. The average
monthly precipitation ranged from 82 mm to 269 mm. Furthermore, the trees could even tolerate
growing without rain for at least a month as well as a drought occurrence of 70-80% during the 1920s.
This is because big trees can reach deep groundwater through their root systems, but seedlings and
saplings cannot.

The ranges in air temperature and precipitation that were observed during this study were much
broader than the values reported in previous studies [17,34], such as the annual air temperature of 15 °C
and the annual precipitation of 1500 mm. This is because detailed climate data covering these main
regions of Chinese Torreya plantations over a timeframe of more than a hundred years were included
in this study. It also confirms that the current understanding of the adaptive response of species to
climate change may be insufficient [35]. Our results may provide additional information regarding
the air temperature, precipitation, and drought that Chinese Torreya plantations have experienced.
The adaptability of the species to climate change will influence the future distribution of tree species
under climate change conditions [36]. Simply expanding the climate envelope model of Chinese
Torreya trees to account for new climate change scenarios may not provide an accurate understanding
of the real potential distribution of the species. This point is essential for the introduction of Chinese
Torreya plantations into other provinces, where Chinese Torreya trees have not previously grown.

By using the climate distance index, the climate in different regions with Chinese Torreya
plantations can be compared with Zhuji, which is considered to be the central production area. It has
also been shown that the distance index for temperature in the regions with Chinese Torreya plantations
is very similar, which means the air temperatures in these regions were very similar. The presence
of suitable air temperature is vital for plants to conduct photosynthesis and for survival. However,
the precipitation in some regions was quite different from Zhuji, and the precipitation was the major
contributor to the observed deviation in the climate distance index. Insufficient precipitation would
lead to drought, which would affect the seedlings and saplings of Chinese Torreya. This result suggests
that precipitation is not as significant as air temperature for Chinese Torreya plantations in these
regions. The monthly precipitation varied among the regions (e.g., Zhuji and Hunan), and did not
impact the growth of Chinese Torreya. This result can be partially explained by the fact that Chinese
Torreya trees usually grow in steeply sloping areas (e.g., with a slope of 65°), even though surface
water drains away rapidly in these areas due to gravity. They can grow in such an area because
Chinese Torreya trees are drought tolerant [17]. Some prominent Chinese Torreya trees even grow
between rocks, because their roots can absorb water from the groundwater. However, based on field
observations, it is known that drought could dry up young Chinese Torreya trees. In addition, Chinese
Torreya trees cannot grow in areas that experience frequent flooding or soil water accumulation [17].

A critical factor for the growth of Chinese Torreya trees is soil aeration; the space between soil
particles can affect the respiration of the plant roots [37]. Stones and rocks in the soil can significantly
increase soil aeration. Human management practices or agroforestry technology may also help the
growth of Chinese Torreya trees. These factors all enable Chinese Torreya trees to grow in regions
with different monthly levels of precipitation. Species distributions may mainly be affected by climate
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dynamics, which can be indicated by the past climate changes and by similar climates in the existing
regions [38,39]. However, non-climatic factors should also be considered when assessing potential
habitats. The climate distance index may be helpful in identifying potential new regions for Chinese
Torreya plantations.

5. Conclusions

It is useful to compare climate dynamics across the growing regions with Chinese Torreya
plantations. This tree species has already experienced about 2.3 °C warming over the past century
across its range in southeastern China. The climate thresholds for the tree identified by this study are
much broader than the past findings, which were based only on the geographic distribution. Estimation
of the climate niches of species needs to include climate dynamics across the distribution range. It is
possible that Chinese Torreya has a very high level of adaptability to climate change.

The climate distance index could show the similarities between the climates of new regions and
the central production region. The air temperatures of the different regions were very similar, but
the precipitation varied. It seems likely that the distribution of Chinese Torreya trees is primarily
determined by the air temperature.

This study may provide a new approach for uncovering the adaptations to climate change and
potential regions for growing Chinese Torreya trees. Further research on the adaptive responses of
Chinese Torreya trees (e.g., trait change) to climate change would be beneficial.
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