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Abstract: Phenology is one of the most obvious biological characteristics for plants affected by
external influences. Phenology variations across temperature reflect energy allocation and
reproductive strategies, and measures for plants to adapt to seasonal and environmental changes.
Previous studies have mainly focused on national and regional vegetation phenology, but endemic
vegetation phenology and dynamic variation in Xinjiang remains unclear. Therefore, our study
characterized the Betula microphylla phenology in the Xinjiang area of China, over the period of 2009-
2019 based on 210 °C accumulated temperature data and annual precipitation data using
phenological data from field observations, explored B.microphylla ecological strategies and drivers. In
this study, a total of 18 phenologies of B. microphylla population naturally distributed in the southern
margin of the Junggar Basin were observed, divided the climatic year, the relevant climate data and
phenological Julian day were used to analyze. Explored the adaptation strategies of B. microphylia to
seasonal changes. We found that (1) The phenology of B. microphylla was generally earlier in warmer
years and later in colder years, showing a trade-off relationship. (2) The monthly average temperature
and acquired accumulated temperature had strong limitation to inflorescence germination in spring,
and the monthly average temperature and low temperature accumulation values showed a
synergistic relationship when physiological dormancy was broken. The inflorescence has
germination strategy of “high low-temperature needs”. (3) In summer, the shallow root system of B.
microphylla can replenish the water lost by transpiration. The male inflorescence shows the strategy
of quantity victory. (4) From the perspective of autumn, the male inflorescence abscised, and only
spread in the top of branches, so as to provide living space for female inflorescences, it is regarded as
a "spatial dislocation" strategy. The male inflorescences use a "long dormancy" strategy to cope with
the effects of high autumn temperatures. (5) As winter approaches in Xinjiang, all exposed male
inflorescence were covered by bud scales.

Keywords: synergistic; quantity; dormancy; ecological adaptation

1. Introduction

Vegetation phenology is a sensitive indicator of environmental factors change. Phenological
change can reflect physiological condition of the plant itself [1]. Phenophases refer to the times during
which plant growth, development, and activities respond to seasonal variations, which represents
some of the most prominent biological characteristics influenced by external conditions [2].
Meanwhile, various plant organs such as leaf, flower, stem, root have been identified as bioreactor.
Among these plant organs, leaf phenology and flowering phenology are critical traits within the field
of reproductive biology research [3]. Leaf undergoes various life processes such as bud emergence,
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growth, and expands, while flower engages in budburst, pollination, dispersal, and selection of
suitable habitats for colonization. In the context of global warming, advanced leaf and flowering
phenology in trees and shrubs have been generally reported by previous studies, and this
phenomenon was more significantly in trees and shrubs compared to herbaceous plants [4],
indicating that woody species exhibit a more rapid response ability to external environmental
changes. Furthermore, shifts in phenology may affect individual survival rates and population
dynamics while potentially leading to differences in reproductive success.

Phenological alteration also provide feedback to the environment condition, various
environmental factors have been identified as influencing vegetation phenology, including
temperature [5], photoperiod [6], moisture [7]. For humid temperate zones, a comprehensive study
demonstrated that three primary factors exert considerable influence on the phenology of dominant
tree species within forests: low winter temperatures, light and temperature[8]. In mid-high latitude
regions of the Northern Hemisphere, plant phenology responds more swiftly to temperature
fluctuations [9], indicated that the response priorities of plants to phenological influencing factors
vary across different climate belts. Besides, variations in seasonal temperatures result in marked
differences between spring and autumn phenology [10]. For autumn phenological events, distinct
dormancy stages possess unique requirements regarding temperature thresholds and accumulated
chilling hours [11]. Further, the various climate conditions impose selection pressures on plants,
compelling them to adopt diverse ecological adaptation strategies that facilitate their growth and
development. These strategies are particularly evident in alterations of the morphological and
physiological traits of plants [12], while phenophases variations result in changes across different
organs' growth and development. Phenophases serves as a crucial link between the physiological
characteristics of plants and environmental fluctuations. Understanding the relationship between
phenophases and environmental factors is essential for elucidating the ecological adaptation
strategies employed by species, especially in narrowly distributed species. On the basis, plant’s
coping strategies to varying climatic conditions, and disturbances is clarified. Similarity, the accuracy
of phenological models across various habitats will also be improved [13,14].

In previous study, there is a notable deficiency of long-term and detailed observational data on
individual species. Although there have been studies using many target species, but the type of
phenophases was also limited [15,16]. Betulaceae plants are acknowledged as valuable forest
resources in their native distribution areas. For example, Betula platyphylla, a highly adaptable
dominant tree species found in the natural secondary forests of Northeast China, exhibits relative
synchrony with various other tree species across different phenological rhythms [17], suggests that
habitat conditions impose natural selection pressures on internal biological rhythms. Moreover, its
phenology have been consistently conducted, extensive cultivation throughout numerous regions in
China [18,19].

B. microphylla as a tall tree within the Betula genus of the Betulaceae family [20], has a restricted
distribution solely to Xinjiang, China. Xinjiang is situated in a high-latitude region characterized by
significant diurnal temperature variations. Temperature serves as the primary factor influencing crop
production and vegetation survival in this area, rendering it an important focus for research
concerning arid and semi-arid regions of Northwest China. Additionally, diverse landform types
have fostered various habitat types. Through years of field investigations conducted by our team, we
have identified that B. microphylla thrives in habitats such as plain wetlands, coniferous forests on
slopes, river valleys, and marsh meadows. Hence, it has thus emerged as an essential natural forest
resource within Xinjiang. However, no relevant reports have been found its phenological
characteristics. In our study, we conducted long-term field observations on a total of 18 phenophases
concerning leaf, flower, and fruit organs across the four seasons of the B. microphylla population
naturally distributed in the Mushroom Lake Plain Wetland at the southern margin of the Junggar
Basin from 2010 to 2019. The specific start and end times of these phenophases were determined,
interannual and seasonal variation trends were analyzed, and meteorological data were collected to
investigate the relationship between phenophases and temperature. In summary, our aims were (1)
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to clarify the seasonal pattern of phenology in B. microphylla, (2) to find meteorological factors
influence the phenophases of B. microphylla, (3) to understand ecological adaptation strategies
manifest in B. microphylla under varying conditions from a phenological perspective.

2. Study Area

The phenological observation area is located in the plain wetland on the southern bank of
Mushroom Lake in Shihezi (Figure 1.), at an altitude of approximately 370m. The annual average
temperature ranges from 6 to 7°C, with an extreme minimum temperature around -42°C and an
extreme maximum temperature reaching about 42°C [21]. This wetland benefits from a substantial
influx of modern glacial meltwater originating from the Altai Mountains to the north and the Manas
River, providing abundant water resources for both this ecosystem and the Gurbantunggut Desert
situated along its southern margin. Consequently, a unique mountain-oasis-desert multi-ecosystem
has formed in this region. Annual precipitation averages between 110 and 150 mm, while annual
evaporation rates range from approximately 1800 to 2200 mm. The frost-free period lasts for about
160 to 170 days, with sunshine duration recorded at between 2798 and 2839 hours. The cold climate
coupled with significant temperature fluctuations has enabled naturally distributed vegetation
within this region to adapt successfully to arid conditions. In recent years, due to economic
development along the northern slope of the Tianshan Mountains as well as regional agricultural
activities, there has been a gradual increase in farmland reclamation surrounding the wetland. This
expansion has led to a markable decline in wetland water levels and adversely affected water
availability during critical growth periods for local vegetation. Additionally, urban heat island effects
associated with major cities within this economic belt have resulted in changes to plant phenology
[22]. Since 1980, coinciding with rising temperature, the phenology of representative woody species
such as Salix matsudana, Ulmus pumila, and Populus nigra cv. Afghanica has advanced significantly [23].

250 ~.2500

(b) = (d)
= N B
200+ -2 2000 |
= —
= [
=
i 1507 o 1500
e =
s —
a =
EV0E 86°00'E §8°00"E 1004 21000
=1
@) / ) z
|; 50 - S s
ﬁf Mushmo ',ike 21 2 =l
=
24700 N vvus“ 0 << 0
Waﬂg S S R O RN
I N R T N N N e S M e SN
;»—3 \-!_l;\\f‘” T AT A AR DTS AR AR BT AR AR
- ‘—x) Year Year
T 4500 2350
o {
42°0'0" N4 -
{ =g e L E 4000 (c) - (e)
-
1 Legend £3500 I l EZO[]
! + weather station| 5 . =t
{ < smdvarea | 2 3000 ' B
00N, 02550 100 150 20 =] . =150
e e M ([ T
W
| 2100
5 1500 =
g 1000 2 50 P e
(=]
g 500 <
[ SR graran ey ar S R A ST SR YR NIE IR IS
? 0 Q
N R FOS ISR

Year Year

Figure 1. Overview of the study sites. (a) Geographical locations of weather station and study area in China. (b)
Days of >10°C accumulated temperature start and end date during 2009-2019. (¢) 210°C accumulated
temperature during 2009-2019. (d) Annual sunshine duration during 2009-2019. (e) Annual precipitation during
2009-2019.
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3. Materials and Methods

3.1. Phenological Period Observation and Data Arrangement

In accordance with the {China’s National Phenological Observational Criterion) [24] and other
widely adopted observation techniques [25], we selected ten vigorously growing B. microphylla
specimens, ensuring a minimum spacing of 50 meters between each plant, to monitor the onset and
conclusion of various phenological events from March 2010 to December 2019. Considering the
individual growth characteristics of B. microphylla, we conducted overall phenophases observations
on a weekly basis, increasing the frequency to twice per week during flowering and fruiting stages.
The number of observations was further augmented in response to significant changes observed in
these phenomena. The classification of vegetative growth stages for B. microphylla, as well as the
specific observational standards for leaf development, male inflorescence flowering and growth
phases, female inflorescence growth phases, and fruiting were all aligned with established protocols
utilized by our research team [26]. The meteorological data employed in this study were sourced
exclusively from the Wusu Agricultural Meteorological Experiment Station, these data are both
authentic and reliable.

3.2. Phenological Observation and Division of Climatic Years

This study primarily investigates the phenology of leaf, flowers, and fruits (Figure 2.). The initial
stage of leaf phenology for B. microphylla is characterized by the leaf unfolding stage. Previous
research on the phenophases of woody plants in Shihezi City has indicated a weak correlation with
temperatures from January to February. However, a significant correlation was observed with
temperatures from March to April [27]. Consequently, this paper adopts the average temperature
during March and April as the criterion for distinguishing between cold years (Table 1.), warm years,
and normal years. Analyzing the variations in average temperatures from March to April between
2010 and 2019 reveals that only 2010 was classified as a cold year, while normal years included 2011,
2014, and 2017. A gradual warming trend became evident in subsequent years (2012, 2013, 2015, 2016,
2018, and 2019). A comparison of average temperatures during these months showed that cold years
experienced an average temperature that was approximately 3.8°C lower than that of normal years.
Similarity, warm years had an average temperature about 4.85°C higher than normal. The thermal
requirements for organisms are based on temperature. Accumulated temperature plays a vital role
in agricultural production as well as in understanding plant growth and development dynamics.
Currently utilized accumulated temperature thresholds include 25°C or 210°C. Given the growth
habits of B. microphylla, it has been determined that its growth onset occurs in late April. Notably,
over the past decade (from data collected), all starting dates for >10°C accumulated temperature
within April. Therefore, data regarding accumulated temperatures 210°C alongside monthly average
temperatures from the period spanning from 2010 to 2019 were compiled. Accumulated temperature
data served as critical information for investigating both phenology and thermal responses related to
B. microphylla within this article.

Table 1. The average temperature from March to April 2010 to 2019 in the study area.

The average The average The average >10°C
temperature temperature temperature in accumulated
Year in March(°C) in April(°C) March-April(°C) temperature

2010 -5.8 9.5 1.85 3638.3
2011 -5 15 5 3924.8
2012 0.8 16.1 8.45 4141.3

2013 5.6 14.1 9.85 3795.7
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2014 -0.9 12.2 5.65 3519.5
2015 21 13.5 7.8 3715
2016 225 15.3 8.775 4033.4
2017 -2.2 13.2 5.5 3680.6
2018 74 12.9 10.15 3820.9
2019 7.9 13.1 10.5 3812.6

To present the phenological variations on a year-by-year basis in a more intuitive manner, we
first convert the phenological dates into Julian Day format, where April 1st is designated as Day 1;
April 2nd as Day 2; and so forth, following this counting method [28]. Secondly, to visually represent
the relationship between phenological Julian Days and temperature, we establish the starting dates
of phenological Julian Days for different plant organs based on average values derived from multi-
year observations: (1) For leaf phenology, leaf flush and young leaf stages occur on April 1%, leaf
unfolding stage on May 1%, leaf maturity stage are observed by June 1%, leaf yellowing stage by
August 1%, and leaf abscission occurs on September 1+. (2) In terms of female inflorescence, budburst
and young fruit stages commence on April 1%, while fruit maturity and abscission occurs by June 1st.
(3) Regarding male inflorescence growth phenology, budburst is noted on May 1+, elongation occurs
by June 1%, shaping takes place by September 1%, and dormancy begins on October 1. (4) For male
inflorescence flowering phenology, budburst stage, elongation stage, and pollen dispersal stage on
April 1%, withering stage and abscission stage are observed by May 1st.
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Figure 2. leaf and inflorescence phenology of B. microphylla. (a) leaf flush stage. (b)young leaf stage. (c)leaf
unfolding stage. (d)leaf maturity stage. (e)leaf yellowing stage. (f)leaf abscission stage. (g) male inflorescence
budburst stage. (h) male inflorescence elongation stage. (i) male inflorescence shapinging stage. (j) male
inflorescence dormancy stage. (k) male inflorescence flowering phenology-budburst stage. (I) female
inflorescence budburst stage. (m) male inflorescence flowering phenology-pollination stage. (n) male
inflorescence flowering phenology-pollen dispersal stage. (0) young female fruit-cluster stage. (p) male
inflorescence flowering phenology-withering stage. (q) female fruit-cluster maturity stage. (r) female fruit-
cluster abscission stage. (s) during autumn, male inflorescences will abscise while remains at branch tips. (t) male

inflorescences at branch tips.

4. Results

4.1. Accumulated Temperature and Sunshine Hours Across Different Years

The start and end dates of the 210°C accumulated temperature across different years exhibit
considerable variation, as do the corresponding accumulated temperature values. When classifying
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climatic year, 2012 stands out as a relatively warm year, with the initiation date for the >10°C
accumulated temperature recorded on March 31+t. The duration between the start and end dates was
198 days, ranking second only to the highest value (210 days) observed among all studied years.
Furthermore, this year experienced an impressive total accumulated temperature of 210°C amounting
to 4141.3°C, despite having an annual precipitation of merely 72.6mm. Similarly, another notably
warm year, 2016, the start date for the >10°C accumulated temperature occurred even earlier than
any other year within the ten-year observation period, specifically on March 24t. The interval from
start to end lasted for 195 days, while annual precipitation reached its peak among all ten years at
213.4mm. In 2014, the latest starting point for >10°C accumulating temperatures, was recorded on
April 26, this resulted in a shorter duration at just 166 days and yielded the lowest >10°C
accumulated temperature at only 3519.5°C. Additionally, precipitation levels in 2014 were also found
to be minimal compared to other observed years at just 65.8mm. In summary, there exists a significant
positive correlation between the values of 210°C accumulated temperatures and the number of days
spanning from their respective start to end dates over this study period. Notably, an early or late start
date for 210°C accumulated temperatures correlates with higher or lower annual precipitation levels
respectively.

4.2. The Leaf Phenology of B. microphylla

Based on the observational data collected by our team, the terminal and axillary buds of B.
microphylla begin to sprout in Mid-April. The emergence of fresh, green young leaf at the apex of the
leaf buds indicates a successful transition into the young leaf stage. Both the leaf flush stage and the
young leaf stage demonstrate favorable responses in both cold and warm years. Although average
temperatures from March to April may meet criteria for a warm year (Figure 3.), a later onset date
for 210°C accumulated temperatures compared to previous years can lead to delays in both leaf flush
and young leaf stage (as observed in 2014). Moreover, sudden weather events represent an external
factor that significantly influence plant phenology. In 2014, precipitation levels plummeted to their
lowest recorded value of 65.8 mm among all observed years, coinciding with a strong cold front that
swept across Xinjiang, this was accompanied by widespread rain, snow, fresh gale, sandstorm,
abrupt cooling event, and frost conditions. As a result, both leaf flush and young leaf stages for B.
microphylla were markable delayed when compared to other typical years (such as 2011 and 2017)
within our observation timeframe. Immediately after, approximately nine days later than usual
marked the beginning of the leaf unfolding stage, which lasts roughly fifty days. It is noteworthy that
leaf unfolding stage tends to be postponed in colder years, compared to normal or warmer years.
During warm years such as 2013 and 2015, there was no significant advancement in leaf unfolding
stage when juxtaposed with adjacent normal years. A comparative analysis revealed that average
temperatures played a crucial role, April's average temperature in 2013 was recorded at 14.1°C, 2°C
lower than that of its preceding year. Similarity, low average temperature were noted for April 2015
at just 13.5°C, a decrease of 7.1°C from those experienced in April 2014. These findings underscore
that specific changes in leaf phenology continue to exhibit a high degree of synchrony with monthly
average temperature fluctuations.
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Figure 3. Interannual variation trend of leaf phenology of B. microphylla. (a) leaf flush stage. (b)young leaf stage.
(c)leaf unfolding stage. (d)leaf maturity stage. (e)leaf yellowing stage. (f)leaf abscission stage.

The synthesis of chlorophyll involves a series of enzymatic reactions, with the optimal
temperature ranging from 20°C to 30°C. The leaf mainly absorbs blue purple light and appear green.
In addition, other types of pigments are present in plants, such as lutein and carotenoids, an increase
in temperature not only accelerates the pigment synthesis process but also leads to the decomposition
of certain pigments, thereby revealing the colors of other pigments. From July to August, the leaf
edges of B. microphylla begin to turn yellow, marking the onset of the leaf yellowing stage, which lasts
approximately 20 days. The causes behind phenological fluctuations are multifaceted. Firstly, the
average temperature in August for both 2013 (22.7°C) and 2015 (22.6°C) were indicative of warmer
years. Conversely, August 2014 experienced an average temperature significantly lower at just 16.3°C
during a regular year. So, the earlier onset of the leaf yellowing stage in both 2013 and 2015 compared
to that in 2014 may be attributed to various factors including pest infestations and disease outbreaks.
Secondly, during these warmer years, specifically in 2013 and 2015, the total hours of sunshine
recorded were notably higher at 2031.2h and 1825.3h respectively when compared with only 1813.4h
observed in 2014. Under cooler temperature, leaf photosynthesis within B. microphylla is inhibited, to
trigger non-photochemical quenching wherein chlorophyll undergoes decomposition as a means to
minimize photosynthetic loss. Thirdly, at lower temperatures chlorophyll molecules become
increasingly fragile and more susceptible to damage. The reduced average monthly temperatures
coupled with fewer sunlight hours experienced in August 2014 resulted in diminished chlorophyll
content along with functional impairment, consequently leading those leaf into an earlier transition
into their leaf yellowing stage than observed during other years. In 2013 and 2015, the relatively
favorable temperatures facilitated a greater accumulation of chlorophyll in the leaf, leading to a
delayed onset of the leaf yellowing stage. The leaf of B. microphylla began to abscise in Mid-September,
with nearly all leaf having fallen by the end of October. Consequently, the growth phenology of B.
microphylla, which spans approximately 200 days throughout the year, comes to an end.

4.3. The Phenology of Female Inflorescences of B. microphylla

The inflorescence type of B. microphylla is a catkin, and it is classified as a monoecious plant.
Ensuring the consistency of pollen release timing is crucial for the efficient completion of pollination
in monoecious species. Consequently, the female inflorescence, serving as the reproductive organ for
one growing season, must maintain a relatively rapid growth rate. We observed that various life
processes associated with female inflorescences, such as budburst, elongation, shaping, and the
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formation of both young and mature fruiting structures, all occurred successively from mid-April to
late May. As illustrated in Figure 4, there was a significant delay in the phenology of female
inflorescence budburst to young fruit stage until late April during colder years. In contrast, this
process advanced to varying degrees during warmer years compared to adjacent normal years.
Notably, in 2013 and 2015, delays were recorded which may have been influenced by average or
accumulated temperatures in April. By conducting linear regression analysis on monthly average
temperature data alongside phenological day sequences (Figure 5), we found that during dormancy
release stage when B. microphylla experienced high accumulated temperatures, the budburst for
female inflorescences was delayed due to insufficient low-temperature accumulation (notably
observed in 2010, 2013, and 2017). Furthermore, when monthly average temperatures remained
approximately consistent over multiple years (specifically from 2017-2019), early budburst of female
inflorescences was noted. This indicates that as a reproductive organ functioning within an annual
cycle it responds positively to stable interannual variations in monthly average temperature. Finally,
part of the accumulated temperature acquired by these plants contributes towards breaking
dormancy, thus in certain years characterized by elevated accumulated temperature values some
energy is allocated toward promoting meristematic development leading to an earlier onset of female
inflorescence budburst (2012 and 2016). However, in years marked by lower accumulated
temperature above process tends to be delayed resulting in postponed entry into germinative
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Figure 4. Interannual variation trend of female inflorescence phenology of B. microphylla. (a) budburst stage-

young fruit stage. (b)Female fruit-clusters maturity stage. (c) Female fruit-clusters abscission stage.
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Figure 5. The relationship between the monthly average of female inflorescence budburst, accumulated

temperature and the beginning of female inflorescence budburst.

Following the pollination of male flowers, the female inflorescences undergoing a
transformation to fruit clusters. After receiving adequate sunlight and absorbing substantial
nutrients, these female fruit-clusters reach maturity. The samaras align systematically, upon
accumulating sufficient temperature exposure, begin to flutter down with the wind, thus completing
the process of seed dissemination. The above stages are referred to as the maturity and abscission
stage of the female fruit-clusters. Due to the relatively synchronized timing of life activities among
female flowers, they tend to enter the maturity and fruit abscission stage later in colder years or when
monthly average temperatures are lower during corresponding months (Figure 5.). In warmer years
such as 2014 (with an average temperature of 24.5°C in June), there is an acceleration in fruit shedding
leading to an earlier onset of the fruit abscission stage. In summary, the influence of monthly average
temperature on both the maturity and abscission stages of female fruit-clusters aligns consistently
with previous observations regarding phenological variations within these clusters.

4.4. The Phenology of Male Inflorescences of B. microphylla

B. microphylla is generally a wind pollinated plant, small nut with membranous wings. Its male
inflorescences serve as reproductive organs that endure through the winter months. Moreover, the
phenological development of these inflorescences begins in late May, with flowering not occurring
until April of the following year. By mid to late April, the flower buds initiate budburst, these buds
crack and elongate within 4-5 days, followed by a peak period of pollen dispersion lasting 2-3 days
(Figure 6.). Thus, the entire process of pollen dissemination is completed within 8-10 days. Overall,
the variations in flowering phenology (Figure 7.), specifically during the budburst stage, elongation
stage, and pollen dispersion stage are closely associated with climatic classifications such as warm
years, cold years, and normal years. In warmer years, this phenology occurs significantly earlier than
in normal years, conversely, it is delayed during colder years. As May approaches, male
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inflorescences enter their budburst stage, a pattern that mirrors the developmental timeline from
budburst to young fruit stage observed in female inflorescences. Following pollen dispersion, male
flowers begin to wither until they eventually abscise. The withering process may be postponed only
during colder years when average monthly temperatures are lower. Otherwise, it typically concludes
by mid to late April in other conditions. Elevated temperatures tend to further expedite both
withering and abscission processes for male inflorescences. In June, rising temperatures stimulate
growth phenology among male inflorescences, the elongation stage commences currently. Over
nearly three months' duration thereafter, these organs continue to extend until they reach maturity
by early September. Notably lower average monthly temperatures recorded in adjacent years can
also contribute to relatively later elongation stage observed during warmer seasons such as those
experienced in 2013 and 2015.
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Figure 6. Interannual variation trend of male inflorescence growth phenology of B. microphylla. (a) male
inflorescence budburst stage. (b) male inflorescence elongation stage. (c) male inflorescence shapinging stage.

(d) male inflorescence dormancy stage.
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inflorescence budburst stage. (b) male inflorescence elongation stage. (c) pollen dispersal stage. (d) withering

stage. (e) abscission stage.

When the male inflorescence reaches a specific length, width, and defined shape, it enters a
critical phase of growth phenology known as the dormancy stage at the end of October. During this
time, the organism suspends complex life activities and accumulates energy for the budburst of
flower buds in the following year. Successfully navigating this dormancy stage is an essential
prerequisite for both the budburst of flower buds in the subsequent year and the timely onset of the
next flowering phenology. Firstly, by comparing the day number of male inflorescence budburst
phenology observed from 2010 to 2019 with both the monthly average temperature during its
dormancy stage from the previous year and >210°C accumulated temperatures (Figure 8), it becomes
evident that there is a strong correlation between these factors. Specifically, variations in monthly
average temperature during dormancy are closely linked to timing patterns in subsequent years'
budburst stages. Secondly, 210°C accumulated temperatures provide a complementary effect on
mitigating low values recorded for monthly average temperatures during male inflorescence
dormancy. This relationship is particularly notable between 2016's dormancy stage and 2017's
budburst stage. In this instance, while January through March averages indicated a lower mean
temperature of 5.9°C during dormancy in 2016 compared to 8.9°C recorded for similar months in
2015, an impressive total heat accumulation reached approximately 4033.4°C over a span of just under
seven months (195 days). However, the release of physiological dormancy in plants necessitates a
certain accumulation of low temperatures. The inadequate accumulation of low temperatures in 2016
resulted in a delay in the budburst stage of male inflorescence during the spring of 2017. Ultimately,
there exists a threshold value for the complementary effect between 210°C accumulated temperatures
and the monthly average temperature throughout the dormancy stage of male inflorescence. In 2017,
the monthly average temperature during this dormancy stage of male inflorescence was recorded at
6.9°C, while the 210°C accumulated temperature amounted to 3680.6°C. In contrast, although both
the monthly average temperature and >10°C accumulated temperature increased in 2018 compared
to 2017, no complementary relationship was observed that year. However, this complementary
relationship re-emerged in subsequent years, thus indicating that there is indeed a minimum
threshold necessary for such an interaction between accumulated temperatures and monthly average
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temperatures to occur. It is only when the monthly average temperature meets or exceeds this
minimum threshold that this complementary effect becomes evident.
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Figure 8. The relationship between the dormancy monthly temperature of male inflorescences, >10°C

accumulated temperature and the budburst stage of male inflorescences.
5. Discussion

5.1. Ecological Adaptation Strategies of B. microphylla in Spring

Leaf serves as a key organ for the direct observation of vegetation phenology, and extreme
environmental changes are often reflected in the foliage of plants. Research conducted on pure forests
within urban areas of Shanghai has explored how environmental variations influence the leaf
unfolding phenology of trees [29]. The findings indicate that different tree species exhibit varying
degrees of sensitivity to precipitation and temperature factors, with this disparity being particularly
pronounced within the same species. Specifically, identical tree species can display markedly
different phenological rhythms across diverse ecological environments. Phenological observations of
Betula pendula distributed throughout the Irtysh River Basin reveal that fluctuations in temperature
indicators during equivalent periods can lead to variations in the phenological events [30]. Moreover,
there is a correlation between phenology and temperature across different habitats. Some researchers
have initiated investigations into how abnormal climatic conditions affect the spring accumulated
temperature requirements for various plant species. Their results suggest that the first leaf dates for
all tested plants tends to be advanced or delayed during warmer or colder years, respectively [31].
However, differences observed between distinct climatic year are not statistically significant,
indicating that accumulated temperature requirements also vary among species. Alterations in
ecological adaptation strategies exhibited by plants under different thermal conditions have
manifested through their respective phenophases.


https://doi.org/10.20944/preprints202503.0791.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 March 2025 d0i:10.20944/preprints202503.0791.v1

14 of 20

The flowering phenology of plants primarily encompasses three key aspects: flowering date, the
duration of the flowering, and the synchrony within the flowering period [32]. These factors can
provide valuable insights into the reproductive status of plant organisms in advance. On one hand,
stable temperatures during early spring are crucial for initiating plant growth phenology. On the
other hand, sunlight duration significantly influence the flowering phenology of inflorescences.
Phenological observations conducted on Betula albosinensis in Xi'an reveal a negative correlation
between the blooming stage duration and hours of sunlight [33]. Specifically, as altitude increases
and sunlight duration extends, there is a corresponding reduction in the length of the blooming stage.
A comparison with relevant data from this study area indicates that both 2012 and 2016 experienced
starting dates for 210°C accumulated temperatures at the end of March, significantly earlier than
previous years. Furthermore, total sunlight hours recorded were 2200.6h and 1924.6h respectively.
Sunlight has a notable advance effect in budburst stage for female and male inflorescences' budburst
stage. Consequently, all observed phenological events occurred earlier compared to other years.
Finally, based on these observations, it was noted that pollen dispersal for B. microphylla occurs prior
to its pollination stage. Moreover, pollination takes place within this pollen dispersal timeframe,
indicating a high degree of synchrony between male and female inflorescences regarding their
respective pollen dispersal and pollination behaviors overall.

The geographical element of B. microphylla is associated with its distribution in Central Asia.
Considering the typical vegetation types characteristic of temperate grassland regions within this
study area, the spring phenology of leaf exhibits a significant correlation with monthly average
temperatures, and developmental trends across various leaf phenologies are consistent. Plant
germination progresses through several stages: bud formation, establishment of dormancy, release
from dormancy, and temperature-driven promotion prior to germination [34]. The response patterns
at each stage to external temperature fluctuations vary. Additionally, differing energy allocation
strategies influenced by temperature can affect the timing of phenological events [35]. Firstly, the
female inflorescence enters the budburst stage during spring. A comprehensive analysis that
considers factors such as accumulated temperature requirements, developmental stage types, and
energy allocation phases indicates that there exists a low-temperature requirement for the budburst
of female inflorescences. This represents a strategic trade-off made by B. microphylla in response to
the perennial cold climate prevalent in this region. Secondly, the flower buds of B. microphylla are
encased in leaf-like bud scales, and this species is characterized as a wind-pollinated plant that
flowers prior to the unfolding of its leaf. This flowering strategy not only minimizes interference from
foliage but also maximizes pollen availability for female inflorescences, thereby expediting the
pollination process. Thirdly, a stable average monthly temperature during the germination stage
across adjacent years significantly accelerates this process. This observation indicates that the
phenology of female inflorescence budburst in B. microphylla is strictly regulated by temperature, and
exhibits clear adaptive evolution in response to environmental conditions. Fourthly, B. microphylla
completes both pollen dispersion and pollination before its leaf reach full maturity. The maturity of
female fruit-clusters occurs between late May and mid-June, suggesting that B. microphylla employs
a "rapid strategy" to swiftly complete pollination and fruiting under favorable conditions, which can
mitigate adverse effects on fruit development and seedling establishment caused by unfavorable
environments. Ultimately, these plants accumulate thermal energy to sustain their growth processes.
Furthermore, energy allocation strategy of B. microphylla is notably distinctive, when accumulated
temperatures are high, priority is given to utilizing available energy for breaking dormancy. Any
remaining energy supports meristem development and facilitates entry into the female inflorescence
budburst stage. Surprisingly, in years with low accumulated temperatures, there is a delay in female
inflorescence budburst phenology as heat accumulation occurs during spring to ensure successful
completion of various life processes within B. microphylla.
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5.2. Ecological Adaptation Strategies of B. microphylla in Summer

The temperature rise in summer expedites the cell division process of B. microphylla. Leaf
maturity stage and the elongation stage of male inflorescences persist throughout the entire summer
and extend across different months, aligning with the climatic year variation trend. During the leaf
yellowing stage, light influence the synthesis processes of enzymes and chlorophyll and other
substances within plant leaf, either advancing or delaying the leaf yellowing stage. Generally
speaking, the leaf phenology throughout the year is conspicuously affected by the climate. According
to our division results, warmer year implies a higher average temperature in March and April,
indicating a higher heat initiation value for that year. Hence, the female inflorescences enter the
maturity and abscission stage earlier. Nevertheless, in a normal year, if the average temperature of a
specific phenological month exhibits a markable high value, it will also accelerate the process of
entering the fruit abscission stage. This result is consistent with Pei [36] that with a 1°C increase in
temperature in March, the flowering phenology will be advanced by 2 days. Notably, the
advancement of the flowering period and the maturity process of the fruit of B. microphylla, similar
to some species of the same genus, have an obvious heat requirement.

The elevated temperatures experienced during summer, combined with continuous
illumination and stable air flow velocities, result in the transpiration process reaching its zenith.
However, B. microphylla, as a hygrophilous species has developed specific adaptation strategies to
cope with these conditions. Firstly, the leaf of B. microphylla effectively captures light energy for
photosynthesis, facilitating rapid leaf growth throughout the summer months. The surplus products
of photosynthesis, after fulfilling the plant's respiratory demands are subsequently transported to
storage organs. Secondly, the relatively shallow root system of B. microphylla allows it to efficiently
utilize surface water resources to compensate for water loss due to transpiration. Such mechanism
creates a water gradient that helps maintain a stable temperature within the plant. Finally, male
inflorescences enter a critical phase of growth phenology. At this stage, male inflorescences are
uniformly distributed along the branches. That is to say, a "quantity-dominant” strategy is evident,
which involves maximizing essential resources such as light and heat for growth purposes in order
to produce a greater number of male inflorescences available for pollination and subsequent fruit
bearing.

5.3. Ecological Adaptation Strategies of B. microphylla in Autumn

The decline in temperature during autumn results in a decrease in the activity of enzymes
associated with chlorophyll synthesis, consequently slowing down the rate of chlorophyll production
while accelerating its decomposition. We observed the peak period for leaf abscission in B. microphylla
occurs in early to mid-October, with most leaf being abscised by the end of October. Dormancy serves
as a survival strategy employed by plants to conserve energy and withstand cold northern winters.
However, the specific organs that enter dormancy can vary among species. Typically, leaf buds also
undergo dormancy, which represents a temporary cessation of bud growth. In contexts such as
controlled cultivation environments, leaf budburst is often utilized as an indicator for assessing
dormancy release. Furthermore, for B. microphylla, the autumn temperature plays a crucial role in
determining the dormancy phenology of male inflorescences.

Previous studies have focused on the native Torreya grandis and the non-native Carya illinoinensis
in subtropical regions, revealing that elevated autumn temperatures exacerbate the dormancy depth
of leaf buds in T. grandis. Consequently, this phenomenon leads to a postponement in budburst
phenology [37,38]. The Betula is distributed across various climatic zones in China, with primitive
and evolutionary groups primarily found in the southwestern region. This study also identified that
under high autumn temperatures, the male inflorescence of B. microphylla delays its budburst onset
for the next year. Our finding indicates that male inflorescences of B. microphylla adopt a "long
dormancy" strategy to adapt to insufficient cold requirements resulting from a reduced range of cold
exposure. Xinjiang serves as one of the differentiation centers for the Betula. [39], exhibiting a climate
distinct from both the humid northeastern region and mountainous southwestern areas. This unique
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climate provides favorable environmental conditions for inflorescence growth. In Xinjiang, female
inflorescences of B. microphylla acquire pollen within a brief timeframe to become fruit-clusters, and
abscission. Additionally, this study observed an intriguing phenomenon: during the shaping stage
of male inflorescences, some male inflorescences will abscise while remains at branch tips. In that
respect, nutrient allocation towards remaining male inflorescences becomes more concentrated. More
importantly, this growth pattern facilitates greater spatial availability for female flower buds along
branches, demonstrating what can be termed as a "spatial dislocation effect". From the perspective of
the unique reproductive patterns exhibited by male inflorescences, a complementary phenomenon
arises between >10°C accumulated temperatures and low average monthly temperatures during the
dormancy stage of these inflorescences. Elevated autumn temperatures lead to a delay in the onset
and end-date of low-temperature accumulation, which can also be interpreted as a complementary
effect exerted by average monthly temperatures on accumulated temperature.

5.4. Ecological Adaptation Strategies of B. microphylla in Winter

During winter, all perennial trees in northern regions enter a state of dormancy [40], and B.
microphylla is no exception. This dormancy results in decreased water content within the plant, which
prevents intracellular water from freezing and thereby protects the cell nucleus from damage. The
presence of anti-freeze proteins (AFPs) equip these plants with enhanced resilience against extreme
cold conditions, improving their tolerance to low temperatures and safeguarding cells from cold-
induced injuries. Recent studies have successfully isolated and identified AFPs from various cold-
resistant species. Comparative analyses indicate that the recrystallization inhibitory activity of AFPs
found in plants surpasses that observed in insects [41]. The manifestation of winter dormancy
behavior in B. microphylla, along with its successful completion of growth phenology in subsequent
years, suggests an underlying regulatory mechanism involving AFPs within this species.

This research area is specifically located in the semi-arid typical steppe region of the Altai
Mountains in Xinjiang. The terrain and climate here significantly differ from the northeast and
southwest. Low temperatures and limited sunlight duration during winter are among the factors
contributing to plant dormancy. Bud scales (Figure 9.), which are modified leaf that encase buds for
protective purposes. They are thickened and coated with wax, often enabling most perennial woody
plants to withstand extreme climatic conditions such as severe cold and drought. During winter,
although male inflorescences of B. microphylla remain intact without shedding, the emergence of bud
scales signifies its initial adaptation to local cold and dry climatic conditions, placing it in an "adaptive
evolution” stage. For plant organisms, not all trade-offs manifest above ground. Indeed, the
developed root traits of B. microphylla optimizes water resource utilization provided by wetlands
while also preventing soil erosion and mitigating soil and water loss [42].
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Figure 9. The bud scale of B. microphylla. (a) bud scale on tree branch. (b-c) the bud scale gradually expand,
allowing the leaves and inflorescence to appear. (d) growth strategy of inflorescence in B. microphylla-“growth

before leaves”.

6. Conclusions

Based on nearly 10 years of phenology observations, we analyzed the relationship between
temperature and 18 phenophases of B. microphylla located in the southern margin of the Junggar Basin
and have conducted a systematic study on the ecological adaptation strategies of B. microphylla to
seasons variation. Our study also revealed the differences between the phenological response of
warmer years and colder years to temperature. The results indicated that (1) The seasonal
phenological patterns of B. microphylla exhibit distinct variations. Moreover, the types of phenophases
across different seasons remain relatively stable while their durations show minimal variation. (2)
The primary influencing factor for phenological variations is the monthly average temperature
during specific phenological events. Throughout the year, leaf phenology is predominantly
influenced by the monthly average temperature as well as the differences in climatic year. In spring,
the budburst of female inflorescences is associated with accumulated temperature, the type of
budburst stage, and energy allocation stages. Conversely, high temperatures experienced during
plant’s dormancy stage may delay the budburst of male inflorescences. (3) A comprehensive and
scientific theory regarding ecological strategies for B. microphylla has been clearly articulated based
on trait analysis and climatic data. The impact of climate on the phenology of B. microphylla can be
attributed to five key strategies: a "multiple low-temperature requirements" strategy for inflorescence
budburst; a "preceding leaf growth" strategy concerning inflorescences; a "quantity victory" strategy
for male inflorescences; a "long dormancy" strategy applicable to male inflorescences under elevated
autumn temperatures; and a "spatial dislocation" strategy pertaining to both male and female
inflorescences. Xinjiang, located in the northwest and remote from the ocean, exhibits an
exceptionally intense continental climate characterized by terrains such as grasslands and deserts.
Currently, the rational exploitation, utilization, and protection of native natural forest resources in
Xinjiang hold paramount importance. Our findings will effectively provide valuable insights into
research on the response of B.microphylla to climate change. We hope to draw attention to the
significance of narrow-distributed endemic species through a case study of B. microphylla phenology
and adaptation strategies.
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