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Abstract
Phenology is a key indicator of climate change. We studied the phenological change of Populus
euphratica during 1960–2019, and investigated the relationships between phenological change and
climate change. The results showed that the annual average temperature in the Lower reaches of Heihe
River was increased signi�cantly over the past 58years, which directly led to the germination of Populus
euphratica was advanced, and the leaf yellowing delayed. The growth season of Populus euphratica was
signi�cantly prolonged after 1990, and the mean growth season length were 230, 236, 245 days in 1960–
1969,1990–1999,2010–2019, respectively. Temperature is the major environmental factor affecting
phenological change, and the length of growing season was prolonged with the increase of annual
average temperature and accumulated temperature. Phenological changes have an important effect on
plant growth. Our study showed that the frost days of Populus euphratica increasing from 1990 to 2019,
and the frost days was increased with the growth season length. The accumulated frost days were 19, 21,
23 days in 1990–1999, 2000–2009, 2009–2019. Our studies also indicated that phenological changes
also affect socioeconomic, especially the delay of leaf yellow period maybe has an important impact on
tourism due to the best viewing period is postponed. Our study of phenological change law and its
relationships with climate changes could guide the government formulates tourism policies and help
tourists to arrange best viewing time.

1 Introduction
Plant phenology refers to the long-term adaptation of plant reproductive and growth to the changes of
light, precipitation, temperature and other conditions to form the regular seasonal changes (Chen et al.,
2017; Piao et al., 2019). Phenology has played a considerable role in promoting science progress in the
past few decades (Yu et al., 2017). Many studies indicated that phenology is the simplest process to
track the changes of ecological (Parry et al., 2007). However, the phenology is not constant under climate
change scenarios, especially climate warming in worldwide, and the plants may experience the phenology
delaying or advancing as temperatures continue to increase. Phenological change is the most easily
observable plant responses to climate change (Ernakovich et al., 2014, Janet et al., 2020). There have
been a number of studies focus on the phenological responses to climate change (Berg et al., 2019;
Rafferty et al., 2019). An analysis of phenological change showed that 78% of plants showed phenology
advanced because of climate warming (Menzel et al.,2006). Fitter et al. (2002) also found that more than
280 plants �owering period advanced in England. In contrary, several studies have believed that
phenology was delayed due to temperature increasing (Han et al. 2014; Yang et al., 2015). Similarly, Tao
et al. (2017) also found that shrubs lengthen their �owering period under climate warming. Moreover,
timing of phenology is crucial for plants to adapt climatic change. Rafferty et al. (2019) suggested that
plants can adjust phenology time to response the change of precipitation and temperature. Although
climate change is altering the growth environment experienced by plants (Diffenbaugh,2013), such
effects remain unexplored in arid and semi-arid region. An accurately understanding of which
environmental factors serve as cues for plant phenology is critical for predicting future responses of arid
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ecosystems to climate change. In addition, the effects of climate change on phenology mainly focuses
on �owering period (Prevéy et al., 2019), the germination period, and leaf yellow period have been
relatively less studied, especially the date and the duration of leaf yellowing are rarely reported. But
germination period and leaf yellow period is very importance in determining the growing season length of
plants, especially leaf yellow period is an important indicator of carbon cycle and biodiversity patterns in
arid ecosystem (Garonna et al., 2015).

Phenological Changes have important effect on water-carbon exchanges (Khaine, 2015; Lang et al.,
2019), the relationship between animals and plants (Post,2008), and the population reproduction and
growth (Inouye, 2008). Such as lengthen of the growing season in winter also caused an increase of the
frost risk. Many studies have proved this view. Hänninen (2016) studied found that phenological change
in early spring and late autumn caused frost damage in plants, especially in spring, the risk of frost
increased due to the premature bud burst. In addition, Phenological changes have important effect on
ecosystem productivity and terrestrial carbon budgets (Richardson et al., 2013; Jeong et al., 2009). The
changes of spring and autumn phenology is also linked with food availability for herbivores and
ecosystem net productivity (Gustine et al., 2017; Park et al., 2016). Moreover, phenological changes have
further effect on national economic due to many plants are important in horticulture and tourism.
Particular ornamental plants may cause dramatically effect on economy as the proportion of tourism in
the national economy has increased in future. Therefore, the formulation of tourism policy has to actively
adapted to phenological changes, and an accurate understanding of phenology period may help and
improve tourism policy. However, there are few studies on the impact of phenological changes on
tourism, which affected the sustainable development of tourism.

Populus euphratica (P. euphratica) is a typical species of desert riparian forests in the lower reaches of
the Heihe River in northwestern China. It not is one of the main distribution areas of P. euphratica forest in
China, but is one of the only three P. euphratica forest areas in the world. P. euphratica forest has created
huge tourism income for Ejina due to its unique ornamental value. However, the phenological change law
of P. euphratica under the background of climate change is still unclear. Understanding phenological
changes law in P. euphratica and its relationships with climate changes is necessary to guide the
government formulates tourism policies and help tourists to arrange best viewing time.

Therefore, we studied the phenological change of P. euphratica during 1960–2019, and investigated the
relationships between phenological change and climate change. The purposes of this study were (1) to
clarify the climate change in lower reaches of Heihe River Basin (2) to explore the Long-term phenological
trends of P. euphratica; (3) to identify the relationship between phenological change and climate change;
(4) to determine the effect of phenological change on growth and tourism. Our �ndings can provide an
important guidance for policy makers to schedule which season are the best viewing period.

2 Dates And Methods

2.1 Study area
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The study area is located in the lower reaches of Heihe River basin which is a typical inland river basin in
northwestern China (Fig. 1). The area is controlled by a typical continental arid climate that is severely
cold in winter and extremely hot in summer. The mean annual precipitation is only 38 mm, for which 75%
of rainfall occurs between June and August. The potential evapotranspiration is more than 3500 mm,
which is greater than precipitation by a factor of 90. Soil in the study area derives from �uvial sediment
with gray-brown desert sediments (Si et al. 2008). The dominant vegetation types are composed of desert
plants, including P. euphratica, Tamatix ramosissima, Achnatherum splendens, Sophora alopecuroides,
and Karelinia caspica (Yu et al., 2013).

2.2 Phenology period and the number of frost days
According to the phenological division method of P. euphratica proposed by Wei (1990), that is, the daily
average temperature is greater than 5 ℃, P. euphratica enters the germination stage, greater than 10 ℃,
P. euphratica enters the �owering stage, greater than 14 ℃, P. euphratica enters the leaf expansion stage,
greater than 18.5 ℃, P. euphratica enters leaf yellowing period, less than 5 ℃, and the defoliation stage
of P. euphratica ends. Thus, the phenology of P. euphratica divided into germination period, �owering
period, leaf period, leaf yellowing period, leaf fall period, dormancy period. Frost days were de�ned as the
daily mean temperature below 0℃ (Meehl et al., 2004).

2.3 Date treatment and statistical analysis
We set statistical signi�cance at P < 0.05 by one-way analysis of variance (ANOVA) using SPSS 19.0. We
�tted linear functions to observe responses of P. euphratica growth season length to temperature using
Origin 8.0. We �tted exponential functions to observe the relationship between P. euphratica growth
season length and the frost days using Origin 8.0. We evaluated differences at a 0.05 signi�cance level.
Finally, we plotted data using Origin 8.0.

3 Results

3.1 Change in temperature and precipitation
The annual change of precipitation was not noticeable, records of all stations also showed that there no
signi�cant changes in monthly precipitation over the longer term, and the annual average values were
35.37mm (Fig. 2). The annual average temperature was increased signi�cantly over the past 58years.
The annual average temperature of the study area was 8.22℃ in 1969, and reached 11.26℃ in 2017.
Average temperatures have increased at a rate of 0.52 ℃ per decade over the past 58 years. The mean
temperatures were highest in 1969, followed by 1995 and again 2015 (Fig. 2). Analysis of periodic
changes of temperature and precipitation found that the scale characteristics of precipitation and
temperature change obviously in 25 ~ 30 years (Fig. 3). According to the results of M-K test, there is no
obvious sudden change in precipitation during the study period. However, there was a sudden change in
temperature in 1995, and the temperature increased signi�cantly after 1995(Fig. 4).

3.2 Long-term phenological trends of P. euphratica
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By separating the entire study period into six subperiods (1960–1969, 1970–1979, 1980–1989, 1990–
1999, 2000–2009 and 2010–2019), we found that the growth season of P. euphratica was signi�cantly
prolonged after 1990, and the mean growth season length were 230, 236, 245 days in 1960–1969,1990–
1999,2010–2019, respectively (Fig. 5). A signi�cant prolonged of growth season was found in 2000–
2009, and the growth season between the �rst and last decades increased by 15 days. The germination
of P. euphratica was advanced, and the earliest germination occur on March 10, March 5, March 1 in
1960–1969, 1980–1989, 2010–2019 respectively (Fig. 5). And the germination date of P. euphratica
advanced at a relatively rapid rate in recent twenty years. In addition, The P. euphratica experienced
delayed leaf yellowing in the most recent twenty years (2000–2019) compared with the earliest
subperiods (1960–1969), and the earliest leaf yellowing occur on September 1, September 3 in 1960–
1969 and 2000–2009, respectively (Fig. 5). The leaf fall of P. euphratica also delayed due to the delayed
of leaf yellowing.

3.3 Changing climate drives phenological change
To exploring the relationship of growth season length and temperature, we found there was a
signi�cantly positively correlation between growing season length and temperature, and the length of
growing season was prolonged with the increase of annual average temperature and accumulated
temperature. At the long-term scale, temperatures had strongly in�uenced and predominantly controlled
the growth season length from 1960 to 2017. The main reason may be that the high temperature
advanced the beginning of the growth season and delayed the end of the growth season (Fig. 6).
However, it seems unlikely that changes in growth period growing are a result of changes in precipitation,
because our result showed that precipitation has no signi�cant effect on growth season length.

3.4 The effects of phenological change
The frost days of P. euphratica decreasing from1960 to 1989, and increasing from 1990 to 2019. The
accumulated frost days were 22, 20, 21, 19, 21, 23in 1960–1969, 1970–1979, 1980–1989, 1990–1999,
2000–2009, 2009–2019 (Fig. 7). To exploring the relationship of growth season length and frost days of
P. euphratica, we found there was a signi�cantly positively correlation between growing season length
and frost days, and the frost days was increased with the growth season length (Fig. 8). The main reason
may be that the extension of growing season increases the risk of frost.

In addition, the beginning of leaf yellow and the ending of defoliation in P. euphratica was all delayed
(Fig. 9). There was no signi�cant change in the length of leaf yellow stage (Fig. 10), but the delay of leaf
yellow period maybe has an important impact on tourism due to the best viewing period is postponed.

Discussion
Phenology is a key indicator of climate change, and phenological change is the consequence of climate
change (Richardson et al., 2013). We found that the annual average temperature was increased
signi�cantly over the past 58years, which directly led to the germination of P. euphratica was advanced,
and the leaf yellowing delayed. Changes in phenology is an important trait of plant which determine the
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length of growth period. The growth season of P. euphratica was signi�cantly prolonged after 1990 due
to the timing of the �rst dates of germination advanced and the last dates of leaf fall delayed. This is
consistent with the studies that advanced germination and delayed leaf fall by climate warming extended
the growing season (Linderholm 2006; Chung et al., 2013; Prevéy et al., 2019). Moreover, a growing
number of studies has indicated that germination is becoming earlier throughout the temperate regions
and caused a great impact on plant (Root et al. 2003, Wolkovich et al. 2012, Prevéy et al. 2017). However,
some studies found that although spring phenology advanced, the effect is maybe counteracted by
decreased chilling (Ma et al., 2018).

The dominant factor affecting the phenological change still remain debate. Several studies found that
temperature is a major environmental factor affecting phenological change (Xie et al., 2015). This is in
consist with the results of our study. The �eld experiments and satellite data also proved that temperature
played decisive role in phenological change (Fu et al., 2018). Besides temperature, precipitation has also
been reported to effect phenological change (Liu et al., 2016). Some studies found that precipitation was
a more dominant factor than temperature on phenology (Ren et al., 2017). Such as precipitation reduce
may advance deciduous and delay spring phenology (Misson et al., 2011). Moreover, previous studies
found that although the decrease of precipitation leads to the earlier spring phenology (Shinoda et al.,
2007), the increase of precipitation had no effect on phenology (Sherry et al., 2007). There also studies
show that precipitation has a weaker effect on the change of phenology (Chang,2018). Several studies
also found phenology was not changed with the decrease or increase of precipitation (Morin et al. 2010).
The reason may be that precipitation not reach the threshold for changing phenology. Other research has
shown that temperature and precipitation all effect �owering time (Rafferty et al., 2019). In addition to
non-biological, biological factors also affect phenological change (Zu et al., 2018). For example, research
has found that grazing would delay the growth phenology (Li et al., 2018).

Phenological changes have an important effect on frost days. Our study showed that the frost days of P.
euphratica increasing from 1990 to 2019, and the frost days was increased with the growth season
length. Consistent with this, previous studies have shown that the warming-induced lengthening of the
growing season may induce more frost days (Liu et al.,2018). Frost events increasing can disturb nutrient
cycling (Estiarte et al., 2015), inhibit plant growth (beck et al., 2007), reduce carbon uptake (Hufkens et al.,
2012), effect species composition of ecosystem (Yang et al., 2010), thus affect the function of
ecosystems. Inouye et al. (2008) found that frost have a serious effect on �oral abundance. Autumn frost
may also result crop yield decrease in late summer (Gallinat et al., 2015). Apart from plant growth, frost
events also have a great in�uence on economy. For example, the 2007 spring freeze in United States was
caused over $2 billion in economic losses (Wolf, 2008). Thus, when assessing the effect of phenological
changes, the days of frost and time of frost occurred, and the effect of frost events must not be
neglected.

Phenological change also affect socioeconomic (Cleland et al., 2012), especially ornamental plants. The
P. euphratica in Ejina Banner is an intoxicating wonder in the depths of the desert. It is not only a paradise
for photographers, but also a paradise for countless travelers. Our results showed that P. euphratica
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experienced delayed leaf yellowing in the most recent twenty years (2000–2019) compared with the
earliest subperiods (1960–1969). The delay of leaf yellow period will inevitably lead to the delay of the
best viewing period. Thus, Tourists should reasonably arrange travel time due to National Day golden
week may not be the best viewing period for P. euphratica. In addition, the leaf fall of P. euphratica
delayed may be extend viewing period, which will increasing tourism revenue. Further research should
accurately predict the best viewing period according to climate change, so as to provide basis for tourists'
travel and government decision-making.

Declarations
Author contributions Chunyan Zhao designed the study and wrote the manuscript. All authors analyzed
data, edited the writing and approved the �nal manuscript.

Funding This study was provided by the National Natural Science Foundation of China “Nighttime
transpiration and its eco-hydrological effects in typical desert vegetation (42001038). 

Availability of data and material The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Con�ict of interest The authors declare no competing interests.

References
1. Beck EH, Fettig S, Knake C et al 2007.Speci�c and unspeci�c responses of plants to cold and drought

stress.Journal of Biosciences, 32:501–510

2. Berg CS, Brown JL, Weber JJ (2019) An examination of climate-driven �owering-time shifts at large
spatial scales over 153 years in a common weedy annual. Am J Bot 106:1435–1443

3. Chang H, Han SH, An J et al 2018.Warming results in advanced spring phenology, delayed leaf fall,
and developed abnormal shoots in Pinus densi�ora seedlings.Trees, 32:1473–1479

4. Chen X (2017) Plant Phenology of Natural Landscape Dynamics. Springer, Berlin Heidelberg

5. Cleland EE, Allen JM, Crimmins TM et al (2012) Phenological tracking enables positive species
responses to climate change. Ecology 93:1765–1771

�. Chung H, Muraoka H, Nakamura M et al (2013) Experimental warming studies on tree species and
forest ecosystems: a literature review. J Plant Res 126:447–460

7. Diffenbaugh NS, Field CB (2013) Changes in ecologically critical terrestrial climate conditions.
Science 341:486–492

�. Ernakovich JG, Hopping KA, Berdanier AB et al 2014.Predicted responses of arctic and alpine
ecosystems to altered seasonality under climate change.Global Change Biology, 20(10),3256–3269

9. Estiarte M, Peñuelas J (2015) Alteration of the phenology of leaf senescence and fall in winter
deciduous species by climate change: effects on nutrient pro�ciency. Glob Change Biol 21:1005–



Page 8/17

1017

10. Fitter AH, Fitter RS (2002) Rapid changes in �owering time in British plants. Science 296:1689–1691

11. Fu YH, Piao S, Delpierre N et al (2018) Larger temperature response of autumn leaf senescence than
spring leaf-out phenology. Glob Change Biol 24(5):2159–2168

12. Gallinat AS, Primack RB, Wagner DL (2015) Autumn, the neglected season in climate change
research. Trends in Ecology and Evolution 30:169–176

13. Garonna I, De Jong R, De Wit AJW et al (2015) Strong contribution of autumn phenology to changes
in satellite-derived growing season length estimates across Europe (1982–2011). Glob Change Biol
20(11):3457–3470

14. Gustine D, Barboza P, Adams L et al (2017) Advancing the match-mismatch framework for large
herbivores in the Arctic: Evaluating the evidence for a trophic mismatch in caribou.PLOS ONE, 12(2)

15. Han S, Chung H, Noh NJ et al (2014) Effect of open-�eld experimental warming on the leaf
phenology of oriental oak (Quercus variabilis) seedlings. J Plant Ecol 7:559–566

1�. Hänninen H (2016) Boreal and Temperate Trees in a Changing Climate: Modelling the Ecophysiology
of Seasonality. Springer Netherlands

17. Hufkens K, Friedl MA, Keenan TF et al (2012) Ecological impacts of a widespread frost event
following early spring leaf-out. Glob Change Biol 18:2365–2377

1�. Inouye DW (2008) Effects of climate change on phenology, frost damage, and �oral abundance of
montane wild�owers. Ecology 89:353–362

19. Janet S Prevéy.2020. Climate Change: Flowering Time May Be Shifting in Surprising Ways.Current
Biology, 30(3):R112-R114

20. Jeong SJ, Ho CH, Kim KY et al (2009) Reduction of spring warming over East Asia associated with
vegetation feedback. Geophys Res Lett 36(18):0719

21. Khaine I, Woo SY (2015) An overview of interrelationship between climate change and forests. For
Sci Tech 11:11–18

22. Lang W, Chen X, Qian S et al (2019) A new process-based model for predicting autumn phenology:
how is leaf senescence controlled by photoperiod and temperature coupling? Aricultural and Forest
Meteorology 268:124–135

23. Liu Q, Fu YH, Zeng Z et al (2016) Temperature, precipitation, and insolation effects on autumn
vegetation phenology in temperate China. Glob Change Biol 22(2):644–655

24. Ma Q, Huang JG, Heikki H et al 2018.Reduced geographical variability in spring phenology of
temperate trees with recent warming.Aricultural and Forest Meteorology, 256–257:526–533

25. Meehl G, Tebaldi C, Nychka D (2004) Changes in frost days in simulations of twenty�rst century
climate. Clim Dyn 23:495–511

2�. Menzel A, Sparks TH, Estrella N et al (2006) European phenological response to climate change
matches the warming pattern. Glob Change Biol 12(10):1969–1976



Page 9/17

27. Misson L, Degueldre D, Collin C et al (2011) Phenological responses to extreme droughts in a
Mediterranean forest. Glob Change Biol 17:1036–1048

2�. Morin X, Roy J, Sonié L et al 2010.Changes in leaf phenology of three European oak species in
response to experimental climate change.New Phytologist, 186:900–910

29. Park T, Ganguly S, Tømmervik H et al 2016.Changes in growing season duration and productivity of
northern vegetation inferred from long-term remote sensing data.Environmental Research Letters,
11(8)

30. Parry ML, Canziani OF, Palutikof JP et al (2007) Climate Change 2007: Impacts, Adaptation, and
Vulnerability. Cambridge University Press, Cambridge, UK

31. Post E, Forchhammer MC .2008.Climate change reduces reproductive success of an Arctic herbivore
through trophic mismatch.Philosophical transactions - Royal Society. Biological sciences, 363:2367–
2373

32. Piao S, Liu Q, Chen A et al (2019) Plant phenology and global climate change: current progresses
and challenges. Glob Change Biol 25(6):1922–1940

33. Prevéy J, Vellend M, Nadja R et al (2017) Greater temperature sensitivity of plant phenology at colder
sites: implications for convergence across northern latitudes. Glob Change Biol 23(7):2660–2671

34. Prevéy JS, Rixen C, Rüger et al (2019) Warming shortens �owering seasons of tundra plant
communities. Nat Ecol Evol 3:709–709

35. Rafferty NE, Bertelsen CD, Bronstein JL (2016) Later �owering is associated with a compressed
�owering season and reduced reproductive output in an early season �oral resource. Oikos 125:821–
828

3�. Rafferty NE, Diez JM, Bertelsen CD .2019. Changing Climate Drives Divergent and Nonlinear Shifts in
Flowering Phenology across Elevations.Current Biology, 30(3):432–441

37. Ren SL, Li YT, Peichl M (2020) Diverse effects of climate at different times on grassland phenology
in midlatitude of the Northern Hemisphere. Ecol Ind 113:106260

3�. Richardson AD, Keenan TF, Migliavacca M et al (2013) Climate change, phenology, and phenological
control of vegetation feedbacks to the climate system. Aricultural and Forest Meteorology 169:156–
173

39. Root T, Price J, Hall K et al (2003) Fingerprints of global warming on wild animals and plants. Nature
421:57–60

40. Sherry RA, Zhou X, Gu S et al Divergence of reproductive phenology under climate warming.PNAS,
104:198–202

41. Si JH, Chang ZQ, Su YH et al (2008) Stomatal conductance characteristics of Populus euphratica
leaves and response to environmental factors in the extreme arid region. Acta Bot Boreali-
Occidenalia Sinica 28(1):125–130

42. Shinoda M, Ito S, Nachinshonhor GU et al (2007) Phenology of Mongolian grasslands and moisture
conditions. J Meteorol Soc Jpn 85(3):359–367



Page 10/17

43. Tao Z, Zhong S, Quansheng GE et al (2017) Spatiotemporal variations in �owering duration of
woody plants in China from 1963 to 2012. Acta Geogr Sin 72:53–63

44. Wei QJ, Populus euphratica (1990)China Forestry Press, Bei Jing

45. Wolf R (2008) The Easter freeze of April 2007: a climatological perspective and assessment of
impacts and services. (Technical Report 2008-01, NOAA/USDA)

4�. Wolkovich E, Cook B, Allen J et al 2012.Warming experiments underpredict plant phenological
responses to climate change.Nature, 485:494–497

47. Xie Y, Wang X, Silander JA (2015) Deciduous forest responses to temperature, precipitation, and
drought imply complex climate change impacts. PNAS 112(44):13585–13590

4�. Yang LH, Rudolf VH (2010) Phenology, ontogeny and the effects of climate change on the timing of
species interactions. Ecol Lett 13:1–10

49. Yang Y, Guan H, Shen M et al (2015) Changes in autumn vegetation dormancy onset date and the
climate controls across temperate ecosystems in China from 1982 to 2010. Glob Change Biol
21(2):652–665

50. Yu L, Liu T, Bu K et al (2017) Monitoring the long term vegetation phenology change in Northeast
China from 1982 to 2015. Sci Rep 7:14770

51. Yu TF, Feng Q, Si JH et al (2013) Patterns, magnitude, and controlling factors of hydraulic
redistribution of soil water by Tamarix ramosissima roots. J Arid Land 5(3):396–407

52. Zu J, Zhang Y, Huang K et al (2018) Biological and climate factors co-regulated spatial-temporal
dynamics of vegetation autumn phenology on the Tibetan Plateau. Int J Appl Earth Observations
Geoinf 69:198–205

Figures



Page 11/17

Figure 1

The study area
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Figure 2

Change in temperature and precipitation from 1960 to 2018
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Figure 3

Contour map of wavelet coe�cient of temperature and precipitation

Figure 4

Manner-Kendall statistic curve of temperature and precipitation
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Figure 5

The changes of phenology of P. euphratica from 1960 to 2019 ( -germination period, - �owering period,
- leaf period, -leaf yellowing period, -leaf fall period, -dormancy period) 

Figure 6

The relationship between growth season length and temperature
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Figure 7

The frost days of P. euphratica
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Figure 8

The relationship between growth season length and the frost days 

Figure 9

the phenology period of P. euphratica (a- the beginning of defoliation, b-the terminal stage of defoliation)
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Figure 10

The length of leaf yellow stage in P. euphratica


