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The spatiotemporal responses of Populus euphratica
to global warming in Chinese oases between 1960
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Abstract: Daily average temperature data from 48 meteorological stations in Chinese oases
that are within the distribution area of Populus euphratica were analyzed to determine the
spatiotemporal responses of this tree to climate change. Specifically, the start and end date
as well as the number of days that comprised the growing season were analyzed with a
multi-year trend line and using the Mann-Kendall mutation test, inverse distance weighted
interpolation (IDW) in the software ArcGIS, a Morlet wavelet power spectrum, and correlation
analysis. The results of this study show that, over the last 56 years, the start date of the P.
euphratica growing season has advanced, while the end date has been postponed, and the
number of days that comprise the growing season have gradually increased. The changing
trend rates recovered in this analysis for these three time slices are —1.34 d/10 a, 1.33 d/10a,
and 2.66 d/10a (a = 0.001), respectively. Data show that while spatial disparity is extremely
significant, it is nevertheless the case that along a southwest-to-northeast transect of Chinese
oases, the later the start date of the P. euphratica season, the sooner the end data and the
shorter the growing season. Mutations points in start and end date, as well as for the growing
season overall were observed in 2001, 1989, and 1996, respectively, and the data presented
in this paper show that, in particular, the date of this end of this period is most sensitive to
climate warming. Growing season cycles for P. euphratica are between 3.56 years and 7.14
years, consistent with the periodicity of El Nifio events, while a start date cycle between 3.56
years and 4.28 years is consistent with atmospheric circulation cyclicity. The causal analysis
presented in this paper shows that the Asian polar vortex area index (APVAI), the Qing-
hai-Tibet Plateau index (TPI), the westerly circulation index (WCI), and carbon dioxide emis-
sions (CDE) are the main factors influencing spatiotemporal changes in the growth of P. eu-
phratica, the effect of latitude during the growing season is more significant than altitude, and
the start date of the growing season is more significantly influenced by these factors than end
date. In addition, data show that the start date, end date, and length of the growing season
are all significantly correlated with their average corresponding monthly temperature (corre-
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lation coefficients are —0.875, 0.770, and 0.897; a=0.001). Thus, if the average temperature
in March increases by 1°C, the start date of the growing season will advance by 2.21 days,
while if the average temperature in October increases by the same margin then the seasonal
end date will be delayed by 2.76 days. Similarly, if the average temperature between March
and October increases by 1°C, the growing season will be extended by 7.78 days. The results
of this study corroborate the fact that changes in the P. euphratica growing are sensitive to
regional warming and are thus of considerable theoretical significance to our understanding
of the responses of Chinese vegetation to climate change as well as to ecological restoration.

Keywords: Populus euphratica; annual growing season; global warming; responses to climate change; Chinese oases

1 Introduction

Global warming has been occurring for almost a century. The Fifth Assessment Report of the
Intergovernmental Panel on Climate Change noted that global average surface temperature
increased by 0.85°C between 1880 and 2012, and it is also the case that warming trends
within China are consistent with those seen across the rest of the world (Qin ef al., 2014).
Vegetation is the most important component of terrestrial ecosystems, and so the responses
of plant phenology to regional climate change are both sensitive and simple to observe
(Chmielewski and Rotzer, 2001). This means that research on the responses of plant
phenology to global climate change have become a hot topic both within China and interna-
tionally (Fang and Yu, 2002); a number of previous studies have concluded that global
warming has led to corresponding changes in the start and end dates of growth as well as the
length of this period in plants (Pei et al., 2009; Zhang, 1995). Research outside China began
much earlier; organized phenological observations in Europe, for example, were first initi-
ated in the middle of the 18th century, and a number of devoted observation networks were
subsequently established, including the European Penology Network and the International
Phenological Gardens (IPG) (Pei et al., 2009). Based on analysis of PG data from between
1960 and 1990, Menzel et al. (1999) noted that spring events have advanced by 6 days and
autumn events have been delayed by 4.8 days likely because of rising European tempera-
tures. Similarly, spring events in North American lilac (Schwartz and Reiter, 2000) and Bel-
gian temperate woody plants (Fu ef al., 2012) have also advanced markedly, while a 1°C
increasing in early spring temperature has been shown to have advanced the start date of the
Betula pubescens and Prunus avium growing season in Europe by 8 days (Chmielewski and
Rotzer, 2001). More than 70% of the Northern Hemisphere areas surveyed exhibit a trend
towards the postponement of the growing season end date (mean rate: 0.18 & 0.38 d/a; Liu ef
al., 2016), and phenological responses to climate change are also evident in the start of
flowering, leaf-unfolding, and veraison periods. Previously presented data show that the
start of flowering has markedly advanced in a number of central European plants (i.e.,
snowdrop, forsythia, sweet cherry, and apple) (Roetzer et al., 2000), as well as in 11 UK
species (Sparks et al., 2000), P. tremuloides in Canada (Beaubien and Freeland, 2000), citrus
in Kerman and Shiraz in Iran (Fitchett er al., 2014), and in several Hungarian taxa (i.e.,
Convallaria majalis, Taraxacum officinale, Sambucus nigra, Tilia cordata) (Szabd et al.,
2016). Similarly, the leaf-unfolding period in Swiss horse-chestnut trees (Defila and Clot,
2001) as well as in Lithuanian deciduous trees (Juknys et al., 2016), and the veraison of the
Rkatsiteli in Georgia (Cola et al., 2016) have also all significantly advanced. The founder of
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modern Chinese phenology, Zhu, established a national observation network in 1963 to pro-
vide data for the study of changes (Ge et al., 2010), while Zhang (1995) pointed out that
temperature was likely the most important meteorological factor affecting growth changes in
woody plants. Zhang (1995) also noted that when annual mean temperature increases by 1°C,
spring events in Chinese woody plants advanced by between 3 and 4 days, while autumn
events were delayed by the same time period. A number of scholars have studied phenologi-
cal changes in Chinese temperate plants (Chen et al., 2015), herbs in Hebei Province (Gao et
al., 2012), woody plants in the city of Guiyang (Bai et al., 2009), general species within the
city of Zhengzhou (Liu et al., 2007), and the vegetation of the Minqin desert area (Chang et
al., 2009) to demonstrate advances in spring growth events correlated with autumn post-
ponements. Chen et al. (2007) also noted that the length of the multi-year average growing
season is mainly influenced by variations in latitude and altitude.

The tree species Populus euphratica is known to occur in 20 countries across Asia, Africa,
and Europe, and is one of the most widespread desert region taxa in Central Asia. The high-
est abundance and largest area of this species globally are found within Chinese oases,
mainly in Xinjiang Province, the Qaidam Basin, the Alxa Plateau, the Hexi Corridor, and on
the Hetao Plain (Wei, 1990; Wang et al., 1995; Liu and Zhang, 2011). This species has the
advantage of being drought and salt tolerant, and is also wind resistant, fast growing, and
highly adaptable (Wei, 1990). Indeed, as P. euphratica is ‘a green guard’ that maintains the
ecological balance of arid area oases, changes in its growing season start and end date as
well as the length of this period are clear indicators of the impact of climate change on Chi-
nese oases. Previous studies to evaluate the growing season responses of P. euphratica to
climate change were focused on Hexi Corridor (Liu and Zhang, 2011) and Ejina Banner oa-
ses (Zhao et al., 2012), as well as some other isolated regions; the vast oases in Xinjiang
Province, on the Hetao Plain, and in the Qaidam Basin have so far not been studied, and so
the patterns and drivers of spatiotemporal responses to climate change remain unknown. The
aim of this study is therefore to evaluate the spatiotemporal characteristics of growing sea-
son changes in P. euphratica within these regions in order better understand the effects of
climate change and to provide a theoretical basis for the restoration and reconstruction of the
ecological environment in Chinese oases.

2 Data and methods
2.1 Study area

Chinese oases are mainly distributed within the desert and semi-desert regions of northwest-
ern China, between 34°25'—48°10'N and 73°40-109°08'E, almost entirely in high mountains
and on huge proluvium fans (Figure 1). These oases are mostly subject to a desert climate
which consists of droughts and rare rainfall, are cold in the winter and hot in the summer,
and experience large ranges of both annual and daily temperature. These oases are also
heat-rich, a trend that increases generally from the east to the west; an accumulated tem-
perature of 10°C or greater is seen as values increase from 2500°C in the Hexi Corridor to
4500°C within the Tarim Basin in Xinjiang Province, while the accumulated temperature of
the Qaidam Basin is very low (mostly less than 1500°C) as it is influenced by the vertical
zone of the Tibetan Plateau. Mean annual rainfall in these regions tends to be less than 200
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oases characterized by P. euphratica

A dataset of daily average temperatures was used in this study that encompasses the period
between 1960 and 2015; these data were recorded at 48 meteorological stations that span the
distributional range of P. euphratica, all downloaded from the China Meteorological Science
Data-sharing Service System (http://www.cma.gov.cn/). In earlier work, Shen ef al. (2001)
divided Chinese oasis regions into six parts, northern and southern Xinjiang Province, the
Hexi Corridor, the Hetao Plain, the Qaidam Basin, and the Alxa Plateau. Similarly, and on
the basis of observations of 42 plants in the Minqin desert botanical garden, Chang et al.
(2009) considered temperature to be the main factor influencing the phenology of oasis
plants in arid areas; indeed, these workers suggested that increasing temperature was the
main reason underlying changes in the phenology of plants within the Minqin desert area.
Based on the standard division proposed by Wei (1990), the annual cycle of P. euphratica
starts with an average daily temperature of 5°C or greater that remains stable throughout the
spring, and ends at an average daily temperature at this level or less that remains stable
throughout the autumn. We therefore confirmed the start date, the end date, and the growing
season for P. euphratica, and applied an average weighting method to subregions when cal-
culating these variables for Chinese oases. The circulation feature indexes used in this study
were drawn from a set of 74 that comprise monthly values for the period between 1960 and
2015 issued by National Climate Center, including the cold air index (CA), the Tibetan Pla-
teau index (TPI), the Asian polar vortex index (APVII, APVAI), and the westerly circulation
index (WCI). In addition, annual mean carbon dioxide emissions (CDE) for the period be-
tween 1960 and 2011 were extracted from the World Bank database of world development
indicators (http://data.worldbank.org.cn/). We analyzed trends and variations in the P. eu-
phratica growing season applying a linear fitting method, and evaluated spatial variation and
disparity via inverse distance weighted interpolation (IDW) in the software ArcGIS 9.3, and
utilized the Mann-Kendall method for mutation tests as well as the Morlet wavelet power
spectrum for periodic analysis. Finally, we discuss the factors that influence aspects of the P
euphratica growing season via correlation and regression analyses.

3 Results

3.1 Temporal variations in the P. euphratica growing season

(1) The start of growing season
The data presented in this paper show that over the past 56 years, variation in the start
date of the P. euphratica growing season in Chinese oases has advanced significantly at a
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rate of —1.34 d/10 a (o = 0.001) (Figure 2a), while the average start date (March 21st) has
advanced 7.5 days over the past 56 years. Interestingly, although the start date in each oasis
was not the same, they had all advanced to varying degrees (Figure 3al-3f1); amongst these,
the start date in the southern Xinjiang oasis was the earliest, March 11th on average, while
that in the Qaidam Basin oasis was the latest, April 8th on average. The most obvious ad-
vancing trend was seen in the Hetao Plain oasis, where the change rate is —2.55 d/10 a (o =
0.001); this start date has advanced 14 days over the last 56 years. The most unclear trend in
advancing start date was seen in the southern Xinjiang oasis where the rate of change is
—0.95 d/10 a (a = 0.05); the start date in this oasis has advanced by just 5.4 days over the
past 56 years.

In terms of inter-decadal variations (Table 1), the anomaly value of the start date was
positive between the 1960s and the 1980s; this encapsulates a slight trend towards a delay
during the 1970s, as well as a return to an advance during the 1980s. In the 1990s, however,
this anomaly value reverted to negative; the observed change in this anomaly was the great-
est between the 1990s and 2000s, reaching a maximum value of 3.8 days in the 2000s. These
data show that the most significant advancing trend was during the 2000s.
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Figure 2 Trends in P. euphratica start date, end date, and growing season variation in Chinese oases

(2) The end of growing season

Data presented in this study reveal that, over the past 56 years, variation in the end date of
the P. euphratica growing season in Chinese oases has tended to be delayed significantly at a
rate of 1.33 d/10a (oo = 0.001) (Figure 2b). Indeed, the average growing season end date has
been delayed by 7.5 days over the past 56 years and now ends on October 28th on average.
As with start dates, the recorded end date in each oasis is not the same and they have all
been delayed by varying degrees (Figure 3 a2—3f2). Amongst these data, the end date for the
P. euphratica growing season in the Qaidam Basin oasis was the earliest, ending on October
16th on average, while that of the southern Xinjiang oasis was the latest, ending on Novem-
ber 1st on average. The most obvious trend in postponement was seen in the northern Xinji-
ang oasis, where the rate of change is 1.83 d/10a (o = 0.001); over the past 56 years, the
end date has been delayed by 10 days in this oasis, while the most ambiguous trend towards
postponement was in the Hetao Plain oasis, a rate of 1.02 d/10a (a = 0.05). In this latter
case, the end date of the growing season has been delayed by just 5.7 days over the past 56 years.

In terms of inter-decadal variations (Table 1), the anomaly value of the end date was
negative between 1960 and the 1980s; the value of this anomaly ranged between —2.7 and 1.5,
while the end date exhibited a slight trend towards advancement during the 1980s. In contrast,
the end date tended to be delayed during the 1990s; this value switched from negative to



584

Journal of Geographical Sciences

(al) Nanjiang (b1) Beijiang (cl) Qaidam
3/25 4/16 4/2 F*é%%}f}OZB
< 3/21 <) <) e
E 317 E E 4/14
§ 3/13 _§ :;
3/9 4/3
E sl 0005074 E g
«n R=0.371 ©n — 2
M 3/17 L—£=0360 ; 3/23
1960 1971 1982 1993 2004 2015 1960 1971 1982 1993 2004 2015 1960 1971 1982 1993 2004 2015
Year Year Year
4/10 (d1) Hexi 412 (el) Alxa 4/14r (1) Hetao
g ’g 4/5 ’g 49
= < 39 S 44
§ 5 3722 :§ 3/30
E E 315 —0.250x+91.6 E 3123 —0.255x194.7
S S .250x: . 5 =—0. .
@ A 38t plosi @ 32007
3/1 R . . . , 3/15 P L . )
19601971 1982 1993 2004 2015 19601971 1982 1993 2004 2015 1960 1971 1982 1993 2004 2015
Year Year Year
(a2) Nanjiang (b2) Beijiang (c2) Qaidam
11715 =0.115x+302.5 HAO0F 0183012907 10530 0.168x+284.5
~ =V, . ~ ~ y=0. .
T UL s SR T 10250 ° g sas
e iig 51029 3 10120
3 3 ]
= 10130 g 10/23 = 10/15
S 10126 g 10117 & 10/10
10/22 . L A A ) 10/11 L . . L , 10/5
196019711982199320042015 1960 19711982 1993 2004 2015 196019711982 1993 2004 2015
Year Year Year
(d2) Hexi (e2) Alxa (f2) Hetao
_ 11/12 3=0.118x+296.9 All/lS 7=0.129x+296.1 _ 11/14 $=0.102x+297.4
3 = R=0.383 = R=0.349
E 11/5 E E 11/7
210129 2 210131
< °
< 10722 < 1024
m m
10/15 . . . . , 10/16 . . . R s 10/17 , A R R ,
19601971 1982199320042015 1960 1971 198219932004 2015 19601971 198219932004 2015
Year Year Year
250 (a3) Nanjiang 230 (b3) Beijiang 220 - (c3) Qaidam
T 245| »0211x+2284 S 0| y0310x+1955 S 210} »=0307x+1823
< R=0.551 < R=0.589 -, R=0.542
g 240 g 210 £ 200
& 235 & 200 & 190
£ 230 & g
g 225 g 19 g 180
S220 . . . . , 51O . . . . 5 pl_ . . . |
1960 1971 1982 1993 2004 2015 1960 1971 1982 1993 2004 2015 1960 1971 1982 1993 2004 2015
Year Year Year
R 240 (d3) Hexi 240 (eng ;‘;19): s R 235 (f3) Hetao
) ) : : ) y=0.367x+202.3
5 230 5 230r° R=0598 < 2251 R=0.732
=] =} ]
g 220 5 220 5 215
] ] ]
3 200 ) ) ) ) , 5 190 N N & 195 . . . . ,
1960 1971 1982 1993 2004 2015 1960 1971 1982 1993 2004 2015 1960 1971 1982 1993 2004 2015
Year Year Year

Figure 3 Trends in P. euphratica start date, end date, and growing season variation in each of the Chinese oases
sampled in this study (Abbreviations: Beijiang, northern Xinjiang oasis; Nanjiang, southern Xinjiang oasis; Hexi,
Hexi Corridor oasis; Hetao, Hetao Plain oasis; Qaidam, Qaidam Basin oasis; Alxa, Alxa oasis)
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positive over this period, from 0.5 to 3.6, while the greatest change was seen between the
1990s and the 2000s. This anomaly reached its highest level of 3.6 days during the 2000s,
which shows that the most significant trend towards growing season postponement was at
this time.

(3) The number of growing season days

Results show that over the past 56 years, the number of days that comprise the growing
season of P. euphratica in Chinese oases has tended to extend at a rate of 2.66 d/10 a (o =
0.001) (Figure 2c). In total, the number of days that comprise the growing season has been
extended by 15 days over the past 56 years. Data show that the average growing season for P,
euphratica is 221 days overall; the longest recorded period was 235 days in 2008 while the
shortest was 209 days in 1960. The number of days that comprise the growing season in
each oasis are different but have nevertheless all been extended to varying degrees (Figure
3a3-3f3); an average number of 234 days comprise the P. euphratica growing season in the
southern Xinjiang oasis, the longest across the whole area, while that of the Qaidam Basin
oasis was the shortest at just 191 days. The most obvious lengthening trend was seen in the
Alxa Plateau oasis, a rate of 3.79 d/10 a (a. = 0.001); in this case, the growing season has
been extended by 21 days over the last 56 years. The least obvious lengthening trend was
seen in the southern Xinjiang oasis, a rate of change of just 2.11 d/10 a (a = 0.001) which
corresponds to an extension of just 11.8 days over the last 56 years.

In terms of inter-decadal variations (Table 1), the results of this study show that the
growing season of P. euphratica has been remarkably extended. Negative values character-
ize the 1960s to the 1980s while absolute anomaly values decrease gradually, and the num-
ber of days that comprise the growing season exhibit a trend towards significant extension.
In the 1990s, however, anomaly values changed from negative to positive, and increased
gradually, so the largest changes were seen during the period between the 1960s and the
2000s; over this time, values increased to 6.6 days and reached a maximum value of 7.3
days by the 2000s. These data reveal an obvious trend towards lengthening the growing
season.

In sum, the P. euphratica growing season in Chinese oases conforms to a trend over the
last 56 years such that the start date has been advanced, the end date has been delayed, and
the number of days that comprise this period have been extended. This result is consistent
with the conclusion that the spring phenology of woody plants has been advanced by in-
creasing temperatures, while autumn phenology has been delayed, and the number of days
that comprise the growing season
has increased (Zhang, 1995). Thus, Table 1 Decadal P. euphratica growing season anomalies in

a trend in P euphratica growing Chinese oases

season start date advancement is Decade Start date (d)  End date (d) Growing season (d)
more obvious than the correspond- 1960-1969 1.8 -2.7 4.4
ing postponement trend in end date 1970-1979 2.4 -13 -3.7
and is also consistent with the con- 1980-1989 1.6 -1.5 3.2
clusion that extension of the grow- 1990-1999 -0.1 0.5 0.7
ing season is mainly the result of  2000-2009 -38 3.6 7.3
spring phenology advancement 2010-2015 33 23 55

(Chmielewski and Rétzer, 2001).
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3.2 Spatial variations in the P. euphratica growing season in Chinese oases

We investigated the spatial distribution characteristics of mean start and end date values as well
as the number of growing season days measured at 48 meteorological stations within Chi-
nese oases between 1960 and 2015 by applying the IDW interpolation method (Figure 4).
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Figure 4 Trends in the spatial distribution of the P. euphratica growing season in the Chinese oases sampled in
this study

The results of these comparisons show that although spatial disparity in start and end
dates, as well as the number of days that comprise the P. euphratica growth period exhibit
significant regional differences, the characteristics of spatial variation remain consistent. In
general, the number of days that make up the growth period have tended to shorten over
time; specifically, start dates have tended to be delayed while end dates have advanced from
southwest to northeast over Chinese oases. This variation is particularly evident in the Xin-
jiang oasis; overall, the start date of the growing season has varied between February 9th and
April 18th, the end date has varied between October 8th and November 14th, and the num-
ber of days that comprise this period has ranged between 173 and 256. The earliest growing
season start date, the latest end date, and the longest growing season were all seen in south-
western China in the southern Xinjiang oasis, for two reasons. In the first place, this oasis is
located in the Tarim Basin and is therefore blocked by the Tianshan Mountains; this terrain
occlusion means that more cold air enters from the east but is greatly weakened when it
reaches the southwest of this oasis (Li, 1991). Secondly, the underlying surface of this re-
gion comprises desert and so it is difficult for heat to spread due to basin topography. This
means that the region to the west of southern Xinjiang oasis tends to be warmer than other areas.
Similarly, due to the combination of high elevation and low temperature, the Qaidam Basin
oasis exhibited the latest start date, the earliest end date, and the shortest growing season.
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Results from 92% of the stations across our study area reveal a tendency towards ad-
vancing start dates for the P. euphratica growing season, and 56% were significant at the
0.05 level (Figure 4a). In terms of end dates, delaying trends were seen at about 96% of sta-
tions, and 75% were significant at the 0.05 level (Figure 4b). In contrast, in terms of the
number of days that comprise the growing season, extending trends were seen in about 98%
of stations, and 85% were significant at the 0.05 level (Figure 4c). These data reveal a very
obvious and widespread trend towards extending the number of days that comprise the P
euphratica growing season in Chinese oases. At the same time, however, start dates were
advanced, the number of days that comprised the growing season increased, and end dates
revealed an insignificant trend towards delaying within the Hetao and Alxa oases. These
observations may be due to the fact that the most significant warming trends occur in winter
and summer, while this trend is less significant in spring, and negligible in autumn in Inner
Mongolia (Chen et al., 2009). Similarly, an advancing trend in start date combined with a
delayed trend in end date, and an extension in the number of days that comprise the P. eu-
phratica growing season in southern Xinjiang were the least significant across the study area.
In contrast, in the northern Xinjiang region, the end date of the growing season exhibited the
most significant trend towards a delay, while the start date exhibited an insignificant ad-
vance across this region, a result in close agreement with the earlier work of Li ez al. (2011).
These workers note that the seasonal warming rate in spring was the lowest in Xinjiang
Province between 1961 and 2005. Results also show that the end date of the growing season
was significantly delayed within the Qaidam Basin oasis, in concert with an insignificant
trend in advancing start date that is related to the autumn and winter warming rate; previous
work has shown that this rate is significantly higher than that of the spring and summer, and that
spring within this basin is characterized by the slowest rate of warming (Shi et al., 2005).

3.3 Mutation analysis

We performed a mutation test analysis to investigate trends in start and end dates as well as
the number of days that comprise the P. euphratica growing season in Chinese oases over
the last 56 years by applying the Mann-Kendall method with a 0.01 significance level and a
critical line set at U,= £ 2.56. UF is the statistic sequence which is calculated by time series
sequence. And | UF; | > U, indicates that the sequence has obvious changing trend.

The results of this analysis show that, out of the last 56 years, a mutation in growing
season start date occurred in 2001 (Figure 5a); in other words, the start date of the growing
season advanced after 2001, and the UF curve has exceeded the critical line since 2005 when
the start date advanced significantly. In contrast, prior to 2001, the average start date of the
growing season was March 22nd, and it was March 17th after 2001, this has advanced 5
days following mutation (Table 2). A similar mutation in the end date of the growing season
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Figure 5 Mutation analysis of the start date, end date, and growing season of P. euphratica in Chinese oases
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occurred in 1989 (Figure 5b); re-
sults show that the UF curve has
exceeded the critical line since 2000
and thus the end date of the growing

Table 2 Changes in the P. euphratica growing season in Chi-
nese oases before, and after mutation

Start date End date  Growing season (d)

L. Before abrupt change 3/22 10/26 218

season has been significantly de-
After abrupt change 3/17 10/30 228

layed; the average end date before
Change (d) -5 4 10

mutation in 1989 was October 26th,
but has subsequently moved to Oc-
tober 30th, a delay of 4 days. Finally, a mutation in the number of days that comprise the
growing season occurred in 1996 (Figure 5c¢); UF curves indicate that the number of days
comprising the P. euphratica growing season had been slowly extending prior to 1996, but
that a very significant extension has occurred since this date. The average length of the
growing season was 218 days before the 1996 mutation, rising to 228 days afterwards, a
total extension of 10 days. Thus, the end date of the P. euphratica growing season appears to
have exhibited the most sensitive response to climate warming.

3.4 Period analysis

We utilized Morlet wavelet power spectra in order to analyze cyclical variations in the start
and end date, as well as the number of days that comprise the growing season of P. eu-
phratica in Chinese oases. The results of this analysis reveal that the periods of P. eu-
phratica growing seasons across the study area were obviously short; amongst these, start
dates are characterized by periods of 3.56 years and 4.28 years (o = 0.1) (Figure 6a; PSD is
power spectral density), while end date are characterized by periods of 5.31 years, 5.85 years,
and 7.14 years (a = 0.1) (Figure 6b), and the number of days within the growing season had
a period of 7.09 years (0. = 0.15) cycle (Figure 6¢). These P. euphratica growing season
periods are all consistent with an El Nifio period of between two years and seven years,
while the growing season start date period is consistent with an atmospheric circulation pe-
riod of between two years and four years. These data are clearly consistent with the fact that
the start date, end date, and length of the P. euphratica growing season have mainly been
impacted by El Nifio events and atmospheric circulation.

0.2 0.5 % 0.50
a * PRI oo, o 93 (;14a5'8535 31 a 7 0m
- / : . Jla |
go1 %02 90%| @ 0-25) 85%
' \ 0.1} -
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Frequency (1/a) Frequency (1/a) Frequency (1/a)

Figure 6 Morlet wavelet power spectra of the start date, end date, and the number of days that comprise the P,
euphratica growing season in Chinese oases

3.5 Causal analysis

(1) Correlation analysis to determine the factors influencing variation

In order to explore the factors that influence changes in the start date, end date, and the
number of days that comprise the P. euphratica growing season in Chinese oases, we evalu-
ated six circulation indexes as natural proxies (i.e., APVAI, APVII, CA, TPI, and WCI) as
well as the artificial CDE. We performed a linear correlation analysis to calculate the corre-
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lation coefficient between atmospheric circulation factors and the start date, the end date,
and the number of days that comprise the P. euphratica growing season in Chinese oases in
corresponding months and periods. We also established a correlation between start dates,
end dates, and the number of growing season days in the case of the Qaidam Basin oasis as
well as mean values for each index for April, November, and the period between April and
November.

The results of this analysis indicate that changes in the start date, the end date, and the
number of days that comprise the P. euphratica growing season were influenced mainly by
the atmospheric circulation factors, such as APVAI, TPI and WCI, and the artificial CDE
indexes (Table 3), a finding that is consistent with the periodic characteristics of Morlet
wavelet power spectra which proves that the P. euphratica growing season have mainly been
impacted by atmospheric circulation. Thus, as the APVAI increased, start dates were delayed,
end dates advanced, and the number of days that comprised the growing season were ex-
tended accordingly. In addition, results also show that the TPI is significantly correlated with
start dates, end dates, and the number of days that comprise the P. euphratica growing sea-
son, especially within the Hexi Corridor and southern Xinjiang oasis in large part due to the
dynamic and thermal effects of the Tibetan Plateau. Indeed, because of the branching effect
of the Tibetan Plateau in winter, one cold air branch from the east moves off into southern
Xinjiang Province, while the other moves along the Hexi Corridor to the south and conse-
quently influences both the start and end dates of the P. euphratica growing season (Wang,
2007). In addition, with the exception of the Qaidam Basin oasis, values for the WCI were

Table 3 Correlation analysis results comparing the P. euphratica growing season and relevant impact factors in
Chinese oases

APVII APVAI CA TPI WCI CDE
Start date Alxa 0.243" 0.529"™ 0.029 -0.185 0399 —0.377"
Beijiang 0.393™ 0.583™" -0.053 -0.177 -0.263" -0.246"
Qaidam -0.091 0.013 —0.108 —0.346™" —-0.092 -0.17
Hetao 0.173 0.486™ 0.045 -0.306" 0397 —0.582""
Hexi 0.181 0.580™" -0.016 —0.434™" -0.409™"  -0.319"
Nanjiang -0.21 0.342™ —0.272" ~0.540™" 0435 03217
End date Alxa ~0.104 -0.273" -0.163 0.372" 0.315™ 0.281"
Beijiang -0.324™ -0.523™" -0.179 0.372™" 0.284" 0.547™"
Qaidam —0.340" —0.042 0.071 0.135 0.068 0.474™
Hetao 0.145 -0.211 -0.096 0.395™ 0.382"" 0.392""
Hexi -0.03 -0.395™" -0.122 0.581"" 0.308" 0.406™"
Nanjiang -0.230 —0.416™" -0.012 0.481" 0.236" 0.529""
Growing Alxa —-0.152 -0.358™" -0.246 0.301” 0.356™ 0.507™"
season Beijiang -0.205 ~0.368"" -0.152 0.345™ 0.234 0.538™"
Qaidam -0.393™" -0.270" -0.062 0.192 0.059 0.423™
Hetao -0.106 -0.363"" -0.22 0361 0.414™ 0.649"™
Hexi —0.169 -0.362"" -0.197 0.445™" 0.335" 0.488™"
Nanjiang -0.222" —0.480"" 0.041 0.592"" 0.322" 0.552""

Abbreviations: *, ** and, *** denote a = 0.1, a = 0.05, and a = 0.01 levels of significance, respectively.
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significantly correlated with the start date, the end date, and the number of days that com-
prise the P. euphratica growing season in other Chinese oases because these areas are all
located at the level of mid-latitude westerlies and therefore the intensity of circulation af-
fects temperature. In addition, and again with the exception of the start date in the Qaidam
Basin oasis, start dates, end dates, and the number of days that comprise the growing season
in other oases are all significantly correlated with CDE; excessive CO, emissions are the
main cause of global warming, and therefore a high degree of correlation between this index
and P. euphratica growing season variations further reflects the fact that these changes are
very sensitive to climatic fluctuations in Chinese oases.

(2) The influence of geographical parameters

As the Chinese oases evaluated in this study cross 14 latitudes from south-to-north and
encompass large changes in terrain slope, we further analyzed the influence of latitude and
altitude on aspects of the P. euphratica growing season. We therefore established a binary
linear regression model in this study that expresses the relationship between start date, end
date, the number of days that comprise the growing season, and latitude and altitude (see
equations (1) to (3), below). Thus, at a 95% confidence level, corresponding R” values are
0.44, 0.55, and 0.57 respectively, while F values are 17, 27, and 29. Therefore, we obtain the
following equations:

Y1 =3.69X, + 0.016X; — 89.4 (1)
Yo =-2.57X; — 0.012X; + 420 )
Y; =-6.30X; — 0.028X; + 511 3)

where Y1, Y>, and Y3 denote the start date, the end date, and the number of days that comprise
the P. euphratica growing season, respectively, while X, denotes latitude, and X, denotes
altitude.

This model reflects the effect of both latitude and altitude on the start date, the end date,
and the number of days that comprise the P. euphratica growing season. Thus, given an in-
crease in latitude of 1°N, the growing season start date will occur about 3.69 days later,
while the end date will occur about 2.57 days earlier, and the number of days that make up
the growing season will be shortened by about 6.3 days. Similarly, given a change in altitude
of 100 m, the start date will occur about 1.6 days later, the end date will occur about 1.2 days
earlier, and the number of days that comprise the growing season will be shortened by 2.8
days. At the same altitude, therefore, a higher latitude will be characterized by a later start-
ing date, an earlier ending date, and a shorter P. euphratica growing season, while the same
latitude but higher altitude will exhibit a later starting date, an earlier ending date, and a
shorter growing season. This analysis shows that the influence of latitude on growing season
variables is more significant than that of altitude, while the start date is more significantly
influenced by both latitude and altitude than the end date. This result is also consistent with
the conclusion that inter-annual variability has more significantly advanced the start date of
the growing season as opposed to postponing the end date.

(3) The relationship between the P. euphratica growing season and monthly mean tem-
perature

We performed a further correlation analysis as part of this study to investigate the rela-
tionship between start date, end date, the number of days that comprise the growing season,
and the average temperature of March, October, and between March and October. We also
sought to explore response mechanisms between P. euphratica growing season variation and
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temperature (Figure 7). 70°E 80°E 90°E 100°E 110°E

Beij ianglﬂ
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The results of this analysis reveal
that the start date of the P. euphratica
growing season in Chinese oases and
March average temperatures are sig-
nificantly negatively correlated with
one another (correlation coefficient:
—-0.875; a. = 0.001). The southern Xi-
njiang oasis exhibits the highest cor-
relation within this dataset (correla-
tion coefficient: —0.920; a = 0.001),

40°N

35°N
os)
a
g

Correlation coefficient
B March average temperature and the start date 0 480 km
| [ October average temperature and the end date L

Bl March to October average temperature and the growing period

30°N

while the Qaidam Basin oasis has the Figure 7 Correlation analyses comparl.ng start dates, end
dates, and the number of days that comprise the P. euphratica

lowest correlation (correlation coeffi- . . .
i growing season versus mean monthly temperatures in Chinese
cient: —0.265; a = 0.05). At the same gases

time, data show that the correlation
coefficient between the start date of the P. euphratica growing season in the Qaidam Basin
oasis and April average temperature was —0.571 (a = 0.001), a result that is clearly related
to the high elevation of this region. Similarly, the end date of the P. euphratica growing
season in Chinese oases and average October temperature were significantly positively cor-
related with one another (correlation coefficient: 0.770; a = 0.001), while the end date in
each oasis was also significantly correlated with October average temperature. This result
shows that the higher the temperature in October, the later the growing season of P. eu-
phratica will end; indeed, amongst these oases, the Northern Xinjiang example exhibited the
highest correlation (correlation coefficient: 0.815; oo = 0.001), while the number of days
comprising the P. euphratica growing season and the average temperature between March
and October were also significantly positively correlated (correlation coefficient: 0.897; a =
0.001). In addition, the number of days that comprised the growing season in each oasis
were also significantly positively correlated with the average temperature between March
and October (correlation coefficients between 0.606 and 0.854; a = 0.001), with the North-
ern Xinjiang example exhibiting the highest correlation. These data indicate that the higher
the temperature between March and October, the longer the P. euphratica growing season.
Previous research has shown that temperature is the dominant meteorological factor that
influences phenological changes in woody plants across China (Zhang, 1995). This variable
can control phenological arrival time; indeed, the statistical analysis presented above shows
that the annual P. euphratica growing season is strongly correlated with average temperature
in any given month. We therefore established another series of regression equations that ex-
press the relationships between start date, end date, the number of days that comprise the
growing season, and the average temperature of each corresponding month. Thus, at a 95%
confidence level, corresponding R? values are 0.77, 0.59, and 0.81 respectively, while F
values are 177, 78, and 223. Therefore, we obtain the following equations:

Y, =-221X; +84.78 4)
Y, =2.76X, + 280.58 (5)
Y;=7.78X;s + 116.64 (6)

where Y1, Y>, and Y3 denote the start date, the end date, and the number of days that comprise
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the P. euphratica growing season, respectively, while Xj; is the average temperature in March,
X, is the average temperature in October, and X5 is the average temperature between March
and October.

The model accurately reflects the responses seen in the P. euphratica growing season to
changes in temperature. Calculations show that if the average temperature in March in-
creases by 1°C, then the growing season will start about 2.21 days earlier, while if the aver-
age temperature in October increases by 1°C, then the end date of the growing season will be
delayed by 2.76 days. These results are similar to those reported previously by Chen and Xu
(2012); these workers noted that if the average temperature in the autumn increased by 1°C,
then the end date of the vegetation growing season in the Chinese temperate zone would be
delayed by 2.6 days (Chen and Xu, 2012). Similarly, if the average temperature between
March and October increased by 1°C, then the number of days that comprise the growing
season will be prolonged by about 7.78. These results further indicate that changes in the P,
euphratica growing season are sensitive in response to global warming.

4 Conclusions

(1) The data presented in this study show that the start date of the P. euphratica growing
season has advanced over the last 56 years, while the end date has been postponed, and the
number of days that comprise the growing season have been gradually prolonged, at average
rates of —1.34 d/10 a, 1.33 d/10 a, and 2.66 d/10 a (o = 0.001), respectively. Data show that
the start date of the P. euphratica growing season in the southern Xinjiang oasis was the ear-
liest, while the end date in this region was the latest, and the number of days that comprise
the growing season was the longest. This situation is reversed in the case of the Qaidam Ba-
sin oasis.

(2) The spatial distribution of start dates, end dates, and the number of days that comprise
the P. euphratica growing season exhibit significant regional differences, but consistent pat-
terns of spatial variation. The data presented in this paper generally show that the number of
days that comprise the growing season have tended to shorten over time, while start dates
have been delayed, and end dates have advanced along a transect from southwest-to-north-
east over Chinese oases. These patterns of variation are most notable within the Xinjiang
oasis.

(3) The mutation analysis presented in this study shows that mutation points of start and
end dates as well as the overall growing season were seen in 2001, 1989, and 1996, respec-
tively. Results reveal that the end date of the growing season provides the most sensitive
response to climate warming, while analysis of Morlet wavelet power spectra show that the
start date, the end date, and the number of days that comprise the P. euphratica growing
season have cycled over short periods of time between 3.56 years and 7.14 years. This pe-
riodicity is consistent with El Nifio event cycles, while variation in start dates are likely cor-
related with atmospheric circulation.

(4) The causal analysis presented in this paper shows that the APVAI, APVII, CA, and
CDE indexes provide the main explanations for variations in start dates, end dates, and the
number of days that comprise the P. euphratica growing season in Chinese oases. This result
is consistent with the previous outcomes of Morlet wavelet power spectra analysis.
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Data show that given a 1°N increase in latitude, the start date of the growing season will
occur about 3.69 days later, the end date will occur about 2.57 days earlier, and the number
of days that comprise the growing season will be shortened by about 6.3. Similarly, at an
altitude of 100 m, the start date of the growing season will occur about 1.6 days later, while
the end date will occur about 1.2 days earlier, and the number of days that comprise the
growing season will be shortened by about 2.8. Latitude exerts a more significant influence
on the P. euphratica growing season than altitude, while the start date was more significantly
perturbed by latitude and altitude than the end date.

Data show that the start date, the end date, and the number of days that comprise the
growing season were all significantly correlated with the average temperatures in March,
October, and between March and October, respectively, with correlation coefficients of
—-0.875, 0.770, and 0.897 (a = 0.001), respectively. Thus, a 1°C increase in March average
temperature will cause the start date of the growing season to occur about 2.21 days earlier,
while a similar increase in October average temperature will cause a 2.76 day delay to the
growing season end date. Lastly, a 1°C increase in the average temperature between March
and October will cause a 7.78 day increase in the length of the P. euphratica growing season.
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