J. Geogr. Sci. 2019, 29(1): 131-145
DOI: https://doi.org/10.1007/s11442-019-1588-z

©2019 & = Science Press @ Springer-Verlag

A comprehensive analysis of phenological changes
in forest vegetation of the Funiu Mountains, China
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Abstract: This paper reports the phenological response of forest vegetation to climate
change (changes in temperature and precipitation) based on Moderate Resolution Imaging
Spectroradiometer (MODIS) Enhanced Vegetation Index (EVI) time-series images from 2000
to 2015. The phenological parameters of forest vegetation in the Funiu Mountains during this
period were determined from the temperature and precipitation data using the Savitzky—Golay
filter method, dynamic threshold method, Mann-Kendall trend test, the Theil-Sen estimator,
ANUSPLIN interpolation and correlation analyses. The results are summarized as follows: (1)
The start of the growing season (SOS) of the forest vegetation mainly concentrated in day of
year (DOY) 105-120, the end of the growing season (EOS) concentrated in DOY 285-315,
and the growing season length (GSL) ranged between 165 and 195 days. There is an evident
correlation between forest phenology and altitude. With increasing altitude, the SOS, EOS
and GSL presented a significant delayed, advanced and shortening trend, respectively. (2)
Both SOS and EOS of the forest vegetation displayed the delayed trend, the delayed pixels
accounted for 76.57% and 83.81% of the total, respectively. The GSL of the forest vegetation
was lengthened, and the lengthened pixels accounted for 61.21% of the total. The change in
GSL was mainly caused by the decrease in spring temperature in the region. (3) The SOS of
the forest vegetation was significantly partially correlated with the monthly average tempera-
ture in March, with most correlations being negative; that is, the delay in SOS was mainly
attributed to the temperature decrease in March. The EOS was significantly partially corre-
lated with precipitation in September, with most correlations being positive; that is, the EOS
was clearly delayed with increasing precipitation in September. The GSL of the forest vege-
tation was influenced by both temperature and precipitation throughout the growing season.
For most regions, GSL was most closely related to the monthly average temperature and
precipitation in August.

Keywords: phenology; temperature and precipitation; Funiu Mountains; AUSPLAIN interpolation

1 Introduction

Climate change has important effects on terrestrial ecosystems by altering plant photosyn-
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thesis, growth phases, soil formation processes, and nutrient availability (Ivan et al., 2018).
The impacts of climate change are amplified in fragile ecosystems, especially in mountain-
ous and coastal areas (King, 2004; Wang et al., 2011; Zhang et al., 2016; Zhu et al., 2016;
Jordan et al., 2017). As an important component of mountain ecosystems, forest vegetation
is sensitive to climate change. The phenology of mountain forest vegetation, which is a sig-
nificant indicator of climate change, can reveal the dynamics of mountain vegetation growth
processes and reflect the response and adaption of mountain ecosystems to global change;
thus, phenology has become the focus of many mountain geography and ecology investiga-
tions (Jong et al., 2011; Zhu et al., 2011; Mu et al., 2012). Studying the phenological feed-
back of different types of forest vegetation to climate change and analyzing the dominant factors
that influence phenological changes can help determine the mechanisms of geographical
environmental changes in mountain areas and the functional consequences of such changes.

Forest vegetation phenology is the timing of developmental stages in its cycle, including
bud burst, flowering, and senescence, which are closely linked to various environmental
factors (Zhu et al., 1999; Kong et al., 2017; Luo et al., 2017). Long-term field observations
have indicated that vegetation phenology has changed significantly with global warming. In
particular, changes in spring temperatures have directly affected germination and flowering
time. When spring temperature in Europe increased by 1°C, flowering time advanced by
four days, and germination time advanced by 3.2-3.6 days; when the annual average tem-
perature of the broad-leaved deciduous forest areas in the Eastern United States increased by
1°C, its growing season increased by 5 days (Zhang et al., 2004). At the hemispheric scale,
although the National Oceanic and Atmospheric Administration has used remote sensing
satellites such as the Advanced Very High Resolution Radiometer (AVHRR) to conduct a
20-year observation and found evidence of afforestation changes in the Northern Hemi-
sphere, the regional observation of vegetation phenological changes in the context of global
warming remains insufficient (Zhou et al., 2001; Nemani ef al., 2003). The monitoring of
regional vegetation phenology primarily involves traditional field observations and remote
sensing. In the context of global warming, Xu et al. (2015) analyzed the phenological
changes in different types of vegetation in Harbin and found that the germination date was
substantially affected by an increase in average spring temperature (Xu et al., 2015). Ma et
al. (2016) applied the dynamic threshold method to Global Inventory Modeling and Map-
ping Studies (GIMMS) Normalized Difference Vegetation Index (NDVI) remote sensing
data to study the pattern of phenological change in the Tibetan Plateau from 1982 to 2005.
The results showed that temperature played a more influential role in phenological change
than precipitation (Ma et al., 2016). Zu et al. (2016) used GIMMS AVHRR remote sensing
data to analyze the phenological response to climate change in northeastern China. They
reported that temperature was more important to vegetation growth in spring, whereas pre-
cipitation was more important in autumn. Most studies that have used remote sensing data
analyses to investigate vegetation phenology obtained key parameters through NDVI. How-
ever, the accuracy of these determined parameters could be undermined because NDVI is easily
saturated and sensitive to soil background and other noises. The enhanced vegetation index
(EVI]) can effectively improve the accuracy of the examined parameters.

At the hemispheric and continental scales, a number of studies have examined changes in
vegetation phenology in response to global warming. However, due to the inherent high di-
versity in terrestrial ecosystems, there are variations in the phenological responses to global
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change. To study the pattern in these variations, the vegetation in the Funiu Mountains was
investigated in this study. This region is located in the transition zone between the north
subtropical zone and the warm temperate zone and is known for its large physical geo-
graphical gradient, complicated evolutionary processes, and fragile ecosystems (Ma, 2004;
Ding et al., 2006; Fan et al., 2008; Zhang et al., 2016). Based on the Savitzky—Golay (S—G)
filter algorithm, the phenology parameters of forest vegetation from 2000 to 2015 were ex-
tracted. Combined with temperature and precipitation data, these parameters were used to
analyze the characteristics of phenological change in the various types of forest vegetation
and their relationship to temperature and precipitation. The multidimensional changes in
phenology in response to climate change in the Funiu Mountains were also examined.

2 Research area and data analyses
2.1 Research area

The Funiu Mountains are located in western Henan Province and lie at 110°30' to 113°30'E,
32°45" to 34°20'N (Figure 1). The study area includes eight counties: Luanchuan, Songxian,
Lushan, Xixia, Neixiang, Zhenping, Lushi, and Nanzhao. The elevation ranges from 45 to
2150 m asl. The average annual temperature is between 12.1°C and 15.1°C, and the total
precipitation fluctuates from 800 to 1100 mm, most precipitation falls during May to Sep-
tember. The mountains lie in the transitional zone from the second to the third step in Chinese
topography; they have highly diverse physical geographic landscapes along with complex
climatic and geomorphological conditions. Accordingly, the varied transition-type vegeta-
tion changes from southern warm-temperate deciduous broad-leaved forests to northern sub-
tropical mixed evergreen and deciduous broad-leaved forests. The main soil types in this
region are brunisolic, yellow brunisolic, and cinnamon. The thin soil layers, undulating ter-
rain, and poor trees growing conditions result in a vulnerable ecosystem (Song et al., 1994).
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Figure 1 Location of the research area and topography
2.2 Data extraction and analyses

2.2.1 EVIdata
The Moderate Resolution Imaging Spectroradiometer (MODIS) Enhanced Vegetation Index
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(EVI) data used in this study were obtained from the National Aeronautics and Space Ad-
ministration MOD13Q1 datasets for 2000-2015 at a spatial resolution of 250 m and a tem-
poral resolution of 16 d. The MODIS Reprojection Tool was used to extract the EVI data
from the MOD13Q1 datasets and to perform the reprojection.

We used the dynamic threshold method in the TIMESAT program (Jonsson et al., 2002,
2004) to analyze the start of the growing season (SOS), the growing season length (GSL),
and the end of the growing season (EOS) for forest vegetation in the Funiu Mountains from
2000 to 2015.

2.2.2 Meteorological data

Meteorological data of the research area and its surroundings, including monthly mean tem-
perature and monthly precipitation from 2000 to 2015, were downloaded for 14 stations of
the China Meteorological Administration (www.sci-data.cma.gov.cn). To more precisely
analyze the fluctuations of hydrothermal conditions in the Funiu Mountains, data from five
stations of the Henan Meteorological Bureau were acquired. Considering the phenological
growth cycle of forest vegetation in the Funiu Mountains, an interpolation of the
meteorological data was conducted for the period from February to November.

2.2.3 Other data

In this paper, elevation and other topographic features were extracted from a digital eleva-
tion model (DEM) at 30 m resolution (ASTER GDEM V2). Based on ENVI V5.1, the DEM
images were mosaicked, and the resultant DEM data were then reprojected and resampled to
250 m. Finally, using ArcGIS (V10.1), we used the vector data of the study area boundary to
extract the topographic feature attributes data of the Funiu Mountains.

2.3 Methodology

2.3.1 Remote sensing extraction method of forest vegetation phenology

First, the S-G filtering method in the TIMESAT package was used to smooth the EVI images
from 2000 to 2015. Next, the date of EVI increase or decrease to 50% of the EVI amplitude
was defined as the SOS or EOS, respectively. The parameters of forest vegetation phenology
(SOS, EOS, and GSL) were extracted based on pixels from the study area from 2000 to 2015.
GSL was defined as the difference between EOS and SOS. The conversion of forest vegeta-
tion phenological period adopted the Julian calendar; that is, the phenological period was the
actual number of days from January 1.

2.3.2 Recognition method of forest vegetation

Huanjing satellites are widely used to obtain information on vegetation cover (Wang et al.,
2013). Adopting an object-based method for vegetation classification avoids effects caused
by the “same object with different spectrum”, “different objects with the same spectrum”,
and “salt and pepper noise.” The vegetation in the Funiu Mountains was classified as ever-
green broad-leaved forest, evergreen coniferous forest, deciduous broad-leaved forest, de-
ciduous coniferous forest, mixed deciduous-coniferous forest, deciduous broad-leaved forest,
and mixed evergreen-deciduous forest (Figure 2). To validate the classification accuracy,
120 random sample points were selected and assessed. The total accuracy reached 85% with
a kappa coefficient of 0.8, which met the required standard. Due to the long cycles of regen-
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processing time series of meteorological data (Liu et al., 2008). Under the complex moun-
tain environment, the interpolation of temperature and precipitation data using ANUSPLIN
is highly accurate (Yu et al., 2008). Tan used ANUSPLIN for temperature interpolation in
the complex surface of the Tibetan Plateau and obtained a mean square error of only 0.82°C
(Tan et al., 2016). Therefore, in this study, we selected ANUSPLIN for the interpolation of
monthly average temperature and precipitation from February to November of 2000 to 2015.

The spline number was 2, and the longitude, latitude and elevation were covariates.
2.3.4 Analysis of trend and correlation

In this study, the Theil-Sen (T-sen) estimator method was used to determine the variation in
the SOS, EOS, and GSL of forest vegetation in the Funiu Mountains (Sen, 1968). T-sen > 0
indicates that the phenological parameter was delayed or extended, whereas T-sen < 0 indi-
cates that the phenological parameter was advanced or shortened. Meanwhile, a
Mann-Kendall (M-K) trend test was conducted (95% confidence level) (And et al., 2006).
According to the results of the T-sen and M-K tests, the inter-annual variation in the forest
vegetation phenology of the Funiu Mountains was classified as follows: significantly de-
layed or extended (T-sen > 0, p < 0.05); significantly advanced or shortened (T-sen < 0, p <
0.05); not significantly delayed or extended (T-sen > 0, P > 0.05); and not significantly ad-
vanced or shortened (T-sen < 0, p > 0.05).

The Pearson correlation, partial correlation and significance test, among response charac-
teristics of forest vegetation phenology with monthly mean temperature, precipitation from
February to November, in the Funiu Mountains were analyzed. The following correlations
were evaluated: SOS with monthly mean temperature, precipitation in February, precipita-
tion in March, and precipitation in April; EOS with monthly mean temperature, precipitation
in September, precipitation in October, and precipitation in November; and GSL with
monthly mean temperature, precipitation in May, precipitation in June, precipitation in July,
precipitation in August, and precipitation in September. To analyze the effects of tempera-
ture and precipitation on Funiu forest phenology, ENVI/IDL procedures were used to com-
pose the multiband correlation coefficient among forest vegetation phenology with tem-
perature, precipitation in different months, recognize the largest absolute value month of
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correlation coefficient, and mark whether the pixel is a positive effect or negative effect on
forest vegetation phenological period.

3 Results
3.1 Average phenological period of forest vegetation

To study the spatial pattern of forest vegetation phenological period in the Funiu Mountains,
the spatial distributions and trends in the SOS, EOS, and GSL of forest vegetation over 16
years were evaluated (Figure 3). The SOS dates of forest vegetation at different elevations
from 2000 to 2015 exhibited a delaying trend moving from the peripheral to the central areas
in the Funiu Mountains; vegetation in the peripheral areas entered the growing season earlier
from approximately day of year (DOY) 105 to 120 (around late April), while vegetation in
the central areas entered the growing season later at approximately DOY 120 to 135 (around
early May) (Figure 3a). In addition, areas with SOS in the range of DOY 90 to 105 were
mostly distributed in the eastern and southern parts. From Figure 3b, it can be seen that the
EOSs in the southern and eastern low-altitude areas are the latest, mainly from DOY 300 to
315, while DOY ranges from 285 to 300 d in other regions. The GSL of forest vegetation
shortened from the peripheral to the central part of the Funiu Mountains (Figure 3c). The
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Figure 3 Spatial distributions of annual mean forest phenological parameters averaged over years in the Funiu
Mountains and their relationships with altitude from 2000 to 2015
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GSLs in the eastern and southern lowlands were mostly within 195 to 210 d, while those in
the northwestern and central parts were mostly 165—180 and 150-165 d, respectively.

The changes in forest vegetation phenological parameters with altitude are shown in Fig-
ure 3d. With increasing altitude, SOS was significantly delayed at the rate of 1.3 d/100 m (R2
=0.95, p <0.01), EOS was lengthened at 1.7 d/100 m (R2 =0.95, p <0.01), and GSL was
markedly shortened at 3.2 d/100 m (R* = 0.98, p < 0.01).

3.2 Annual change in forest vegetation phenology

The SOS of forest vegetation showed a delaying trend in most pixels (76.57%), but the de-
laying area accounted for only 2.16% and was significantly scattered in the central part
(Figure 4a). The pixels for which SOS was markedly lengthened were mainly concentrated
in the southern, northern and eastern parts of the region, and those for which SOS was mark-
edly delayed were primarily dispersed in the eastern part.

In most of the pixels, EOS was delayed (83.81%); among these, EOS was significantly
delayed by 6.38%, which were mainly distributed in low-altitude areas in the southeastern
part. The pixels for which EOS was not significantly delayed were concentrated in the cen-
tral and northern regions, whereas the pixels in which EOS was significantly advanced were
concentrated in the southern and eastern areas (0.04%; Figure 4b).
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Figure 4 Spatial distributions of interannual variation in forest phenological parameters in the Funiu Mountains
from 2000 to 2015

The changes in forest vegetation GSL were not significant; 60.85% of the pixels showed
non-significant lengthening, and 36.25% showed non-significant shortening (Figure 4c). The
areas in which GSL was insignificantly shortened were mainly concentrated in the central,
southern and eastern parts of the region. The pixels in which GSL was significantly length-
ened (0.36%) were mainly concentrated in the southeastern and northern parts.

3.3 Response of forest vegetation phenology to change of temperature and precipitation

3.3.1 Effects of temperature and precipitation on SOS

The spatial distributions of the partial correlation coefficients between SOS of forest vegeta-
tion and monthly average temperature and precipitation from February to April are shown in
Figure 5. The partial correlation coefficients between SOS and monthly average temperature
in February and March were mostly negative, indicating that SOS was delayed with de-
creasing temperature; however, the correlation coefficients became positive in April.
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Figure 5 Spatial distributions of partial correlation coefficients between the start of the growing season (SOS)
and February-April temperature and precipitation in the Funiu Mountains

In February, precipitation generally had a negative effect on SOS of forest vegetation at
high elevations and a positive effect at lower elevations. The positive and negative partial
correlation coefficients between SOS and precipitation exhibited uniform spatial distribu-
tions in March. In most regions, the partial correlation coefficients between SOS and pre-
cipitation were positive in April. The number of pixels with significant partial correlations
between SOS and monthly average temperature was the greatest in March (13.94%), indi-
cating that the monthly average temperature in March had a relatively great impact on SOS.

Figure 6 shows the relationship between temperature and precipitation for the month with
the maximum impact on the SOS of forest vegetation. The SOS of forest vegetation was
mainly affected by the monthly average temperature in February and March (37.24% and
37.25% of the pixels, respectively), and the decreasing monthly average temperature played
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Figure 6 Spatial distributions of the start of the growing season (SOS) response to (a) temperature and (b) pre-
cipitation in the Funiu Mountains
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a large role in delaying SOS. Furthermore, the eastern and southern parts were primarily
influenced by temperature decreases in March, while the northwestern part was mainly in-
fluenced by temperature decreases in February. In 22.90% of the pixels, SOS of forest vege-
tation was affected by the monthly average temperature; in April, 2.93% of the pixels were
positively affected, while 19.97% were negatively affected.

The precipitation in April significantly affected SOS. In 37.25% of the pixels, SOS was
delayed with increasing precipitation in April; in 4.6%, SOS was lengthened with increasing
precipitation in April. In 28.96% and 26.11% of the pixels, SOS was significantly negatively
affected by the precipitation in February and March, respectively.

3.3.2 Effects of temperature and precipitation on EOS

The spatial distributions of the partial correlation coefficients between EOS and monthly
average temperature and precipitation from September to November are shown in Figure 7.
EOS was positively affected by temperature in September and negatively affected by tem-
peratures in October and November. For precipitation, EOS of forest vegetation in the Funiu
Mountains displayed a positive partial correlation with precipitation in September, and a few
areas displayed significant positive partial correlations with precipitation in October and
November. In terms of statistical significance, less than 5% of the pixels exhibited partial
correlations between EOS of forest vegetation and monthly temperature in September, Oc-
tober, and November (4.09%, 3.03% and 2.17% respectively). In September, 10.47% of the
pixels exhibited significant partial correlations between EOS and precipitation, and these
pixels were mainly distributed in the southwestern part of the study area. Only 2.88% and
1.30% of the pixels showed significant partial correlations between EOS and precipitation in
October and November, respectively.
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Figure 7 Spatial distributions of partial correlation coefficients between the end of the growing season (EOS)
and September-November temperature and precipitation in the Funiu Mountains

From the correlation coefficients between EOS of forest vegetation and temperature and
precipitation (Figure 8), the number of pixels that the EOS were most negatively affected by
monthly average temperature accounted for 42.87% and 23.27% of the total in September
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and October, respectively. Precipitation affected EOS most significantly in September; EOS
was positively affected by precipitation in 64.99% of the pixels, indicating that the increase
in precipitation in September delayed the EOS of forest vegetation. EOS was most signifi-
cantly affected by precipitation in the eastern low-altitude region (16.94% of the total area),
and EOS was negatively correlated with precipitation in October.
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Figure 8 Spatial distributions of the end of the growing season (EOS) response to (a) temperature and (b) pre-
cipitation in the Funiu Mountains

3.3.3 Response of GSL of forest vegetation to temperature and precipitation

The GSL was negatively correlated with monthly average temperature from May through July in
the central region at higher elevation, while a positive correlation was found in the marginal
area. The monthly average temperatures in August and September had a negative effect on
GSL in the eastern part and a positive impact in the western (Figure 9). In terms of precipita-
tion, the increase in precipitation from May to July increased the GSL in most areas. The effect of
precipitation in August and September on GSL showed obvious spatial heterogeneity; GSL
was mainly negatively correlated with precipitation in the northern, southern and eastern
parts and positively correlated with precipitation in the northwestern parts.

GSL was significantly correlated with monthly average temperature in August in 16.07%
and September in 11.61% of the total pixels, respectively; these pixels were mainly distrib-
uted in the northern, eastern and southern parts. The GSL of forest vegetation was signifi-
cantly correlated with precipitation in August in 18.14% of the total area, mainly distributed
in the southern low-altitude region.

The relationship between the GSL of forest vegetation and the monthly average tempera-
ture and precipitation was more complex (Figure 10). The GSL in 40.46% of the total pixels
was affected by monthly average temperature in September, and most were negatively cor-
related. The pixels that were significantly affected by the monthly average temperature in
both June and July were similar, 11.61% and 18.68% of the total respectively. In the
low-altitude marginal area, the GSL of forest vegetation increased with increasing tempera-
ture. The GSL of the northwestern part was mainly affected by precipitation in August and
September positively, while that in the eastern was negatively correlated with precipitation
in May and June. These results show that the effect of precipitation on GSL of forest vegeta-
tion had obvious spatial and temporal differences.
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Figure 10 Spatial distribution of the length of the growing season (GSL) response to (a) temperature and (b)
precipitation in the Funiu Mountains

4 Discussion

The results of this paper show that the SOS has been delayed during 2000-2015, consistent
with the results of Xia et al. (2015) in other low-altitude areas in eastern Qinling Mountains.
The delayed SOS may affect the growth of vegetation (Pau et al., 2011), decrease primary
productivity (Richardson et al., 2013), and degrade forest ecosystem services; however, it
can also have positive effects, including reducing the risk of spring frost (Dai et al., 2013).
Compared to the advanced SOS in most of China’s temperate regions, the delayed SOS in
forest vegetation of the Funiu Mountains has distinct regional characteristics, the particular-
ity can be explained by the traits of regional climate.

The results of this study indicate that the SOS, EOS and GSL of forest vegetation in the
Funiu Mountains were affected by changes in both monthly average temperature and pre-
cipitation. The SOS of forest vegetation was most strongly influenced by monthly average
temperature in February and March; decreasing temperature in spring delayed the SOS of
forest vegetation. In contrast, the effect of precipitation on SOS of forest vegetation exhib-
ited significant spatial differences. SOS was negatively correlated with spring precipitation
in 54.33% of the pixels and positively correlated in the remaining pixels. The increase in
precipitation in some areas provided the vegetation with sufficient moisture, increased its
growth, and advanced the phenological phase. However, in some areas of coniferous forest,
the increase in precipitation led to a decrease in temperature, resulting in a delay in the
phenological phase (Zu et al., 2016). In general, the relationships between the spring
phenological phase of forest vegetation and temperature and precipitation in the Funiu
Mountains are the same as those in other parts of China. However, the temperatures in Feb-
ruary and March decreased significantly by 0.68°C/10a and 0.25°C/10a, respectively, in
contrast to the spring warming observed in most parts of the country (Liu, 2015). This “ab-
normal” change in spring temperature was the main factor leading to the delay of the SOS of
Funiu Mountains.

Compared to SOS, temperature and precipitation affected EOS differently in different
months. The EOS of forest vegetation was positively correlated with temperature and pre-
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cipitation in September; that is, EOS was delayed with increasing temperature and precipita-
tion in September, consistent with results reported in northern China (Cong ef al., 2013, Tao
et al., 2017). However, this study also found that the increased precipitation in October and
November led to advancement in EOS. This was attributed to the increased soil moisture,
which affected the rate of photosynthesis of vegetation, promoted vegetation growth, and
eventually caused EOS to advance (Ji et al., 2005). At the same time, the phenological
changes in spring and autumn may be affected by other environmental factors besides tem-
perature and precipitation, including optical cycle, radiation intensity and carbon concentra-
tion (Xia et al., 2013, Cui et al., 2013, Forkel et al., 2015, Gill et al., 2015). Although these
environmental factors have little effect on vegetation phenology compared to temperature
and precipitation, they cannot be ignored.

The phenological data extracted from MODIS EVI have been compared with observa-
tional data. This study collected SOS and EOS data for e/m in Neixiang and simon poplar in
Lushi from 2000 to 2015. The average SOS date of elm fell in the last ten-day period of
March, while the annual average EOS fell in the first ten-day period of September. The an-
nual average SOS of simon poplar was during the first ten-day period of April, and the av-
erage EOS was in the second ten-day period of September. These dates are consistent with
this study, in which the SOS and EOS of forest vegetation were found to be between DOY
90-120 and 270-300, respectively. Although the remote sensing data reflect the phenology
of vegetation on a large scale, which differ from plant phenology observed in the field, the
dates of SOS and EOS are consistent. The scale conversion between phenological data based
on remote sensing and field observations is the focus of ongoing research.

5 Conclusions

In this study, the SOS, EOS and GSL of forest vegetation in the Funiu Mountains were ex-
tracted from MODIS EVI data along with temperature and precipitation data from
2000-2015. The spatial and temporal changes in these phenological parameters were ana-
lyzed systematically, and the relationships between the phenological parameters and tem-
perature, and precipitation were evaluated. The conclusions are as follows.

(1) Within the Funiu Mountains, SOS was mostly concentrated within DOY 105-120,
while EOS was mostly concentrated within DOY 285-315. GSL primarily ranged between
165 and 195 d. Based on the annual trends in phenological parameters over the 16-year
study period, areas with no significant delay in SOS and EOS accounted for 74.41% and
77.43% of the total area, respectively, and areas where EOS was not significantly lengthened
accounted for 60.85% of the total area. Phenological period was closely related to elevation;
SOS and EOS were delayed with increasing elevation, while GSL was increased.

(2) Over the past 16 years, the average temperature and precipitation in the Funiu Moun-
tains have exhibited the following trends. Temperature in February and March has decreased
significantly, while temperature in October has increased. Precipitation in June and October
has decreased significantly. Between February and March, the temperature has mainly de-
creased, while the precipitation has primarily increased. Between May and September, the
temperature has mainly increased, while precipitation has mainly decreased. Between Sep-
tember and November, the temperature primarily increased, while precipitation mainly de-
creased.
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(3) In the Funiu Mountains, the delay in SOS was primarily attributed to the decreased
temperature in March, and the delay in EOS was primarily attributed to the increased pre-
cipitation in September. The increase in GSL was primarily attributed to the increased tem-
perature between July and September.
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