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A B S T R A C T

Land surface phenology (LSP) and its trend are important for understanding the vegetation–climate relationship.
However, whether LSP and LSP trends for different forest communities vary with the intensity of forest dis-
turbance and the main cause of the change is still unclear. In this study, LSP indicators and their temperature
sensitivity (Ts) were obtained for coniferous (Larch Coniferous forests (LC) and Spruce Fir Korean Pine forests
(SFKP)), mixed (Broadleaf Korean Pine forests (BKP) and Spruce Fir Broadleaf forests (SFB)), and broadleaf
(Aspen White Birch forests (AWB) and White Birch forests (WB)) communities in protected (Fenglin National
Natural Reserve, FNNR) and unprotected (Lilin Experimental Forest Farm, LEFF) areas in Northeastern China
from remote sensing and climate data. Statistical comparisons of the LSP, LSP trends, and Ts were conducted for
various forest communities in both FNNR and LEFF. The results show that the values of mean start of the season
(SOS) and mean end of the season (EOS) in FNNR were significantly different from those in LEFF, and the SOS,
EOS, and the length of season (LOS) trends for various forest communities in FNNR were significantly different
from those in LEFF, except for the SFB. In broadleaf forests, both the mean LOS and LOS trends for various forest
communities were significantly higher in FNNR. However, significantly higher LOS but lower LOS trends in
FNNR were identified for coniferous and mixed forests. In addition, the SOS Ts for various forest communities in
FNNR were significantly higher than those in LEFF, and the Ts for broadleaf forests in FNNR were significantly
lower than that in other forest communities. The results of this study suggest that the carbon uptake periods of
most temperate forest communities are apparently enhanced by the high spring phenological Ts in protected
areas, which provides important insights into future carbon sequestration potential and forest management
strategies for temperate forests in Northeastern China.

1. Introduction

Human activities have significantly affected the Earth’s environ-
ment by altering the energy balance and the cycle of matter (Buitenwerf
et al., 2018), which has led to global-scale changes in land covers and
climates (Steffen et al., 2015). Furthermore, these changes have influ-
enced the compositions and functions of terrestrial ecosystems. As a key
component of terrestrial ecosystems, forests are greatly affected by
global changes. In particular, the changes in forest phenology under
climate change have a great potential to control forest carbon uptake
(Broich et al., 2014), which is an important issue for scientists to assess
and monitor the global warming impact on ecosystems. Given the in-
creased awareness of the role vegetation phenology plays in regulating

some main ecological functions (Richardson et al., 2013), studies con-
cerning vegetation phenology dynamic under climate change have at-
tracted global attention in recent years.

Phenological indicators generally reflect the timing of recurrent
biological events (Migliavacca et al., 2012), and the detailed and fine
temporal resolution of those indicators can only be obtained from in-
situ observations (Rodriguez-Galiano et al., 2015). However, site-level
observations of vegetation phenology are limited and impractical to be
applied in phenology dynamics at large spatial scales. Fortunately, sa-
tellite-based time series data are increasingly used to monitor land
surface phenology (LSP) for its advantages in providing different spa-
tiotemporal scales and filling the absence of ground-based observations
(White et al., 2009; Ganguly et al., 2010; Verbesselt et al., 2010; Filippa
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et al., 2018). Due to the close association with vegetation carbon se-
questration process, three climate–sensitive LSP indicators (Du et al.,
2019), including start of the season (SOS), end of the season (EOS), and
length of the season (LOS), are commonly used to represent vegetation
phenological processes (Park et al., 2016; Wu et al., 2016; Luo and Yu,
2017). Moreover, the dynamic trends of SOS, EOS, and LOS can also
reflect the impact of climate on vegetation phenology (Jeong et al.,
2011).

Many studies have documented that the phenology trends of tem-
perate forests have been profoundly influenced by climate change,
especially over the past 40 years (Basler and Korner, 2012; Barichivich
et al., 2013; Fu et al., 2015; Thurm et al., 2016). The advancing trends
of SOS were found in most temperate forests, which are mainly at-
tributed to spring warming temperature (Miller-Rushing and Primack,
2008; Thompson and Clark, 2008). Delaying trends of EOS were also
identified in temperate forests, and the increase of temperature in late
summer or early autumn was considered as the main reason (Delpierre
et al., 2009; Liu et al., 2015; Liu et al., 2016). Although similar LSP
trends exist in temperate forests of different areas, the response of ve-
getation phenology to climates still varies among species and forest
communities (Richardson et al., 2013; Keenan et al., 2014). In parti-
cular, it is not well understood whether the different responses of LSP
among forest communities to climate change vary with disturbance
degrees.

Global temperate forests have experienced severe natural and
human disturbances and have been lost at a rate of 36,800 km2 per year
since 2000 (Hansen et al., 2010). Various degrees of forest disturbance
cause changes in forest environmental conditions such as microclimate
and soil nutrient (Vlassova and Perez-Cabello, 2016; Jean et al., 2017;
Toledo et al., 2018), which have been proven to have significant im-
pacts on vegetation phenology (Stromgren and Linder, 2002; Hwang
et al., 2011; Keenan et al., 2011; Thurm et al., 2016). However, few
studies attempted to compare forest phenology trends under different
degrees of disturbances, and how the phenological climate sensitivities
of various forest communities change with disturbance degrees is also
unclear. Therefore, it is imperative to explore the influence of forest
disturbances on vegetation phenology trends and climate sensitivity in
different forest communities.

Considering that the intensity of forest disturbances is significantly
different between protected areas and unprotected areas
(Freudenberger et al., 2013; Feeley and Silman, 2016), the differences
of phenological indicators between these two types of areas can reflect
the influence of the degree of disturbance on phenology. Time series
vegetation gross primary productivity (GPP) dataset and climate data
was used to calculate the LSP indicators (SOS, EOS, and LOS) and
temperature sensitivity (Ts) of different forest communities every year
during 2000–2016 in a protected area and an unprotected area. Based
on the comparisons of LSP indicators, their trends, and Ts of different
forest communities between the two areas, we aimed to answer three
scientific questions: (1) whether the disturbance degrees significantly
affected the phenological indicators and their trends of different tem-
perate forest communities, (2) how phenological Ts of different forest
communities vary, and (3) whether Ts affects the differences in phe-
nology between disturbance degrees.

2. Materials and methods

2.1. Study area

The Fenglin National Natural Reserve (FNNR) and Lilin
Experimental Forest Farm (LEFF), located in the central part of the
Lesser Khingan Mountains area (LKM), were selected as the study areas
(Fig. 1). The areas of FNNR and LEFF are 166.4 and 74.9 km2, respec-
tively. The forest ages of the two regions are quite similar and the forest
coverages of the two regions are both higher than 90%. The dominant
climate of the entire LKM is the temperate

continental monsoon climate. It has long cold winters and short warm
summers, and the average annual precipitation ranges between 550 and
670mm. The growing season usually lasts from mid-May to mid-Au-
gust.

The LKM is located in the transitional zone between cold and
moderate temperate climate zones. Coniferous, mixed, and broadleaf
forests co-exist in this area, and there are mainly 10 forest communities,
including Broadleaf Korean Pine forests (BKP), Larch Coniferous forests
(LC), Spruce-Fir Korean Pine forests (SFKP), Pinus Sylvestris Korean
Pine Coniferous forests (PKC), Spruce-Fir Broadleaf forests (SFB),
Planted Pinus Sylvestris forests (PPS), Aspen White Birch forests (AWB),
White Birch forests (WB), Aspen forests (AS), and Mixed Broadleaf
forests (MB), in our study area (Fig. 1). Based on the areas of each type
of forest community in FNNR and LEFF, we only selected the BKP, LC,
SFKP, SFB, AWB, and WB (the top six largest community types) as the
research targets of this study in order to conduct a better comparison
and to avoid confusion. The detailed information about the species
composition and relative area percentages of the six community types
are listed in Table 1.

2.2. Data acquisition and pre-processing

2.2.1. Distribution map of forest communities
The species distribution data of 2000 in the LKM, produced by the

Forestry Planning and Design Bureau of Heilongjiang Province in 2003,
was used to classify the forest communities for this study based on the
expertise about the species compositions of various forest communities,
familiarity with the study region, and local experience (Xiao et al.,
2002; Ma et al., 2014). Although forest logging was totally forbidden in
the LKM since 2000 (Ma et al., 2017), forest loss and gain were still
identified for FNNR and LEFF based on a previous study (Hansen et al.,
2013). Therefore, in order to exclude the influence of forest cover
change on the estimations of LSP indicators, we only focused on the
forest region that did not change after 2000. The unchanged forest
distribution map after 2000 (Hansen et al., 2013) was used to mask the
original forest types map to obtain the constant distribution map of
forest communities.

2.2.2. Time series GPP data
In order to examine the relationship between vegetation phenology

and carbon sequestration process, a time series GPP dataset during
2000–2016, with a spatial-temporal resolution of 500-m and 8-day, was
employed to calculate LSP indicators for the study area. The GPP da-
taset was obtained from the vegetation photosynthesis model (VPM),
which was driven by surface reflectance dataset (MODIS MOD09A1
product), land cover dataset (MODIS MCD12Q1 product), land surface
temperature dataset (MODIS MYD11A2 product), and climate dataset
(National Center for Environmental Prediction-Department of Energy
reanalysis II, NCEP-DOE reanalysis-II). Gap-filling algorithms were
adopted to generate reliable continuous time series vegetation indexes
(EVI and LSWI), which are the basic input parameters in the VPM. The
detailed simulation processes of the GPP dataset in the VPM were re-
ported in previous studies (Zhang et al., 2017; Ma et al., 2018).

2.2.3. Climate data
Monthly air temperature data of the period 2000–2016, obtained

from NCEP-DOE Reanalysis-II climate product, was used to calculate
the vegetation phenological temperature sensitivity (Ts) in this study.
The temperature data was provided in a gaussian grid (192× 96;
~1.875°× 2°) format and downloaded from the website https://www.
cpc.ncep.noaa.gov/products/wesley/reanalysis2/. Considering that the
FNNR and LEFF were both located in the same gird of the climate data,
the time series values of monthly temperature of the relevant pixel were
extracted and used in this study.
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2.3. Retrieval of LSP indicators

The raster-based 500-m and 8-day time series GPP dataset during
2000–2016 was used to extract pixel-wise LSP indicators (SOS, EOS,
and LOS) using “PhenologyRaster” function in “greenbrown” package of R
software (White et al., 1997; Beck et al., 2006; Elmore et al., 2012). The
“Deriv” approach was used to define SOS and EOS based on the GPP
dataset, and the retrieval of SOS, EOS, and LOS was conducted after
smoothing and interpolation, using a splines method, of the gap-filled
time series GPP dataset. The SOS, EOS, and LOS at each pixel for each
year during 2000–2016 were obtained. Moreover, the linear regression
models were conducted between LSP indicators and year of acquisition
for each pixel, and the slope value of the regression for a particular LSP
indicator at each pixel location was regarded as its trend. Positives
value of SOS and EOS trends suggest the delay of relevant phenology,
while negative values of SOS and EOS trends imply the advance of
relevant phenology. Moreover, in order to test the reliability of the GPP-
derived LSP indicators, MODIS MOD09A1 EVI dataset was also used to
calculate the SOS, EOS, and LOS (using the same method) and to
compare with those LSP indicators for each year during 2000–2016 of
the two study regions. The results of the comparisons of the LSP in-
dicators and their trends between different data source show a good
consistency (Figure Supplementary Fig. 1 and Supplementary Fig. 2).
This ensures the credibility of the results in this study.

2.4. Calculation of phenological Ts

Vegetation phenology is most sensitive to temperature, and vege-
tation phenological Ts reflects the change in SOS (or EOS) per unit
increase in temperature (Du et al., 2019). Hence, phenological Ts was
calculated to test whether it differed between the protected and un-
protected areas. A linear regressions analysis was performed for SOS
and EOS against the relevant mean temperatures of preseasons, and the
corresponding coefficients of determination (R2) were defined as the Ts
of relevant LSP indicators (Fu et al., 2015; Du et al., 2019). According to
the initial results of the LSP indicators estimation, SOS and EOS for
most pixels in the study area were mainly distributed in May and Au-
gust. Therefore, the mean temperatures of May (T5) and August (T8) for
each year during 2000–2016 were used to calculated SOS Ts and EOS
Ts, respectively. In this study, the SOS Ts and EOS Ts were calculated
for each pixel of the study area, and they were also calculated for all
forest communities and the entire regions of FNNR and LEFF.

2.5. Comparisons of LSP, LSP trends and Ts

In order to test the impact of forest disturbance degrees on LSP, LSP
trends, and Ts, we compared the mean LSP indicators, LSP trends, and
Ts for each forest community during 2000–2016 between the protected
area (FNNR) and the unprotected area (LEFF). One-way ANOVA was
adopted to test the significance of the difference in these variables

Fig. 1. Location and distribution of forest
communities in Fenglin National Natural
Reserve (FNNR) and Lilin Experiment Forest
Farm (LEFF) of the Lesser Khingan
Mountains area (LKM) in Northeastern
China. BKP: Broadleaf Korean Pine forests;
LC: Larch Coniferous forests; SFKP: Spruce-
Fir Korean Pine forests; PKC: Pinus
Sylvestris Korean Pine Coniferous forests;
SFB: Spruce-Fir Broadleaf forests; PPS:
Planted Pinus Sylvestris forests; AWB: Aspen
White Birch forests; WB: White Birch forests;
AS: Aspen Forests; MB: Mixed Broadleaf
forests.

Table 1
Main species compositions, areas, and area percentages of the main forest communities in the Fenglin National Ratural Reserve (FNNR) and Lilin Experiment Forest
Farm (LEFF). BKP: Broadleaf Korean Pine forests; LC: Larch Coniferous forests; SFKP: Spruce Fir Korean Pine; SFB: Spruce Fir Broadleaf forests; AWB: Aspen White
Birch forests; WB: White Birch forests.

Forest communities Main species Area (ha) Area percentage (%)

FNNR LEFF FNNR LEFF

BKP Pinus koraiensis, Fraxinus mandshurica,Juglans mandshurica Maxim., Phellodendron amurense 1215.2 342.2 68.42 45.32
LC Larix gmelinii, Pinus sylvestris, Betula platyphylla 215.8 139.7 12.15 18.50
SFKP Picea koraiensis and jezoensis, Abies nephrolepis, Pinus koraiensis 167.1 71.0 9.41 9.41
SFB Picea koraiensis and jezoensis, Abies nephrolepis, Fraxinus mandshurica, Juglans mandshurica Maxim. 89.1 171.8 5.02 22.75
AWB Populus davidiana, Betula platyphylla 60.7 5.3 3.42 0.70
WB Betula platyphylla 28.3 25.0 1.59 3.31
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during 200–2016 between FNNR and LEFF. We also compared the three
variables among forest communities using a one-way ANOVA analysis
in FNNR and LEFF. The LSD multiple comparison method was used to
detect the difference of the three variables during 2000–2016 between
any two forest communities.

In addition, in order to test the relationship between LSP indicators
and preseasons’ temperature in protected areas and unprotected areas,
linear correlations were conducted between SOS and T5, and between
EOS and T8 for both FNNR and LEFF. Correlation coefficients and re-
gression equations were generated to display the degree of correlations
qualitatively.

3. Results

3.1. Comparisons of LSP

Significantly (P < 0.05) lower mean SOS values during 2000–2016
were found in FNNR (about 133.7 DOY), while the mean EOS and LOS
values during 2000–2016, at approximately 234.1 DOY and 100.2 days,
respectively, in FNNR was significantly (P < 0.05) higher than those in
LEFF (Fig. 2). However, compared to most areas of FNNR, the relatively
high SOS and low EOS and LOS were identified in some edge and
central parts of FNNR. Similarly, compared to most areas of LEFF, re-
latively low SOS and high EOS and LOS were identified in the northern
parts of FNNR (Fig. 2).

In the comparisons of mean LSP indicators during 2000–2016 be-
tween the two study regions, the mean LSP indicators in FNNR were
significantly (P < 0.05) different from LEFF, except the mean SOS for
WB (Table 2). The mean SOS (ranging from 133.3 to 137.0 DOY) and
mean EOS (ranging from 232.4 to 234.5 DOY) in FNNR were sig-
nificantly (P < 0.05) lower and higher, respectively, than those in
LEFF. The mean LOS during 2000–2016 in FNNR (ranged from 96.6 to
100.8 days) was significantly (P < 0.05) higher than that of LEFF

(ranged from 89.1 to 93.3 days).
In the comparisons of mean LSP indicators during 2000–2016

among various forest communities, there were significant differences
among the mean SOS, EOS, and LOS in various forest communities,
except the mean SOS for all forest communities in LEFF and the mean
EOS for all forest communities in FNNR (Table 2). The mean SOS value
in WB (137.0 ± 2.3 DOY) was significantly higher than that in other
forest communities in FNNR, while the EOS in LC (227.1 ± 2.2 DOY)
and AWB (227.9 ± 1.8 DOY) were significantly lower than that in
other forest communities.

3.2. Comparisons of LSP trends

Significant (P < 0.05) difference was only found for the SOS trend
between FNNR (−0.28 days year−1) and LEFF (−0.46 days year−1),
while there was no significant difference in the EOS trend and LOS
trend between FNNR and LEFF (Fig. 3). However, the spatial hetero-
geneity of LSP trends in FNNR was much higher than that in LEFF.
Compared to most areas of FNNR, relatively high SOS trends, low EOS
trends, and LOS trends were identified in the northwestern parts of
FNNR.

In the comparisons of the LSP indicators’ trends of various forest
communities during 2000–2016 between the two study regions, the
SOS, EOS, and LOS trends in FNNR were significantly (P < 0.05) dif-
ferent from LEFF, except for SFB and the EOS trend for BKP (Table 3). In
coniferous (LC and SFKP) and mixed forests (BKP), the SOS trends
(ranging from −0.33 to −0.23 days year−1) in FNNR were sig-
nificantly (P < 0.05) higher than that in LEFF, while the EOS trends
(ranged from 0.12 to 0.35 days year−1) and LOS trends (ranged from
0.50 to 0.63 days year−1) in FNNR were significantly lower than those
in LEFF, except the EOS trend for BKP. Conversely, in broadleaf forests
(AWB and WB), the SOS trends in FNNR were significantly (P < 0.05)
lower than the trends in LEFF, while the EOS trends and LOS trends in

Fig. 2. Spatial distribution and comparisons of the mean start of the season (SOS), end of the season (EOS), and length of the season (LOS) during 2000–2016
between FNNR and LEFF. FNNR: Fengling National Natural Reserve; LEFF: Lilin Experiment Forest Farm.
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FNNR were significantly higher than those in LEFF.
In the comparisons of LSP indicators’ trends during 2000–2016

among various forest communities, significant (P < 0.05) differences
in the SOS, EOS, and LOS trends were detected for all forest commu-
nities in both FNNR and LEFF (Table 3). Generally, the SOS had ad-
vanced trends and EOS had delayed trends. In FNNR, the smallest SOS
trends (−0.23 days year−1) and EOS trends (0.12 days year−1) were
found in BKP and LC, respectively, while the largest SOS trends
(−0.73 days year−1) and EOS trends (0.79 days year−1) were both
found in AWB. In LEFF, the largest SOS trends (−0.48 days year−1) and
EOS trends (0.56 days year−1) were similarly both found in AWB, while
the smallest SOS trends (−0.44 days year−1) and EOS trends
(0.30 days year−1) were found in BKP as well as SFB and LC, respec-
tively. Moreover, the LOS trends in AWB were significantly (P < 0.05)
higher than those in other forest communities in both FNNR and LEFF.

3.3. Comparisons of phenological Ts

The SOS was significantly (P < 0.05) linearly correlated with T5
for both FNNR and LEFF, and the R2 were 0.26 and 0.15, respectively
(Fig. 4a). However, there was no significant linear correlation between
EOS and T8 for either FNNR or LEFF (Fig. 4b). The SOS Ts in FNNR was
significantly (P < 0.05) higher than that in LEFF (Fig. 4c), while there
was no significant difference in the EOS Ts between FNNR and LEFF
(Fig. 4d). In the comparisons of phenological Ts among various forest
communities, the SOS Ts and EOS Ts for AWB and WB were sig-
nificantly (P < 0.05) lower and higher, respectively, than those for
BKP, LC, SFKP, and SFB in FNNR. However, there was almost no sig-
nificant difference in phenological Ts for all forest communities in
LEFF, except that the SOS Ts and EOS Ts in WB were significantly
higher than in other forest communities.

Table 2
The mean value of the start of the season (SOS), end of the season (EOS), and length of the season (LOS) during 2000–2016 of the main forest communities in the
Fenglin National Natural Reserve (FNNR) and Lilin Experiment Forest Farm (LEFF). Values are in form of mean ± SD. Different lower-case letters at the end of
values represent the results of the significance of the difference in the mean SOS, EOS, and LOS among forest types in multiple comparisons, and the asterisk after the
values mean the significance of the mean SOS, EOS, and LOS between FNNR and LEFF. The significance level is set as 0.05. BKP: Broadleaf Korean Pine forests; LC:
Larch Coniferous forests; SFKP: Spruce Fir Korean Pine; SFB: Spruce Fir Broadleaf forests; AWB: Aspen White Birch forests; WB: White Birch forests.

Forest communities SOS (DOY) EOS (DOY) LOS (days)

FNNR LEFF FNNR LEFF FNNR LEFF

BKP 133.5 ± 1.9a* 136.9 ± 1.7a 234.3 ± 3.5a* 229.7 ± 2.3b 100.7 ± 4.9b* 92.6 ± 3.4b
LC 134.5 ± 2.4a* 138.3 ± 1.4a 232.7 ± 3.9a* 227.1 ± 2.2a 98.3 ± 5.6ab* 89.1 ± 2.2a
SFKP 133.3 ± 2.9a* 136.8 ± 1.8a 234.5 ± 3.9a* 230.1 ± 2.6b 100.8 ± 6.4b* 93.3 ± 3.8b
SFB 134.8 ± 2.4a* 137.2 ± 1.4a 233.3 ± 3.9a* 229.2 ± 2.4b 98.3 ± 5.5ab* 91.8 ± 3.6ab
AWB 135.3 ± 1.2ab* 137.0 ± 0.2a 232.4 ± 2.8a* 227.9 ± 1.8a 97.1 ± 3.5a* 90.9 ± 1.6a
WB 137.0 ± 2.3b 137.6 ± 1.0a 233.3 ± 3.9a* 228.0 ± 1.6ab 96.6 ± 4.7a* 90.7 ± 2.4a

Fig. 3. Spatial distribution and comparisons of the trends of the mean start of the season (SOS), end of the season (EOS), and length of the season (LOS) during
2000–2016 between FNNR and LEFF. The blue lines represent the zero value. FNNR: Fengling National Natural Reserve; LEFF: Lilin Experiment Forest Farm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

4.1. LSP and LSP trends in protected and unprotected areas

The mean SOS and mean EOS values during 2000–2016 in the
protected area (FNNR) were significantly lower and higher, respec-
tively, than those in the unprotected area (LEFF) (Fig. 2). This indicates
that the protection of forests has a considerable potential in extending
the growing season of vegetation, which is likely to be attributed to the
difference in microclimate conditions under different levels of forest
disturbances (Brosofske et al., 1997). It has been reported that vege-
tation growth is enhanced under higher local temperature in less dis-
turbed forests (Badano et al., 2015). This is also in line with our result
that the mean LOS during 2000–2016 in the edge regions of FNNR
(Fig. 2) was obviously lower than that in most other parts of FNNR. This

further demonstrates that the high fragmentation level in the edge re-
gions of protected areas since the beginning of the establishment may
still have a certain impact on forest phenology, although the same
protection policy was applied in the same protected area.

There was almost no significant difference in LSP trends between
FNNR and LEEF, except that the SOS trend in FNNR was significantly
higher than that in LEFF (Fig. 3). This is in line with a study which
reported that the change of vegetation leaf area index, a reflection of
vegetation phenology, in the protected areas in Europe was not sig-
nificantly different from the unprotected areas (Buitenwerf et al.,
2018). A possible reason for the nondistinctive responses of phenolo-
gical trends in different regions in this study is that vegetation pheno-
logical trend is more likely to be influenced by general climates (Vitasse
et al., 2011; Barichivich et al., 2013; Delpierre et al., 2016). This could
also be due to the fact that timber extraction in unprotected areas has

Table 3
The mean value of the trends of start of the season (SOS trend), end of the season (EOS trend), and length of the season (LOS trend) during 2000–2016 of the main
forest communities in the Fenglin National Natural Reserve (FNNR) and Lilin Experiment Forest Farm (LEFF). Values are in form of mean ± SD. Different lower-case
letters at the end of values represent the results of the significance of the difference of the SOS, EOS, and LOS trends among forest types in multiple comparisons, and
the asterisk after the values mean the significance of the SOS, EOS, and LOS trends between FNNR and LEFF. The significance level is set as 0.05. BKP: Broadleaf
Korean Pine forests; LC: Larch Coniferous forests; SFKP: Spruce Fir Korean Pine; SFB: Spruce Fir Broadleaf forests; AWB: Aspen White Birch forests; WB: White Birch
forests.

Forest communities SOS trend (days year−1) EOS trend (days year−1) LOS trend (days year−1)

FNNR LEFF FNNR LEFF FNNR LEFF

BKP −0.23 ± 0.15e* −0.44 ± 0.11a 0.35 ± 0.12b 0.37 ± 0.10a 0.63 ± 0.23b* 0.83 ± 0.20a
LC −0.33 ± 0.18d* −0.51 ± 0.12b 0.12 ± 0.15a* 0.30 ± 0.13a 0.52 ± 0.23a* 0.82 ± 0.24a
SFKP −0.30 ± 0.17d* −0.48 ± 0.11ab 0.15 ± 0.15a* 0.33 ± 0.17a 0.50 ± 0.21a* 0.80 ± 0.25a
SFB −0.42 ± 0.13c −0.44 ± 0.11a 0.30 ± 0.19b 0.32 ± 0.10a 0.76 ± 0.30c 0.79 ± 0.19a
AWB −0.73 ± 0.14a* −0.48 ± 0.03ab 0.79 ± 0.26c* 0.56 ± 0.05b 1.56 ± 0.24e* 1.03 ± 0.02b
WB −0.55 ± 0.13b* −0.47 ± 0.09ab 0.67 ± 0.36c* 0.35 ± 0.22a 1.25 ± 0.33d* 0.80 ± 0.22a

Fig. 4. (a) Relationship between the start of season (SOS) and temperature in May (T5), (b) Correlation between the end of season (EOS) and temperature in August
(T8), (c) Comparison of SOS temperature sensitivity (Ts) and (d) Comparison of EOS Ts for various forest communities. Different lower-case letters represent the
significance of the difference in the Ts among forest types in multiple comparisons. FNNR: Fengling National Natural Reserve; LEFF: Lilin Experiment Forest Farm.
BKP: Broadleaf Korean Pine forests; LC: Larch Coniferous forests; SFKP: Spruce-Fir Korean Pine forests; PKC: Pinus Sylvestris Korean Pine Coniferous forests; SFB:
Spruce-Fir Broadleaf forests; PPS: Planted Pinus Sylvestris forests; AWB: Aspen White Birch forests; WB: White Birch forests; AS: Aspen forests; MB: Mixed Broadleaf
forests.
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not been allowed since 2000. Moreover, our results also confirm that
vegetation spring phenology is more sensitive to external influence,
which was also reported by many other studies (Yu et al., 2010;
Wolkovich et al., 2012; Shen et al., 2015; Delpierre et al., 2016; Walther
et al., 2016).

Compared to the unprotected area, higher spatial heterogeneities of
LSP and LSP trends were all identified in the protected area in this study
(Figs. 2 and 3). This is mainly caused by the different phenology-cli-
mate relationships in various forest communities (Blundo et al., 2018)
and various succession stages (Kalacska et al., 2005; Basler and Korner,
2012) under disturbance-free conditions. Moreover, the differences in
LSP and LSP trends among various forest communities were relatively
smaller in LEFF than in FNNR (Tables 2 and 3). This may be attributed
to the mitigating and offsetting effects of high external disturbances on
the response of vegetation phenology and phenology trends in response
to climates. The impact of disturbances on forest phenology is far
greater than that of other factors, and the vegetation phenology of
different communities becomes convergent under highly disturbance
conditions (Sitch et al., 2003; Moncrieff et al., 2015).

4.2. LSP and LSP trends in various forest communities

In this study, the mean LOS during 2000–2016 for broadleaf forests
(AWB and WB) was relatively lower than that of coniferous (LC and
SFKP) and mixed forests (BKP and SFB) for both the protected area and
the unprotected area, which was directly affected by the high SOS and
low EOS for the two regions, respectively (Table 2). This was mainly
caused by the different responses to climate in various forest commu-
nities. The higher sensitivity of deciduous broadleaf trees to spring and
autumn climates may be responsible for the undulant of phenology
(Richardson et al., 2010). For the same reason, higher extending trends
of LOS were identified for broadleaf forests, especially in protected
areas, in this study (Table 3). This is in line with previous studies which
documented that broadleaf forests were more beneficial from global
warming than other forest communities (Barr et al., 2007; Gazol et al.,
2017; Walentowski et al., 2017).

However, in contrast to broadleaf forests, faster-extending trends of
LOS were identified for coniferous and mixed forests in unprotected
areas, although they had a relatively shorter LOS. This is likely to be
attributed to the special protection of forests in unprotected areas. The
main coniferous tree species, such as Korean pine, Spruce, and Khingan
fir, were listed as rare species and received strict protections no matter
whether they were in protected areas or not (Wang et al., 2010), but
many broadleaf tree species experienced severe disturbances in history.

4.3. Impact of disturbance degrees on phenological Ts

Our results show that the correlation between SOS and T5 was much
stronger than the correlation between EOS and T8 (Fig. 4). This is
consistent with many other studies suggesting that vegetation spring
phenology, rather than autumn phenology, is more sensitive to tem-
perature (Keenan et al., 2014; Fu et al., 2015; Sun et al., 2015), which
was also demonstrated by the significantly higher SOS Ts than EOS Ts
in this study. Moreover, in contrast to EOS Ts, the distribution of the
values of SOS Ts was quite similar with those of the mean LOS during
2000–2016 for various forest communities, especially in protected
areas. This finding demonstrates that SOS Ts is the control factor of LOS
variation and explains the advancement of SOS and extention of LOS.
Nonetheless, the SOS Ts in WB was significantly higher than that in
other forest communities in the unprotected area, which is inconsistent
with the LOS distribution pattern among forest communities. This is
likely because of the more complex growth conditions of the forest in
the unprotected area (Daniels et al., 2011), which also indicates that the
vegetation phenology–climate relationship receives certain impacts
from forest disturbances. Moreover, although the EOS Ts in broadleaf
forests were significantly higher than those in other forest communities,

the distribution of EOS varied among different forest communities. This
again demonstrates that forest autumn phenology is less important than
SOS in controlling the LOS in the LKM of Northeastern China.

4.4. Implications of carbon sequestration and forest management

In this study, vegetation LSP indicators were extracted using time
series GPP in 2000–2016. Considering that the GPP dataset was mainly
estimated based on remote sensing vegetation indexes and has been
proven to be consistent with satellite-observed vegetation photosynth-
esis (Zhang et al., 2016; Ma et al., 2018), it thus has a high reliability in
calculating LSP indicators. The LSP indicators, especially the LOS, were
also closely linked with carbon uptake period. Our results showed that
the LOS of forests was generally extended, accompanied by advanced
SOS and delayed EOS, during 2000–2016. This indicates that great
carbon sequestration potential exists in temperate forests of North-
eastern China if climate warming maintains the current level. More-
over, due to the elimination of logging in the LKM since 2000, the two
regions in this study were assumed to have different levels of forest
disturbances and to represent the different status of two stages in forest
protection to some extent. Therefore, forest phenology in FNNR can
clearly serve as a future state reference for many unprotected areas,
which is crucial for decision-makers dealing with local forest manage-
ment and planning. Further, in this study, the protected area and the
unprotected area was respectively used to represent different forest
disturbance levels that were mainly caused by human activities. Our
results show that the responses of the LSP and LSP trends to climate
change are different between the protected area and the unprotected
area, which further demonstrates that anthropic interferences have a
certain impact on the carbon cycle in northern temperate forest regions.
This will also provide a deep understanding of the response of vegeta-
tion to climate change under the influence of human activities.

5. Conclusion

Based on the spatial distribution of forest communities, climate
data, and a time series GPP dataset during 2000–2016, vegetation LSP
indicators, LSP trends, and the SOS and EOS Ts were obtained for six
main forest communities in protected areas and unprotected areas in
the LKM of Northeastern China. By comparing the LSP, LSP trends, and
Ts for various forest communities in both protected and unprotected
areas, we explored whether the disturbance degrees significantly af-
fected LSP and LSP trends of different temperate forest communities
and whether Ts could explain the difference of phenology between
disturbance degrees. Our results demonstrate that the forest average
LOS during 2000–2016 generally extended, and it was especially en-
hanced in protected areas. However, there was little impact of the
disturbance degree on the extention of the general mean LOS trend in
space. Moreover, LSP and LSP trends varied among different forest
communities. In particular, broadleaf forests had a relatively shorter
LOS but a higher LOS extending trend when compared to coniferous
and mixed forests. The response of vegetation spring phenology to
temperature was more sensitive than the autumn phenology, and SOS
Ts is an important factor in controlling the carbon uptake period of
temperate forests in Northeastern China. Our study provides important
insights into the future carbon sequestration potential of temperate
forests and suggests crucial options and decisions for local forest
management and planning in Northeastern China.
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