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ABSTRACT
Moso bamboo is an evergreen plant that extensively distributes in 
subtropical regions. Comparing to other forest types, Moso bam-
boo forest has some unique characteristics: high growth rate, short 
harvesting rotation, and on/off-year phenomenon. Plant phenology 
plays an important role in regulating carbon sequestration of the 
bamboo forest ecosystem. However, it is a challenge task to capture 
the phenological features of Moso bamboo forests on a regional 
scale due to frequent change of canopy structures and lack of high 
spatiotemporal remotely sensed data. The Vegetation and 
Environment monitoring on a New Micro-Satellite (VENµS) data 
with high spatiotemporal resolution provide the potential to exam-
ine the seasonal change of Moso bamboo forests. This research 
employs the VENµS time-series data (from January 2018 to 
December 2019) to analyse the spectral characteristics of on-year 
/off-year Moso bamboo forests and other two evergreen forest 
types (i.e., broadleaf forest and coniferous forest). The optimal 
spectral ranges for examining the seasonal variation of bamboo 
forests were determined. Three red-edge-based vegetation indices 
were reconstructed using the Harmonic analysis of time series 
(Hants) and compared. Red-edge position index (REPI) was selected 
to identify different phenological periods of Moso bamboo forests 
and other evergreen forest types. The results show that the spectral 
range of 730–920 nm in the VENμS data is sensitive to seasonal 
variation of Moso bamboo forests. The REPI can more effectively 
identify the two-year growing cycle of the bamboo forests than 
other vegetation indices, especially the bamboo shoots period. The 
start of the growing season of the off-year bamboo forest is 
approximately 50 to 60 days earlier than on-year bamboo forest. 
The results provided time-series phenological datasets of on-year 
and off-year Moso bamboo forests, which is valuable for local 
governments to conduct better ecological management and deci-
sion-making.
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1. Introduction

Moso bamboo forest extensively distributes in subtropical regions, accounting for 0.56% of 
the world’s forest area (FAO 2014; Song et al. 2011), and has increasing trends both in areal 
expansion and logging products over the past three decades (Li et al. 2019; Yuen, Fung, and 
Ziegler 2017). It not only provides valuable goods and ecological services for the human 
community (Bai et al. 2016; Yuen, Fung, and Ziegler 2017), but also plays an important role 
in the carbon cycle and biodiversity of the subtropical forest ecosystem (Cao et al. 2019; Dai 
et al. 2018; Nath, Lal, and Das 2015; Yang et al. 2015). The potential carbon sequestration 
ability of Moso bamboo forest for mitigating climate change has caused widely attention 
(Cao et al. 2019; Dai et al. 2018; Yuen, Fung, and Ziegler 2017). Previous studies indicate that 
phenology is an important indicator of climate change and forest carbon cycle 
(Dannenberg et al. 2015; Liu et al. 2016; Melaas, Friedl, and Zhu 2013; Wu et al. 2017). 
Phenological characteristic is also valuable for bamboo forest mapping and aboveground 
biomass estimation (Chen et al. 2019; Henebry and de Beurs 2013; Li et al. 2019).

Remote sensing is an important tool for retrieval of the forest phenological character-
istics. Remotely sensed time-series images such as moderate-resolution imaging spectro-
radiometer (MODIS) and Land Remote-Sensing Satellite (System, Landsat) are often used for 
examining land surface phenology (Melaas, Friedl, and Zhu 2013; Pastor-Guzman, Dash, and 
Atkinson 2018). Vegetation indices are commonly used in land surface phenology research 
because they have the potential to reveal phenological processes (Henebry and de Beurs 
2013). For example, normalized difference vegetation index (NDVI) and enhanced vegeta-
tion index (EVI) are commonly used to indicate the phenological transitions of various 
forests (Guyon et al. 2011; Wu et al. 2014), including broadleaf or coniferous forests (Liu et al. 
2016; Wu et al. 2014), and mangrove forests (Pastor-Guzman, Dash, and Atkinson 2018). 
Comparing to traditional vegetation indices based on red and near-infrared (NIR) bands, the 
red-edge band and its transformed index are more sensitive in reflecting vegetation 
growing status. For example, the red-edge position (REP), defined as the inflection point 
of red-NIR slope (Clevers et al. 2002), has strong correlations with chlorophyll and nitrogen 
(Clevers and Gitelson 2013; Main et al. 2011; Zarco-Tejada et al. 2019). Plants show bad 
growing condition when REP shifts to shortwave direction, and good condition when REP 
shifts to the longwave direction. Generally, the growing phenology of evergreen forests is 
difficult to monitor because the time series of vegetation indices have relatively small 
variation comparing with deciduous forests (Liu et al. 2016).

Time series of vegetation index dataset generated in the initial step includes various 
noise components; thus, smoothing methods are applied to time series of vegetation index 
dataset to minimize residual noise and reconstruct more representative vegetation condi-
tion. Methods for smoothing and reconstructing time-series data can be divided into three 
categories (Zeng et al. 2020): (1) empirical methods such as moving average filter (Ma and 
Veroustraete 2006) and changing-weight filter (Zhu et al. 2012), (2) curve fitting methods 
such as logistic models, improved logistic models; Elmore et al. 2012; Zhang et al. 2003), and 
Savitzky-Golay (Chen et al. 2004), (3) data transformation such as Fourier transforms 
(Hermance 2007) and wavelet analysis (Sakamoto et al. 2005). The time-series vegetation 
index is decomposed into a cyclical, trend, seasonal, and irregular (e.g. noise) components. 
Harmonic analysis of time series (Hants) is an improvement of fast Fourier transform (Zhu 
et al. 2015), which can remove noise points and does not need strict time-series intervals, 
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thus, can process remote-sensing image data with different time intervals. Hants are flexible 
in the selection of frequency and time-series length.

Moso bamboo is an evergreen plant and has some unique phenological features 
comparing to other forest types (Fang et al. 2015; Li et al. 2019). For example, deciduous 
broadleaf forest has an obvious start of growing season and end of the growing season in 
a whole year. The unique nutrient circulation system of Moso bamboo forests produces 
the on-year and off-year phenomenon (Chen 2010). The on-year bamboo forests produce 
numerous new bamboo shoots in spring, while the off-year bamboo forests produce 
almost no bamboo shoots. Hence, the growing cycle and phonological features of Moso 
bamboo are different from other forests. The growing cycle of other evergreen forests 
(e.g., broadleaf and coniferous forests) is one year, while Moso bamboo forests have 
a two-year growing cycle. There are two growing periods (on-year and off-year), one leaf 
change period (off-year), one bamboo shoot growth period (on-year) and one bamboo 
rhizome growth period (off-year) in two years (Fang et al. 2015). These unique character-
istics make the bamboo forest stand structures change in a whole year, and it is 
a challenge to examine its phenological feature by time-series Landsat and MODIS data. 
The Landsat data with 16 days revisit period cannot effectively capture its phenological 
features, while MODIS data have limited capability in monitoring the bamboo forest 
phenology because of its coarse spatial resolution (Chen et al. 2019). Due to the complex 
and frequent changes of bamboo forests, high-temporal remotely sensed data are 
needed for phenological analysis.

With the development of remote-sensing technology, more sensors with higher spa-
tiotemporal resolutions are available. Satellites with red-edge bands can be used for 
vegetation phenology monitoring, such as Medium Resolution Imaging Spectrometer 
(MERIS), RapidEye, Worldview, and Sentinel-2. Vegetation and Environment monitoring 
on a New Micro-Satellite (VENμS), a near-polar sun-synchronous orbit microsatellite, was 
jointly developed by Israel Aerospace Agency (ISA) and French Centre National d’Etudes 
Spatiales (CNES), and was launched in August 2017 (Manivasagam, Kaplan, and 
Rozenstein 2019). This satellite provides multispectral bands covering visible, red-edge 
and NIR with a wavelength range of 443– 910 nm, revisit period of 2 days, and spatial 
resolution of 5 m. Comparing to the Landsat and Sentinel-2 data, although VENμS does 
not carry shortwave infrared spectral bands, its four red-edge bands may have the ability 
to accurately retrieve red-edge point (Frampton et al. 2013), and land surface phenologi-
cal features (Herrmann et al. 2011; Xie et al. 2019). The dense time series of VENμS images 
and multiple red-edge bands may have the potential to retrieve the tiny phenological 
changes of bamboo forests while other sensor data cannot.

Our previous research demonstrated the importance of using red-edge bands and 
phenology information in the extraction of bamboo forest (Li et al. 2019), but its pheno-
logical change in two-year growth cycle has not been explored because of the relatively 
coarse temporal resolution of Landsat 8 and Sentinel-2 data and the cloud problems in 
subtropical regions. In this research, we obtained a dense time series of VENμS data 
between 2018 and 2019 which provided the opportunity to explore phenological features 
of bamboo forest. We will comparatively analyse spectral bands from visible to near- 
infrared to determine optimal bands for monitoring seasonal changes of Moso bamboo 
forests, propose several vegetation indices based on the red-edge scenarios (non-red- 
edge band, single red-edge band, and multiple red-edge bands), and then update each 
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time-series vegetation index by Hants. We will also compare different phenological 
periods among on-year/off-year bamboo forest and other evergreen forests, and explore 
the influence of meteorological factors on the phenological features of Moso bamboo 
forests. This research can provide a better understanding of the phenological character-
istics of bamboo forests. This information will be helpful for local governments to develop 
proper policies for better managing bamboo plantations and productions.

2. Materials and methods

2.1. Study area

The study area with a size of 54 km by 27 km (Figure 1(a-b)) is located at Anji County, Zhejiang 
Province, China, and has a mountain from northeast to southwest with an elevation range 
from 0 m to 1100 m (Figure 1(c)). This region belongs to subtropical monsoon climate with 
annual precipitation of 1512 mm and annual temperature of 16.9°C and has distinct seasons, 
that is, warm in spring, hot and humid in summer, cool in fall, cold and damp in winter (Chen 
et al. 2019). The main forest types include broadleaf, coniferous and bamboo forests.

Anji County is regarded as the ‘hometown’ of bamboo forests in China, and has the most 
widely distributed Moso bamboo forests which mainly distributed along the mountain with 
an altitude from 0 to 700 m and slopes of less than 40°. Moso bamboo forests play an 
important role in the economic condition in Anji County, and have enormous effects on 
food, construction, art, tourism and other industry. In 2015, the county’s bamboo industry 
sale revenue was 5.36 billion yuan, accounting for 17.67% of the total gross domestic 
product in Anji County (Anji Forestry Bureau 2016). According to previous studies, Moso 
bamboo forests accounted for 48.7% of the total area in Anji County (Li et al. 2019).

2.2. Data collection and processing

The data sets used in this research included VENμS time-series imagery, field survey data, 
and Moso bamboo forest distribution map (Table 1). VENμS data with two days revisit 
period have 12 multispectral bands (wavelengths between 415 nm and 910 nm). A total of 
87 VENμS images (Level-2 products, 10 m spatial resolution) between 2018 and 2019 were 
downloaded from Theia land data centre, and 59 images (list in Table 1) were selected in 
this study considering the cloud cover problem.

Atmospheric corrections were carried out using Multi-sensor Atmospheric Correction 
and Cloud Screening (MACCS) algorithm (Hagolle et al. 2008, 2010). The Bidirectional 
Reflectance Distribution Function (BRDF) correction was performed using the c-factor 
technique that uses global coefficients (Roy et al. 2016; Roy, Li, and Zhang 2017), and the 
BRDF coefficients of Sentinel-2 data were applied to VENμS data due to their similar 
spectral bands (Table 2), such as visible, red-edge and NIR bands. Nadir BRDF-adjusted 
reflectance values were derived for time-series VENμS data. The details of the adjust 
function and the parameters were provided by Manivasagam, Kaplan, and Rozenstein 
(2019). The cloud and shadow pixels in all images were masked out using the quality 
band. Seven adjusted spectral bands (Blue band, Green band, Red band, three red-edge 
bands and NIR band) were used in this study. Universal Transverse Mercator Projection 
(UTM 50) was selected for time-series VENμS data.
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Figure 1. Location of the study area: (a) Northwest Zhejiang Province, China. (b) Study area. (c) False 
colour composites of VENµS data on 3 May 2018.

Table 1. Dataset used in this study.
Dataset Acquisition date

VENμS images 6 February 2018, 8 February 2018, 12 February 2018, 26 February 2018, 28 March 2018, 3 April 2018, 
9 April 2018, 11 April 2018, 15 April 2018, 17 April 2018, 29 April 2018, 3 May 2018, 14 June 2018, 
18 June 2018, 26 June 2018, 10 July 2018, 14 July 2018, 26 July 2018, 28 July 2018, 5 August 2018, 
7 August 2018, 23 August 2018, 29 August 2018, 28 October 2018, 30 October 2018, 
1 November 2018, 9 November 2018, 23 November 2018, 27 November 2018, 1 December 2018, 
17 December 2018, 29 December 2018,18 January 2019, 22 January 2019, 24 January 2019, 
23 March 2019, 6 April 2019, 8 April 2019, 4 May 2019, 14 May 2019, 22 May 2019, 28 May 2019, 
3 June 2019, 5 June 2019, 29 July 2019, 2 August 2019, 30 August 2019, 23 September 2019, 
25 September 2019, 29 October 2019, 31 October 2019, 14 November 2019, 20 November 2019, 
8 December 2019, 10 December 2019, 12 December 2019, 14 December 2019, 16 December 2019, 
28 December 2019,

Field survey 
data

In 2018 and 2019, field survey data including on-year/off-year bamboo forest and other land cover 
types were collected.

Auxiliary data The meteorological data include daily precipitation (mm), daily maximum temperature, daily 
minimum temperature and daily average temperature between 2018 and 2019.
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Field work was conducted in 2018 and 2019. Ground truth land cover data and Moso 
bamboo phenological information were recorded (Figure 1(c)). According to the field 
survey, polygons of typical forest types in the study area were sketched on Google Earth. 
A total of 359 polygons (Figure 1(c)) were selected as the training samples for time-series 
spectral analysis, including 95 plots (640 pixels) of off-year bamboo forests, 86 plots (540 
pixels) of on-year bamboo forests, 48 plots (358 pixels) of coniferous forests and 60 plots 
(253 pixels) of broadleaf forests. All polygons were checked to make sure there were no 
clouds and shadows in the time series of VENμS data.

2.3. Time-series spectral analysis of Moso bamboo forest

Based on field survey data and high-resolution satellite images, the collected plots were 
checked to make sure that no land cover change occurred during the period between 
2018 and 2019. The average spectral reflectance value of each forest type was calculated, 
and the spectral curves of on-year/off-year bamboo forests, coniferous and broadleaf 
forests were developed, respectively. The spectral range for seasonal change was deter-
mined based on comparative analysis of time-series spectral bands.

2.4. Comparative analysis of time-series vegetation indexes

Based on spectral analysis from visible to NIR bands, three scenarios – non-red-edge band 
(NDVI, EVI), a single red-edge band (NDVIred-edge702) and multiple red-edge bands (REPI) 
(see Table 3) were selected to comparatively analyse the phenological features of Moso 
bamboo forests and other forest types.

In order to reduce the impact of noise on data analysis, Hants was used to filter and 
smooth the time series of vegetation index data. Hants combine filtering and smoothing 
methods, make full use of the spatiotemporal characteristics of remote-sensing images 
and take the reconstruction of time-series images into the periodicity of vegetation 
growth. The vegetation index (such as NDVI) is reconstructed by combining the vegeta-
tion frequency curves of different growth periods. The Hants can be expressed as 
Equation (1): 

VIs tj
� �
¼ a0 þ

XN

i¼1

ai cos
2π
L

tj

� �

þ bi sin
2π
L

tj

� �� �

(1) 

Table 2. Spectral bands of VENμS and BRDF model coefficients used in this study.
Band name Central wavelength (nm) Band width (nm) Spatial resolution (m) fiso fgeo fvol

B3, Blue 492 40 10 0.0774 0.0079 0.0372
B4, Green 555 40 10 0.1306 0.0178 0.0580
B7, Red 666 40 10 0.1690 0.0227 0.0574
B8, Red-edge1 702 40 10 0.2085 0.0256 0.0845
B9, Red-edge2 741 40 10 0.2316 0.0273 0.1003
B10, Red-edge3 782 30 10 0.2599 0.0294 0.1197
B11, NIR 861 16 10 0.3093 0.0330 0.1535

fiso, fvol and fgeo are the constant values of BRDF spectral model parameters.
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Where VIs(tj) is the modelled vegetation index value for a single-pixel location; a0 is the 
Fourier coefficient, ai and bi are Fourier coefficients for harmonic component i with N≥ 1 
components; L is the length of the time period, and set to 730 in this study; and t is time 
and set as the day of the year between 2018 and 2019 of each VENμS acquisition.

Based on field survey, the bamboo forest phenological periods were grouped as 
different colours, which matched with REPI time-series data in two-year cycle. For exam-
ple, the bamboo shoots period in on-year bamboo forests was set as blue colour, and the 
leaf-changing period in off-year bamboo forests was set as a yellow colour. The pheno-
logical characteristics such as the start of the growing season were compared between 
on-year and off-year bamboo forests. In addition, precipitation and temperature data 
were also included in analysing their impacts on time-series REPI. Cumulative data of 
temperature and precipitation are calculated to correlate with time-series REPI, time 
points 1, 5, 8, 13, 21, 34, 55, and 89 days were selected for calculation. For example, the 
5 days cumulative precipitation refers to the total precipitation in the past 5 days, and this 
5-day cumulative precipitation was analysed with time-series REPI by correlation analysis. 
The correlation coefficient r is used to indicate their correlation.

3. Results

3.1. Time-series spectral characteristics of on-year and off-year bamboo forests

The comparative analysis of time-series spectral curves (Figure 2) indicates that the B9, B10 

and B11 bands have obvious spectral variation in 1 year (the value range is from 0.15 to 0.55) 
and the reflectance of these four bands increased in spring and decreased in fall, while other 
bands (B3, B4, B7 and B8) have a small range (between 0 and 0.13) with a relatively stable 
trend in a whole year. The difference in seven spectral bands demonstrated that red-edge 
(B9, B10) and NIR (B11) bands had higher seasonal variation than other spectral bands, 
implying that the spectral bands between 730 nm and 920 nm have the potential for better 
discriminating seasonal variations of different forest types.

On-year and off-year bamboo forests showed different phenological change patterns 
comparing to other two evergreen forest types. The dates of increasing spectral values vary 
between off-year and on-year bamboo forests (Figure 2(a) vs Figure 2(b)). For example, the 
date of increasing spectral value in band 9 (red-edge band between 734 nm and 750 nm, 
red circle in Figure 2) is near 110 (Figure 2(a)) for off-year bamboo, while it is near 130 for on- 

Table 3. Vegetation indices used in this research.
Scenario Vegetation index Formula Source

Non-red-edge index Normalized Difference 
Vegetation Index (NDVI)

ðNIRÞ� ðRedÞ
ðNIRÞþðRedÞ

(Tucker 1979)

Enhanced Vegetation Index 
(EVI)

2:5�ððNIRÞ� ðRedÞÞ
ðNIRÞþ6�ðRedÞ� 7:5�ðBlueÞþ1

(Liu and Huete 1995)

Single red-edge index Normalized Difference 
Vegetation Index based 
on red-edge (NDVIred-edge)

ðNIRÞ� ðRed� edge702Þ

ðNIRÞþðRed� edge702Þ
(Fernández-Manso, 

Fernández-Manso, and 
Quintano 2016)

Multiple red-edge index Red-edge Position Index 
(REPI)

ðRedÞþðRed� edge782 Þ
2 � ðRed� edge702Þ

� �

ðRed� edge742Þ� ðRed� edge702Þ

(Clevers et al. 2002)

Note: NIR and Red represent near infrared (865 nm) and Red band (650 nm); Red-edge702, Red-edge742 and Red-edge782 

represent Red-edge spectral bands in wavelengths of 702 nm, 742 nm and 782 nm, respectively.
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year bamboo (Figure 2(b)). This difference of spectral increase is related to the start of the 
growing season of Moso bamboo forest, and proved valuable for effectively distinguishing 
on-year and off-year bamboo forests (Chen et al. 2019; Li et al. 2019). The dates of increasing 
values for a coniferous forest are the same as off-year bamboo forest, but the broadleaf 
forest has earlier dates than other forest types, it is near 100. In addition, the peak values of 
these evergreen forest types vary. For instance, broadleaf and coniferous forests have peak 
values of near 0.60 and 0.38, respectively, while off-year and on-year bamboo forests have 
peak values of near 0.48.

One interesting thing is that the peak values of bamboo forests between 2018 and 
2019 vary, comparing to other forest types. For example, the peak value of off-year 
bamboo is near 0.48 in 2018 and 0.38 in 2019. This phenomenon demonstrated that 

Figure 2. Time-series spectral variations of evergreen forest types in VENμS multispectral data 
between January 2018 and December 2019. (a) off-year bamboo; (b) on-year bamboo; (c) broadleaf 
forest; (d) coniferous forest).

2210 L. LI ET AL.



the Moso bamboo forests have different growing conditions within 2 years. Although the 
spectral values of these evergreen forest types show different trends within 2 years, it is 
necessary to identify the sensitive band combination (e.g. NDVI, EVI, NDVIred-edge702) and 
to conduct comparative analysis for distinguishing phenological characteristics of these 
evergreen forest types.

3.2. Comparative analysis of time-series vegetation indices

The time-series vegetation indices of four evergreen forest types (Figure 3) have dramatic 
increased values after a day of the year (DOY) 100, and declined values after DOY 270, 
indicating their starts or ends of growing seasons. The time-series trends of off-year 
bamboo forests are similar to broadleaf and coniferous forests, while on-year bamboo 
forests show a downward trend in early 2018.

The smoothing effects of time-series vegetation indices are obviously different. For 
example, the NDVI values of bamboo forests and coniferous forests are concentrated on 
0.70–0.90, while broadleaf forests are on 0.60–0.95. The fitting effect of NDVI red-edge702 is 
close to NDVI. NDVI and NDVIred-edge702 have a weak ability to separate the seasonal 
difference of on-year and off-year bamboo forests. In contrast, the difference of time- 
series EVI among four forest types is obvious. The time-series EVI values of bamboo forests 
are concentrated on 0.40 to 0.70, the broadleaf and coniferous forests are on 0.40–0.80 
and 0.20–0.60, respectively. The fitting effect of time-series EVI is better than that of NDVI 

Figure 3. Comparison of time-series vegetation indices of on-year/off-year bamboo forests and other 
evergreen forest types. Series (a1)–(a4), (b1)–(b4), (c1)–(c4) and (d1)–d4) represent four vegetation 
indices of off-year bamboo forests, on-year bamboo forests, broadleaf forests and coniferous forests.
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and NDVI red-edge702. EVI can distinguish the spring changes of on-year and off-year 
bamboo forests, and the periodic changes of on-year and off-year bamboo forests.

The fitting curve of REPI, compared with those of NDVI, NDVI red-edge702 and EVI, has 
some differences, especially in the on-year bamboo forest. There is an obvious valley at 
the 456 day (March of the second year), which corresponds to leaf change period of the 
Moso bamboo forest, while the NDVI, NDVI red-edge702 and EVI have many values distrib-
uted at this time; however, they have not been fitted, and their fitted times are signifi-
cantly earlier than 456 days. Comparing the performance of all four time-series indexes, 
REPI can not only show the difference in the growth cycle of the bamboo forest, for 
instance, the index peak value of the off-year is greater than that of the on-year, but also 
distinguish the specific phenological period of the on-year and off-year bamboo forests, 
such as the leaf change period.

The comparison of three red-edge band scenarios and the phenological change char-
acteristics indicates that REPI showed relative better fitting performance. For example, from 
DOY 1 to DOY 120, there is leaf-change period for off-year bamboo forests and bamboo 
shoots periods for on-year bamboo forests. Figure 3(b4) shows that REPI reflects the 
downward trend of the on-year bamboo forest in the spring (the REPI value is still higher 
than 0.4); meanwhile, the REPI reflects a downward trend of off-year bamboo forests (the 
REPI value is lower than 0.4) (Figure 3(b4), DOY456). The reason for the difference is that the 
REPI shows low values in the leaf change for the off-year bamboo forests, and the REPI 
keeps higher in the bamboo shoots for the on-year bamboo forests. The REPI of an on-year 
bamboo forest shows downward because new bamboo shoots have no leaf in this period, 
the nutrition is transported by an on-year old bamboo tree, and the colour of old bamboo 
tree leaves turns to yellow, thus REPI decreased. Hence, REPI is selected for comparative 
analysis of the phenological difference between bamboo forests and other evergreen forest 
types.

3.3. Analysis of the phenological variations of the Moso bamboo forests

The time-series REPI shows that broadleaf and coniferous forests have the same growing 
cycles between 2018 and 2019, confirming their one-year growing cycle, but on-year and 
off-year bamboo forests presented different growing cycles and patterns. In a two-year 
cycle of Moso bamboo forests, the leaf change period (yellow in Figure 4), bamboo 
rhizome growth period (grey), and bamboo shoot period (blue) occur at one time, and 
bamboo growing period (green) occur at two times.

The obvious difference between off-year and on-year bamboo forests is the start of the 
growing season, that is, off-year bamboo forests start to grow after leaf change period 
(approximately at 90 days, Figure 4(c3)), and on-year bamboo forests after the bamboo 
shoots period (approximately at 150 days, Figure 4(c2)). Hence, the start growing season of 
off-year bamboo forests is about 50–60 days earlier than on-year bamboo forests. From 90 
to 150 days, Figure 4(c1-c4) shows that the new bamboo trees start to develop new leaves.

Temperature and moisture are important factors influencing the start, magnitude, and 
end of growing seasons. Figure 4(d) confirms the close relationships between the growth 
of bamboo forests with temperature and precipitation. The time-series REPI shows 
a lagging trend with temperature, especially in 2018, and the REPI peak lags behind the 
time-series temperature data. Table 4 showed that cumulative temperature is correlated 
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Figure 4. The seasonal change of on-year/off-year Moso bamboo forests and other evergreen forest 
types. (a) and (b) represent time-series REPI of off-year and on-year bamboo forests. Yellow, Green, 
Grey, and Blue ramp represent leaf change period, growing period, bamboo rhizome growth period 
and bamboo shoots period. (c1), (c2), (c3) and (c4) are pictures obtained on 25 May 2018, 
2 August 2018, 12 March 2019 and 27 May 2020. (d) represent precipitation and temperature between 
2018 and 2019.
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with time-series REPI, especially the temperature. This correlation increases gradually with 
cumulative time, and the correlation coefficient reaches 0.74 as the cumulative time is 
89 days. Meanwhile, the cumulative precipitation has a low correlation with REPI when 
cumulative time is less than 34 days, and it has a relatively high correlation especially 
when cumulative time reaches 89 days.

4. Discussion

4.1. Seasonal variation of Moso bamboo and implication in forest management

The phenological difference between off-year and on-year bamboo forests is caused by 
the photosynthesis process, chlorophyll content and nutrient cycling (Chen 2010). For 
example, the start of the growing season for an off-year bamboo forest is earlier than that 
of on-year bamboo forest. There is no leaf change of on-year bamboo forests because 
their leaves need to keep dark green, and to transfer nutrition to the new bamboo shoots 
in the spring. The leaves of new bamboo trees develop in June when the growing season 
of on-year bamboo begins. The off-year bamboo forests have almost no bamboo shoots 
in spring, and their leaves change between March and April (Fang et al. 2015; Zheng and 
Hong 1998) when the growing season of off-year bamboo begins. This growing difference 
between on-year and off-year bamboo forests is confirmed in previous studies (Chen et al. 
2018; Xu et al. 2018; Zhou et al. 2019). After the growing season, the leaves of the off-year 
bamboo forest would keep green and store energy for the new bamboo shoots coming 
out in the next year, while the leaves of on-year bamboo forests gradually changed from 
green to yellow, because the bamboo rhizome growth consumes lots of nutrition, and the 
leaves fall down and change in the next spring.

The phenological characteristics of Moso bamboo forests also relate to human-induced 
management manners. For example, local farmers practice bamboo forest management 
according to the colour change of Moso bamboo trees. Few bamboo shoots occur in spring 
when the leaves of bamboo forests show yellow green (off-year bamboo forest), while 
plenty of bamboo shoots occur in spring when the leaves of bamboo trees are dark green 
(on-year bamboo forest). According to the colour of on/off-year bamboo forests, all bamboo 
shoots developed in off-year bamboo forests would be dug out by local farmers, while the 
bamboo shoots developed in on-year bamboo forests were kept to grow to bamboo trees. 
These management manners intensified the phenomenon of on-year and off-year.

4.2. Potential data and index for examining Moso bamboo phenology

The temporal resolution of remote-sensing data are an important consideration in the 
study of phenology due to the frequent changes of Moso bamboo forest in its 2-year 
growing stage. Landsat data with 16 days temporal resolution have many limitations in 

Table 4. Correlation coefficient between REPI and cumulative temperature and precipitation data.
The correlation coefficient r under different day

1 5 8 13 21 34 55 89

Cumulative temperature 0.21 0.24 0.28 0.31 0.38 0.46 0.58 0.74
Cumulative precipitation −0.02 −0.03 −0.02 −0.01 0.01 0.11 0.31 0.58
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phenological research because phenological changes of Moso bamboo forests occur 
more rapidly than the 16 days revisit time and cloud cover problem reduces the number 
of Landsat images available (Zeng et al. 2020). In comparison, MODIS data with the daily 
temporal resolution are widely used for examining land surface phenology (Xu et al. 2018; 
Zhou et al. 2019). However, the mixed pixel problem caused by coarse spatial resolution 
results in many uncertainties and difficulty in identifying phenological features of 
a specific vegetation type. Another important factor in phenology study is the spectral 
resolution and the derived index. The spectral ranges from 730 to 920 nm, especial the 
red-edge spectral bands, have the potential to discriminate seasonal variation in ever-
green forest types, but not all satellite sensors contain red-edge bands. For example, 
Landsat has only one NIR band in the sensitive spectral range.

Considering the sensor data availability and index portability, this study developed non- 
red-edge index (suitable for Landsat imagery) and multiple-red-edge index (suitable for 
Sentinel-2 and VENμS) for comparative analysis. Non-red-edge index (e.g. NDVI, EVI) can 
reflect some basic phenological characteristics of bamboo forests, such as start and end of 
growing seasons. EVI has a better performance than NDVI in representing the spring 
phenological features. This study indicated that vegetation indices based on red-edge 
bands had better performance than non-red-edge-based vegetation indices. REPI is able 
to show the leaf conditions in different phenological periods, especially in fall and winter. 
Comparing to REPI, other vegetation indices are difficult to reflect the unique features of 
bamboo forests, such as an off-year bamboo forest with dark green colour in winter and on- 
year bamboo forest with yellow-green colour. EVI could be transferred to Landsat series 
data, and REPI could be transferred to Sentinel-2 data. VENμS data with 5 m spatial 
resolution and 2 days revisit time are valuable for examining phenological features in 
Moso bamboo forests. The results in this research provide new insights for selecting suitable 
vegetation indices and image acquisition dates for examining on-year and off-year bamboo 
forest phenological features.

In addition to the impact of remote-sensing data, the data smoothing methods are 
expected to remove the noise component and maintain the integrity of vegetation 
dynamics. Smoothing the time-series vegetation indices with local windows can capture 
the vegetation dynamics better, but it is often sensitive to local fluctuation and data noise. 
Compared with a fitting method based on local windows, methods based on entire 
annual time series and harmonic series can get a smoother curve, but the problem that 
smoothing curve deviates from actual vegetation growth trajectory still may occur. This 
study fully considered the physiological and ecological characteristics of Moso bamboo 
forests, such as two-year growing stage. Hants were selected as the smoothing method, 
and the leaf-off period of off-year bamboo forests was captured and fitted. Phenological 
metrics extraction methods need to be selected based on more ground truth data of 
phenological features.

4.3. Research deficiency and improvement for future studies

This study analysed the potential spectrum and vegetation index in the study of Moso 
bamboo phenology. The high revisit frequencies of VENµS data could be captured 
theoretically at every 2 days. However, there are only 59 images between 2018 and 
2019 can be used for time-series analysis due to excessive cloudiness in subtropical 
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regions. Data gap is a big challenge for phonological retrieval. There are two ways to solve 
this problem, one is the combination of different sensor data to generate time-series data 
with high spatial and temporal resolutions, for example, Sentinel-2 data with 10–20 m 
spatial resolution and 5 days revisit and VENµS could be combined into one time-series by 
transformation model (Manivasagam, Kaplan, and Rozenstein 2019), which facilitates 
temporally dense Moso bamboo monitoring. In addition, the Unmanned Aerial Vehicle 
(UAV) could provide a data bridge between remote sensing and ground survey. The UAV 
data can also assist the phenological verification data, provide stable and reliable real 
phenological data, and improve the accuracy of the phenology of the bamboo forest. The 
other way is to improve the data filling method. The data filling method can be used to 
combine the features of the time series and the surrounding pixels to fill in missing pixels 
(Yan and Roy 2018) to improve the time resolution of the data.

5. Conclusions

Moso bamboo forests have frequent canopy structure change and unique phenological 
features compared with other forest types. The VENμS time-series data (5 m spatial resolution 
and 2 days revisit cycle) can effectively capture phenological characteristics of on-year/off-year 
bamboo forests. This research shows that the spectral bands between 730 and 920 nm 
wavelengths in VENμS data, especially the red-edge bands, have the potential to capture 
the bamboo forest phenological features. Based on the comparative analysis of phenological 
retrieval performances among different vegetation indices, multiple-red-edge indices have 
advantages over non-red-edge indices. The REPI based on multiple-red-edge bands can 
identify the frequent canopy changes and growing cycle of the bamboo forests, especially 
the bamboo shoots period between on-year and off-year bamboo forest in spring and fall. The 
start of the growing season of the off-year bamboo forest is earlier (approximately 50–60 days) 
than that of on-year bamboo forest. The results in this research can be used for local 
governments and farmers to make a better decision for bamboo forest management.
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