Journal of
EIS Environmental
- Informatics

Journal of Environmental Informatics 42(2) 75-89 (2023)
www.iseis.org/jei

Assessing Canopy Phenological Variations and Gross Primary Productivity in A
Savanna Ecosystem in Yuanjiang, Yunnan Province of Southwest China

S.T.Z. Myo> 34 Y. P. Zhang®> 2", Q. H. Song™ 2", A. G. Chen™7, D. X. Yang®’, L. G. Zhou!, Y. X. Lin%, Z. Phyo 34,

X. H. Fei®, and N. S. Liang®

L CAS Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences,
Xishuangbanna 666303, China
2 Center of Plant Ecology, Core Botanical Gardens, Chinese Academy of Sciences, Xishuangbanna 666303, China
3 University of Chinese Academy of Sciences, Beijing 100049, China
4 Myanma Timber Enterprise, Ministry of Natural Resources and Environmental Conservation, Yangon 11012, Myanmar
® College of Resources and Environmental Engineering, Guizhou University, Guiyang 550025, China
6 Center for Global Environmental Research, National Institute for Environmental Studies, Tsukuba, Ibaraki 305-8506, Japan
” Yuanjiang Savanna Ecosystem Research Station, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences,
Yuanjiang 653300, China

Received 23 January 2021; revised 29 November 2021; accepted 18 February 2022; published online 15 September 2023

ABSTRACT. Vegetation phenology is an important indicator of environmental change and strongly connected to forest ecosystem pro-
ductivity change. This study aimed to analyse the pattern of phenological variations derived from digital imagery for the interpretation
of ecosystem productivity. For 2014, 2015 and 2016, the seasonal phenological development of savanna was analysed by using tower-
based imagery from a digital camera. The green excess index (GEI) was the best at representing the phenological transition dates (PTDs)
and useful for investigating the gross primary production (GPP) in the savanna ecosystem. There was a significant correlation be-
tween the monthly pattern of the strength of green (Sgreen), green excess index (GEI) and vegetation contrast index (VCI) and GPP
throughout the year. Additionally, the annual pattern of colour indices had significant relationship (p < 0.05) with GPP but this was
not seasonal. The air temperature (air T) and soil temperature (soil T) were strongly significantly correlated (p < 0.001) with the start
of growing season (SGS) and caused the advance in green-up and the timing of the start of the growing season in 2014 and 2016. The
short growing season length (GSL) had an impact on the productivity. The colour indices from the digital camera images not only
provided the phenological pattern of a forest canopy but also revealed the forest ecosystem productivity by showing the response to
environmental factors. Our results indicate that daily continuous digital camera images might be useful for ecologists to use as a tool

for future prediction of the long-term phenological modelling.
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1. Introduction

The effects of environmental change on the terrestrial eco-
system are important for analysing the relationships between
canopy phenological eventsand gross primary production (GPP)
(Ito, 2010; Muraoka et al., 2010; Richardson et al., 2010; Polgar
and Primack, 2011; Fridley, 2012). Phenological events are
changed by environmental cues, such as temperature (Richard-
son et al., 2006; Vitasse et al., 2011; Gerst et al., 2017; Park et
al., 2017), irradiance (Saleskaetal., 2007), precipitation (Craine
et al., 2012; Shen et al., 2015), and photoperiod (Basler and

* Corresponding author. Tel.: +86 871-65160904; fax: +86 871-65160916.
E-mail address: yipingzh@xtbg.ac.cn (Y. P. Zhang).

* Corresponding author. Tel.: +86 871-65160904; fax: +86 871-65160916.
E-mail address: sgh@xtbg.ac.cn (Q. H. Song).

ISSN: 1726-2135 print/1684-8799 online
© 2023 ISEIS All rights reserved. doi: 10.3808/jei.202300499.

K&ner, 2012). Ground-based phenological observations are a
traditional method for specific sites and species that can investi-
gate phenological variations across a broad geographical range
(Piao etal., 2019). However, these observation involve different
observers and methods and are difficult to perform in some eco-
systems since the results of phenological events are not uniform
(Piao et al., 2019). Although satellite remote sensing techniques
have also been widely applied in plant phenology to detect the
timing of phenological events of greenness-related vegetation
indices (Piao et al., 2019), multiple factors, such as poor obser-
vation conditions, clouds, snow and ice, bidirectional reflect-
ance distribution function effects, shifts in sensors, and coarse
spatial and temporal resolutions, can contribute to reducing the
accuracy of satellite-derived estimates of plant phenological e-
vents (Piaoetal., 2019). Recently, automatically captured digital
cameraimages, aform of near-surface remote sensing, have been
used as a tool to monitor vegetation phenology on the ecosystem
scale. The digital camera collects automated data at high tem-
poral resolution in multiple ecosystems with lower operating
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costs than satellite remote sensing (Migliavacca et al., 2011,
Julitta et al., 2014; Alberton et al., 2017; Lim et al., 2018). It
can also provide imagery continuously over time and it is rare-
ly obscured by clouds, and robust to variations in illumination
conditions (Sonnentag et al., 2012). The camera can track phe-
nological transition dates (PTDs), such as leaf emergence, leaf
discoloration, senescence, and green-up of vegetation with high
temporal resolution (e.g., every 30 min, if desired) and obtain
ecological information of the phenological responses (Ide and
Oguma, 2010). Not only can the images provide the qualitative
visual record but the quantitative value of colour indices also
allows researchers to detect the changing phenological patterns
(Richardsonetal., 2007; Ide and Oguma, 2010; Zhaoetal., 2012;
Nagai et al., 2013b).

Measurements of carbon dioxide (CO.) exchange with con-
tinuous tower-based eddy-covariance (EC) methods between
the atmosphere and vegetation cover are performed around the
world (Reichstein et al., 2010). Moreover, digital cameras are
widely used in CO; tower flux monitoring sites to interpret the
seasonal variability of GPP (Richardson et al., 2007, 2013; Ah-
rends et al., 2008, 2009; Westergaard-Nielsen et al., 2013). The
digital numbers of the colour indices are correlated with those
in tower flux-based GPP (Ahends et al., 2009; Richardson et al.,
2009; Ideetal., 2011; Sonnentag et al., 2011) and can be used to
estimate the temporal and spatial distributions of photosynthe-
tic productivity (Baldocchi et al., 2005; Saitoh et al., 2012). Ad-
ditionally, the phenological variation influences the productiv-
ity and growth (carbon cycle) of an ecosystem (Richardson et al.,
2013). A previous study focused on the carbon exchanges and
climate sensitivity of carbon fluxes (GPP), ecosystem respira-
tion (Reco) and net ecosystem carbon exchange (NEE) (Fei et
al., 2018). However, there is a gap in the correlation between
the canopy phenological variations and GPP in a savanna eco-
system on the regional scale.

Savannas are akey biome for terrestrial atmospheric carbon
uptake via GPP and account for a quarter of the global GPP each
year (Grace et al., 2006). Fei et al. (2017) highlighted that sa-
vanna ecosystems would be more sensitive to global climate
changes in temperature and precipitation than forest ecosystems
and suggested that their global carbon exchange should be mon-
itored. Due to the large extent and spatial variation of savannas,
satellite remote sensing was used to examine the interactions of
savanna phenology with productivity (Broich et al., 2015) and
determine its phenological variability from the landscape to the
global scale (Ma et al., 2013, 2014). Although most of the re-
searchers have investigated the seasonal change and interannual
variation of the GPP of savanna vegetation, few studies have
analysed the variation in patterns between GPP and phenological
events of savannaecosystems (Jinetal., 2013; Maetal.,2013).In
China, savanna ecosystems occur on areas in the Yunnan, Gui-
zhou and Sichuan valleys, north-western Hainan, south- ern
Taiwan, and the coastal hills of Guangdong. The study site of
Yuanjiang savanna is a unique site characterized by a hot, dry
climate that represents a type of Chinese savanna ecosystem (Ed-
itorial Committee for Vegetation of Yunnan, 1987). Due to the
large extent and spatial variation of savannas, satellite remote
sensing provides a useful tool (Broich et al., 2015) for examin-
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ing the interactions of savanna phenology with productivity. On
the regional scale, digital camera images are more suitable for as-
sessing specific sites and species. The trees played an essential
role in carbon uptake in the savanna, and this study examined
how the canopy phenology and productivity responded to envi-
ronmental constraints (average air temperature (air T), soil tem-
perature (soil T), total precipitation (P), relative humidity (RH)
and global radiation (Q)) in savanna ecosystems from 2014 to
2016. The pattern of phenology changes based on digital camera-
based colour indices values were quantified by using visual es-
timates based on imagery (Ahends et al., 2009) and used to in-
vestigate the correlation with productivity. The key questions to
be answered were as follows: Can digital camera imagery be
used to assess the variations of annual canopy development and
ecosystem productivity of a savanna ecosystem? Can camera-
derived colour indices of dominant tree species be used to ana-
lyze the relationship between the canopy phenology and produc-
tivity of the Yuanjiang savanna ecosystem? Can the effects of
environmental constraints on canopy phenological variations
and GPP in the savanna ecosystem be assessed? The combi-
nation of digital cameras with EC instrumentation reveals the
relationship between the canopy phenology and the produc-
tivity. This paper aimed to determine the utility of colour in-
dices derived from digital repeat photography for monitoring
the annual canopy development and ecosystem productivity at
savanna site, quantify the effect of the relationship between
the canopy phenology and productivity on seasonal and grow-
ing season lengths, and examine the variability and changes in
environmental factors, canopy phenology and GPP of a savan-
na ecosystem.

2. Materials and Methods

2.1. Study Site

The Yuanjiang savanna is located at 23<28'25.93"N, 102<
10'38.76"E and 553 m a.s.l. in Yuanjiang Nature Reserve in
Yunnan Province, Southwest China (Figure 1). The trees com-
prise dry-season deciduous species of small trees, shrubs, and
herbs. They mainly consist of the dominant trees, namely Lan-
nea coromandelica, Polyalthia suberosa, Diospyros yunnanen-
sis and similar species; the dominant shrubs, which are Vitex
negundo f. laxipaniculata, Campylotropis delavayi, Woodfordia
fruticosa, Euphorbia royleana, Jasminum nudiflorum and Ta-
renna depauperata and the dominant herbaceous species, name-
ly Heteropogon contortus and Bothriochloa pertusa. These spe-
cies have relatively small leaves with thick cuticles and smooth
or waxy leaf surfaces to adapt to the region’s high tempera-
ture and low rainfall (Fei et al., 2017). The climate is dry and
hot with a mean annual temperature of 24.0 <C, and mean an-
nual precipitation of 786.6 mm, with 81.0% of the total pre-
cipitation occurring during the rainy season (May to October).
The soil is shallow (~ 35 cm in depth) and consists of approx-
imately 65% gravel.

2.2. Digital Camera Setting

A digital camera (Ricoh Caplio R4) with a weatherproof
enclosure was mounted at a height of 13 m above ground and
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facing northwest on the 13.9 m high flux tower (Figure 2). The
digital camera was installed on the flux tower in a fixed posi-
tion with a 20-degree angle to overlook the canopies and cap-
tureimagesatagiventime interval. The images were taken every
1.5 hours and stored in JPEG format (3,072 x 2,304 pixels).
The camera was operated with the automated white balance
adjustment to eliminate unwanted colour casts. The selected
images were taken from 11:30 am to 1:00 pm to minimizethe
illumination angle (Ahrends et al., 2008; lde and Oguma, 2010;
Saitohetal., 2012). Moreover, imaging requires clear-sky condi-
tions, which provides the best format for monitoring canopy
phenology (Sonnentag et al, 2012). The images taken in rainy
or dark conditions were excluded and one image per day with
the best quality of R, G, and B was selected.

(a)

(b)
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Figure 1. Location of the study site in China (a) Map of China
(GS (2016) 1550); and (b) Map of Yunnan (GS (2019) 3266)
(data source http://bzdt.ch.mnr.gov.cn/).

The three squared regions of interest (ROIs), namely ROI-1
for a prominent large tree canopy in focus, ROI-2 for a distant
canopy behind the main tree to study the effect of distance, and
ROI-3 for a background forest were set to measure a heteroge-
neous area and to study the effect of the atmospheric distur-
bance from one image that was valid for each image through-
out the monitoring period (Figure 2c). The observation period
in Yuanjiang lasted from 1 January 2014 to 31 December 2016.
This study aimed to evaluate three PTDs: the start of the grow-
ing season (SGS) when leaves begin to appear or turn upwards
during the day in the green up, the start of leaf senescence (SLS),
when leaves begin to change color or the visible leaf coloring
begins; and end of leaf senescence (ELS), when the tree is leaf-
less. These events are commonly used in remote sensing and
phenological studies (Ahends et al., 2009; Zhao et al., 2012).
The growing season length (GSL) was defined as the hydrolog-

ical year (the duration between the SGS and the ELS) (Luo et
al., 2018).

2.3. Data Processing

R software (R Core Team, 2017) was used to analyse the
images. In the images, the strength of green relative to the total
RGB was used to detect the foliage phenology (Ahrends et al.,
2008). The digital number of the R, G, and B channels of the
fixed ROIs was extracted and the strength of each RGB col-
our channel (Sred, Sgreen, and Swie) Was calculated as follows
(Gillespie et al., 1987):

S,s =R/ (R+G+B) ()
Syeen =G/ (R+G +B) 2
Sye =B/ (R+G +B) ?3)

where R is the red digital values, G is the green digital values
and B is the blue digital values of each colour channel from
image files.

HUE is one part of the Hue Saturation Lightness colour
scheme. The HUE values were calculated as follows (Joblove
and Greenberg, 1978; Nagai et al., 2016):

HUE =[(B—R)/ (I, — 1,4;,)]x60+120,if G=1,,, 4)
HUE =[(R—G)/ (1, — 1,,,)]x60+240,if B=1__, (5)
HUE =[(G —B)/ (I, — 1,4,)]x60+360,if G <B (6)
HUE =[(G—B)/ (I, — I,4,)]x 60 otherwise @

where Ima is the maximum value of R, G, and B; and Inin IS
the minimum value of R, G, and B.

The GEI (Woebbecke et al., 1995) is widely used to de-
scribe canopy greenness and is defined as follows:

GEl =(G—R)+(G—B)=2G—(R+B) ®)

A new related index, the vegetation contrast index (VCI),
was calculated in each pixel as follows (Zhang et al., 2018):

G
(R+B)

VCI =

©)

The VCI contrasts the green channel relative to the sum
of thered and blue channels. The VClis a nonlinear transfor-
mation of the green chromatic coordinate resulting in a higher
dynamic range for the VCI relative to the Sgreen.

2.4. Eddy Flux Data and Environmental Factors
The air temperature and the relative humidity were mea-
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Table 1. Phenological Transition Dates — Start of The Growing Season (SGS), Start of Leaf Senescence (SLS) and End of Leaf
Senescence (ELS) and Phenological Period — Growing Season Length (GSL) of Different Regions of Interest (ROIs) from 2014

to 2016
Year ROI-1 ROI-2 ROI-3

SGS SLS ELS GSL SGS SLS ELS GSL SGS SLS ELS GSL
2014 (DOY) 120 279 345 225 120 279 345 225 120 279 345 225
2015 (DOY) 147 303 345 198 147 303 345 198 147 303 345 198
2016 (DOY) 120 279 345 225 120 279 345 225 120 279 345 225

(a) Flux Tower

Background forest.

(ROI-3)

Lannea coromandelica (Houtt.) Merr.|

(ROI-2)

Lannea coromandelica (Houtt.) Merr.

(ROI-1)

Figure 2. Digital camera setting. (a) Flux tower, (b) Digital camera, (c) Savanna’s sample image and regions of interest (ROIs),
namely ROI-1, a prominent large tree canopy; ROI-2, a distant canopy behind the main tree; and ROI-3, the background forest, 24

May 2014 on Yuanjiang savanna.

sured using a temperature sensor (HMP45C®, Vaisala, Helsinki,
Finland) installed at a height of 13 m above ground on the 13.9
m high flux tower. In addition, precipitation was measured us-
ing rain gauges (Rain Gauge 52203®, Young Co., Traverse City,
M1, USA) installed at the top of the flux tower. Global radiation
was measured using radiation sensors (CNR-1/CM11®, Kipp
& Zonen, Delft, Netherlands) in terms of downward, upward
and short- and long-wave radiation. The radiation sensor was
installed at a height of 8.5 m above ground using a horizontal
pole fixed within 3 m of the flux tower. Soil temperature at 10
cm depth was measured using a frequency domain reflectome-
ter (105T/107_L, Campbell Scientific Inc., Logan, UT, USA).
All the environmental data were collected using a CR1000 data
logger (Campbell Scientific, Logan, UT, USA), with the time
interval set at every 30 min. Due to machine error, the data re-
lated to air temperature, global radiation, relative humidity and
soil temperature for the period 15 May to 31 December 2015
was missing. The EC system consisted of a triaxial sonic an-
emometer (CSAT3, Campbell Scientific Inc., Logan, UT, USA)
and a high-frequency open-path CO,/H,0 infrared gas analys-
er (Li-7500, Li-Cor Inc., USA) installed on the flux tower at a
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height of 13.9 m above ground. The detailed of the installation
system at this station have been published previously (Fei et
al., 2018).

Forest ecosystem productivity (GPP)was calculated as fol-
lows (Gilmanov et al., 2007; Zhou et al., 2019):

GPP =R, + (~NEE) (10)

1 1

A

B
Reco = Reco,ref xe " (11)
where Recorer IS the reference ecosystem respiration at the ref-
erence temperature (Trr, here, 283.15 K), Ey is the fitted pa-
rameter, To iS a constant set to 227.13 K, and T is the meas-
ured soil temperature at 10 cm in this study.

The NEE consists of the turbulent eddy flux (F¢) and the
storage flux (Fs) as follows (Hollinger et al., 1994):

NEE=FC+FS:pV\/_c'+%zr (12)
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Figure 3. Conceptual figure of the seasonal dynamic of the colour indices (Sreqs: Strength of red; Sgreen: Strength of green, Spie:
Strength of blue, HUE, GEI: Green excess index and VCI: vegetation contrast index) and their phenological transition dates
(PTDs) for dominant species in (a) ROI-1, (b) ROI-2, and (c) ROI-3, the background forest, from 2014 to 2016. The vertical
dashed lines represent the phenological events and the corresponding names are shown (SGS: start of the growing season; SLS:
start of leaf senescence; ELS: end of leaf senescence). The time interval between SGS and ELS is defined as GSL (growing sea-
son length), which is indicated in the figure with a grey rectangle. A detailed description of PTDs is provided in Table 1.

where F¢ represents the turbulent eddy flux transported above
the height of the EC system and the atmosphere and Fs indi-
cates the storage flux under the plane of the EC system and the
ground surface. A single-point method was applied to measure
Fs at the measurement height (zr) of the fluxes. In addition, p,
w, and c represent the air density, vertical wind velocity, and
target scalar concentration, respectively; the primes denote fluc-
tuations from the average, and the overbar signifies the aver-
age taken over a given time (30 minutes in this case). Ac is the
variation over a 30-min period at height zr, zr is the height of
the EC system, and Atisthe time interval (1,800 s in this case).

2.5. Data Analysis

The colour indices from digital camera images: Sred, Sgreen,
Shiie, HUE, GEI and VCI, were computed. Subsequently, the
PTDs were extracted by visual inspection using the canopy sur-
face images (Ahrends et al., 2008; Ahends et al., 2009; Inoue

et al., 2014; Nagai et al., 2014; Wingate et al., 2015) and their
uncertainty was assessed by extracting PTDs repeatedly (18
times) from digital camera set time series by combining a ran-
dom noise (Filippa et al., 2016), the data of low visibility im-
ages were excluded. A three-day moving window, yielding up
to 122 observations each year, (Sonnentag et al., 2012; Toomey
et al., 2015) was applied to minimize the impact of variation
in lighting and weather conditions. By calculating values over
a three-day window, the result smoothed out noise in the data
when change occured inthe colour indices time series (Browning
etal., 2017). Regression analysis was performed to evaluate the
consistency between colour indices and GPP. Regression is a
long established statistical tool that is widely used in pheno-
logical research to detect changes in the dates of phenological
events and to relate the date of phenological events to environ-
mental conditions. Correlation coefficients and significance lev-
els were used to estimate the relationship between two random
variables. A linear model was employed to analyse the relation-
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ship between phenological events (SGS) and environmental fac-
tors (air T, total P, RH, Q and soil T), and multiple linear models
were used to analyse the relationship between phenological
events (SGS) and environmental factors (air T, Q and soil T)
from February to April in 2014 and 2016. The linear models
were also used to analyse the relationship between phenologi-
cal events (SGS) and colour indices (GEI) and productivity
(GPP) throughout the years, the relationship between colour in-
dices (GEI) and productivity (GPP) during the growing season
length, and the monthly relationship between the GPP and col-
our indices (Sgreen, HUE, GEI and VCI). A significance level of
p < 0.05 was considered as statistically significant between the
groups. Statistical analysis was performed using SigmaPlot for
Windows (Systat Software, version 12.5, Chicago, IL, USA).
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Figure 4. Seasonal variations in (a) air temperature (Air T)
and precipitation (P); (b) soil temperature at 10 cm depth (soil
T), global solar radiation (Q), and relative humidity (RH); and
(c) green excess index (GEI) and gross primary productivity
(GPP). Dotted lines indicate the start and end of the green-up
period determined from the GEI.

3. Results and Discussion

3.1. Seasonal Patterns and Variations in Colour Indices

The red, green, and blue values extracted from images for
different ROlsare shown in Figure 2c. Digital camera-based col-
our indices are considered useful for monitoring the phenolog-
ical dynamics of many biomes, and researchers have used dif-
ferent colour indices to carry out quantitative analyses (Nagai et
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al., 2013b; Nagai et al., 2014, 2016). The inverted U-shaped
seasonal pattern for the colour indices (Sgreen, GEI and VCI) ex-
cept Spie found in Figure 3. The Sgreen, GEI and VCI valuesin-
creased sharply when leaf sprouting started. Thereafter, a slight
fluctuation in the pattern was observed during the wet period
(from May to November) until a dramatic decrease associated
with the dry period (from December to April) was observed. The
Shie Values decreased slightly during the wet period but in-
creased again in the dry period. The Srq values were less var-
iable than the Spiue and Sgreen Values. The brightness of the blue
channel responded to spring green-up and was more sensitive to
changes in the quality of incident radiation (Richardson et al.,
2007). In our study site, the Sgreen Value increased and the Spie
value decreased at the start of the leaf development period.
With ongoing leaf senescence, S increased rapidly, causing
a decrease in Sgreen. The comparison of several colour indices
showed that the HUE value provided a more robust metric than
the other indices (Mizunuma et al., 2011, 2014), while the red-
ness index was better for estimating leaf senescence and the
greenness index was better for estimating leaf development
events (Zhao et al., 2012). In this study site, the Syeq and HUE
values did not show an evident pattern associated with the phe-
nological events. The Syreen, VCI and GEI showed the seasonal
change in the phenological pattern distinctly and can represent
the phenological variations in the savanna ecosystem. Among
the colour indices, the GEI is suitable for a savanna ecosystem.

The colour index patterns of different ROls, namely ROI-
1 (Figure 3a), ROI-2 (Figure 3b) and ROI-3 (Figure 3c), were
very similar throughout the study period. The SGS, SLS, ELS
and GSL were also the same. Therefore, there were no external
effects of environmental conditions, especially distance from
the objects, on the digital camera. The response of the differ-
ent ROIs to climatic factors was also the same in this study site.
Therefore, the colour index patterns of asmall ROl derived from
the dominant trees could represent the whole study area.

3.2. Dynamics of Phenological Events

The phenological shifts can be recognized as a sensitive in-
dicator of the ecological impacts of climate change (Walther et
al., 2002). The phenological transition dates the SGS, SLS, ELS
and GSL based on digital camera-derived data sets were inves-
tigated in this study. The growth of dominant species com-
menced in the SGS on the 120", 147" and 120™ day of the year
in 2014, 2015, and 2016, respectively, with the earliest SGS in
2014 and 2016, and the latest in 2015. The SLS occurred earlier
in 2014 and 2016 (279" day) and the later in 2015 (303" day),
although the ELS occurred on the same day (345" day).

At the ecosystem level, the dates of leaf out and senescence
in plants influence the GSL (Dragoni et al., 2011; Keenan et al.,
2014). The growing season extended to the 225" day in 2014
and 2016, and the 198" day in 2015 (Figure 3). Detailed infor-
mation on the phenological events of different regions of inter-
est is shown in Table 1. The long-term study of the phenologi-
cal events shows that leaf-out dates vary interannually and are
essential for understanding the environmental cues of leaf-out
(Tang et al., 2016). The leaf-out data across species, ecosys-
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tems, and biomes throughout the years are important to inves-
tigate the responses of phenology to environmental change
(Tang et al., 2016). The yearly variations in daily mean air tem-
peratures affected the timing of the start of leaf expansion and
end of leaf fall (Nagai et al., 2013a; Inoue et al., 2014). How-
ever, our results showed that the phenological trends were not

continuous within the study period. Changes in temperature af-
fect the date of phenology changes (Dai et al., 2014; Gisewell et
al., 2017). The increasing temperature caused advances in leaf
flushing and delay in leaf senescence (Vitasse et al., 2009). The
advanced SGS increases vegetation productivity with the in-
creasing trends in seasonal and growing season temperatures
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(Kang et al., 2016). The SGS trend indicated a delay in 2015
which suggested the occurrence of the impact of climate change.
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Figure 6. Variation in the monthly mean values of
environmental factors. (a) Average air temperature (b) Global
radiation and (c) Soil temperature at 10 cm depth in the period
before the start of the growing season (SGS) from January to
April from 2014 to 2016.

Moreover, the investigation of the year-to-year variations
and long-term trends in the timing of the phenological transi-
tion dates is important since they affect spatial and temporal
variations in water, heat and carbon cycles (Nagai et al., 2013a;
Inoue et al., 2014). The SGS in 2015 was delayed compared
with that in 2014 and 2016 but no the difference was found in
the time of ELS due to the effect of air temperature. The air
temperature effect on the phenological sensitivity of the start
of leaf expansion was lower than the end of leaf fall among de-
ciduous broad-leaved species (Inoue et al., 2014). In our results,
the air temperature had a significant relationship (p < 0.001)
with the SGS throughout the year, but the regression coefficients
in 2014 and 2016 were higher than in 2015 (Figure 5a). This in-
dicates the delayed effect of the phenological sensitivity of the
timing of SGS in 2015. The warmer temperatures corresponded
to an earlier SGS, increased GPP, and an increased carbon sink
(Vitasse et al., 2009; Kang et al., 2016). The annual GPP of ter-
restrial ecosystems is influenced by the plant growing period
(Baldocchietal., 2005; Richardson etal., 2010). The GSL has a
strong effect on the ecosystem functioning and tree productiv-
ity (Kramer et al., 2000; Picard et al., 2005). In our study, the
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GSL in 2015 was shorter than those in the other years, which
had an effect on productivity.

3.3. Environmental Factors that Control Phenology and
Productivity

Digital images of tree canopies have been analysed to gain
an understanding of how forest phenology responds to climate
change. Differences in the patterns of annual phenology on the
scale of the savanna ecosystem occurred because of differences
in the course of environmental factors each year. Comparisons
between environmental values and interpolated phenological
events from the digital camera images yielded the precise pat-
tern of environmental data sets, namely air temperature, precip-
itation, relative humidity, global radiation and soil temperature
(Figure 4). The timing of phenological patterns and the onset
and offset of greenness, are strongly influenced by environment-
tal conditions. The annual date of the SGS was associated with
the pattern of air T, Q and soil T throughout the year and a
high correlation coefficient of p < 0.001 with air T and soil T
was observed, while Q had a correlation coefficient of p < 0.05.
There was no significant correlation with the pattern of P and
RH (Figure 5). There were multiple relationships between the
SGS and environmental factors (air T, Q, and soil T) in 2014
(R?=10.848, p < 0.001), 2015 (R?=0.788, p < 0.001) and 2016
(R? = 0.919, p < 0.001). Among them, SGS had a significant
relationship (p <0.05) with soil T in 2016. The interannual vari-
ations in green-up dates were strongly correlated with the local
spring temperature (Ide and Oguma, 2010). The pattern of global
radiation (Q) can investigate the timing of leaf flush (Do et al.,
2005) and the productivity of tropical savanna in the wet sea-
son (Moore et al., 2018). Our results showed that the SGS was
significantly correlated with the air temperature, global radia-
tion and soil temperature throughout the year.

The monthly mean values of air T and soil T increased stead-
ily from January to April until the SGS in 2014 and 2016. Fur-
thermore, the trend showed a steady increase from January to
Marchfollowed by a decline in April in 2015.A distinct trend in
global radiation was not observed within the studied period
(Figure 6). The average air temperature was significantly relat-
ed to the SGS (Du et al., 2014; Inoue et al., 2014). In addition,
the green-up period was related to soil temperature (Snyder et
al., 2016). The average air and soil temperatures in 2014 and
2016 increased steadily until the SGS, although the same change
did not occur for global radiation. The increasing temperature
caused the advance in the timing of the SLS, which was earli-
er in 2014 and 2016 than in 2015. The effect of earlier spring
green-up caused soil water depletion that enhanced drought in
some cases (White and Nemani, 2003). Therefore, the advance
in green-up in 2014 and 2016 indicates the occurrence of soil
water depletion.

3.4. Relationship between GEI and GPP during the GSL

The SGS was significantly correlated with the colour in-
dex (GEI) in 2014 (p < 0.05) but not in 2015 and 2016. The SGS
wasssignificantly correlated (p < 0.05) with productivity (GPP)
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in 2014 and 2015 butnotin2016 (Figure 7). Although an increase
in the green-based index was evident with the onset of leaves,
the sharp increase was not consistent with the gradual increase
of daily GPP from the carbon flux measurements. The pattern
of canopy greenness might be indicative of photosynthetically
active green leaves. GPP was also strongly correlated with can-
opy greenness (Richardson etal., 2009; Migliavaccaetal., 2011,
Toomey etal., 2015). Moreover, the GSL affected the productiv-
ity (Churkina et al., 2005). Additionally, the day of year (DOY)
of the maximum GEI value was assessed to determine the ap-
proximate date when leaf-out processes had finished. Maxi-
mum GEI values represent maximum canopy closure within
the ROI. When the analysis focued on the GSL, the peaks of the
GEI were observed later than the peaks of daily GPP in 2014

and earlier than the peaks of daily GPP in 2015 and 2016. The
peak value of the GEI and GPP events occurred on DOY 255
and DOY 234 in 2014, DOY 228 and DOY 243 in 2015 and
DOY 213and DOY 231in 2016, respectively (Figure 8a). How-
ever, strong significant correlation coefficients were found be-
tween GPP and GEI in 2014 (p <0.001, R?=0.48) and 2016 (p <
0.001, R?=0.46) but not in 2015 (p = 0.315, R?= 0.02) (Figure
8b). The relationship between the three camera-based indices
(GELI, Sgreen and HUE) and GPP appeared to have different char-
acteristics at different phenological stages (Saitoh et al., 2012).
Among them, a strongly significant relationship between GPP
and GEI was found during the period of the GSL in 2014 and
2016. Therefore, the GEI was useful for investigating the for-
est ecosystem productivity in the savanna ecosystem.
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When the canopy greenness was used as a predictor of GPP,
there were some limitations: temperature had a negative effect
and precipitation had a positive effect on the GPP (Fei et al.,
2018). Sonnentag et al. (2011) showed a lag time between col-
our indices and GPP indicating differences in structure, func-
tioning and greenness in a grassland ecosystem. Peak values of
colour indices were caused by the seasonal variation in foliage
pigments (Sims and Gamon, 2002). Higher photosynthetic ac-
tivity was related to the peak value of GPP (Kikuzawa, 1991;
Arndal etal., 2009) and delayed photosynthetic activity was re-
lated to the peak value of colour indices (Westergaard-Nielsen et
al., 2013). Although the comparison of the peak values of the
color indices and GPP was observed in managed mixed forest
and deciduous forest (Ahends et al., 2009; Mizunuma et al.,
2013), Arctic tundra (Kim et al., 2012) and rubber plantation
(Zhou et al., 2019), it was not found in any research in the sa-
vanna. When the study focused on the savanna, the results show-
ed that the peak values of GPP occurred earlier than the GEI
in 2014 and were delayed in 2015 and 2016. The earlier peak
value of GPP indicates that earlier and higher photosyn- thetic
activity occurred in 2014.

3.5. Seasonal Variation and Relationship between Colour
Indices and Productivity

The seasonal variations in colour indices obtained from dif-
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ferent ROIs, namely ROI-1, ROI-2 and ROI-3, showed similar
patterns within our study site (Figure 3). Although a small ROI
was chosen, it could represent the whole study area ecosystem
because of the strong relationship of the seasonal dynamics be-
tween the colour indices and GPP. The relationship between the
four camera-based indices (Sgreen, HUE, GEIl and VCI) and GPP
appeared to have different characteristics at different phenolog-
ical stages. The indices (Sgreen, HUE, GEl and VCI) increased af-
ter leaf sprouting and greening-up began at the start of the rainy
season, which preceded an increase in GPP. As the leaves start-
ed their coloration at the end of the rainy season, the indices de-
clined significantally, which occurred later than the GPP. Thus,
the seasonal variations in the phenology of the dominant trees
captures by the camera-based indices were similar to the sea-
sonal GPP variations (Figure 9).

The seasonal (dry and wet) and annual relationships be-
tween GPP and the camera-based colour indices (Sgreen, HUE,
GEl and VCI) were shown in Table 2. There was only a signifi-
cant relationship (p < 0.05) between GPP and Syreen, GEI and
VCI in the dry season of 2016. A significant relationship (p <
0.05) between GPP and HUE and VCI was found in the wet sea-
son of 2014 and between Sgreen, HUE, GEI and VCI in 2016.
The annual pattern of the GPP was significantly correlated with
Sgreen, GEl and VCI throughout the year. A strongly significant
relationship (p < 0.001) was observed in 2014 and 2016, and a
significant relationship (p < 0.05) was observed in 2015. More-
over, HUE was strongly significantly correlated (p <0.001) with
GPP only in 2014, but there was no significant relationship in
2015 and 2016 (Figure 10). The seasonal pattern in the GEI was
correlated with the GPP of a forest (Richardson et al., 2009).
This result showed that the annual variations in the three camera-
based indices, Sgreen, VCI and GEI, correspond to GPP, although
this was not observed for HUE. Thus, the annual variations in
colour indices derived from digital camera images were related
to the productivity in a savanna ecosystem.

4. Conclusions

Determining the responses of forest phenology to environ-
mental factors on regional scales is critical for investigating for-
est ecosystem productivity. This study assessed the use of colour
index values derived from digital camera images to detect shifts
in phenological events and GPP. The colour indices derived
from the digital camera images represented the phenological
variations in the savanna ecosystem. On the regional scale, dig-
ital camera images were useful and suitable for assessing the res-
ponse of specific sites and species to environmental factors. The
increasing air and soil temperatures caused the advance in green-
up, which indicates the occurrence of soil water depletion. The
delay in the phenological event (SGS) in 2015 indicates the oc-
currence of the impact of climate change. Furthermore, the short-
er GSL in 2015 indicates the occurrence of the impact on pro-
ductivity. The earlier peak values of GPP than GEI indicate the
increase in photosynthetic activity in 2014. The annual pheno-
logical variations of the dominant trees from the camera-based
indices could assess the productivity of the savanna. Phenologi-
cal images could eventually be used as environmental data to
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Table 2. Seasonal Relationship between Productivity and Colour Indices (Sgreen — Strength of Green, HUE, GEI — Green Excess
Index, and VCI — Vegetation Contrast Index) from 2014 to 2016

. 2014 2015 2016

Season Variables R? o R o R o

Dry GPP & Sgreen 0.0001 0.987 0.479 0.128 0.760 <0.05
GPP & HUE 0.0829 0.580 0.111 0.519 0.088 0.568
GPP& GEI 0.0008 0.958 0.496 0.118 0.733 <0.05
GPP& VCI 0.0002 0.977 0.467 0.134 0.759 <0.05

Wet GPP & Sgreen 0.654 0.054 0.141 0.463 0.792 <0.05
GPP & HUE 0.866 <0.01 0.621 0.063 0.738 <0.05
GPP& GEI 0.622 0.062 0.130 0.483 0.791 <0.05
GPP& VCI 0.669 <0.05 0.144 0.458 0.791 <0.05

Annual GPP & Sgreen 0.812 <0.001 0.509 <0.01 0.921 <0.001
GPP & HUE 0.752 <0.001 0.330 0.051 0.289 0.072
GPP& GEI 0.796 <0.001 0.507 <0.01 0.909 <0.001
GPP& VCI 0.830 <0.001 0.502 <0.05 0.928 <0.001
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evaluate the sensitivity of tree phenology and productivity to en-
vironmental changes in the savanna. Moreover, the effect of en-
vironmental constraints on phenological dynamics in the savan-
na ecosystem is complex and needs to be addressed over a long-
term periods.
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