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ABSTRACT: Among the natural disturbances, drought may cause significant change in forest ecosystems by shifting phenology
and productivity. Digital cameras have been used in phenological observations for their high accuracy and the colour index values
(digital-number of red, green and blue) derived from long-term continuous digital camera imagery are useful as proxies for
investigating a forest canopy’s response to drought. Here, we examine the interaction between colour indices (the strength of red
(Sreq), the strength of green (Sgeen), green excess index (GEI)), productivity (gross primary productivity (GPP)) and drought
(standardised precipitation evapotranspiration index (SPEI)) and climatic factors. We use forest canopy images derived from a
digital camera and flux tower-based productivity from 2010 to 2016 to show the rainforest’s responses to drought in phenology
and productivity. The SPEI indicated the occurrence of drought condition in 2014. The lowest values of the SPEI (-0.403 mmday”
1, and total precipitation (1062 mmyr™), and the highest values of average air temperature (21.3°C), potential evapotranspiration
(3.31 mmday™) and rain use efficiency (2.26 gCL™) were found in 2014. Leaf color variation period (CVP) become longer with an
advance in foliage green-up after drought. The peak GEI values were found at the end of the CVPs. The GPP and the Sgyee, had
positive and the S,4 had negative relationship with drought index. The GPP dropped during the drought and bounced back after
the drought due to a longer leaf CVP. The Sg.enand GEI were significantly (p<0.05) related to GPP during the drought. During the
CVP of the drought, the Sy, and GEI were significantly correlated (p<0.05) with total P, PET and average Ta, meanwhile, there
was only a significant relationship (p<0.05) between the GPP with PET and avg Ta. Among the variables, the GPP was more
significant (p < 0.001) with avg Ta. There was also a relationship between the colour indices and GPP with climatic factors on a
yearly time series. Our results indicate an understanding of the phenology and productivity response of rainforests to drought,
which might be useful for ecologists when predicting the effects of future climatic change on rainforest phenology and
productivity.

KEYWORDS: Colour indices; Digital camera images; Drought; Gross primary productivity (GPP); leaf colour variation period
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1. INTRODUCTION

Terrestrial ecosystems can face natural disasters including extreme fire, windstorms, flooding, frosts, precipitation, heatwaves,
droughts and other climatic extremes. Of these, drought is a major disturbance in nature and has effects in forest ecosystem
functions, services and biodiversity (Caudullo and Barredo, 2019). Droughts have the strongest and most widespread effects on
terrestrial ecosystems and carbon cycling. In the next 30 to 90 years, most areas will face droughts due to decreased precipitation
and increased evaporation (Dai, 2013). The impact of climate change, precipitation, temperature (Cao et al., 2018; Dahlin et al.,
2017) and drought (A. Zhao et al., 2018) cause changes to vegetation dynamics (Zhang et al., 2017), phenological variations
(Cehuli¢ et al., 2019; Yu et al., 2015) and declined gross primary production (GPP) (Ciais et al., 2005). Drought affects the
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development of roots and shoots (Zahir et al., 2014) and biomass accumulation (Liu et al., 2020), and also causes canopy changes
(Saatchi et al., 2013), widespread crown defoliation in trees (Pollastrini et al., 2019), forest fecundity(Bogdziewicz et al., 2020)
andchanges to mortality rate (Caudullo and Barredo, 2019; Fensham et al., 2019; Stovall et al., 2019), productivity (Zhao et al.,
2019) and yield (Onyewotu et al., 1998). The response of plant phenology to temperature variations also depend on the climatic
regions (Prevéy et al., 2017). The conversion of rainforests into rubber plantations caused the deterioration of biodiversity and
ecosystem services in southwest China (Li et al., 2007). Thus, the condition of rainforest ecosystem variation is critical for this
area.

The pattern of plant phenology in response to climate change is an easily observed trait that varies among the species and depends
on the environmental factors. The changes of the plant canopy in response to drought causes leaf withering and senescence.
Variations in environmental conditions enhance changes in the terrestrial ecosystem and are especially effective on agriculture
(Salinger et al., 2000). Plants’ physiological responses to drought can happen quickly, but changes to the canopy take a long time
(Zhang et al., 2016). Most researchers have studied reductions in species’ richness and cover (Copeland et al., 2016) and tree-ring
responses to the effects of drought (Li et al., 2020), but some focus on the canopy phenology variation and productivity responses
to the drought. Digital camera images are widely used as phenological indicators to assess the forest canopy response to climate
change in the tropics. Data can also be collected hourly, daily or over several years from specific or regional areas for
conservation (Alberton et al., 2017). The colour indices obtained from images can be used to analyse the GPP (Westergaard-
Nielsen et al., 2013) and phenological variations of the forest cover (Nagai et al., 2016), and to investigate the effects of drought
on tree mortality (Anderson et al., 2010). Thus, the rainforest canopy phenology variation and productivity responses to drought
need to be investigated.

Droughts particularly result from reductions in annual precipitation and related to rain use efficiency (RUE) that affected by
phenological variations (Huang et al., 2018). Rain use efficiency is the amount of rainfall required for plants, and this can also be
used as an indicator of ecosystem functionality (Y. Zhao et al., 2018). Researchers have tested the impact of experimental drought
on mortality rate (Ogaya et al., 2020) and growth (Liu et al., 2020). There are several drought indices; temperature variations
derived the Palmer drought severity index (Palmer, 1965), and precipitation variations derived the standardised precipitation index
(McKee et al., 1993), which lack the multiscalar character needed for assessing drought. Vicente-Serrano et al. (2010) proposed a
new simple multiscalar drought index, the standardised precipitation evapotranspiration index (SPEI), which combines the effects
of precipitation and temperature data. Here, we assess the impact of meteorological drought on phenology and productivity
variations using the standardised precipitation evapotranspiration index (SPEI).

The previous study of the canopy temperature depression in the rainforest pointed out that there was a drought effect (Myo et al.,
2019). Drought can have an effect on the productivity of the rainforest and the responses of canopy phenology to climate change
might also be variable. Shifts in tree phenology in response to drought can also influence the productivity. The interactions of
climate, leaf colour variation period (CVP), and gross primary productivity (GPP) is critical to quantify the changing dynamics of
phenology in the rainforest. The drought effects on rainforest phenology and productivity have been no study dealing with the
climate change effects on tree canopy using digital camera images in our study area. Based on the SPEI and colour indices (the
strength of green — Sgyeen, the strength of red - S,y and green excess index — GEI), we investigate the effects of drought on
phenology variations and the GPP in the rainforest. The objectives of the study are: (1) to examine the annual variations of
climatic factors, phenology and the GPP based on digital camera images and flux observations; (2) to assess the effects of drought
on the phenology variations and the GPP; and (3) to examine the relationships between colour indices, the GPP and the SPEI.

2. MATERIALS AND METHODS

2.1. Study site

The rainforest study area, the permanent research plot in the Menglun Nature Reserve, is situated at 21° 55’ 39" N, 101° 15’ 55" E,
750 m above sea level, in the Yuannan Province, southwestern China (Fig. 1). The area has a monsoon climate with long summer
and no winter. It consists of different ages of mixed stands with trees of different heights and structures. The rainforest is
dominated by the deciduous species of Pometia tomentosa, Terminalia myriocarpa, Gironniera subaequalis and Garuga
floribunda and can exceed 40 m in height. The soil type is lateritic with a pH level between 4.5 and 5.5. The weather is dry and
hot, with a mean annual temperature of 21.4 °C and mean annual precipitation of 1415 mm. The majority of the total precipitation
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(80.00) occurs during the rainy season from May to October, and the dry season is from November to April. The observation
period lasted from 2010 to 2016.
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Fig.1. Location of the study site

2.2. Digital camera setting and processing

At a height of 36 m above the ground, a digital camera (Ricoh Caplio R4) was installed on a 72m-high flux tower. The camera
was covered with a weatherproof box and fixed in a southeast facing direction. The digital camera was adjusted with a 20-degree
angle position to cover the study area. The camera was set with the time interval of 1 photo per every 1 hour. Hourly digital
images were taken and stored as JPEG format images. The automated white balance adjustment setting was used to avoid
undesirable colour bands. The images taken around noon were best for analysing and reducing the effects of the illumination angle
(Ahrends et al., 2008). To get strong basic digital colour index values, we selected the best image per day and automatically
excluding images taken in unfavourable weather conditions or at night. Due to a machine error, the digital camera images for the
periods of January to March 2015 and September to December 2016 were missing.
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Fig.2. Region of interest (ROI) of the rainforest image that was taken with a digital camera.

Among all the images taken throughout the study period, the most representative one was chosen, selected the prominent tree and
set the region of interest (ROI) (Fig. 2). Here, we aim to evaluate the leaf colour variation period (CVP) that is defined as the time
interval between the fractions of red and green colour index diverged in the spring and converged in the fall each year.

We used R software (R Core Team, 2017) to extract the digital number of the red (R), green (G) and blue (B) channels of the ROI
from the images. To analyse the canopy’s phenological variations, the strength of red (Seq), the strength of green (Sgeen) and the
strength of blue (Spie) relative to the total RGB are used (Ahrends et al., 2008). The strength of each RGB colour channel (Seq,
Sgreen @Nd Spyye) is calculated as follows (Gillespie et al., 1987):

Srea=R/(R+ G +B) eeveeeeenn.. @)
Sgreen=G/(R+ G+ B) euvveeea (2)
Sblue= B/(R + G+ B) .............. (3),

where, R, G and B are the brightness levels of the red, green and blue of each colour channel from image files that are influenced
by scene illumination and express with the digital number. The strength of red (Sr.q4), the strength of green (Sgren) and the strength
of blue (Spie) are chromatic coordinates sense that can be restrained the scene illumination.
To express the canopy’s greenness, the green excess index (GEI) (Woebbecke et al., 1995) is widely used, which is calculated as
follow:

GEI=(G—R)+(G—B)=2G—(R+B) ..cccucuvuvun. “@)

2.3. Eddy flux data and meteorological measurement

The meteorological instruments; a temperature sensor (HMP45C®, Vaisala, Helsinki, Finland) for the air temperature was fixed at
a height of 36 m above the ground on the 72-m-high flux tower, a rain gauge (Rain Gauge 52203®, Young Co., Traverse City,
MI, USA) for precipitation was fixed on the top of the flux tower, and a radiation sensor (CNR-1/CM11®, Kipp & Zonen, Delft,
Netherlands) for downward and upward, short- and long-wave radiation was fixed at a height of 41 m above the ground on a 3-m
horizontal pole from the flux tower. The time interval was set to every 30 minutes for collection of the meteorological data. A
CR1000 datalogger (Campbell Scientific, Logan, UT, USA) was used to collect the data. The SPEI for drought assessment was
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the monthly difference between precipitation (P) and potential evapotranspiration (PET), and this was calculated as follows
(Vicente-Serrano et al., 2010):
SPEI =P — PET ............... Q)
The monthly average PET can be calculated with the temperature (T) and solar radiation (Q) as follows (Hargreaves and Samani,
1985):
PET = 0.0023 (T + 17.8) (Tmax—Tmin)®5Q «evvveeeennn. (6),

where T is the mean daily temperature, T and T, are the monthly maximum and minimum temperatures and Q is the mean
daily incoming shortwave solar radiation respectively. The eddy covariance technique for quantifying exchanges of carbon
dioxide and water vapour between the surface of earth and the atmosphere was used and installed a triaxial sonic anemometer
(CSAT3, Campbell Scientific Inc., USA) and a high-frequency open-path CO,/H,0 infrared gas analyzer (Li-7500, Li-Cor Inc.,
USA) at a height of 48.8 m above the ground on the flux tower. Details of the installation system used at this station have been
previously published (Fei et al., 2018).

The gross primary productivity (GPP) was used to calculate the difference between ecosystem respiration (Ree) and net ecosystem
exchange (NEE) as follows (Gilmanov et al., 2007):

GPP = Recot (—NEE) cuuuueeeeeeeneeeaeeeeeennns (7

Eg
Rec, = Reco,ref xe

where Recoref IS the reference ecosystem respiration at the reference temperature (T s; here, 283.15 K), Ey is the fitted parameter,
To is a constant set to 227.13 K, and T is the measured soil temperature at 10 cm in this study.
The NEE consists of the turbulent eddy flux (F.) and the storage flux (F) as follow (Hollinger et al., 1994):

NEE = Fc+ Fs = pw'c' + % .4 (S ()

where Fc represents the turbulent eddy flux transported above the height of the EC system and the atmosphere and Fs indicates the
storage flux under the plane of the EC system and the ground surface. A single-point method was applied to measure the Fs at the
measurement height (zr) of the fluxes. In addition, p, w, and ¢ represent the air density, vertical wind velocity, and target scalar
concentration, respectively; the primes denote fluctuations from the average, and the overbar signifies the average taken over a
given time (30 min in this case). Ac is the variation over a 30-min period at height zr, zr is the height of the EC system, and At is
the time interval (1800 s in this case).

RUE is the ratio of the GPP and precipitation (P), and this is calculated as follows (Huxman et al., 2004; Lauenroth et al., 2000):

RUE =GPP/P . veiuveiinienirnninnnnnns (10)

2.4. Data analysis

We examined the interannual dynamics of climatic factors (average air temperature - avg Ta, total precipitation — total P, and
PET), drought indices (SPEI), colour indices (Sreq, Sgreens Soiues and GEI) and carbon flux data (GPP). The colour index values were
computed with the digital number extracted from the camera images. The linear model was used to analyse the relationship
between the colour indices (Syeq, Sgreen and GEI) and GPP during the leaf colour variation periods, and the colour indices (Sq, and
Sgreen), GPP and climatic factors throughout the years.

The multiple linear model was used to analyse between the colour indices (Sred, Sgreen and GEI), GPP and climatic factors (total P,
PET and avg Ta) throughout the years. A significance level (p < 0.05) was considered as statistically significance between the
groups. Correlation coefficients between the climatic factors were calculated using Pearson’s bivariate correlation. SigmaPlot for
Windows (Systat Software, Chicago, Illinois, USA; version 12.5) was used to perform statistical analysis. The pattern of leaf
colour variation period (between the fractions ofdiverged and converged of the Sqand Sgeen) Were detected by analysing the
canopy surface images. The data from low-visibility images were removed to avoid uncertainty, and three-day moving windows
(Sonnentag et al., 2012; Toomey et al., 2015) were used to reduce the impact of undesirable conditions.
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3. RESULTS

3.1. The annual pattern of climatic factors, RUE and the drought index

Fig. 3 shows the annual pattern of the climatic factors (total P, avg Ta and PET), RUE and the drought index (SPEI) from 2010 to
2016. The pattern of total P (1062 mm) and SPEI (-0.40 mmday™) of the year 2014 were lower than the others evidently.
Meanwhile, the avg Ta, PET and RUE were also higher than the others. According to the value of the SPEI (-0.403 mmday™), the
year of 2014 was indicating the occurrence of the drought effect. During the drought period, total precipitation (1062 mmyr™) was
the lowest and avg Ta (21.250C), PET (3.31mmday™) and RUE (2.26 gCL™) were the highest throughout the study period (Fig.
3).
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Fig.3. Annual variations in total precipitation (Total P), average air temperature (Avg Ta), potential evapotranspiration (PET),
standardised precipitation evapotranspiration index (SPEI) and rain use efficiency (RUE). Vertical dashed line indicates the
drought period determined from the SPEI.

3.2. The pattern of phenological variations

The annual variation of the colour indices (Sreq, Sgreens Sbive and GEI), GPP and climatic factors (total P, avg Ta and PET) from
2010 to 2016 are shown in Fig. 4. The phenological events of the end of leaf fall and the start of leaf emergence were found in the
same period from 2010 to 2014. However, the beginning of leaf emergence was DOY +9 days earlier than the end of the leaf fall
in the year of 2015 and 2016 after the drought effect (Fig. 4). Meanwhile, the pattern of GPP was shown as decreasing during the
drought period of 2014, and increasing after the drought periods of 2015 and 2016 in (Fig. 4 and 7).
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Fig.4. The pattern of the annual dynamics of (a) the colour indices (strength of red (Sreq4), strength of green (Sgeen), Strength of blue
(Spie) and green excess index (GEI)), (b) the gross primary productivity (GPP) and (c) the climatic factors (total
precipitation (Total P), average air temperature (Avg Ta) and PET) from 2010 to 2016. The vertical dashed lines represent
the phenological events (start of leaf emergence and end of leaf fall); the vertical black lines represent the advanced
phenological events (advanced in leaf emergence); the grey rectangles indicate the drought periods.

The average leaf CVP was 241 days during the 7 years. After the occurrence of the drought effect, the leaf CVVP was longer than in
the pre-drought period (Fig. 5). The start of the increase of the S,,q and the decrease of the Sy, in the periods of 2014 to 2015 and
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2015 to 2016 was +144 days earlier than the previous, but the end of the process was nearly similar throughout the study period
(Fig. 5). Meanwhile the peak GEI values were found at the end of CVPs throughout the years (Fig. 5).
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Fig.5. The pattern of leaf colour variation period (CVP) (the time interval between the fractions of red and green colour index
diverged in the spring and converged in the fall each year), as indicated in the figure with grey rectangles, green excess
index (GEI) and productivity
(GPP).

3.3. Relationship between the colour indices, GPP and climatic factors

The GPP had a positive relationship with the S.q and negative relationship with the Sy, during the CVPs from 2010 to 2013 (Fig.
6). However, the inverse relationship was found in the CVPs from 2013 to 2016 (Fig. 6). Meanwhile, the GPP had a negative
relationship with GEI during the CVPs throughout the years, except from 2012 to 2014 (Fig. 6). Significant relationships (p
<0.05) between the GPP and the Sy, were found during and after the drought of the CVPs of 2013 to 2014 and 2014 to 2015,
while significant relationships (p < 0.05) between the GPP and S,.4 Were found after the drought of the CVPs of 2014 to 2015 and
2015 to 2016. Meanwhile, significant relationships (p < 0.01) between the GPP and GEI was only found during the drought of the
CVP of 2013 to 2014 (Fig. 6).
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Fig.6. Simple linear regression between the GPP and colour indices during the leaf colour variation periods (CVPS); (a) Sieq, (b)
Sgreen @nd (C)GEIL.

The multiple linear relationship between the colour indices (Sred, Sqreen @nd GEI) and GPP with climatic factors (total P, PET and
avg Ta) are shown in Table 1. The Srq, Sgeen and GPP were correlated (p<0.05) with Total P, PET and avg Ta throughout the CVP
of the years, meanwhile, there was also a relationship between the GEI with Total P, PET and avg Ta on before and during the
drought periods of the CVPs, but not throughout all periods (Table 1).

1386 Corresponding Author: Yiping Zhang, Qinghai Song VVolume 04 Issue 10 October 2021
Available at: ijcsrr.org
Page No.-1378-1397


https://doi.org/10.47191/ijcsrr/V4-i10-20
http://sjifactor.com/passport.php?id=20515
http://www.ijcsrr.org/
http://www.ijcsrr.org/
http://www.ijcsrr.org/

International Journal of Current Science Research and Review
ISSN: 2581-8341

Volume 04 Issue 10 October 2021

DOI: 10.47191/ijcsrr/V4-i10-20, Impact Factor: 5.825

IJCSRR @ 2021 WWW.I[CSIT.0rg

LJCSRR

Table 1. The coefficients of determination (R?) and probability values (p) from multiple linear regression between the colour
indices: the strength of red (Sq.q), the strength of green (Sqreen), green excess index (GEI) and productivity (GPP) with the climatic
factors of total precipitation (total P), PET and average air temperature (avg Ta) in the leaf colour variation periods (CVPs) from
2010 to 2016.

o s S GEI GPP
R p R® p R’ p R’ p
2010-11 0461 <0001 0320 <005 0.376 <001 0594 <0001
2011-12 0308 <001 0241  <0.05 0.163 0113 0210 <005
2012-13 055  <0.001 0305 <001 0.285 <001 0379 <0001
2013-14 0585  <0.001 0440  <0.001 0.497 <0001 0298 <001
2014-15 0342 <0001 0186 <001 0.065 0313 0684 <0.001
2015-16 0434 <0001 0150 <001 0.064 0345 0616 <0.001

During the CVP of the drought period of the year 2013-14, the Sy, and GEI were significant correlated (p<0.05) with Total P,
PET and avg Ta, meanwhile, there was only a significant correlated relationship (p<0.05) between the GPP with PET and avg Ta
on drought period (Table

2).

Table 2. The coefficients (coeff) and probability values (p) from multiple linear regression between the color indices: the strength
of red (Sreq), the strength of green (Sgeen), green excess index (GEI) and productivity (GPP) with the climatic factors of total
precipitation (total P), PET and average air temperature (avg Ta) in the leaf color variation periods 294  (CVPs) from 2010 to
2016.

Colour 2010 - 11 2011 - 12 2012 - 13 2013 - 14 2014 - 15 2015 - 16
indices/
Productivity | Variables
Coeff | p Coeff p Coeff p Coeff p Coeff p Coeff p
Total P - <0.01| -0.002| 0.202| -0.001| 0.456| - 0.109 | 0.001 <0.05 | 0.0004 | 0.581
0.004 0.004
PET | 0003|0817 0009] 0331| 0014|0343[-001 | 0453(003 | 0.075| 0.024 | <0.05 |
Sred ‘AvgTa | 0.001] 0532 0.0001| 0.449 | -0.0001 | 0.939| - | | 0.093] -0.001 | 0622 - | 0.152
0.003 0.001
Total | 0.002| 0.065|-0.0008 | 0.42|-0.0002 | 0.301| 0.005 | 0.123|0.0001 | 0.787| 0.00001 | 0.933]
P*PET
Total | 0.0003 | <0.01| 0.0002| 0.235| 0.0001 | 0.277|0.0002 | 0108 -  |<005 |- | 0.537|
P*Avg Ta 0.0001 0.00002
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[ PET*Avg | 0.0001 | 0.865] -0.0002 | 0.674 | 0.00001 [ 0.953] 0.001 | <005 | - | « 033 - 0.416 |
Ta 0.0008 0.0004
Total |- S0 <005[- S S0 S A o114 |- T S
P*PET*Avg | 0.0001 0.0003
Ta
Total P 0.007| <0.01] 0.004| 0.219| 0.002 | 0.099 | 0.012 | <0.001 | -0.001 0219 - 0.371
0.0008
PET | - . 0918| -0.048] <0.01| -0.047| 0.010] 0.035 | <0.05 | -0.003 | 0805 - |- <0.01 |
0.002 0.040
AwgTa | - 0.463| -0.005| <0.05| -0.001| 0.674| 0.005 | <0.01 |0.002 | 021 - |- <0.05 |
0.002 0.003
Total | - S0 <0.05| 0.002] 0379 0.0003 | 0.000| - - <0001 - | 0515 - T 0.12]]
Sgreen P*PET 0.003 0.015 0.0001 0.0003
Total |- S0 <0.01 | -0.0003 | 0.224|-0.0002°| 0.087| - |- <0.001] 0.00002 | 0.246| 0.0001 |02 ]
P*Avg Ta | 0.0004 0.001
PET*Avg | 0.0002 | 0.873| 0.002| <0.01| 0.002|0054| - | <0.01 |-0.00002| 0.73]0.002 | <0.01 |
Ta 0.003
Total | 00002 | <0.05|- | - - - 00008 | <0001|- |- |- - -]
P*PET*Avg
Ta
Total P 5.070| <0.05| 4.201| 0.127] 1.249] 0.403| 8515 | <0.01 | -0.254 0546 | - 0.666
0.333
PET | 428 0.788| -17.657 | 0.190 | -31.419 | 0.055| 52.034 | <0.001| 4.865 | ! 0696| - | | 0.148
12.223
AwgTa | S0 0.437| -3.263| 0.108| -0.357 | 0.837| 6.173 | <0.001| 1.003 | 03711 -134 | 0.116 |
1.498
Total | - T 0.161| 1.192| 0449|028 | 0134| - | <001 [-0031 | 0827 - | 0.277 |
GEI P*PET 1.577 10.585 0.165
Total | - <0.01| -0.365| 0.192| -0.108 | 0.182| - |- <0.001| 0.008 | 0.73] 0024 | 0.514
P*Avg Ta 0.345 0.509
PET*Avg | 0.056| 0.949| 0.898| 0.189| 1174 0143| - |- <0.001] -045 | 0.457 | 0547 | 0.237 |
Ta 3.324
Total | 0116] 0o061|- | T S0 - Toe3s | <0001|- - USTT- -
P*PET*Avg
Ta
Total P - 034 0035| 082] -0.121| 0.491| 0.289 0.303 | -0.076 0.066 | - 0.494
0.199 0.083
PET | - 0.176| -0.392] 0.605| -2.167| 0.249| 3.195 | <0.05 | -0.701 | 0561 - | 0.576 |
2.365 0.939
opp ‘AvgTa | 0.024] 0908 0011] 0.926| -0.159 | 0.434| 0.458 | <0.01 | 0.402 | <0.001| 0.514 | <0.001]
Total | 0.076] 053] 0.097] 0277 -0.029] 0186 - | 0334 -0.023 | 1 0104 - 0.804 |
P*PET 0.351 0.005
Total | 0.011| 0.398| -0.012] 0.461| 0.009| 0.343| - | 0.213| 0.005 | <0.05 | 0.005 | | 0.348
P*Avg Ta 0.018
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PET*Avg 0.156| 0.109 0.026 | 0.494 0.156 | 0.095 - <0.05 | 0.029 0.626 | 0.027 0.711

Total - 0.516 | - - - - 0.021 0.283 | - - -
P*PET*Avg | 0.004
Ta

3.4. Annual trends in colour indices, GPP and drought index
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Fig. 7. Annual variations in Sreg, Sgreen, SPEI and GPP from 2010 to 2016.

The annual variation trends in colour indices (Syeq, Sgreen), GPP and drought index (SPEI) from 2010 to 2016 are shown in Fig. 7.
There was an increasing trend of the S, with a significance (p < 0.01) of 0.004/yr, and the GPP, with an insignificance of
0.079/yr. There was a decreasing trend of the Sgee, and the SPEI with 0.001/yr and 0.034/yr, respectively, and there was no
significance (Fig. 6). The decreases in the SPEI and the GPP occurred in 2014 during the drought period (Fig. 7).

However, the Sqcontinuously increased and the Sgee, continuously decreased after the drought period, so the correlation between
the SPEI and colour indices were still there after the drought. There was only a significant multiple linear relationship (p < 0.001)
between the GPP with SPEI, total P and avg Ta throughout the year. Among the variables, the GPP was more significant (p
<0.001) with avg Ta.
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3.5. Annual relationship between colour indices, GPP with climatic factors and drought

index
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Fig. 8. Annual relationship between the average of the strength of red (S.q), the strength of green (Sgreen), the GPP and climatic
factors (SPEI, RUE, total precipitation (Total P), average air temperature (Avg Ta) and PET) from 2010 to 2016.

A negative relationship was found between the S..qand SPEI, but the Sy, had a positive relationship with the SPEI. Meanwhile,
the Srq had a positive relationship with RUE, and the Syee, had a negative relationship with it. However, the GPP had a positive
relationship with the SPEI and RUE. The S, had an indirect relationship with total precipitation, but the Sg.e,and the GPP were
directly correlated with the total precipitation. The Sy, Sqreen @nd GPP had negative relationships with avg Ta and the PET,
excepting the relationship of the S, with PET. There was no significant linear relationship between colour indices (Syeq and Sgreen)
and productivity with the climatic factors and drought index yearly (Fig. 8).
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Among the climatic factors: avg Ta, total P, PET, SPEI and RUE, there was only correlation coefficient between the SPEI, RUE
and total P with each other. There was only a significant multiple linear relationship between the GPP and SPEI, RUE and total P
(R?=0.976, p < 0.05).

However, there was no significant multiple linear relationship between the Sreq and Sgreen With SPEI, RUE and total P (R*=0.431,
p < 0.814 and R? = 0.461, p < 0.788).

4. DISCUSSION

4.1. Phenological observations

The colour indices derived from the digital camera image showed the pattern of canopy phenology variations from year to year.
The pattern of the colour indices was useful for determining the phenological variations of the forest cover (Nagai et al., 2016). In
the results, the pattern of the Sy, the Syren and the GEI showed phenological variations of the forest cover distinctly, but this was
not found in the Sy.. However, the colour indices (Syeq and Syeen) Were best for analysing the phenological variations of leaf
senescence and leaf development (Zhao et al., 2012). The start of leaf colour variations pattern of the periods of the after drought
was earlier than the periods of the before and during drought. The start of the leaf senescence (decline of the S,.q)and the green-up
(increase of the Sgeen) Were the same before and during the drought periods. After the drought, the green-up was DOY +9 days
earlier than the start of leaf falls. The duration of the CVPs changed in our studied period. After the drought effect occurred, the
CVPs was DOY +144 days longer than the previous. The peak GEI values were found at the end of the CVPs throughout the
years. The drought effect enhanced the advancement of the growing season (Bernal et al., 2011). And also the drought caused the
advance in CVPs and the beginnings of leaf colour variations before the drought periods were also earlier than in previous years.
Therefore, there was the advance in green-up with longer CVP in rainforest due to drought effect.

The variations of the climate factors caused the change in pattern of colour indices and phenology variations. Temperature
changes affected the date of the phenology variations (Dai et al., 2014; Gusewell et al., 2017), and high temperatures caused
advances in leaf flushing (Vitasse et al., 2009). The yearly variations of mean air temperatures also affected the timing of
phenology changes (Inoue et al., 2014; Nagai et al., 2013). The results showed the annual variations in climatic factors were
correlated with the colour indices Sy, Sgeen and GEI. However, the avg Ta was highest during the drought and continuously
increased after the drought throughout the annual pattern. During the drought period, the climatic factors (total P, PET and avg Ta)
were significant correlated with the Sy, and GEI. We also found the advanced in leaf emergence after the drought period with
high temperature. Thus, the patterns of the rainforest’s phenology variations were found after the drought period.

4.2. Effects of drought on GPP

The effect of drought enhanced not only the canopy phenology variations but also the productivity changes. Globally, droughts
have huge and common effects on terrestrial carbon cycling (Frank et al., 2015). Droughts derive the reduction in the GPP by
rainfall deficit and extreme heat (Ciais et al., 2005). Droughts affect the reduction in the GPP of the year 2014 with the lowest
precipitation and highest average air temperature among the studied periods. The Sreg, Sgreens GEI and GPP were significantly
correlated with the total P, PET and avg Ta throughout the CVP of the years. During the CVP of the drought, GPP was dropped
and significantly correlated with PET and avg Ta.

The droughts enhanced the positive impacts on the GPP under favourable environmental conditions (Xu et al., 2019). Drought
influenced the GPP but had no effect on RUE (Pereira et al., 2007). During the drought period, the GPP of the rainforest was the
lowest and RUE was the highest among the studied periods. Plant phenology in response to drought can cause a reduction in
productivity. Thus, the drought also directly affects rainforest productivity and negatively impacts the GPP under lower
precipitation and higher temperature.

4.3. The response of phenology and productivity to drought

According to the pattern of the SPEI, there was a drought effect in the year of 2014. Although the effects of drought meant that the
productivity of forest ecosystems was more sensitive to physiological than phenological changes (Zhang et al., 2016), the drought
had a significant influence on leaf phenology and enhanced the advancement of flushing phenology (Cehuli¢ et al., 2019). The
leaf emergence date of the warmest period was earlier than normal among tree populations (Carter et al., 2017). The higher
temperature forced plant development to speed up and caused the advanced green-up (Badeck et al., 2004; Gongalves et al., 2020).
The result showed there were no differences between the end of leaf fall and the start of leaf emergence before and during the
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drought periods. Although the GPP was significant multiple linear relationship with SPEI, total P and avg Ta throughout the year,
the avg Ta was highly significant with GPP. After the drought, the advancement in green-up and higher productivity were found
in the rainforest with high temperature. Thus, the higher temperature was the main effect, and this caused the advancement in
phenology variations and productivity in the rainforest. The vegetation index derived from satellites was correlated with the SPEI
in the response of vegetation to drought (Gouveia et al., 2017; Vicente-Serrano et al., 2013; Zhang et al., 2017).

Thus, the SPEI is the best way to capture a drought’s impacts on agricultural ecosystems

(Vicente-Serrano et al., 2012). The annual trend of the S,y showed a significant increase from 2010 to 2016, but the GPP showed
an increase and the Sy, and SPEI showed decrease trends with an insignificant relationship. RUE is directly related to climate
warming (Yan et al., 2014) and indirectly related to rainfall (Gamoun, 2016). The results show that RUE and avg Ta were the
highest and total P was the lowest during the drought period. Thus, RUE was directly proportional to avg Ta and indirectly
proportional to total P. Our results show that the S.,q was negatively related to the SPEI and the Sy.e, Was positively related to the
SPEI at the annual scale. Meanwhile, the S,y was positively related to the RUE and the Sy, Was negatively related to the RUE at
the annual scale. However, GPP was directly related with SPEI and indirectly related with RUE.

Drought affects deciduous forests, where trees drop their leaves early to reduce water loss and branch desiccation, and evergreen
forests, where trees maintain their leaves to cause water loss and branch desiccation (Pollastrini et al., 2019). Deciduous tree
species also preserve their apical buds and twigs to get new shoots and reform the canopy closure in later years (Pollastrini et al.,
2019). In the rainforest study site, the start of the leaf CVP and the green-up after the drought periods was earlier than before
drought periods. These conditions indicate that rainforests will drop their leaves early to lessen water loss and recover the forest
canopy after drought periods.

The colour indices were correlated with the tower flux-based GPP (lde et al., 2011; Sonnentag et al., 2011) and phenological
changes were effected by productivity (Yu et al., 2018). The GPP was highly correlated with the colour indices (Toomey et al.,
2015). There was a relationship between the GPP and the colour index derived from satellite observations during the drought
period (Zhang et al., 2016). The GPP was respectively positively and negatively significantly related with the S,eq and Sgyee, before
the drought. During and after the drought period, the GPP had a significant negative relationship with the S.4and a significant
positive relationship with the Sy, However, the GPP was significant relationship with the GEI during the drought period.

After the drought, the values of the rainforest’s GPP was increasing with high temperature and precipitation. The advance in
green-up and longer leaf CVVPs may also be affected on the GPP. Thus, the drought enhanced the variation of the relationship
between the GPP and the colour indices.

5. CONCLUSION

This study presents an investigation of the rainforest ecosystem response to drought through canopy phenology variations and
productivity responses. Drought enhanced the advancement in leaf colour variations and the change in the pattern of the rainforest
phenology variation in later years. Drought derived the advance in foliage green-up with the longer CVP on the later years.
Drought directly affected and reduced the productivity of the rainforest and advanced in high productivity after the drought
periods. The climatic factors were significantly related to the S,,qand the GPP during the CVP throughout the year. On the yearly
time series, the colour indices and GPP also correlated with the climatic factors. The colour indices derived from the digital
camera images and flux tower-based productivity could be used as factors for investigating the response of canopy phenology
variations to drought in the rainforest. The effect of climate changes on the rainforest’s canopy phenology and productivity can be
assessed by analysing the variations of pattern of colour indices. Moreover, the effects of climatic factors on phenology variation
and productivity in the rainforest ecosystem is complex and needs to be addressed over long-term durations.
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