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Digital cameras have been used in phenological observations for their high accuracy and low labor cost. Most
studies successfully use greenness indices derived from digital images for timing the events related to leaf de-
velopment. However, when timing the leaf senescence events, wide discrepancies between actual and esti-
mated dates are common. In this study, images of three species (two from an evergreen broad-leaved
forest and one from a seasonal rain forest) were used to estimate three phenological events of leaf develop-
ment and senescence. Other than the greenness index, a redness index was also employed. Different annual
patterns in color indices developed among the species. The redness index was more accurate when estimat-
ing leaf senescence, while the greenness index was more accurate for estimating leaf development events in
Acer heptalobum andMachilus bombycina. The absolute differences in estimations of phenological events ran-
ged from −3 to 1 day, which is more accurate than estimates based on the greenness index only (−2 to
27 days). With the introduction of the redness index, this technique has been much improved and is possible
to be applied to more species. Furthermore, variations of color indices during periods of phenological events
were highly related to the climatic factors with a time lag of around 10 days. Because of the ease of use and
efficiency (i.e., automatic daily data output), digital cameras are expected to be used in ecosystem process
modeling, networks of phenology assessment and validation of the remote sensing results from satellites.

© 2012 Published by Elsevier B.V.
1. Introduction

During the last half century, climate change has shown profound
effects on ecosystems all over the globe (Bradshaw and Holzapfel,
2008; Root et al., 2003; Walther et al., 2002). Plant phenology is con-
sidered to be a reliable indicator for climate change due to its high
sensitivity to climate (Keatley et al., 2002; Kington, 1974; Schwartz,
1990). In response to increasing temperature, many species in tem-
perate regions have exhibited advanced spring phenology (e.g., leaf
budburst, leaf flushing and flowering) and delayed autumn senes-
cence (e.g., leaf coloring and leaf shedding), which have led to a pro-
longed growing season (Chen et al., 2005; Doi and Katano, 2008;
Gordo and Sanz, 2009; Matsumoto et al., 2003; Menzel and Fabian,
1999). With the shift of phenology, carbon and water cycles within
terrestrial ecosystems have also been altered (Fitzjarrald et al.,
2001; Keeling et al., 1996; Niemand et al., 2005; Obrist et al., 2003;
sevier B.V.
Penuelas and Filella, 2001). Therefore, to better understand and sim-
ulate these processes at a regional or global scale, widespread phenol-
ogy observations with standardized rules and skills are needed
(Chiang and Brown, 2007).

Phenological observations have been carried out for over a century
(Rutishauser et al., 2007). However, in long-term observations, the
phenological records are often biased due to different observers
(Kharin, 1976; Menzel, 2002). The lack of volunteers also limits the
spatial and temporal coverage of phenology assessments. During the
last two decades, remote sensing has been used to monitor phenology
at regional and global scales. However, due to low accuracy from at-
mospheric disturbances (Ahl et al., 2006; Zhang et al., 2006), there
is still a need to routinely validate many remote sensing simulated as-
sessments from satellites by the ground-based observations (Stockli
et al., 2007). Additionally, phenological studies based on remote sens-
ing are usually not species-specific (but in the ecosystem of low bio-
logical heterogeneity, see Hestir et al., 2008 for example), but are
commonly integrated over patches of vegetation.

Digital cameras have been applied to the ground-based phenolog-
ical observations in recent years for their high accuracy and low labor
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Fig. 1. The locations of the two study sites (black crosses).
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cost (Ahrends et al., 2008, 2009; Crimmins and Crimmins, 2008; Ide
and Oguma, 2010; Richardson et al., 2007, 2009). Indices based on
the spectral information in red, green and red wavelengths were
used to date phenological events. Furthermore, they also correlate
well with the Normalized Difference Vegetation Index (NDVI, which
is an index to indicate the status of vegetation), rate of canopy photo-
synthesis and gross primary production (GPP) (Ahrends et al., 2009;
Richardson et al., 2007, 2009). In Japan, digital cameras were installed
in 43 national parks to monitor the seasonal vegetation variation (Ide
and Oguma, 2010). In their studies, daily digital images of the last
8 years were analyzed to estimate green-up dates of the vegetation.
While the methodology was suggested to be a potential approach
for a worldwide network of phenological observation, the technique
is still far from mature. In former studies (Ahrends et al., 2008,
2009; Ide and Oguma, 2010; Richardson et al., 2007), only greenness
indices were used to estimate the dates of green-related events (e.g.,
leaf emergence and leaf green up), but senescence events (e.g., leaf
coloring and shedding) were seldom analyzed (but see Ahrends et
al., 2009). Besides, the technique still needs to be validated with
more species and ecosystems and under diverse environmental
conditions.

In this study, images of three species (two from an evergreen
broad-leaved forest and one from a seasonal rain forest) were used
to estimate phenological events of leaf development and senescence.
In addition to the greenness index used in former studies, a redness
index was also employed. Our objectives were to: 1) evaluate the ac-
curacy of the timing of phenological events from the two color indi-
ces, 2) compare it among the three tree species, and 3) reveal the
effects of climatic factors on phenological events based on the color
indices. Additionally, the effect of camera white balance setting on
the day-to-day fluctuations of output data was also discussed.

2. Materials and methods

2.1. Study sites and materials

Study sites are located in Ailaoshan Mountain Nature Reserve
(24°32′N, 101°01′E, 2476masl) and Menglun Nature Reserve of
Xishuangbanna (21°55′N, 101°15′E, 750 masl) in Yunnan Province,
southwestern China (Fig. 1).

At Ailaoshan, it is covered with a subtropical evergreen broad-
leaved forest with a canopy height of ~25 m. The annual mean tem-
perature is 11.3 °C with an average annual precipitation of 1840 mm
(Tan et al., 2010). Here we studied two species, Machilus bombycina
(Lauraceae) and Acer heptalobum (Aceraceae). They are important
components of the forest (Qiu, 1998) with different vegetative strat-
egies (i.e., M. bombycina is evergreen, while A. heptalobum is decidu-
ous), and are within the reachable range of the camera view. A 34 m
high steel tower was erected at the site for meteorological monitor-
ing and carbon flux observation (Tan et al., 2010), and we installed a
Ricoh Caplio R4 digital camera, which can take images automatically
at given time intervals, at 30 m above ground on this tower, facing
southwest. During the observation period, images were taken every
3 h and saved in JPEG format (2816×2112 pixels). The camera was
operated in automatic exposure mode with the white balance ad-
justment in “automatic mode”. We used midday images for analysis
to avoid the effect of solar angles (Ahrends et al., 2008, 2009; Ide and
Oguma, 2010). Images with raindrops on the lens, rain or heavy fog
were excluded. We selected two fixed areas of interest (AOI), valid
for each image for the whole monitoring period, as representatives
for the canopies of M. bombycina and A. heptalobum (see Fig. 2).
The observation period lasted from 1 January to 21 December
2010; however, images for the first twenty days are missing due to
technical failures (Fig. 3).

At Xishuangbanna, the tropical seasonal rain forest is dominated
by the deciduous species Pometia tomentosa (Sapindaceae), which
was studied in this study, with a canopy height >30 m (Cao et al.,
1996; Hu et al., 2010). Annual mean temperature is 21.7 °C with an
annual precipitation of 1487 mm. There is a 70 m tower for meteoro-
logical monitoring and carbon flux observation within the site (Zhang
et al., 2010). A southeast-facing Ricoh Caplio R4 digital camera was
mounted at 36 m above ground. Camera setting, image capturing
and picking process were the same as in Ailaoshan site, except for
the white balance setting, which was fixed (in “outdoor mode”). In
each image, a fixed AOI of P. tomentosa was selected for analysis
(see Fig. 2). The observation period started on 1 January and lasted
until 28 December 2010 (Fig. 4). During this period, images from 7
October to 6 November are missing due to technical failures.

Daily climatic data in 2010 from the meteorological towers in
Ailaoshan and Xishuangbanna, including temperature, photosynthet-
ic active radiation (PAR) and rainfall, were used to reveal the climatic
effects on the phenology. In contrast to the complete data set from
Ailaoshan, the temperature data of 18–22 April and 8–17 May, the
PAR data of 12 May–22 June and 3–5 December as well as the rainfall
data of 6–17 May and 13–22 June are missing in Xishuangbanna due
to technical failures.

2.2. Data analysis

In the AOI of each image (Fig. 2), the color values (red, green and
blue, referred to as R, G and B, respectively) were extracted from each
pixel and averaged on a daily basis. Indices including red fraction
(RF=R/(R+G+B)) and green fraction (GF) were introduced to nor-
malize the value of R and G by instantaneous total brightness.

The color of the forest canopy was used to describe vegetative
phenology, as it reflects the seasonal variation of vegetation (Ide
and Oguma, 2010; Richardson et al., 2007, 2009). Three phenological
events of leaf development and senescence were studied: (1) start of



Fig. 2. Two sample images (taken on 15 June and 19 November 2010, respectively)
showing the area of interest (AOI, see Section 2.1) for the 3 studied species in forests
at Ailaoshan (upper panel) and Xishuangbanna (lower panel). AOI includes
24,897 pixels for A. heptalobum, 105,937 pixels for M. bombycina and 441,441 pixels
for P. tomentosa.
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growing season (SGS): leaves begin to appear; (2) start of leaf senes-
cence (SLS): leaves begin to change color; (3) end of leaf senescence
(ELS): the tree turns to be leafless. These events are commonly used
in remote sensing and phenological studies (Ahrends et al., 2009;
Zhang et al., 2003). During these periods, sigmoid curves were used
to fit the RF and GF values (Fisher et al., 2006; Ide and Oguma,
2010; Richardson et al., 2007; Zhang et al., 2003):

y ¼ aþ b

1þ e c−dxð Þ

where y represents the RF or GF values, x represents the day of year
(DOY) and a to d are regression parameters estimated by least
squares method (see Fig. 5 as example). The occurrence of the pheno-
logical event was determined as the DOY with a maximum absolute
value of the second derivative of y (Ahrends et al., 2008, 2009; Ide
and Oguma, 2010). We also visually assessed the dates of these
events from the images to validate the estimated timing (Table 1).

To explore the effects of climate on each phenological event, we
used RF or GF with the most accurate estimates (noted in bold in
Table 1). For each of these phenological periods, a cross-correlation
over a 30-day window was computed to detect the strength of rela-
tion and the time lags between RF or GF and climatic factors, with
the assumption that variation of climatic factors leads the phenology.

For digital images, white appears to be different from what is rec-
ognized by the eyes under various light sources or conditions, which
in turn impacts the color of all pixels. White balance is a calibration
procedure to remove this color discrepancy. The “automaticwhite bal-
ance” mode available in digital cameras allows automatic adjustment
to diverse light conditions. Many phenological studies with digital
cameras suggested that the white balance of the cameras should be
fixed in order to minimize the day-to-day fluctuations of the color
index (Ahrends et al., 2008, 2009; Ide and Oguma, 2010). In this
study, we investigated the difference between results from the images
taken with automatic white balance (Ailaoshan) and with fixed white
balance (Xishuangbanna). We assumed no differences in true leaf
color between two successive days for the same tree and the observed
variation in leaf color was caused by differences in the white balance
setting andweather condition. Then, based on this assumption, amov-
ing standard deviation (SD) for RF or GF was calculated for all two-day
windows except during periods of phenological events with rapid
changes in leaf color (DOY: 120–210 for M. bombycina, 30–150 and
260–355 for A. heptalobum, 30–180 for P. tomentosa). Each of the SD
multiplies 1000 was deemed as a noise coefficient to represent the
day-to-day fluctuation of RF or GF. To reveal differences among spe-
cies, a nonparametric Mann–Whitney U test (because data series are
non-normally distributed) was performed with RF and GF as factors
and noise coefficients as dependent variables (Fig. 6). If a fixed white
balance could effectively reduce the noise of RF or GF, the noise coef-
ficients of P. tomentosa (fixed white balance) should be significantly
lower than for the other two species with automatic white balance
adjustment.

3. Result

3.1. Variations of RF and GF

At Ailaoshan, the two species showed different RF and GF varia-
tion patterns during the studied period (Fig. 3). For the evergreen
species M. bombycina, only SGS was studied because there is no gen-
eral leaf senescence period in evergreen species. GF varied only when
SGS occurred in May, which might be induced by the increasing rain-
fall in April. GF dropped when yellow new leaves began to flush and
increased only after leaves were fully developed and turned green.
This GF pattern inM. bombycina is distinct from the other two species
with green or red young leaves, whose GF or RF values increased as
leaves flushed (see Figs. 3 and 4). In RF, no substantial shift occurred
during SGS, indicating that RF is not sensitive enough to detect the
appearance of the yellow young leaves.

RF and GF for the deciduous species A. heptalobum varied much
more during the studied period than in M. bombycina, (Fig. 3). In
the annual cycle, two peaks developed in RF and one peak in GF.
Both RF and GF values increased simultaneously with SGS in March,
but GF reached higher values than RF. This increase in RF and GF
seems to be driven by the temperature rise in March. After leaves
were fully developed, GF dropped to ~0.36 and remained until the
end of October when SLS occurred. Leaf coloring (SLS) caused a de-
crease in GF to ~0.33 and an increase in RF to ~0.36. Finally, after
ELS, RF also declined to ~0.33. Note that the value 0.33 is like a base-
line for RF and GF, at which no substantial redness or greenness is
presented in AOI of the images. In view of the annual pattern, RF
appeared to be negatively related to temperature and rainfall.

At Xishuangbanna, the GF annual pattern of the deciduous species
P. tomentosa showed one peak and RF exhibited two peaks (Fig. 4). All
three phenological events occurred before May. Similar as in A. hepta-
lobum, GF decreased and RF increased with the onset of SLS in
February. At the end of March, the tree had turned leafless (ELS),
and GF and RF had dropped to ~0.36 and ~0.41, respectively. Right
after that, RF increased (but not GF) with the onset of SGS, because
the developing leaves of P. tomentosa are red. GF only started to in-
crease when some young leaves turned green one week after SGS.
With respect to the environmental drivers, leaf senescence was

image of Fig.�2


Fig. 3. Annual patterns of daily red fraction (RF) and green fraction (GF) derived from area of interest (see Fig. 2 and Section 2.2) forM. bombycina (top) and A. heptalobum (middle)
and annual patterns of daily climatic factors in 2010 at Ailaoshan (bottom). The study period was from 21 January to 21 December 2010. Smooth lines of 15-window boxcar filter
have been added to the RF and GF distributions to improve visualization of their annual patterns. Vertical lines indicate the occurrences of phenological events (SGS: start of grow-
ing season; SLS: start of leaf senescence; ELS: end of leaf senescence). Climatic factors include the temperature, photosynthetic active radiation (PAR) and rainfall.
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probably driven by the absence of rainfall before April and leaf devel-
opment by an increase in temperature and rainfall following SLS.

3.2. Estimated date for each phenological event

For each studied phenological event, estimated dates are quite dif-
ferent depending on whether they are based on RF or GF (see Fig. 5
and Table 1), and the absolute differences of the estimated dates ran-
ged from−4 to 1 day and from−2 to 27 days, respectively (Table 1).
In the phenophase of leaf development (SGS), regardless of the case
in P. tomentosa whose young leaves are red, estimated dates from
GF (absolute difference: −2 to 0 day) are more accurate than those
from RF (absolute difference: −4 to 1 day). However, in the leaf se-
nescence phase, estimated dates from RF (absolute difference: −3
to 1 day) are much more accurate than those from GF (absolute dif-
ference: 9 to 27 days). In the case of ELS, the dates can only be esti-
mated by RF, because GF of the two studied deciduous species
dropped to minimumwhen all leaves turned red before ELS and with-
out obvious shift afterwards. In conclusion, events involving red
leaves (i.e., SLS, ELS and the SGS of P. tomentosa) can be estimated
more accurately by RF while events characterized by green leaves
(i.e., SGS for A. heptalobum and M. bombycina) should be estimated
by GF (see Table 1, noted in bold). Using this strategy, absolute differ-
ences of the estimated dates for all the phenological events remain
within −3 to 1 days.
3.3. Impact of environmental factors

All RF or GF variations during the periods of phenological events
showed significant correlations with climatic factors (Table 2). Phe-
nological events occurred with an average time lag of 10 days to
the climatic signals ranging from 0 to 25 days. These time lags are
generally longer in A. heptalobum than the other two species, indi-
cating a slower response of A. heptalobum to environmental changes.
Temperature is the key factor for all three events in the three spe-
cies. PAR is also a dominant driving factor for events in P. tomentosa
at Xishuangbanna. By contrast, rainfall showed less impact on most
events (except for the case of SGS in A. heptalobum and M. bomby-
cina at Ailaoshan).

image of Fig.�3


Fig. 4. Annual patterns of daily red fraction (RF) and green fraction (GF) derived from area of interest (see Fig. 2 and Section 2.2) for P. tomentosa (upper panel) and annual patterns
of daily climatic factors in 2010 at Xishuangbanna (lower panel). The study period was from 1 January to 28 December 2010. Smooth lines of 15-window boxcar filter have been
added to the RF and GF distributions to improve visualization of their annual patterns. Vertical lines indicate the occurrences of phenological events (SGS: start of growing season;
SLS: start of leaf senescence; ELS: end of leaf senescence). Climatic factors include the temperature, photosynthetic active radiation (PAR) and rainfall.
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4. Discussion

4.1. Accuracy of the estimated timing for each phenological event

The primary purpose of this study was to evaluate the accuracy of
the estimated dates of phenological events from digital images. Two
study sites with different forest types were included because different
conditions in different forest types may influence the timing of phe-
nological events from digital images. Estimates from digital cameras
showed a high accuracy (absolute difference: −3 to 1 day, see
Table 1) in monitoring the phenology of the three different species.
Former studies have demonstrated the feasibility of observing
Fig. 5. Example of sigmoid regressions for estimating the time of phenological event in A. h
senescence). Vertical solid lines denote observed dates of the events from images. Vertical da
fraction (GF), respectively (see Section 2.2). GF was not used for timing of ELS because it d
phenology with digital cameras for the species in temperate regions
(Ahrends et al., 2008; Ide and Oguma, 2010; Richardson et al.,
2007). However, when estimating the events of leaf senescence
with greenness index, higher discrepancies were found (Ahrends et
al., 2009), which is why the redness index was introduced in this
study.

For the three studied species, different patterns between RF and
GF variation were shown in all the phenological events (Figs. 3 and
4), which resulted in different estimated dates from them (Table 1).
Generally, to achieve higher accuracy, events associated with red
leaves (SLS, ELS and the SGS for P. tomentosa) should be estimated
by RF, while events related to the green leaves (SGS for A. heptalobum
eptalobum (SGS: start of growing season; SLS: start of leaf senescence; ELS: end of leaf
shed lines and dotted lines denote the estimated dates from red fraction (RF) and green
ropped to the minimum when all leaves turned red before ELS occurred.

image of Fig.�4
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Table 1
Dates of phenological events for the 3 studied species showing the observed dates
(Obs), estimated dates (Est) derived from red fraction (RF) and green fraction (GF)
and the absolute differences (Diff) between the estimated dates and observed dates.
“–” denotes that no substantial change of RF or GF occurred around the events. SGS:
start of growing season; SLS: start of leaf senescence; ELS: end of leaf senescence. Frac-
tion (RF or GF) with the more accurate estimated date for each event is noted in bold.
All dates are in the form of DOY (day of year).

Site/species Event Obs Est

RF Diff GF Diff

Ailaoshan
A. heptalobum SGS 60 56 −4 58 −2

SLS 283 284 1 310 27
ELS 338 339 1 – –

M. bombycina SGS 131 – – 131 0

Xishuangbanna
P. tomentosa SGS 97 98 1 115 18

SLS 53 51 −2 62 9
ELS 88 85 −3 – –
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and M. bombycina) should be estimated by GF (noted in bold in
Table 1). Using this strategy, the timing accuracy was much improved
from the estimates only from GF, especially for the events of leaf se-
nescence (SLS and ELS). The greenness index was not sensitive
enough to reflect the color variation of the leaves when they turn
into colors other than green (e.g., red) because the greenness can to-
tally vanish. Therefore, it is suggested to include a redness index
when estimating the phenology of the species whose leaf color is pe-
riodically red (e.g., some deciduous species).

With the introduction of the redness index, the technique of phe-
nological estimation with digital images has been much improved.
Not only can the event of leaf development be accurately estimated
from it, but also the events of leaf senescence. Further, based on this
improvement, the technique is expected to be applied to more spe-
cies in different forest types.

4.2. Impacts of the climatic factors

Climatic factors were well correlated with the RF or GF and
showed a average time lag of 10 days during periods of phenolog-
ical events (Table 2), indicating that it is possible to reveal the
Fig. 6. Noise coefficients of red fraction (RF) and green fraction (GF) for the 3 studied
species. Images of P. tomentosawere corrected with a fixed white balance while images
of A. heptalobum and M. bombycina were taken in an automatic white balance mode.
Mann–Whitney U test was performed with RF and GF as factors and noise coefficients
as dependent variables. Different letters indicate significant differences (pb0.05). The
bottom and top of a box indicate the values of lower and upper quartiles, respectively,
and the horizontal line within the box is the median. The lower and upper whiskers
represent the values of the 10th and 90th percentiles, respectively.
climatic impacts on phenology. Studies with long-term inter-
annual data suggested that the time lag of plant phenology varies
from a few days to several months, which is a period for temper-
ature accumulation or leaf development preparation (Cannell and
Smith, 1983; Chuine, 2000; Doi and Katano, 2008; Gordo and
Sanz, 2010). However, in this study, the cross-correlation was
computed only over a 30-day window, because our data had a
daily resolution and it seems unreliable to estimate a time lag of
several months without long-term inter-annual data. Therefore,
the lags here represent the delay of phenological responses, but
may not relate to the mechanisms of plant development.

After all, to determine the impact of environmental drivers on
phenological events within a year, daily data from digital camera
are more effective than conventional observed records, which include
only the dates of occurrence for the events. With long-term daily data
of canopy color, it is possible to analyze the phenological responses to
inter-annual climate change, and it can also reflect the change of for-
est NDVI, photosynthesis rate and GPP (Ahrends et al., 2009;
Richardson et al., 2007, 2009).

4.3. Day-to-day noise for RF and GF

Day-to-day fluctuations (noise) of RF and GF were observed
during the studied period for the three species (Figs. 3, 4).
Some studies suggested using a fixed white balance setting to
minimize this noise (Ahrends et al., 2008, 2009; Ide and
Oguma, 2010). In this study, the camera at Ailaoshan (A. hepta-
lobum and M. bombycina) was set in an automatic white balance
mode while it was in fixed mode at Xishuangbanna (P. tomen-
tosa). This allowed us to explore the impacts of white balance
setting on the quality of the output data.

Result showed (Fig. 6) that the noise coefficients of RF and GF
in the case of P. tomentosa (fixed white balance) are not neces-
sarily lower than those in the other two species (automatic
white balance). This means that the impacts of the white balance
setting were not the main cause of day-to-day noise and a fixed
white balance could not effectively reduce the noise of output
data. The noise may have been mainly induced by fog and atmo-
spheric conditions. In the case of the GF of A. heptalobum, the
noise coefficients are significantly higher than in other cases,
owning to the long distance from the camera to the canopy of
the tree (Fig. 2). A longer distance may include more fog and en-
hance the distortion of colors in the images. However, noise co-
efficients are not higher in RF, suggesting that greenness indices
can be more easily impacted by the distance than redness indi-
ces. After all, to get high-quality images, a proper distance
should be set between the camera and sample trees.

4.4. Implications of digital camera monitoring

Digital camera monitoring, for its high accuracy in phenology
observation, is an alternative option to replace the conventional
phenology observation and bridges the gap between remote
sensing data from satellites and field observations. Compared
with the conventional observation, this technique requires
fewer volunteers, which makes long-term standardized observa-
tions at widely distributed study sites possible, even in some re-
mote areas. Furthermore, phenological networks of regional or
even global scale might be established with the support of this
technique (Ide and Oguma, 2010).

Despite the advantages of the technique, some limitations also
appeared. First, missing data may occur occasionally due to techni-
cal failure or weather condition. The missing data during periods
of phenological events can directly induce discrepancies in esti-
mated dates. Hence we recommend taking additional conventional
observations during bad weather conditions, especially during the
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Table 2
Cross-correlation coefficients between red fraction (RF) or green fraction (GF) of each phenological event and climatic factors. Only the fraction (RF or GF) with a more accurate
estimated date is presented for each event (see Table 1). RP: the representative period of each event, within which the data are used in the cross-correlation, and it is presented
in the form of DOY (day of the year). Lag: the time lag that gives the maximum absolute value of cross-correlation coefficient for each event. R: maximum/minimum cross-
correlation coefficient. SGS: start of growing season; SLS: start of leaf senescence; ELS: end of leaf senescence.

Species Event Fraction RP Temperature PAR Rainfall

Lag R Lag R Lag R

A. heptalobum SGS GF 30–130 22 0.775⁎⁎⁎ NS 15 0.350⁎⁎⁎

SLS RF 260–330 15 −0.850⁎⁎⁎ 25 −0.420⁎⁎ 0 −0.433⁎⁎

ELS RF 320–355 0 0.545⁎⁎ 23 0.507⁎⁎ NS
M. bombycina SGS GF 120–160 13 −0.747⁎⁎⁎ 4 0.492⁎⁎ 16 0.530⁎⁎⁎

P. tomentosa SGS RF 90–120 8 0.919⁎⁎⁎ 10 0.740⁎⁎⁎ NS
SLS RF 20–80 4 0.700⁎⁎⁎ 0 −0.455⁎⁎⁎ NS
ELS RF 70–100 2 −0.657⁎⁎⁎ 3 −0.702⁎⁎⁎ 16 −0.432⁎

Significant levels: ***, pb0.001; **, pb0.01; *, pb0.05; NS, not significant (p>0.05).
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onset of phenological transitions. Another problem is that the
color change of the images is still not sensitive enough to detect
flowers and fruits of the studied trees. Although it may be possible
to estimate the dates of reproductive events for some species with
flowers or fruits of conspicuous size and color or with higher res-
olution cameras or large zoom lens, which still needs to be veri-
fied, conventional observation is still suggested in reproductive
phenology studies.

Besides phenological observations, digital images of the cano-
py with daily resolution offer potential opportunities for improv-
ing the simulation and prediction of dynamic processes in forests
(e.g., carbon flux or transpiration modeling). Moreover, to esti-
mate the vegetation variation of the forest, more trees should
be included in the visual field of the cameras at a proper dis-
tance. For this purpose, we recommend setting up more than
one camera and facing different directions to cover more areas
of the forest. Additionally, a comparison between data from cam-
era images and satellite images should be carried out in the fu-
ture, which may provide a way to validate the result from
satellite remote sensing.
5. Conclusions

To accurately estimate the dates of phenological events from
digital images, both the greenness and redness indices are needed.
In this study, variations of the color indices (RF or GF) during pe-
riods of phenological events were well correlated with climatic
factors and showed a time lag of around 10 days. With respect to
the camera setting, the automatic white balance mode does not
necessarily increase the day-to-day noise of the output data com-
pared to a fixed white balance. Instead, the quality of the data is
more affected by the weather condition and the distance from
camera to the canopy of the tree. Because of its convenience (i.e.,
automatic sampling, low labor cost), data from digital images pro-
vide a possible and efficient mean for the future ecosystem pro-
cess modeling, phenological networks establishing and remote
sensing validating.
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