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We investigated the usefulness of a ground-based digital photography to evaluate seasonal changes in the
aboveground green biomass and foliage phenology in a short-grass grassland in Japan. For ground-truthing
purposes, the ecological variables of aboveground green biomass and spectral reflectance of aboveground
plant parts were also measured monthly. Seasonal change in a camera-based index (rG: ratio of green channel)
reflected the characteristic events of the foliage phenology such as the leaf-flush and leaf senescence. In addition,
the seasonal pattern of the rG was similar to that of the aboveground green biomass throughout the year. More-
over, there was a positive linear relationship between rG and aboveground green biomass (R2 = 0.81, p b 0.05),
as was the case with spectra-based vegetation indices. On the basis of these results, we conclude that continuous
observation using digital cameras is a useful tool that is less labor intensive than conventional methods for
estimating aboveground green biomass and monitoring foliage phenology in short-grass grasslands in Japan.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Grassland ecosystems, which are estimated to cover from 41 to
56 million km2 or from 31% to 43% of the Earth's land surface, are
ranked with forest ecosystems as the main terrestrial ecosystems
(Scurlock and Hall, 1998; White et al., 2000). In East Asia, grassland
ecosystems are widely distributed in alpine areas and semiarid regions
(e.g., the Tibetan and Mongolian Plateaus [Ni, 2002; White et al., 2000;
Xiao et al., 1995]). These grasslands provide livelihoods to local
residents and serve as carbon sinks and/or sources in the carbon budget
(Fang et al., 2007; Ni, 2002; Xiao et al., 1995). However, recent studies
have reported that environmental changes such as global warming,
overgrazing, and land-use change can alter vegetation and ecosystem
functions (e.g., carbon cycle) in these grasslands (Cao et al., 2004; Ma
et al., 2010). Because uptake of CO2 by plants might be the only sustain-
able way of removing CO2 from the atmosphere (Eisfelder et al., 2012;
Trumper et al., 2008), it is important to conduct quantitative studies of
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the aboveground plant biomass and the length of the plants' growing
seasons in order to predict the response of the carbon cycle to future
environmental changes accurately. To achieve these aims, it is necessary
to establish techniques for long-term and continuous in situ observa-
tions of the spatial and temporal variations in foliage phenology and
plant biomass (Eisfelder et al., 2012).

Previous observations of foliage phenology and plant biomass in
grasslands fall into two main classes: (1) investigations of a specific
area based on conventional ground-based observations, such as clipping
and weighing of aboveground plant biomass and direct observations of
leaves to detect plant phenological events (e.g., Dhital et al., 2010a,b;
Maet al., 2010;Xiao et al., 1996; ZhangandSkarpe, 1996); and (2) region-
al or global scale investigations based on satellite remote-sensing obser-
vations (e.g., Kawamura et al., 2005; Xu et al., 2008; Yang et al., 2009).
Although conventional ground-based observation is the most accurate
way to collect biomass data in afixed area, this approach is both time con-
suming and labor intensive (Lu, 2006). Therefore, it would be difficult to
gather continuous measurements over a wide area using conventional
observation techniques (Eisfelder et al., 2012; Ide and Oguma, 2010;
Richardson et al., 2009). In contrast, satellite-based monitoring requires
little labor and is suitable for the continuous observation of spatial and
temporal changes in terrestrial ecosystem structure (e.g., foliage phenol-
ogy) at regional or global scales (Akiyama andKawamura, 2007; Eisfelder
et al., 2012; Lu, 2006). However, satellite data acquisition is limited by
cloud cover and atmospheric conditions (Ide and Oguma, 2010;
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Muraoka et al., 2012; Nagai et al., 2010). Thus, each approach has its
strengths and weaknesses. For continuous, long-term, and accurate eval-
uations of spatial and temporal variations in ecosystem structure and
functions at a large scale, it is important to integrate ground-truthing
into the study design, that is, to combine ground-based observations
and satellite remote sensing, which allows the scaling-up from a specific
area to a regional or global scale (Muraoka et al., 2012).

To bridge the gap between ground-based observations and
satellite remote sensing, researchers have begun to focus on
near-surface remote-sensing techniques (e.g., Ahrends et al., 2008,
2009; Crimmins and Crimmins, 2008). Among these, most
researchers have used the technique that utilizes the red, green,
and blue channels of digital numbers (RGBs) extracted from digital
repeat photographs taken by tower-mounted digital cameras
(e.g., Ide and Oguma, 2010; Nagai et al., 2011; Richardson et al.,
2009; Sonnentag et al., 2012). Seasonal changes in vegetation indices
calculated from RGBs (camera-based vegetation indices) were
closely related to seasonal changes in leaf phenology (i.e., the
timing of the leaf-flush and leaf-fall [e.g., Ahrends et al., 2009;
Nagai et al., 2011; Richardson et al., 2007]), gross primary
production (e.g., Richardson et al., 2009; Saitoh et al., 2012), and
the spectral reflectance estimated by a spectroradiometer system
(Saitoh et al., 2012). Because digital cameras are relatively
inexpensive and easy to use, as compared with other equipments
(e.g., spectroradiometer system), they can be used as components
of a worldwide network to allow continuous, large-scale, and highly
precise monitoring of ecological and environmental variations in an
array of ecosystems (Graham et al., 2010; Ide and Oguma, 2010;
Nishida, 2007; Richardson et al., 2007). Moreover, such a system
can provide ground-truthing of data gathered by satellite remote
sensing (Graham et al., 2010; Nagai et al., 2011; Saitoh et al., 2012).
However, most previous digital photography studies focused on
forest ecosystems (e.g., Ahrends et al., 2009; Richardson et al.,
2009; Sonnentag et al., 2012). Few studies have used the digital
repeat photography to monitor the temporal variation in grassland
structure and function (Migliavacca et al., 2011). Moreover, few
such studies have examined the relationship between the plant
biomass and the camera data (VanAmburg et al., 2006).

To validate the usefulness of the ground-based digital photography
approach in grasslands, we performed2 years of continuousmonitoring
with a digital camera and gathered monthly measurements of ecologi-
cal variables (aboveground green biomass and spectral reflectance of
aboveground plant parts) throughout a single year in a short-grass
grassland in central Japan. We investigated the relationships between
a camera-based vegetation index and these ecological variables. The
objectives of this study were (1) to test how well the seasonal changes
in each RGB channel obtained from the digital repeat photography or a
camera-based vegetation index reflect the temporal variations in
ecosystem structure (foliage phenology and aboveground green
biomass) in the grassland; and (2) to validate the usefulness of the
ground-based digital photography for continuous observations of
grassland ecosystems.

2. Methods

2.1. Site description and study period

Our study site is a short-grass grassland located in the central
mountain region of Japan (36°08′N, 137°26′E, 1340 m a.s.l.). The
grassland is maintained by cattle grazing from May to October. The
vegetation consisted primarily of Zoysia japonica, but Ranunculus
japonicus and Trifolium repens were also common (Dhital et al.,
2010a). The grass height can range from 5 to 10 cm. The annual mean
air temperature and annual cumulative precipitation from 1997 to
2006 were 7.2 °C and 2151 mm, respectively (Inoue and Koizumi,
2012). The snow season usually begins in late December and ends in
early April. More information about this site is provided by Dhital
et al. (2010a,b) and Inoue and Koizumi (2012).

We established a 20 m × 20 m experimental area on a south-facing
slope (about 16°) of the study site. The present study was conducted
from early May 2010 to early December 2011 (except during the
snow season, which extended from late December 2010 to mid-April
2011).

2.2. Observation of foliage phenology using a digital camera system

To observe the foliage phenology, we mounted a digital camera
system (Nishida, 2007) on a stand at the site, facing east and providing
a view of the whole experimental area. The placement of the system
was fixed during the study period. The camera system consisted of a
digital camera (Coolpix 4500; Nikon, Tokyo, Japan), a recording
controller (SPC31A; Hayasaka Rikoh, Sapporo, Japan), and a lithium-
ion battery (Y00-00250, Enax Inc., Tokyo, Japan). Image size was set to
2272× 1704 pixels. All imageswere capturedwith automatic exposure,
and the white balance set to “auto.” The images were saved in JPEG
format. The observation periods were from 6 May (day of year: DOY
126) to 21 December (DOY 355) in 2010 and from 27 April (DOY 117)
to 7 December (DOY 341) in 2011. The images were captured at
4-hour intervals between 00:00 and 24:00 h (Japan Standard Time:
JST) each day. The timing of the start of leaf-flush (SLF), end of
leaf-flush (ELF), start of leaf senescence (SLS), and end of leaf senescence
(ELS) was detected by visual inspection of the images. We defined the
timings of SLF, ELF, SLS, and ELS as the first day when 10% of leaves had
flushed, the first day when 90% of leaves had flushed, the first day
when 10% of leaves were withered, and the first daywhen 90% of leaves
were withered, respectively.

2.3. Calculation of the camera-based vegetation indices

We selected one photo that was captured around noon (between
10:30 and 15:30 h JST) per day for the image analysis (see Appendix A
for a detailed description). As determined by visual inspection, the
images obtained on rainy or foggy days were removed because of
noise in the RGB channels. Moreover, some images were also removed
from the analysis because of dirt on the camera housing window. In
the end, we used 127 and 151 images for the analysis in 2010 and
2011, respectively.

The red, green, and blue channels of digital numbers (DNR, DNG,
and DNB, respectively) were extracted from each pixel of an image.
We then calculated the averages of DNR, DNG, and DNB within the
regions of interest, an example of which is demarcated in white in
Fig. 1. These analyses were conducted with the free geographic
information system software GRASS GIS (http://grass.osgeo.org).
Because both weather conditions (i.e., sunny or cloudy) and solar
altitude vary during a day and over each season, the illumination
conditions at around noon at the site may not always be equal
(Saitoh et al., 2012). To avoid the effects of these variations on the
RGBs, we calculated the normalized RGBs (ratios of DNR, DNG, and
DNB as percentages of total DN) by using Eqs. (1) to (3). In addition,
we used Eq. (4) to calculate the green excess index (GEI), which has
been reported as a useful index to evaluate the variation in foliage
phenology (e.g., timing of leaf flush) more precisely than the
individual RGB channels (Richardson et al., 2007).

rR ¼ DNR= DNR þ DNG þ DNBð Þ ð1Þ

rG ¼ DNG= DNR þ DNG þ DNBð Þ ð2Þ

http://grass.osgeo.org


Fig. 1. Typical camera images of the ground surface at the study site in the (a, f) pre-foliation period, (b, g) foliation period, (c, h) leafy period, (d, i) defoliation period, and (e, j) post-de-
foliation period, in 2010 (a–e) and 2011 (f–j). The number in the upper right of each image is the day of the year on which the picture was taken. Because the camera system was not
functioning properly, owing to a dead battery, from DOYs 129 to 149 in 2010, we could not obtain images during the foliation period in 2010. The white outline indicates the region of
interest for image analysis. Some parts of the study site (lower left parts of the image) were removed for the image analysis because the areas were dug up by animals during this
study period.
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rB ¼ DNB= DNR þ DNG þ DNBð Þ ð3Þ

GEI ¼ DNG − DNRð Þ þ DNG − DNBð Þ
¼ 2 � DNG − DNR þ DNBð Þ ð4Þ

To record theweather conditionswhen the camera captured images
at the site, we also mounted a camera system (with the same compo-
nents as noted above) with a fish-eye lens (FC-E8; Nikon) on top of an
18-m-high steel tower erected 700 m north of the site. Images of the
sky were captured at 2-min intervals between 06:00 and 17:30 h
(JST) each day. We used visual analysis of the images to assess the
amount of cloud coverage. We defined the weather conditions as
“sunny” when the cloud coverage was 80% or less and as “cloudy”
when the cloud coverage was over 80%.

2.4. Observations of the spectral reflectance of the aboveground plant parts

To obtain the spectra-based vegetation indices corresponding to the
camera-based vegetation indices, we measured the spectral reflectance
of the aboveground plant parts with a portable spectroradiometer
(MS-720; Eko Instruments, Tokyo, Japan; spectral range,
350–1050 nm; spectral interval, 3.3 nm; spectral resolution, 10 nm) at
monthly intervals from May to December 2011. On each date, we ran-
domly selected six points at the study site. The spectral measurements
were performed between 11:00 and 16:00 h (JST). The spectra were
measured approximately 25 cm above the ground. The instrument
had a field-of-view of 25° and could observe a circular area with a
diameter of 11 cm at the ground surface. A 99% diffuse reflectance
Spectralon Target (SRT-99-050, Labsphere, Inc., North Sutton, NH,
USA) was used to obtain the white reflectance. We calculated the
spectral reflectance as the ratio for the reflectance of the target.

2.5. Calculation of spectra-based vegetation indices

Using the above-mentioned spectral data, we calculated spectra-
based vegetation indices. Because previous studies reported that the
normalized difference vegetation index (NDVI), green normalized
difference vegetation index (GNDVI), ratio vegetation index (RVI),
difference vegetation index (DVI), and enhanced vegetation index (EVI)
were correlated with aboveground plant biomass in grasslands (Chen
et al., 2009; Itano and Tomimatsu, 2011; Itano et al., 2000), we calculated
these vegetation indices by using Eqs. (5) to (9):

NDVI ¼ NIRave − redaveð Þ= NIRave þ redaveð Þ ð5Þ

GNDVI ¼ NIRave − greenaveð Þ= NIRave þ greenaveð Þ ð6Þ

RVI ¼ Ra=Rb ð7Þ

DVI ¼ NIRave − redave ð8Þ

EVI ¼ G � NIRave − redaveð Þ= NIRave þ C1 � redaveð Þ − C2 � blueaveð Þ þ L½ �f g:
ð9Þ

On the basis of theModerate Resolution Imaging Spectroradiometer
(MODIS) sensor specifications (http://modis.gsfc.nasa.gov), we used
the average value of the spectral data from 620 to 670 nm, 545 to
565 nm, 459 to 479 nm, and 841 to 876 nm as the reflectance in the
redave, greenave, blueave, and NIRave (NIR: near infra-red) bands, respec-
tively, and the data of 770 and 485 nm as the reflectance in the Ra and
Rb bands, respectively (Itano and Tomimatsu, 2011). G = 2.5, C1 = 6,
C2 = 7.5, and L = 1 are constants (Huete et al., 2002). Moreover, we
also calculated spectra-based rG (rG_Sp), and spectra-based GEI
(GEI_Sp) by substituting redave, greenave, and blueave for DNR, DNG, and
DNB into Eqs. (2) and (4), respectively (Saitoh et al., 2012). Correlations
of aboveground green biomass with each spectra-based vegetation
index were evaluated.

2.6. Measurements of aboveground green biomass

During each spectral reflectance measurement, we also measured
aboveground green biomass. Five circular areas with a diameter of
11 cm at the ground surface were randomly selected at the site. The
aboveground plant parts inside the area were clipped at the soil surface
and collected. These fieldmeasurements were conductedmonthly from
May to November 2011, with the circular area selected at different
points each month. The collected aboveground plant parts were sorted
into Z. japonica, other grasses, and senescent leaves. The green
aboveground green biomass of Z. japonica and other grasses was then

http://modis.gsfc.nasa.gov


Fig. 2. Seasonal changes in (a, g) DNR, (b, h)DNG, (c, i)DNB, (d, j) standard deviation of RGBs, (e, k) normalized RGBs (rR, rG, and rB), and (f, l) green excess index (GEI) during 2010 (a–f)
and 2011 (g–l). Circles and crosses indicate that the weather condition when the camera captured the image was sunny and cloudy, respectively. Red, green, blue, and gray symbols
indicate DNR, DNG, DNB, and GEI respectively. Vertical lines indicate the timing of start of leaf-flush (SLF), end of leaf-flush (ELF), start of leaf senescence (SLS), and end of leaf senescence
(ELS).
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separately oven-dried at 70 °C for 48 h and weighed. Finally, we
calculated the average aboveground green biomass for each month.

3. Results

3.1. Seasonal changes in RGB channels and camera-based vegetation index

Typical camera images of the ground surface at the study site are
shown in Fig. 1. The average value of DNR, DNG, and DNB, and the
standard deviation of RGBs during the study periods are shown in
Fig. 2. Because the camera system was not functioning properly
because of a dead battery from DOYs 129 to 149 (early May to late
May) in 2010 and from DOYs 263 to 275 (late September to early
October) in 2011, we could not obtain the RGB channels during
these periods.

In 2010,DNR andDNB decreased slightly fromDOYs 126 to 260 (May
to September). After that, the values increased from DOYs 315 to 355
(November to December; Fig. 2a,c). In contrast, DNG did not show
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remarkable seasonal changes (Fig. 2b). The standard deviation of RGBs
showed a broad range from DOYs 260 to 355 (September to December;
Fig. 2d).

In 2011, the DNR decreased from DOYs 117 to 170 (April to June),
and then it gradually increased until DOY 300 (October; Fig. 2g). After
that it decreased again in December. The DNG also decreased from
DOYs 117 to 170, and then it increased from DOYs 170 to 250 (June to
September; Fig. 2h). After that it gradually decreased again from DOYs
250 to 320 (September to November). In contrast, theDNB showed little
seasonal changes fromDOYs 170 to 341 (June to December; Fig. 2i). The
standard deviation of RGBs showed large ranges during two time
periods: DOY 117 to 160 and DOY 276 to 341 (Fig. 2j).

The fluctuations of the seasonal changes in each RGB channel
were reduced by normalization (Fig. 2e,k). In 2010, although the
RGBs were lacking during mid-May, the rG increased from DOYs
126 to 150 (early May to late May) and it reached the maximum
level from DOYs 183 to 260 (early July to mid-September). From
DOYs 260 to 355 (mid-September to mid-December), the rG
gradually decreased and reached the minimum level. In contrast,
the rR and rB gradually decreased from DOYs 126 to 215 (May to
August), and then they gradually increased from DOYs 215 to 336
(August to December).

In 2011, the values of rG fromDOYs 117 to 129 (late April to earlyMay)
were almost constant (0.33–0.34). After that, rG began to increase from
DOYs 132 to 151 (mid-May to late May) and it reached the maximum
level around DOY 200 (July). From DOYs 262 to 276 (late September to
early October), the rG decreased rapidly. After that, it gradually decreased
and reached the minimum level on DOY 340 (December). In contrast, the
rR gradually decreased from DOYs 122 to 170 (May to June), rapidly
increased from DOYs 250 to 280 (September to October), and then
remained nearly constant until DOY 341. The rB gradually decreased
until DOY 200, and then it gradually increased until DOY 341.

The GEI had a bell-shaped seasonal pattern similar to that of the rG
during the two years (Fig. 2f,l). In 2011, the values of GEI were nearly
zero (from −3 to 6) between DOYs 117 and 129 (early May), and it
Fig. 3. Seasonal changes in (a) NDVI, (b) GNDVI, (c) RVI, (d) DVI, and (e) EVI in 2011. Error bar
end of leaf-flush (ELF), and end of leaf senescence (ELS).
increased rapidly from DOYs 132 to 200 (mid-May to July), reaching
about 70. Although the GEI peaked around 85 for a short time, it
generally remained about 70 fromDOYs 200 to 262 (July to September).
After September, it gradually decreased and was nearly zero on DOY
340. A similar seasonal variation in GEI was observed in 2010, although
it began to decrease gradually from DOY 240 (late August).

The RGBs on sunny days were higher than those on cloudy days
(Fig. 2a–c,g–i). However, these fluctuationswere reduced by normaliza-
tion (Fig. 2e,k).

3.2. Seasonal changes in spectra-based vegetation indices

All the spectra-based vegetation indices calculated in this study
reached the maximum level on DOY 228 (mid-August) (Fig. 3). Both
NDVI and GNDVI showed a bell-shaped seasonal pattern, whereas the
seasonal pattern of RVI, DVI, and EVI had a distinct peak. Moreover,
NDVI and GNDVI varied among measurement spots on DOYs 136
(mid-May), 290 (mid-October), 317 (mid-November), and 341 (early
December), but there was less spatial variation on DOYs 170 (mid-
June), 205 (late-July), 228 (mid-August), and 255 (mid-September). In
contrast, RVI, DVI, and EVI showed large spatial variations during the
entire measurement period.

3.3. Seasonal changes in foliage phenology and aboveground green biomass

Visual analysis of the foliage images in 2011 (data not shown)
showed that leaf flush of grasses started on DOY 130 (early May)
and was nearly finished by DOY 196 (mid-July). During the
leaf-flushing period, the study site was dotted with leafless and
leafed areas because the timing of foliation was uneven across
the site (see Fig. 1g). From DOYs 196 to 262 (mid-July to mid-
September), the leaves remained unchanged in appearance. Leaves
had already begun to wither on DOY 276 (early October), and
senescence was almost complete on DOY 331 (late November). In
2010, we could not evaluate the timing of the start of leaf flush
s indicate the standard deviation. Arrows indicate the timing of the start of leaf-flush (SLF),



Fig. 4. Seasonal changes in aboveground green biomass in 2011. Error bars indicate the
standard deviation. Arrows indicate the timing of the start of leaf-flush (SLF), end of leaf-
flush (ELF), and end of leaf senescence (ELS). “d.w.” is an abbreviation for “dry weight”.
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because of a lack of images. The leaf flush was nearly finished by DOY 191
(mid-July). Leaves began to wither on DOY 254 (mid-September) and
senescence was complete on DOY 329 (late November).

In 2011, the total aboveground green biomass showed a seasonal
pattern (Fig. 4) similar to those of the camera-based indices (rG and
GEI). The aboveground green biomass was 0.08 kg d.w. m−2 soon
after the start of leaf-flush (DOY 133), and then it increased to
0.26 kg d.w. m−2 on DOY 168 (mid-June). In late July (DOY 203),
it reached the maximum level of 0.32 kg d.w. m−2. After
September, it gradually decreased and reached the minimum of
0.06 kg d.w. m−2 on DOY 341 (early December). The ratio of
aboveground Z. japonica biomass to total aboveground green
biomass was about 90% from DOYs 168 to 315, whereas it accounted
for 72% and 75% in May (DOY 133) and December (DOY 341),
respectively.
Fig. 5. Relationships between the camera-based and spectra-based vegetation indices (rG, rG_S
is an abbreviation for “dry weight”. Error bars indicate the standard deviation. The black solid li
vegetation indices of the daywhen the aboveground green biomass was collected. If we could n
image taken on the previous day was used.
3.4. Relationships between the vegetation indices and aboveground green
biomass

There were significant positive linear relationships between
vegetation indices (rG, GEI, and spectra-based vegetation indices) and
aboveground green biomass (Fig. 5). The rG and rG_Sp were more
strongly correlated with seasonal changes in aboveground green
biomass (R2 = 0.81 and 0.82, respectively; p b 0.05) than were GEI,
GEI_Sp, and DVI (R2 = 0.73, 0.66, and 0.61, respectively; p b 0.05), but
the coefficients of determination for rG and rG_Sp were smaller than
those of NDVI and GNDVI (R2 = 0.90 and 0.91, respectively; p b 0.05).
The coefficients of determination for RVI and EVI were similar to that
of rG (R2 = 0.79 and 0.78, respectively; p b 0.05).

4. Discussion

4.1. Evaluation of temporal variations in foliage phenology using the
camera-based vegetation index

The start date of leaf-flush at this site in 2011 estimated by the visual
analysis of the images (estimated date: DOY 130) agreed well with the
timing based on an increase in GEI and rG (DOY 132). In addition, the
timings of ELF and ELS detected by the visual analysis corresponded to
the maximum and minimum levels of GEI and rG, respectively.
Moreover, both the decrease of GEI and rG and the increase of rR were
shown more clearly after the timing of SLS detected by the visual
analysis. In this way, seasonal changes in the camera-based indices
reflected the characteristic events of the foliage phenology at this site.
Previous reports on the seasonal changes in these camera-based indices
in forest sites (Ide andOguma, 2010;Nagai et al., 2011; Richardson et al.,
2009; Saitoh et al., 2012) noted a marked spike in the GEI after the
leaf-flush period, which we did not observe in the grassland (Fig. 2e,f,
k,l), although the GEI in both forest and grassland sites showed a
bell-shaped seasonal pattern. However, the seasonal pattern of GEI at
our site agreed with previous research conducted at a subalpine
grassland (Migliavacca et al., 2011). This difference in the seasonal
patterns of GEI between forest and grassland sites might reflect
differences in the leaf growth characteristics between the two types of
p, GEI, GEI_Sp, NDVI, GNDVI, RVI, DVI, and EVI) and the aboveground green biomass. “d.w.”
ne represents the regression line for each vegetation index.We selected the camera-based
ot obtain the images because of rain or fog on the daywhen thematerial was collected, the
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ecosystems. In a deciduous forest site, Nagai et al. (2011) noted that the
increase of photosynthetic pigments related to the increasing or
decreasing of rR and rG occurred later than the leaf area increase.
However, photosynthetic pigmentation and leaf area increased simulta-
neously in a grassland site (Nishida and Higuchi, 2000). Moreover, we
found that the range of the standard deviation of RGBs in summer
2011 was smaller than that in summer 2010, which suggests that leaf
growth occurred simultaneously within all grasses at the site in 2011.
This result also suggests that the standard deviation of RGBs may be a
useful index for observing the interannual variation in differences of
foliage phenology among the grasses at the site.

Our results indicate that the continuous observation of foliage
phenology, which requires much labor if conducted by using
conventional ground-based observation techniques, can be achieved
in a much simpler manner by using digital cameras, as noted by Ide
and Oguma (2010). However, researchers must be aware that the
color balance of camera images can change over time (Ide and
Oguma, 2010) and theremay be a difference in camera-based indices
among various digital camera models (Sonnentag et al., 2012). Thus,
a standardized and consistent calibration method is required for the
establishment of long-term observation with this technique across
different sites with different digital cameras.

Use of the threshold value of the camera-based vegetation index
is one of the useful approaches for automatic detection of the
phenological events such as leaf-flush (Nagai et al., 2013). Inoue
et al. (2014) statistically evaluated the suitable threshold value of
GEI for detection of the timings of start of leaf-flush and end of
leaf-fall in a deciduous broad-leaved forest in Japan by using daily
canopy surface photographs over 10 years. As is the case with
Inoue et al. (2014), long-term camera monitoring is required to
evaluate the suitable threshold value of the camera-based vegetation
index for automatic detection of the phenological timings in this
study site.
4.2. Relationships between aboveground green biomass and spectra- and
camera-based vegetation indices

The rG and GEI showed a positive linear relationship with
aboveground green biomass (Fig. 5a,b), as did the spectra-based
vegetation indices (Fig. 5c–i), similar to previous studies that
reported the relationship between the spectra-based vegetation
index and aboveground green biomass in grasslands (Itano and
Tomimatsu, 2011). However, the R2 values varied widely among
the spectra-based vegetation indices (from 0.61 to 0.91). The
spectral reflectance of the aboveground plant parts obtained by
hyperspectral sensor measurements could represent variation in
both the leaf forms of different species and the photosynthetic
pigment content in the leaves. For example, the reflection of NIR
could capture seasonal changes in leaf form (e.g., leaf area [Justice
et al., 1985]), and the reflection of both red and green represents
the seasonal changes in leaf color indicating changes in the amounts
of specific pigments (i.e., anthocyanin and chlorophyll [Sims and
Gamon, 2002]). These findings highlight the importance of selecting
the spectra-based vegetation index that uses the optimum spectral
band at a study site when estimating aboveground green biomass
based on a spectra-based vegetation index (Chen et al., 2009; Itano
and Tomimatsu, 2011). Our results suggest that a spectroradiometer
should provide high-quality data for estimating the aboveground
green biomass (e.g., Fig. 5 shows that NDVI and GNDVI had the
highest R2 values). However, continuous spectral measurement is very
costly. In contrast, a digital camera system can obtain near-surface
remote-sensing images continuously, yet inexpensively. Its radiometric
quality is not as good as that of a spectroradiometer, but a digital camera
system is inexpensive andmuch less labor-intensive to use,while provid-
ing aboveground green biomass estimates as good as those obtainedwith
a spectroradiometer (relationship between rG and aboveground green
biomass: R2 = 0.81).
5. Conclusion

Aboveground green biomass and the length of the plants'
growing seasons are important ecological information for under-
standing the response of the carbon cycle to future environmental
changes. However, direct observation methods are too labor
intensive to be suitable for continuous long-term observations. In
this study, we tested whether a ground-based digital photography
is suitable for the continuous evaluation of seasonal changes in
aboveground green biomass and foliage phenology in a short-grass
grassland of Japan. Image analysis indicated that seasonal variation
in the camera-based vegetation index (rG: ratio of green channel)
reflected the characteristic events of the foliage phenology such as
the leaf-flush and leaf senescence and corresponded well with
seasonal variation in aboveground green biomass. Although we
did not make long-term measurements, our results suggest the
feasibility of using a digital camera system for continuous
long-term monitoring of foliage phenology and estimation of
aboveground green biomass in short-grass grasslands in Japan, in a
manner that is less labor intensive than the use of convention
methods. Our future research will be focused on the clarification of
the generality of this approach. We need to test whether this
approach is suitable for the continuous evaluation of seasonal
changes in aboveground green biomass and foliage phenology in
various types of grasslands.
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Appendix A

To investigate the effect of the diurnal changes in solar altitude on
the RGBs, we examined the seasonal changes in the differences be-
tween the value of RGB channels at 4 h before noon (i.e., morning)
and 4 h after noon (afternoon) as compared to the value around
noon (Fig. A1). We found that the RGB channels obtained during
the morning tended to be lower than those around noon throughout
the year, whereas values obtained during the afternoon tended to be
higher than those around noon. These results suggested that the
illumination effect on the RGBs in the noon tended to be lower
than that in the morning and afternoon. Therefore, to avoid the
effects of diurnal changes in solar altitude on the RGBs, we used the
images captured around noon in our analysis.



Fig. A1. Seasonal changes in the difference between the morning and afternoon values of the RGB channels as compared to those around noon in 2011.
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