
remote sensing  

Article

Mangrove Phenology and Water Influences Measured with
Digital Repeat Photography

Veeranun Songsom 1 , Werapong Koedsin 1,* , Raymond J. Ritchie 1 and Alfredo Huete 1,2

����������
�������

Citation: Songsom, V.; Koedsin, W.;

Ritchie, R.J.; Huete, A. Mangrove

Phenology and Water Influences

Measured with Digital Repeat

Photography. Remote Sens. 2021, 13,

307. https://doi.org/10.3390/

rs13020307

Received: 15 December 2020

Accepted: 14 January 2021

Published: 17 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 ANdaman Environment and natural Disaster research center (ANED), Faculty of Technology and
Environment, Prince of Songkla University, Phuket Campus, Phuket 83120, Thailand;
veeranun.s@phuket.psu.ac.th (V.S.); raymond.r@phuket.psu.ac.th (R.J.R.); Alfredo.Huete@uts.edu.au (A.H.)

2 School of Life Sciences, University of Technology Sydney, Sydney, NSW 2007, Australia
* Correspondence: werapong.g@phuket.psu.ac.th; Tel.: +66-950-438-880

Abstract: The intertidal habitat of mangroves is very complex due to the dynamic roles of land
and sea drivers. Knowledge of mangrove phenology can help in understanding mangrove growth
cycles and their responses to climate and environmental changes. Studies of phenology based on
digital repeat photography, or phenocams, have been successful in many terrestrial forests and
other ecosystems, however few phenocam studies in mangrove forests showing the influence and
interactions of water color and tidal water levels have been performed in sub-tropical and equatorial
environments. In this study, we investigated the diurnal and seasonal patterns of an equatorial
mangrove forest area at an Andaman Sea site in Phuket province, Southern Thailand, using two
phenocams placed at different elevations and with different view orientations, which continuously
monitored vegetation and water dynamics from July 2015 to August 2016. The aims of this study
were to investigate fine-resolution, in situ mangrove forest phenology and assess the influence and
interactions of water color and tidal water levels on the mangrove–water canopy signal. Diurnal
and seasonal patterns of red, green, and blue chromatic coordinate (RCC, GCC, and BCC) indices
were analyzed over various mangrove forest and water regions of interest (ROI). GCC signals from
the water background were found to positively track diurnal water levels, while RCC signals were
negatively related with tidal water levels, hence lower water levels yielded higher RCC values,
reflecting brownish water colors and increased soil and mud exposure. At seasonal scales, the GCC
profiles of the mangrove forest peaked in the dry season and were negatively related with the water
level, however the inclusion of the water background signal dampened this relationship. We also
detected a strong lunar tidal water periodicity in seasonal GCC values that was not only present in
the water background, but was also detected in the mangrove–water canopy and mangrove forest
phenology profiles. This suggests significant interactions between mangrove forests and their water
backgrounds (color and depth), which may need to be accounted for in upscaling and coupling with
satellite-based mangrove monitoring.

Keywords: phenocam; equatorial mangroves; phenology; tidal water; water color; Southern Thailand

1. Introduction

Phenology is a key factor explaining climate interactions between the biosphere and
the environment [1–3]. Jeong et al. [4] have reported shifts in phenology (the start and
end of the growing season) in the Northern Hemisphere associated with increasing tem-
peratures, and there are corresponding shifts in phenology in the Southern Hemisphere,
such as in Australia [2]. Mangrove forests are a type of evergreen forest found between
40◦S to 40◦N [5,6]. Mangrove forests have high potential to store carbon [7,8] and play an
important role in coastal erosion, nutrient, and water quality issues in estuaries and coastal
areas [9]. They also serve as a location for feeding and breeding of birds, fish, and crus-
taceans, such as crabs, shrimp, and prawns. Despite their benefits and ecosystem services
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they provide, human activity has had negative impacts on mangrove ecosystems, resulting
in decreasing stocks of aquatic species; pollution of water from urban development and
industry; and expansion of shrimp farms, fishing, charcoal, agriculture (e.g., oil palm), and
tourism [10–14].

The vegetation growth cycle, or phenology, includes vegetation characteristics such
as leaf emergence, standing leaf crop, flowering, and leaf litter fall. In general, mangrove
phenology starts with new leaf appearance, flowering, fruiting, and leaf fall, however many
variations are found, depending on the mangrove species and environment. Mangrove
species such as Avicennia marina in Australia [15] and Kenya [16] have the same general
phenology patterns, however Ceriops decandra and Xylocarpus mekongensis in Banglasesh [17]
start with leaf fall, followed by leaf appearance, flowering, and fruiting, which is also similar
to Sonneratia alba at Australian sites in Queensland [18]. Furthermore, the phenology of
Kandelia ÿ picula in Japan [19] begins with flowering, then leaf appearance, leaf fall, and
fruiting. In Thailand, Christensen and Wium-Andersen [20] reported that leaf production
for Rhizophora ÿ piculate was maximal in May–June, followed by flowering of buds during
August to November, developing into full flowering between December to February in
the following year, while there was no distinct seasonal variation of leaf fall throughout
the year.

The study of mangrove phenology is important to understand the mangrove forest
ecosystem, because mangroves are vulnerable to climate change (temperatures, sea levels,
storm cycles, etc.) [21]. Changes in mangrove phenology affect primary productivity and
consumer organisms in the mangrove ecosystem [18], where energy transfer starts primarily
after leaf fall [20,22,23]. Leaf fall provides food for crustaceans and fish, who in turn provide
food for bigger animals [24]. Therefore, if the timing of leaf fall has shifted, activities
consequential to the timing and magnitude of litter fall may be changed. Understanding
the mangrove phenology is also helpful in selecting suitable dates for replanting.

Traditional mangrove phenology studies use visual observations, which are not as
suitable for large areas and over long recording times. An alternative approach to study-
ing vegetation phenology involves the use of remote sensing data due to the ability to
acquire high temporal resolution images over large areas, from regional [25–27] to global
scales [28–30]. Nevertheless, cloud interference in tropical areas can severely limit the use
of satellite data for phenology studies, particularly when much of the mangrove forest
growth occurs during the monsoon or wet season [31]. There have been some mangrove
phenology studies carried out with remote sensing data [32,33]. Songsom et al. [33] used
the Moderate Resolution Imaging Spectroradiometer (MODIS) enhanced vegetation index
(EVI) with 250-m resolution to monitor mangrove phenology in Southern Thailand. Their
results showed significant seasonal changes over the year-round evergreen mangroves.
However, there were limitations resulting from the coarse spatial and temporal resolution
of the satellite data [31,34].

Digital repeat photography imaging, also known as digital time lapse camera or phe-
nocam imaging, is another option that can be used to monitor vegetation phenology. The
advantage of ground-based digital imaging is that data can be captured continuously and
at very high temporal resolutions, regardless of cloud conditions [31,34,35]. Time series
photography can capture pheno-phases of vegetation, while long-term digital photogra-
phy can record phenological activity across multiple years, which may include drought
and wet years [31,36,37]. In addition, digital photography is also used to validate remote
sensing data with the observed ground-level vegetation phenology [38–44]. The digital
image processing algorithm can be trained to detect important events such as the date of
flowering, duration of flowering, peak greenness, and leaf senescence [45]. Moore et al. [3]
showed the value of high-performance digital imaging and remote sensing to evaluate
the functioning of Australia’s terrestrial ecosystems (tropical rainforest, tropical savanna,
and temperate evergreen forest environments). Some studies have used digital image
analysis to evaluate biophysical characteristics of vegetation, such as the biomass [46] and
leaf area index [47]. The cameras can be used to map specific vegetation species. The
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study of phenological characteristics at the species level is important because different
species are likely to be governed by different phenological control factors [31,48]. The
various vegetation types that have been studied with digital cameras technology include
grassland [46,49–51], deciduous broadleaf forest [34,44,47,50–54], temperate freshwater
wetland [31], evergreen broadleaf forest [31,50,55], mixed deciduous forest [31,36] and
tropical rainforest [35] environments. However, the knowledge of mangrove phenology
based on digital photography is very limited [56], with such studies yet to be carried
out over an entire growing season, particularly in equatorial environments. Additionally,
the vegetation index which may be successful in assessing terrestrial phenology (green
chromatic coordinate or excess green [34] values), may not be helpful for mangrove forests.
Several vegetation indices may be needed to characterize mangroves, due to the influ-
ences of water and changes in water level and salinity, differences in wet mangrove soils
compared to forest soils, and different forms of canopy structural complexity [6].

Rainfall is a main driving factor in upland tropical forests, where changes in seasonal
vegetation are directly driven by the seasonality of the rainfall [30,57]. Songsom et al. [33]
reported that high cumulative rainfall induced a later green-up date for mangroves in
Southern Thailand. During periods of increasing rainfall, water levels rise, while they are
lower during the dry season; however, it is not known in which ways water levels influence
the remotely sensed observations of mangrove vegetation from satellites. In the dry season,
as well as at diurnal low tide levels, the mangrove canopy background will consist of more
shallow water with greater mud and soil exposure, while at high tide and in the wet season,
the mangrove canopy background would have higher water levels. There are studies on
the relationship between sea level rise and the expansion of mangrove areas [58,59], and
both rainfall and water level are known to induce changes in salinity levels, both seasonally
and during tidal cycles, with potential stress on mangrove forests.

In this study, we investigated the green leaf phenology and water background seasonal
patterns of a mangrove forest located in Phuket province, Thailand, using two in situ time
lapse digital cameras (phenocams). The objectives of this study were to (1) investigate the
mangrove forest and water background diurnal and seasonal characteristics across wet
and dry seasons, and (2) to assess the influence and interactions of tidal and seasonal water
dynamics on phenocam-derived spectral indices.

2. Materials and Methods
2.1. Site Description and Phenocam Details

The study area is located in Bangrong Bay (8.052◦N and 98.415◦E), along the Andaman
Sea in Phuket province, Southern Thailand (Figure 1). This site is the largest (~3 km2)
remaining mangrove area in Phuket province, with Rhizophora apiculata as the dominant
species. The cumulative annual rainfall is 2500 mm, with the wet season extending from
May to November and the dry season from December to April. The mean annual tempera-
ture is 28 ◦C, with minimal seasonal temperature variation.
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Figure 1. Location of study area. The green point is the mangrove forest tower located in Bangrong
Bay, Phuket province, Thailand (8.052◦N and 98.415◦E).



Remote Sens. 2021, 13, 307 4 of 18

To study the mangrove phenology, two WingscapesTM time lapse RGB cameras (pheno-
cams) were installed on a mangrove observation tower (8.052◦N, 98.415◦E) (Figure 2). The
heights of phenocam-1 and phenocam-2 were 15 and 5 m above mean sea level, respectively.
The orientation of phenocam-1 was north-facing and that of phenocam-2 faced to the west
(Figure 2a). The view angles of phenocam-1 and phenocam-2 were set at 5◦ and 3◦, respec-
tively. The observation period was from July 2015 to August 2016, and both phenocams
captured images every 30 min [36,44] from 07:00 to 16:30 local time (GMT + 07 h). The focal
length was set to infinity for both phenocams. All images were saved as JPEG files and
contained red (R), green (G), and blue (B) channels containing 2592 × 1944 pixels. Due to
the limitations of the memory cards of the phenocams (8 Gigabyte), the data were collected
during field site visits every month.
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Figure 2. Fields of view and orientations of the two phenocams installed in the mangrove forest tower
enclosure, which protected the phenocams. (a) The green square represents the top view of mangrove
tower roof, with the viewing directions for (b) phenocam-1 (north facing) and (c) phenocam-2 (west
facing) both showing the region of interest (ROI) of the mangrove forest area (ROI 1, white rectangle),
as well as the combined mangrove–water canopy (ROI 2, black rectangle), the area where water level
estimates were made (ROI 3), and the water background (ROI 4) from phenocam-2 only.

2.2. Data Used
2.2.1. Phenocam RGB Indices

The red–green–blue (RGB) digital numbers (DNs) from the phenocam images were
extracted, separated, and transformed into RGB chromatic coordinate indices, including
the green chromatic coordinate (GCC) index, red chromatic coordinate (RCC) index, and
blue chromatic coordinate (BCC) index (Equations (1)–(3), Table 1). The DN of each color
channel was very sensitive to scene illumination and the DNs divided by the sum of all
3 color DNs served to normalize scene illumination variations. The GCC index is the most
commonly used index for studying phenology using phenocams [44,47,51,60] due to its
sensitivity to green leaf color [40]. The normalized green–red difference index (NGRDI) [61]
(Equation (4)) is functionally equivalent to the green/red ratio [62] and was developed
from the formula structure of the normalized difference vegetation index (NDVI) and
simple ratio (SR) by substituting the green band for the near-infrared (NIR) band.
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Table 1. Red, green, blue chromatic coordinate indices (RCC, GCC, BCC, respectively) and normalized
green–red difference index (NGRDI) greenness indices derived from the phenocam images. Note:
DN = digital number; R, G, and B = red, green, and blue bands, respectively).

Equation No. Equations Research Sources Research Applied

(1) GCC = DNG
DNR+DNG+DNB

. [34,41] [31,42,51,60]

(2) BCC = DNB
DNR+DNG+DNB

. [34,41] [36]

(3) RCC = DNR
DNR+DNG+DNB

. [41] [36]

(4) NGRDI = DNG−DNR
DNG+DNR

. [61,63] [41,64]

The GCC and NGRDI greenness indices were used in this study to monitor mangrove
phenology and assess the influences of soil, mud, and standing water. Positive NGRDI
values indicate more green leaves in the image, while negative values indicate a high
presence of soil, mud, or water cover [63]. The RCC and BCC indices were used to better
characterize the red and blue color features of the mangrove, water background, and
exposed soil regions.

Different regions of interest (ROI) were delineated to represent the mangrove forest,
water background, and combined mangrove–water canopy (Figure 2b,c). The pixel DNs
within each ROI were averaged and used to calculate the RGB chromatic coordinate and
vegetation indices for the 30 min images (7:00 to 16:30 local time). This resulted in 20 values
per day for each color index. ROI 1 from both phenocams represented the mangrove forest,
while ROI 2, ROI 3, and ROI 4 from phenocam-2 represented the mangrove–water canopy,
water level detection, and water background, respectively.

2.2.2. Rainfall and Water Level Influences

We analyzed rainfall and water tide levels as potential drivers of mangrove phenolog-
ical growth. Daily rainfall data were obtained from the NASA (National Aeronautics and
Space Administration) precipitation estimate product TRMM-3B42 (Tropical Rainfall Mea-
suring Mission-3B42) at 0.25◦ resolution and downloaded from https://disc.gsfc.nasa.gov/.
This product provides merged infrared precipitation data (mm/h) with a 3-hourly tem-
poral resolution, from which we derived daily precipitation values. The closest water
level gauge data were 30 km from the study site. It was also not located in a tidal creek
environment and so data from it would not have been of great value, not only because
of the magnitude but also the flushing time of the tidal creek at the study site. Thus, to
avoid uncertainties due to timing lags and elevation effects on actual water levels at our
site, we derived sub-daily local estimates of water tide levels by monitoring the relative
water level observed from the phenocam-2 data (ROI 3, Figure 2c). The relative water level
was then normalized from zero to one for further analysis. The study area is located near
the equator, at 8◦ N latitude, with a fairly constant day length through both wet and dry
seasons. We, therefore, did not use solar radiation data directly as drivers of mangrove
growth, but instead used rainfall data for empirical inverse estimates of sunlight. The sky
is generally overcast during the wet season, whereas it is clearer in the dry season (winter),
even though the solar angle is lower (+68.5◦ at winter solstice).

2.3. Diurnal and Seasonal Analysis

We analyzed the diurnal mangrove forest canopy, water background, and the com-
bined mangrove–water canopy with the phenocam RGB color indices from 07:00 to 16:30
(local time) and at four phenology periods of the year. The periods included 14–16 July
2015, 18–20 October 2015, 29–31 December, and 7–9 April 2016, representing the dry season
(December), wet season (July), and dry-to-wet (April) and wet-to-dry (October) transi-
tional periods, respectively. We averaged three consecutive days to generate the sub-daily
phenocam color indices and water level profiles.

https://disc.gsfc.nasa.gov/
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To generate seasonal mangrove profiles, the 30 min sub-daily phenocam data were
composited to daily values by averaging mid-day, near-solar-noon values, from 10.00
to 14.00 (local time), and by selecting the 90th percentile. The observations near solar
noon both reduced sun angle variation and produced a more consistent daily phenology
measure. Additionally, a three day moving average was applied to smooth the time series
data [36,44]. The peak of the growing season was used as a key descriptor of the mangrove
forest phenology.

The diurnal, daily, and seasonal data were used to analyze relationships between the
phenocam color indices and tidal water levels. Cumulative daily rainfall data were com-
puted and related to mangrove forest leaf flush periods. Linear regression and Pearson’s
correlation were used to explain the relationships across the RGB color indices and water
levels.

3. Results
3.1. Diurnal Profiles of the Mangrove Forest

The phenocam-2 diurnal profiles, representing the mangrove forest, water background,
and mangrove–water canopy ROIs (Figure 2), are shown in Figure 3 for the four RGB color
indices and four seasonal periods of the year. The mangrove forest exhibited strong diurnal
variation, with sharply increasing GCC values in the morning and peak values at mid-
morning (10:00–11:00 h) (Figure 3a). The RCC profiles showed similar diurnal patterns
as for GCC, while the BCC profiles were inversely related to those of GCC and RCC. The
NGRDI profiles were relatively stable throughout the day and appeared to be the least
affected by diurnal sun angle variations (Figure 3a).
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Figure 3. Diurnal variations of the phenocam-2 RGB color indices (GCC, RCC, BCC, and NGRDI) over 4 seasonal periods
of the year for (a) the mangrove forest (ROI 1), (b) combined mangrove-water canopy (ROI 2), and (c) water background
(ROI 4). The diurnal profiles were measured at 30-min intervals and 3-day averages for each seasonal period (14–16 July
2015; 18–20 October 2015; 29–31 December 2015; 7–9 April 2016). The local time was GMT + 07 h.

Profile variations across the 4 seasonal periods of the year were pronounced for the
GCC, RCC, and BCC indices and were smaller for NGRDI. The highest GCC and RCC
values occurred in the dry season (December) period, while the lowest GCC and RCC
values were in the wet season (July) period. BCC values, and to a lesser extent NGRDI
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values, were seasonally out of phase, with the highest values occurring in the July wet
season period (Figure 3a).

The high GCC and RCC values seen in mid-morning may be attributed to the west-
facing phenocam view orientation, in which the mangrove forest was observed in the
backscatter (sunlit) direction, with minimal shading and close to the hot spot at mid-
morning. This was followed by forward scatter observations in the afternoon, when the
mangrove forest becomes increasingly shaded, causing GCC and RCC to decrease while
BCC increases. The diurnal pattern of sunlit-to-shaded mangrove forest images can be
seen in the dry season (December) phenocam image sequence (Figure 4). Thus, the diurnal
anisotropy was much greater in the dry season due to the greater occurrence of sunny days
(strong back- and forward scatter conditions) relative to the wet season, when most days
are cloudy and diffuse diurnal radiation variations are much smaller.
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Figure 4. Diurnal hourly time lapse sequence of phenocam-2 images in the (a) wet season (July 15)
and (b) dry season (December 30), displaying tidal cycles of changing water level and water color, as
well as changing illumination conditions from backscatter (morning) to forward scatter (afternoon)
solar angles and differences between diffuse radiation (wet season) and global radiation (dry season).

3.2. Diurnal Profiles of the Water Background

There were significant diurnal RGB color index variations for the water background
underneath the mangrove forest due to variations in tidal water levels, sediments, and
soil exposure (Figures 3c and 4, ROI 3). The sample diurnal profiles over 4 periods of
the year corresponded very well with the apparent colors of the water observed in the
phenocam diurnal images (Figure 4). The greenness index values (GCC, NGRDI) peaked
at 10:00 to 11:00 in the July wet season period, and also peak at 13:00 to 15:00 in the dry
season (December), both of which matched the apparent “green water” color seen in the
phenocam images at these times (Figures 3c and 4a,b).
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The diurnal RGB color index values of the water also appeared to be synchronized
with water level variations (Figure 5). The diurnal greenness (GCC and NGRDI) values
positively tracked diurnal water levels across all 4 seasonal periods. For example, in the
wet season period (July), water levels increased from early to mid-morning and were
maximum at 10:00, coincident with GCC and NGRDI peak values at 9:30 to 10:00. In April,
the GCC, NGRDI, and water levels peaked at 11:30, while in October their peaks occurred
at 12:30. The dry season period (December) showed peak GCC and NGRDI values at 15:00,
nearly coincident to the 14:00 water level peak.
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Diurnal BCC values were also positively related with water levels, but with smaller
variations relative to GCC values (Figures 3c and 5). Diurnal RCC values of the water,
on the other hand, varied inversely with diurnal water levels across all seasonal periods
(Figures 3c and 5). The diurnal behavior of RCC can also be linked to the color of the water
(Figure 4). In the wet season (July), RCC values of the water are at their lowest at 11:00
and increase in the afternoon, corresponding with phenocam images displaying increasing
brownish water, mud, and exposed soil. Thus, water color and water level co-vary with
RCC values. The diurnal water RGB index color variations were of the same magnitude as
those from the mangrove forest (Figure 3a,c). The GCC values of the water varied from 0.33
to 0.38, while the GCC values from the mangrove forest ranged from 0.35 to 0.41. The RCC
values had a stronger diurnal-seasonal range of 0.32 to 0.42 over water than in mangrove
forests (0.32 to 0.40), while BCC values had a larger range of values (0.18 to 0.32) in the
mangrove forest than in the water (0.24–0.32). NGRDI values were twice that in the water
(−0.12 to +0.10) than found in the mangrove forest (0 to 0.09).

3.3. Diurnal Profiles of Combined Mangrove–Water Canopy

The diurnal profiles of the combined mangrove–water canopy RGB color indices are
shown in Figure 3b. The influence of the added-water signals was to lower the overall GCC
values relative to mangrove forest. This influence was seasonally associated with a greater
GCC decrease in the dry season (December) and only a minor decrease in the wet season
(July). The dry season had the lowest water levels, with greater likelihood of muddy water
and exposed soil, which would lower the GCC to a greater extent than in the wet season.
The mangrove–water canopy GCC may be approximated as a linear combination of the
relative proportions of mangrove forest and water within the ROI, and in our case the
fractional area of the water background in the ROI was approximately 20%.
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In contrast to GCC, RCC values were minimally impacted by the water present in
the combined mangrove–water canopy relative to the mangrove forest (Figure 3b). The
BCC values slightly increased in the combined mangrove–water canopy relative to the
mangrove forest only, as the water BCC values were relatively higher than those for the
mangrove forest. As with the mangrove forest diurnal profiles, the BCC profiles of the
combined mangrove–water canopy were inversely related to the patterns of GCC and RCC
indices, such that the BCC values were highest in the wet season (July) and lowest in the
dry season (December).

The combined mangrove–water canopy diurnal NGRDI profiles generated slightly
lower NGRDI values relative to the mangrove forest, but also displayed much greater water
diurnal variations and peak values that coincided fairly well with the normalized water
levels (Figures 3b and 5). Thus, the presence of water in the mangrove forest enhanced
the NGRDI seasonality and most dramatically influenced the resulting mangrove–water
canopy NGRDI profiles relative to the nearly invariant mangrove forest NGRDI profiles
(Figure 3a). Further, in the combined mangrove–water canopy NGRDI profile, the values
remained highest in the wet season and lowest in the dry season, which was out of phase
with the GCC profiles.

In summary, Figure 3 shows that (1) the mangrove forest BCC values varied inversely
to GCC values, both diurnally and seasonally; (2) the water RCC values varied inversely
to the water GCC values; and (3) the RGB color indices of water influenced the resulting
indices in the mangrove–water canopy ROI. Diurnal water level variations were strongly
positive correlated with the GCC (r = 0.888, p < 0.001) and NGRDI (r = 0.852, p < 0.001)
values for the water background, while RCC values were strongly negatively correlated
(r = −0.806, p < 0.001) and BCC values were weakly correlated (r = 0.294) (Table 2). Hence,
shallow water (brown color) yielded higher RCC values. In the mangrove–water canopy
with 20% water fraction, GCC values were the most significantly correlated with water
levels (r = 0.442, p < 0.001) and a significant relationship was remained, even in the
mangrove forest ROI (r = 0.364, p < 0.01). These relationships were much stronger in
the dry season, with correlations of 0.701 and 0.551 for the mangrove–water canopy and
mangrove forest (p < 0.001), respectively.

Table 2. Correlations of diurnal RGB color indices with normalized water levels. Wet is the wet
season (July, October) and dry is the dry season (December, April).

Index
Mangrove Forest Mangrove–Water Canopy Water Background

All Wet Dry All Wet Dry All Wet Dry

GCC 0.364 * 0.152 0.551 ** 0.442 ** 0.210 0.701 ** 0.888 ** 0.903 ** 0.887 **

RCC 0.301 * 0.137 0.420 * 0.094 0.018 0.125 −0.728 ** −0.806 ** −0.673 **

BCC −0.344 * −0.151 −0.495 * −0.296 * −0.147 −0.415 * 0.202 0.294 0.131

NGRDI −0.019 0.046 −0.029 0.317 * 0.223 0.432 * 0.852 ** 0.894 ** 0.831 **

Note: ** p < 0.001, * p < 0.01.

3.4. Seasonal Profiles of the Mangrove Forest, Water Background, and Mangrove–Water Canopy

The diurnal data were composited into near-solar-noon daily values to generate
seasonal RGB color index profiles of the mangrove forest, water background, and mangrove–
water canopy (Figure 6). The mangrove forest GCC profile revealed maximum greenness
values in the early dry season (January) and minimum values during the wet seasonal
period (July–September) (Figure 6a). The combined mangrove–water canopy resulted in a
similar but lower greenness profile that still peaked in the early dry season. However, the
water-induced decrease was stronger in the dry season than in the wet season due to the
greater occurrences of shallow, mud, and exposed soil backgrounds. The water background
GCC values did not show clear seasonality, but instead exhibited strong periodicity of a
2-week frequency, apparently related to the lunar tidal cycles that occur twice per month.
This periodicity can also be seen to a lesser extent in the mangrove forest and mangrove–
water canopy GCC profiles (Figure 6a). These show GCC values to be positively related
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with the water level. In the wet season, the GCC signals from the mangrove–water canopy
are nearly as high as that of the mangrove forest, suggesting the water GCC signals are as
green as the mangrove forest GCC, possibly due to green scattering of sunlight from the
mangrove forest onto the water surface.
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Figure 6. Phenocam-2 RGB color index seasonal profiles of the mangrove forest (ROI 1), water (ROI 4), and combined
mangrove–water canopy (ROI 2) from July 2015 to August 2016: (a) GCC, (b) RCC, (c) BCC, and (d) NRGDI (blank area in
May 2016 is missing data due to phenocam malfunction).

The mangrove forest seasonal RCC profile behaved similarly to the GCC profile,
but with greater seasonal contrast and no distinction between the mangrove forest and
mangrove–water canopy ROIs (Figure 6b). This may be a result of the much greater
fluctuations in the water background RCC values, which were well above and below the
both mangrove profiles. Further, the water background RCC tidal periodicity was inverse
to that of the GCC periodicity, i.e., RCC water tidal peaks aligned with GCC troughs
(Figure 6a,b). This was consistent with the inverse relationship of the GCC with RCC found
in the diurnal water background results (Figure 3c) and further indicates that RCC values
were negatively related with the water level.

The mangrove forest seasonal BCC profile was inverse to the GCC and RCC seasonal
profiles, with maximum BCC values in the wet season and minimum values in the dry
season (Figure 6c). The mangrove–water canopy seasonal BCC profile was situated in-
between that of the mangrove forest and water background, with water having distinctly
higher BCC values year-round. Thus, similar to the seasonal GCC profile, the presence
of water in the combined mangrove–water canopy ROI dampened the stronger seasonal
contrast of the mangrove forest (Figure 6c). The water background BCC tidal periodicity
was in phase with that of the GCC and positively related to increasing water levels.

Overall, the mangrove forest and mangrove–water canopy NGRDI profiles were
similar to the equivalent GCC profiles, with the water NGRDI values being the lowest
and mangrove forest NGRDI values being the highest (Figure 6d). However, their NGRDI
seasonal profiles were lower in the dry season and higher in the wet season (Figure 6d),
which was out of phase with the GCC profiles, although both were greenness indices. The
seasonal difference between the mangrove and mangrove–water canopy was greatest in
the wet season and lowest in the dry season, also out of phase with GCC profiles, which
showed the largest differences in the dry season.

The NGRDI values are functionally related to the ratio of GCC to RCC, and one can see
from Figure 6a,b that the ratio between GCC and RCC for the mangrove forest is greater in
the wet season (0.385/0.36 = 1.07) than in the dry season (0.395/0.38 = 1.04), hence yielding
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higher NDGRI values in the wet season (0.034) than in the dry season (0.020). Seasonally,
there is also an increase in the water background RCC in the dry season due to the lower
water levels and exposure of mud and soil. This results in mangrove–water canopy RCC
values being higher than RCC values for the mangrove forest in the dry season. The water
background NGRDI tidal periodicity was in phase with that of GCC and BCC, and hence
was positively related to increasing water levels.

3.5. Mangrove Forest Greenness Phenology

To confirm the out-of-phase mangrove phenology GCC and NGRDI profiles, we
examined the corresponding profiles with the north-facing phenocam-1, which imaged
a higher elevation portion of the mangrove forest (Figures 2 and 7). The phenocam-1
mangrove forest seasonal RGB color index profiles resembled the phenocam-2 mangrove
forest profiles (Figure 6), but with lower seasonal GCC and NGRDI values. Both phenocams
showed mangrove forest profiles with similar phenology peak timings in the early part
of the dry season around January, and phenological growth cycle commencing in the
middle of the wet season, around June–July. The slightly lower values for the north-facing
phenocam-2 were most likely a result of the absence of the strong backscattering signals
seen in the west-facing phenocam-2 images. Both phenocams also exhibited similar RCC
and BCC seasonal patterns. As with phenocam-2, the seasonal NGRDI greenness profile
peaked in the wet season and was minimal in the dry season, remaining out of phase with
GCC seasonal patterns. Whereas absolute NGRDI values were positive in phenocam-2
data, they were negative in phenocam-1 results (Figures 6 and 7) as a consequence of the
stronger backscattering signals in phenocam-2.
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Figure 7. Phenocam-1 RGB color index seasonal profiles of the mangrove forest (ROI 1) from July 2015 to August 2016:
(a) GCC, (b) RCC, (c) BCC, and (d) NRGDI. Heavy rain from mid-September into October 2015 induced GCC and BCC
data spikes. The blank area between January and March 2016 is missing data due to a phenocam malfunction. The arrows
indicate new leaf events.

3.6. New Green Leaf Phenology

The appearance and timing of the mangrove leaf flushing was captured by phenocam-
1 during September 2015 and June 2016 (Figure 8). The new leaf growth was observed
shortly after periods of high cumulative rainfall (rectangle shapes in Figure 8b) for both
seasons—the first season was in August 2015 and the second season was in May 2016. The
new leaf growth started in September 2015, so the maximum greenness values were also
observed in December or January of the dry season. The appearance of new leaves can
be linked to the observed seasonality of the GCC values shown in Figure 7, with the new
leaves appearing in September 2015 and June 2016 (Figure 8a), respectively.



Remote Sens. 2021, 13, 307 12 of 18Remote Sens. 2021, 13, x FOR PEER REVIEW 13 of 20 
 

 

 

Figure 8. The timing of the appearance of new leaves as assessed by visual observation of 

phenocam-1 images. The new leaf growth was observed on 11 September 2015 and 19 June 2016. (a) 

The white circles in the top of the canopy images show the new leaf growth. (b) Plot of the 

cumulative rainfall from January to December for 2015 and 2016, with the dashed lines showing the 

time interval of the new mangrove leaf appearance. The two rectangles indicate the periods of 

rapid rainfall accumulation. Sprouting of new leaves occurs about 2 weeks after a major wet event. 

3.7. Seasonal Relationships of RGB Color Indices with Water Level 

The seasonal relationships of GCC, RCC, and BCC values with the normalized water 

level are shown in Figure 9 for the mangrove forest and mangrove–water canopy ROIs 

from phenocam-2. Mangrove forest GCC values showed strong negative relationships 

with the water level (R2 = 0.711, p < 0.001, Figure 9a), reflecting the dry season peak 

activity in greenness found in both phenocam images (Figures 6 and 7). This negative 

relationship was dampened and deteriorated (R2 = 0.482, p < 0.05) when the water 

background signal was included (mangrove–water canopy), since GCC values of the 

water were strongly positive correlated with the water level (Figure 3c, Table 2), hence 

counteracting and weakening the negative relationship with the mangrove forest. The 

decrease in GCC values caused by the water background was strongest at the lower 

water levels found in the dry season, where more sediment, mud, and soil are present, 

while there was no decrease in GCC values at the higher water levels, as both 

relationships converge. 

Figure 8. The timing of the appearance of new leaves as assessed by visual observation of phenocam-
1 images. The new leaf growth was observed on 11 September 2015 and 19 June 2016. (a) The
white circles in the top of the canopy images show the new leaf growth. (b) Plot of the cumulative
rainfall from January to December for 2015 and 2016, with the dashed lines showing the time interval
of the new mangrove leaf appearance. The two rectangles indicate the periods of rapid rainfall
accumulation. Sprouting of new leaves occurs about 2 weeks after a major wet event.

3.7. Seasonal Relationships of RGB Color Indices with Water Level

The seasonal relationships of GCC, RCC, and BCC values with the normalized water
level are shown in Figure 9 for the mangrove forest and mangrove–water canopy ROIs
from phenocam-2. Mangrove forest GCC values showed strong negative relationships with
the water level (R2 = 0.711, p < 0.001, Figure 9a), reflecting the dry season peak activity in
greenness found in both phenocam images (Figures 6 and 7). This negative relationship was
dampened and deteriorated (R2 = 0.482, p < 0.05) when the water background signal was
included (mangrove–water canopy), since GCC values of the water were strongly positive
correlated with the water level (Figure 3c, Table 2), hence counteracting and weakening the
negative relationship with the mangrove forest. The decrease in GCC values caused by the
water background was strongest at the lower water levels found in the dry season, where
more sediment, mud, and soil are present, while there was no decrease in GCC values at
the higher water levels, as both relationships converge.
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Figure 9. The relationship between (a) GCC, (b) RCC, and (c) BCC seasonal values with the seasonal normalized water
level for the mangrove forest (black triangle, y1 relationship) and mangrove-water canopy (blue dot, y2 relationship). The
data were calculated monthly from July 2015 to August 2016.
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The mangrove forest relationship with the water level would be an indirect, non-
causal one, a consequence of peak mangrove greenness occurring in the dry season when
water levels were at their lowest, while wet season GCC values were minimal when water
levels were at their highest. Furthermore, daily water tidal levels greatly exceed water
level differences between dry and wet seasons. The water level influences on mangrove
forest phenocam indices can be evaluated by comparing the water level relationships of the
combined mangrove–water canopy with the mangrove forest only. In the dry season, the
presence of the water background exerted its greatest negative influence on GCC values,
a result of the greater presence of mud, soil, and sediment exposure (Figure 9a). Thus,
the mangrove forest phenology contrast between dry and wet seasons was considerably
dampened by the presence of the water background GCC signal in the combined ROI.

The mangrove forest RCC values were also negatively correlated with the water
level (R2 = 0.490, p < 0.01) and this relationship became stronger (R2 = 0.640, p < 0.001)
with the presence of water in the mangrove–water canopy (Figure 9b). The RCC values
of the mangrove–water canopy were higher than those from the mangrove forest. The
lower water levels in the dry season contributed to the positive RCC signals due to the
presence of muddy waters and exposed soil. On the other hand, the mangrove forest BCC
values showed a positive relationship with the water level (R2 = 0.600, p < 0.01) and the
inclusion of the water background with the mangrove forest increased the BCC values and
strengthened the BCC relationships (R2 = 0.652, p < 0.001) with the water level.

4. Discussion

The two in situ phenocams were found to provide valuable information on the phenol-
ogy of mangrove forests and offer strong monitoring capabilities of the mangrove–water
background canopy at very fine temporal resolutions. As shown in this study, phenocams
can be readily deployed in many different locations with minimal resources and their
imagery can be spatially segmented into distinct regions of interest (ROIs) to evaluate the
green leaf and water component signals of the highly dynamic mangrove–water canopy.

4.1. Mangrove Water Background

The phenocam color chromatic index measurements of the water background were
dependent on the water depth, sediment content, exposed mud and soil, as well as scatter-
ing of radiation from the overlying mangrove trees. The diurnal phenocam index profiles
at 30 min intervals captured the variations in tidal water depth, solar zenith angle, and
their resulting interactions with the mangrove canopy scattering.

The tidal water influences on the color chromatic indices persisted at seasonal scales,
exhibiting a 2-week periodicity aligning with the lunar tidal cycle. This periodicity was
most strongly observed from the water background in all measured phenocam indices,
which was further imparted onto the mangrove–water canopy ROI as well (Figure 6).
Surprisingly, the lunar tide periodicity was also detected in the mangrove forest ROI
despite the absence of water in the ROI. This could only be attributed to first order optical
interactions between the water background and the surrounding, overlying mangrove
forest. In the higher-elevation mangrove forest observed with phenocam-1, the tidal-
water-induced periodicity was not apparent, particularly in the GCC signal (Figure 7a).
Younes et al. [65] reported that red and green spectral signals are influenced by water depth
and can influence vegetation fraction cover estimations.

The water influence in a mangrove–water canopy would be proportional to the
relative fractions of water and mangrove forest present in the field of view (or ROI) of the
phenocam. The relative proportions of water and mangrove forest in our mangrove–water
ROI were approximately 1:5 (Figure 2c), or 20% water and 80% mangrove. The phenocam
index values for varying mangrove–water proportions may be approximated with a linear
mixture model, however there may also be non-linear optical interactions, such that the
strongest water influence may occur at around 50% of the fractional amounts of mangrove
and water, as has been reported in terrestrial canopy mixtures of soil and vegetation [66].
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The upscaling and coupling of the in situ phenocam measures of mangrove forest
phenology and water influences to satellite remote sensing would require knowledge
of the sensor view angle and sun angle geometric orientations of the mangrove–water
canopy. The oblique viewing phenocam results may not be easily interpolated to near-
nadir canopy views. Additional information on the mangrove canopy structure (density,
cover, and height), potentially through the use of LiDAR data, would enable a more
complete understanding of the influence of shifting tidal waters and on broader scale
satellite data signals.

4.2. Mangrove Forest Phenology

Our results show that equatorial mangrove green leaf seasonal growth, as measured
by GCC values, was lowest in the wet season and highest (with GCC greenness peaks) in
the dry season (January). This was true for both phenocams with different view orienta-
tions (Figures 6 and 7). In the only other known phenocam study on mangrove forests,
Xiang et al. [56] reported GCC values of a mangrove site in Hong Kong to be higher in
summer (July) than in winter (February). This is opposite to our phenocam study, however
Xiang et al. [56] only obtained 2 months of phenocam measurements and Hong Kong has
marked differences in winter–summer maximum temperatures (18 ◦C to 31 ◦C, respec-
tively) compared to our study site in Phuket, where temperatures are near-constant all year
round. Our phenocam imagery further showed new mangrove leaf flushing in September
2015, after heavy rainfall activity and near the end of the monsoon season. After the start of
the new leaf growth, the mangroves continually increased in greenness up to the early dry
season in December–January, at which time conditions were suitable for the reproductive
phenophase involving flowering, pollination, and eventual fruiting. This was similar
to the reported values in prior field studies of the same mangrove species studied here,
Rhizophora apiculata, in Phuket, Thailand [20], in which major flowering activity occurred
between December to February, with the fruiting occurring in the wet season months of
May and June. The production of Rhizophora mucronata flower buds in the lower rainfall
dry season was also reported in Malaysia [67].

Various studies have also suggested that seasonal greenness measures of mangrove
forests depend on leaf flushing and leaf development, as well as rates and periods of litter
fall [32]. Pastor-Guzman et al. [32] found that the litter fall of mangroves in southeast
Mexico showed higher rates during the ends of both the dry and wet seasons, while other
tropical mangrove studies in India have reported maximum litter fall during the pre- and
post-monsoon periods [22,68]. In our study, we lacked information on litter fall and could
not assess its influence in the interpretation of the GCC mangrove phenology profiles. In
a terrestrial broadleaf deciduous study using phenocams [44], the RCC index was found
to be potentially useful for extracting leaf fall dates, because dried fallen leaves showed
higher RCC values.

We encountered out-of-phase phenology profiles from two greenness measures used
in our study, the GCC and NGRDI, with the out-of-phase phenologies observed in both
phenocam-1 and phenocam-2. This could present ambiguous results in interpreting man-
grove phenology with phenocams. The research by Pastor-Guzman et al. [32] reported that
the dates of key mangrove phenological events were dependent on selecting the appropri-
ate vegetation index. We found that overall, NGRDI values provided very little seasonal
information with very low annual variation in values (Figures 6d and 7d). Further, the
NGRDI values dramatically changed from negative to positive values for phenocam-1 and
phenocam-2, respectively, indicating high sensitivity to view orientation geometry. Lastly,
the prior studies conducted in Thailand and Malaysia mangroves [20,67] support the new
leaf growth patterns observed for GCC rather than the NRGDI patterns. Nevertheless,
we suggest that the use of greenness and other optical indices in mangrove environments,
which are often inundated with water, should be carefully evaluated.
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4.3. Illumination

Our results revealed many of the intricacies involving optical interactions between
solar radiation, mangrove vegetation, and adjacent and below-canopy standing water. We
found significant illumination variations due to the sun angle and direct and diffuse sky
conditions in our sub-daily, diurnal results, despite having normalized our phenocam color
digital numbers (DNs) by the sum of the 3 bands to generate the color chromatic indices
(Table 1). Sun angle variations had pronounced effects on the color index values associated
with phenocam azimuthal view orientations. The west-facing phenocam field-of-view
resulted in strong backscatter (sunlit) and forward scatter (shaded) canopy color index
diurnal profiles. The GCC and RCC were sensitive to sunlight conditions, while the BCC
was more sensitive to the canopy shadowing (Figure 3). The color index diurnal patterns
were more pronounced in the dry season, when direct sunlight is more prevalent, and were
less pronounced in the wet season, when ubiquitous clouds and diffuse sky conditions
are more prevalent. In the case of the north-facing phenocam, sun angle illumination
effects were not as pronounced,’ since the sunlit and shadow proportions of the mangrove
canopy were equally present in the phenocam’s field-of-view. Xiang et al. [56] similarly
reported illumination and shading as important factors influencing the quality of phenocam
color indices. Due to the strong sun angle effects, we composited the 30-min, sub-daily
phenocam data to daily values by restricting sun angle conditions to mid-day, near solar
noon, from 10:00 to 14:00 (local time), and by selecting the 90th percentile. The observations
near solar noon both reduced the sun angle effects and produced a more consistent daily
phenology measure.

5. Conclusions

Mangrove phenology assessment based on digital repeat photography or phenocam
imagery was analyzed in this study, with this approach found to have great potential for
monitoring and evaluating mangrove phenology. The phenocams were able to extract reli-
able sub-daily, daily, and seasonal information about the status of the mangrove vegetation
and below-canopy water properties, including the water color and relative water depth.
The strong lunar tidal water periodicity was detectable with the phenocam color indices,
both in the diurnal and seasonal profiles, and not only in the water ROI, but also in the
mangrove–water canopy ROI profile and the mangrove forest ROI phenology profile.

The phenocam results were sensitive to illumination and sun angle geometric orien-
tations (solar zenith and azimuth angles). Our study, involving north- and west-facing
phenocams, provides valuable information for more effective deployment of future pheno-
cams with respect to their orientation and field of view to capture water and mangrove
dynamics. The upscaling and integration of the phenocam-acquired information on water
influences and mangrove forest phenology to satellite remote sensing will require knowl-
edge and standardization of the sensor view and sun angle geometric properties of the
mangrove–water canopy between the phenocam and satellite sensor. This will be crucial in
order to effectively link high-precision phenocam data to longer-term satellite time series
data for climate change studies.

We also found that phenological events such as leaf flushing could be identified. In our
study site, we found that the growth phenology of the mangroves starts after the monsoon
season and continues developing through to the end of the dry season, before decreasing in
the wet season and repeating another growth cycle after the next monsoon period. Rainfall
and water level are the major factors controlling the mangrove phenology, although rainfall
was out of phase with mangrove phenology in the sense that the maximum mangrove
activity was found to occur in the dry season, when maximum sunlight was available for
photosynthesis. Given that we used low-end phenocams, we would expect that with new
advances in time lapse cameras, with better optics and pixel resolutions, that high-precision
mangrove phenology will further evolve and improve.

Due to the crucial role of mangrove forests in mitigating global warming, in situ
phenocam measurements can provide valuable phenological information to achieve a better
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understanding of how mangroves may counter and mitigate climate change. In addition,
the detection of mangrove phenology at the species level by digital repeat photography
will better link to mangrove relationships with climate and environment drivers, and thus
enable more sustainable conservation practices for mangrove forests in the future.
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