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Abstract
General flowering is a unique aseasonal phenological event in the tropical dipterocarp forests
of Southeast Asia. During this phenomenon, hundreds of different plant species from various
taxonomic levels synchronise flowering and fruiting. The flowering events of each species last
about two weeks and the combined event may extend to three months. Likely triggers include
drought, temperature drops, high solar radiation in combination with seedling survival strategies
and stored nutrients. The reproductive event has a great impact on the economy as well as forest
management strategies. The study site is located in the Lambir Hills National Park, Malaysian
Borneo. This region is one of the world’s biodiversity hotspots and has a perhumid climate that is
regularly confronted with extreme weather events.

Phenocam and satellite observations may reveal these important ecological events. In this
study, data from the Phenological Eyes Network dating from 2013 to 2016 was analysed and
compared to results from satellite data from Landsat 7, Landsat 8 and Sentinel-2A. Common veg-
etation indices, such as NDVI, saturate at high vegetation densities. The red chromatic coordinate
(RCC) as the ratio of red light to green and blue light from the visible wavelength spectrum is
less sensitive to this effect and was used to detect white and yellow flowers on the green canopy
background. Furthermore, upscaling from the high spatial resolution of the phenocam image to
the moderate spatial resolution representing a satellite pixel was tested. Finally, the theory of
drought being the most likely trigger was tested using various drought definitions on the rainfall
data of the global precipitation measurement mission.

The RCC analysis on the phenocam imagery revealed a correlation of the RCC variance be-
tween the differently sized sample patches and general flowering events recorded in the literature.
The observational scale had a considerable influence on the strength and timing of the signal.
However, no significant correlations were found for the satellite imagery. This indicates that spa-
tial resolution and revisit time are crucial factors for successful detection of flowering events.
Drought indices showed periods of low precipitation before the general flowering events but also
further droughts without a subsequent flowering. Drought may thus be a trigger while not every
drought event triggers flowering. The relation with other possible triggers and spatial relations of
triggers and phenomenon were not included in this study.

RCC variance did indeed reveal a signal correlating with general flowering events but with a
time lag of one to three months. The peak of the RCC variance signal rather shows the fruits of the
canopy trees than the flowers. As the fruits depend on preceding flowering, however, the signal
can be used as a proxy for general flowering. The signal for the biggest sample patches followed

the same patterns as the signal at finer spatial resolution and, therefore, flowering detection should
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be possible with satellite imagery. Practically, this does not work yet, as cloud contamination low-
ers the image density to a level where no distinct correlation between the signal from the satellite

imagery and general flowering events can be found.
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1. Introduction
Incremental evolution, based on environmental conditions, equipped plants for their survival and
led to their existence in a certain habitat (Fitchett et al., 2015). Southeast Asia’s climate supports
a year-round plant growth, which is favourable for the evergreen tropical rainforest in that region
(Ichie et al., 2004). Recently, increased human population, logging, and intensified agriculture
repressed the forests and divided them into smaller patches (Harrison, 2001). Furthermore, cur-
rently changing climate conditions may affect habitat suitability (Fitchett et al., 2015) and local
species will likely respond by changing their abundance, range, and seasonal timing of life cycle
events. Park and Miura (2011) also expect extreme events, such as El Nifio, to become more fre-
quent and significantly influence vegetation dynamics in tropical regions.

Tropical forests play a crucial component in regional and global biological mechanisms (Park
& Miura, 2011). The interaction of biosphere and atmosphere is particularly important when it
comes to carbon cycling and sequestration. Storing a fifth of the terrestrial carbon stock, tropical
forests are a vital carbon sink (Nagai et al., 2016; Park & Miura, 2011; Yan et al., 2017). In ad-
dition to this, tropical forests account for about a third of the global net primary productivity and
the ecosystem functions photosynthesis and evapotranspiration may alter global heat, water, and
carbon-cycles (Nagai et al., 2016).

Phenology, the study of periodic biological life cycle stages (Lieth, 1974; Schwartz, 2003),
offers insight into the impact of changing climate on ecosystems due to its interaction with the
weather (Fitchett et al., 2015; Moore et al., 2016; Richardson et al., 2013). Phenology, as an es-
sential biodiversity variable as proposed by Pereira et al. (2013), could be used to improve and
develop climate models as well as in the monitoring of biodiversity change (Bottcher et al., 2016;
Fitchett et al., 2015; Morisette et al., 2009; Pereira et al., 2013). Changes in phenology belong to
species’ first response to climate change, hence, the high descriptive potential of this value (Diez
et al., 2012). Across the tropics, the main drivers of phenology shifts are changes in the occur-
rence and strength of precipitation and temperature extremes rather than changes in mean climate
as common in the mid and high latitudes (Alberton et al., 2017; Butt et al., 2015; Fitchett et al.,
2015). Examples for these changes are severe droughts, heat waves, floods and cyclones (Butt et
al., 2015). These changes in weather extremes may influence the flowering — and thus reproduc-

tion — regime of the dipterocarp forest.



1.1. Research questions
Detection of general flowering events is crucial but not straightforward. Based on the existing
uncertainties and available observation approaches, the following research questions have been
identified:

*  Which indices allow the detection of tree canopies in bloom from phenocam imagery?

* And at which spatial scales can flowering events be detected? Inherently, is it potentially
possible to apply optical indices suitable to detect flowering in phenocam data as well as to
apply it to satellite imagery?

» To what extent do temporal patterns of drought events explain the occurrence of flowering?
Is drought a plausible trigger for mass flowering events?

To address these questions, phenocam and satellite data for a test site in Malaysian Borneo have
been studied and results have been discussed in the framework of previous studies on general

flowering.



2. General flowering
The unique reproductive phenology of Southeast Asian aseasonal tropical dipterocarp forests is
characterised by general flowering, a community-wide synchronous flowering event on a supra-
annual schedule (e.g. Ashton et al., 1988; Azmy et al., 2016; Nagai et al., 2016; Numata et al.,
2003; Sakai et al., 1999, 20006).

Kurten et al. (2017) give a comprehensive overview of hypotheses that try to explain why
general flowering is restricted to Southeast Asia. Janzen (1974) first formulated the hypothesis
that general flowering and subsequent synchronised seed and fruit production satiates seed and
seedling predators. A theory that research highly focuses on until this day. The evolutionary fit-
ness benefit improves seedling survival (Curran & Webb, 2000; Kurten et al., 2017; Sakai et al.,
2006; Sakai & Itioka, 2016; Sun et al., 2007). According to Janzen (1974), Dipterocarpaceae,
particularly the main genera Shorea, evolved in Southeast Asia’s tropical rainforest. This has
since been proven false (Morley, 2000). Ashton et al. (1988) proposed an alternative hypothesis,
theorising that Dipterocarpaceae have originated in Gondwana and spread over Southeast Asia
after the convergence of the Indian subcontinent and Asia. During this time, they experienced
aseasonally dry monsoonal climate, which became an aseasonal perhumid climate in the Miocene
(Morley, 2000; Sakai et al., 2006). Therefore, general flowering would likely be the result of
evolutionary conservatism (Kurten et al., 2017) of the Dipterocarpaceae that are physiologically
trained to wait for a period of low precipitation as a trigger (Sakai et al., 2006). This is supported
by findings of Kurten et al. (2017) who claim that species only flowering during general flowering
events in tropical rainforests do so annually in seasonally dry climates. The annual flowering is
preceded by the same climatic cues that are expected to be triggers for general flowering events.

General flowering events take place on a community level in the Southeast Asian rainforest
(Brearley et al., 2007; Butt et al., 2015; Numata et al., 2003, 2013). Hundreds of plant species
across taxonomic levels, including most dipterocarp trees but also shrubs and emergent trees (e.g.
Euphorbiaceae and Leguminanceae) as well as epiphytic orchids, can synchronise flowering and
fruiting events (Ashton et al., 1988; Sakai, 2002; Sakai et al., 1999, 2006; Sakai & Itioka, 2016).
This synchronous reproduction increases seedling survival chances and is thus a fitness advantage
compared to seasonal flowering and seed production (Chen et al., 2018). This fitness advantage
may outweigh the demographic disadvantage of fewer reproductive opportunities.

General flowering events are, unlike other flowering events in equatorial rainforest, temporally
and spatially irregular. Synchronous reproduction fluctuates highly between twice a year up to a
return frequency of ten years (Ashton et al., 1988; Azmy et al., 2016; Chen et al., 2018; Janzen,
1974; Kurten et al., 2017; Moore et al., 2016; Numata et al., 2003, 2013; Sakai, 2002; Sakai et al.,



1999, 2006; Sakai & Itioka, 2016; Yasuda et al., 2003). Annual precipitation and temperature pat-
terns, due to the monsoon activity’s, make spring and autumn the most likely periods for general
flowering (Azmy et al., 2016; Numata et al., 2003). In both cases, the total event has a time span
of a few months (Numata et al., 2013; Sakai et al., 2006; Sakai & Itioka, 2016) due to the fact
that not all species flower at the exact same time but within the same time period. This temporal
variation, caused by the high biodiversity, results in species-specific phenological sensitivity to
environmental cues (Chen et al., 2018; Nagai et al., 2016). Synchronization of these reproductive
events occurs within but also between regions (Ashton et al., 1988; Azmy et al., 2016; Cannon et
al., 2007; Numata et al., 2003, 2013; Yasuda et al., 1999). Nevertheless, the spatial scale, extent,
and distribution of general flowering events is highly variable (Numata et al., 2013; Sakai et al.,

2006).

2.1. Relevance
General flowering is ecologically and socially relevant for the Southeast Asian tropical rainforests
and, therefore, influences the management and conservation efforts. For example, it contributes
significantly to the high diversity of the dipterocarp forest (Sakai & Itioka, 2016). Thus, identi-
fication of the trigger is crucial to determine the role of climatic conditions for phenology and to
assess why no other tropical region experiences community-wide flowering events (Sakai et al.,
2006). However, not only identifying the trigger but also generating detailed and accurate maps of
the extent and intensity of general flowering events is crucial for management strategies (Wohlfart
et al., 2014). To evaluate the ecosystem functions and their spatio-temporal variability, timing
and patterns of plant phenological stages, such as leaf flush, leaf colouring, leaf fall, flowering,
bud burst, masting and fruit production must be monitored (Nagai et al., 2017; Richardson et al.,
2013).

Extreme events can change the composition, structure and functioning of plant communities or
an ecosystem (Figure 1; Harrison, 2001; Moore et al., 2016). Recent climate projections indicate
an increase in frequency, intensity, and duration of climate extremes in the 21st century (Butt et
al., 2015). With climate extremes being a likely trigger, general flowering and fruiting events in
the tropics are likely to change significantly (Azmy et al., 2016; Butt et al., 2015).

As general flowering events are the only time of reproduction for some dipterocarp species,
the alteration of such events due to climate change can have a significant impact on the forests’
regeneration (Azmy et al., 2016; Numata et al., 2013; Sakai & Itioka, 2016). If the timing of
flowering shifts, it may mismatch with the life cycles of pollinators providing critical ecosystem

services (Butt et al., 2015; Fitchett et al., 2015; Nagai et al., 2017). This extends to vertebrate
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Fig. 1: The interaction between climate and weather extremes in tropical and subtropical regions and the impact on
tree phenology and further impacts on dependent fauna and ecosystem functions. Natural variability in climate like
El Niiio-Southern Oscillation (ENSO, Pacific decadal oscillation (PDO), Indian Ocean Dipole (IOD), intertropical
convergence zone (ITCZ) and Madden-Julian oscillation (MJO) are affected by natural and anthropogenic drivers.
They can influence climate extremes through changes in the hydrological cycle, temperature regime and storm events.
These in turn affect phenological events like flowering, budding and fruiting. Dependant nectar and fruit availability
is vital for vertebrates. Further, ecosystem services like pollination, seed dispersal and forest regeneration depending
on tree phenology might alter community composition and species’ persistence. Schematic representation taken from
Butt et al. (2015).

fauna (e.g. starlings (Sturnidae spp.), bearded pigs (Sus barbatus) as well as sun bears (Helarc-
tos malayanus)) that obtain nectar or fruit as a key nutrient resource for building up reserves for
non-mast years and are in turn crucial for seed dispersal (Butt et al., 2015). The complementary
timings can affect reproduction and survival of flora and fauna and result in a total loss of biodi-
versity and disrupted ecosystem functions and services (Fitchett et al., 2015; Nagai et al., 2017).

Forest resources are economically important as export goods (Sakai & Itioka, 2016). Dipte-
rocarp logs are of immense value to the global tropical hardwood trade and make up four fifth
of Southeast Asia’s timber export (Tito de Morais et al., 2015). Local people also depend on the
forest resources as they collect wild fruits, harvest illipe nuts and honey, and hunt for wild boars

(Sakai & Itioka, 2016).

2.2. Potential triggers
Most trees in temperate forests flower around the same time every year due to temperature thresh-
olds or cumulative heat sums (Sakai et al., 2006). Flowering in equatorial forests in South Amer-
ica can be triggered by slight annual changes in both sunrise and sunset (Borchert et al., 2005).
However, triggers and circumstances favourable for general flowering in Southeast Asia are not
yet fully examined and understood, and, therefore, multiple controversial hypotheses exist (Sakai
et al., 2006). Various plant taxa show similar flowering sequences during different general flower-

ing events, supporting the hypothesis of a common environmental trigger. The trigger probably



consists of several dependent and irregularly occurring meteorological factors often associated
with El Nifio events (Ashton et al., 1988; Azmy et al., 2016; Cannon et al., 2007; Chen et al.,
2018; Curran, 1999; Kurten et al., 2017; Sakai, 2002; Sakai et al., 2006; Yasuda et al., 1999; Yeoh
et al., 2017). Namely, temperature drops (Ashton et al., 1988; Numata et al., 2003; Yasuda et al.,
1999), periods of low precipitation (Appanah, 1985; Ashton et al., 1988; Brearley et al., 2007;
Curran et al., 1999; Kobayashi et al., 2013; Medway, 1972; Numata et al., 2003, 2013; Sakai et
al., 2006; van Schaik et al., 1993; Yasuda et al., 1999) and high solar radiation (Ng, 1977; van
Schaik et al., 1993; Wycherley, 1973). Furthermore, stored nutrients have been mentioned as
endogenous factors regulating general flowering events (Appanah, 1985; Burgess, 1972; Ichie &
Nakagawa, 2013; Isagi et al., 1997; Sakai et al., 2006; Satake & Iwasa, 2000).

As mentioned above, droughts have often been put forward as the most likely trigger for
general flowering events in Southeast Asia. The extent of some droughts seems to be related to
the extent of general flowering (Numata et al., 2013). Sakai et al. (2006) have recorded droughts
preceding all four general flowering events, although not every single flowering peak at Lambir
Hills National Park, Sarawak, Malaysian Borneo, from 1993 until 2003. The time lag between the
end of the drought and the flowering has been between four to ten days. Azmy et al. (2016) have
measured significantly lower average precipitations before large-scale general flowerings. This
suggests that the flowering intensity is affected negatively by preceding precipitation. Further-
more, they imply that the link between drought and general flowering may be more complex, as
drought as a trigger may be more effective if followed by a warm, rainy period. RNA-Sequence
studies of Kobayashi et al. (2013) found changing expression patterns in genes responsive to pro-
longed drought two weeks before flowering (Yamasaki et al., 2017). But droughts also have the
potential to affect plant community composition by raising mortality rates among the vegetation
(Delissio & Primack, 2003; Harrison, 2001). Nonetheless, defoliation and increased mortality of
canopy trees improve the light conditions on the forest floor where seedling recruitment takes
place (Sakai et al., 2006). Dry spells are favourable for pollination and resource accumulation,
such as photosynthates — the dipterocarp trees’ major carbon source for fruit development (Sakai
et al., 2006; van Schaik et al., 1993). If a tree canopy is flowering or already carries fruit, extreme
events such as severe and aseasonal droughts or heavy rain may cause flower or fruit fall (Butt et
al., 2015). Severe droughts have recently been recorded more frequently, probably as a result of
global warming (Harrison, 2001). If this trend continues, the forest composition and habitats may
alter and a loss of biodiversity is likely to occur.

Ashton et al. (1988) identified temperature drops as the most plausible trigger for general flow-

ering. These have later also been found to precede general flowering events (Numata et al., 2013;



Sakai et al., 1999; Yasuda et al., 1999). Azmy et al. (2016), however, did not find a significant dif-
ference in temperature before large and local scale general flowering events. On the contrary, they
recorded a large temperature drop that was not followed by a general flowering event. Further-
more, temperature drops have not been recorded before every general flowering event (Sakai &
Itioka, 2016). This raises the question if temperature drops can be considered as a trigger or if the
combination with other circumstances may need to be considered. Synergistic effects of drought
and lower temperatures have recently been found to trigger the activation of the flowering genes
(Chen et al., 2018; Yeoh et al., 2017).

Increased radiation has also been mentioned as a possible trigger, but more recent studies
(Azmy et al., 2016) did not support this. Azmy et al. (2016) indeed found a positive correlation
between radiation and the magnitude and scale of a general flowering event, supporting the thesis
that increased solar radiation may boost forest productivity (Brando et al., 2010). Rather than be-
ing a primary triggering factor, radiation can lead to resource accumulation and, therefore, relate
to plant growth, photosynthetic activity, and vegetation cover (Huete et al., 2006; Azmy et al.,
2016). Nutrient accumulation influences the magnitude in addition to the trigger’s strength (Sakai
et al., 2000) yet does not exclusively explain the timing of general flowering as suggested by Isagi

etal. (1997).

2.3. Observing flowering events

2.3.1. In-situ observations
Phenological observations have been carried out in Kyoto as early as 801 A.D., where flowering
dates have been noted in diaries and chronicles (Aono & Kazui, 2008). This historical record of
annually recurring events for a particular species and location laid the foundation for ground-
based observations and is still predominant for phenological data collection (Fitchett et al., 2015).

Ground-based observations can provide detailed information of temporal changes related to
specific plants, species, or communities (Hufkens et al., 2012; Nagai et al., 2017; Rodriguez-
Galiano et al., 2015). To monitor phenological timings and shifts within natural variability the
records need to be long and continuous (Fitchett et al., 2015; Sonnentag et al., 2012). Continuous,
daily records of several species are intensive in both human labour and cost (Alberton et al., 2017;
Hufkens et al., 2012; Nagai et al., 2017; Rodriguez-Galiano et al., 2015). These typically limit the
geographical area and spatial variability covered by phenological studies (Alberton et al., 2017;
Azmy et al., 2016; Filippa et al., 2016; Nagai et al., 2017; Nijland et al., 2016; Numata et al.,
2013). The observations are carried out by multiple individuals and thus limited by subjectivity

reflecting personal interests, level of commitment, frequency of observations, applied methods



and the personal definition of various life cycle events (Fitchett et al., 2015; Hufkens et al., 2012;
Nagai et al., 2017; Nijland et al., 2016; Sonnentag et al., 2012; Sparks et al., 2000).

Using multiple datasets, favourably from several sites, can bridge occasional data gaps in
one record if unified and overcome much of the statistical noise from observational inconsisten-
cies (Fitchett et al., 2015; Rodriguez-Galiano et al., 2015; Sparks et al., 2000). To resolve the
various drawbacks of in-situ observations, digital cameras, spectral radiometers, unmanned aerial
vehicles, aircrafts, and satellites are used (Morisette et al., 2009; Nagai et al., 2018). However,
ground-based observations are still needed to validate remote sensing observations (Azmy et al.,

2016).

2.3.2. Phenocam imagery
More recently, the use of digital cameras to monitor the environment globally has become more
frequent and started to alter the way phenological data is collected (Alberton et al., 2017). Near-
surface phenology at local scales (Bottcher et al., 2016; Hufkens et al., 2012) is monitored with
so called phenocams which are commercial cameras that take repeated digital photographs (Son-
nentag et al., 2012). This is also called near surface remote sensing (Fitchett et al., 2015).

Phenocam datasets provide information about the responsiveness, vulnerability, and resilience
of ecosystems, their functions and services, land-use changes (e.g. deforestation, restoration proc-
esses), disturbances (e.g. fire, flood), and species invasion related to changes in climate (Alberton
et al., 2017; Nagai et al., 2016). This information is used in landscape management and biodi-
versity conservation efforts at several scales (Alberton et al., 2017). Digital repeat photography
addresses the shortfalls of both ground-based in-situ observations and satellite-derived remote
sensing data and can bridge the gap between them (Alberton et al., 2017; Browning et al., 2017;
Fitchett et al., 2015; Morisette et al., 2009). The images provide tremendous potential as reliable
tools for various ecological applications, in particular when combined with ground-based obser-
vations and satellite images. E.g. it can serve as ground-truth to validate and interpret satellite
remote sensing observations (Bottcher et al., 2016; Hufkens et al., 2012; Nagai et al., 2016). The
archives of phenological images are growing and becoming important data sources for phenologi-

cal research (Sonnentag et al., 2012).

2.3.3. Satellite imagery
Satellite images show the spatial distribution of ecosystems (Nasahara & Nagai, 2015). When
combined to a series of images, dynamics (i.e. temporal changes) of the ecosystem can be re-

vealed. Thus, satellite remote sensing imagery provides valuable information for scientists. Since



the opening of the Landsat data archive in 2009 and the open access Sentinel Hub, the application
of satellite remote sensing observations in environmental research has increased again (Azmy et
al., 2016). Multi-decadal records became affordable and easily accessible. New data is provided
continuously, allowing near real-time environmental observations (Lu & Hamunela, 2016).
Satellite derived remote sensing imagery rapidly advanced the understanding of global phe-
nology (Yamasaki et al., 2017). Large geographic areas can be monitored simultaneously and
provide, if consistent, valuable data for environmental studies such as agricultural development,
food security, forest management, biodiversity monitoring, numerical weather predications, and
climate modelling (Brown et al., 2017; Park & Miura, 2011). The fusion of high spatial and high
temporal remote sensing data can overcome problems such as the delineation of the mixed pixels

due to the vegetation’s heterogeneity (Liu et al., 2017; Wohlfart et al., 2014).



3. Study site
The data used in this study was collected at Lambir Hills National Park (LHNP) in Sarawak, Ma-
laysian Borneo (4°11°44°N, 114°02°26”’E; Figure 2). The study site is a core site of the Universi-
ty of Zurich Research Priority Program (URPP) on Global Change and Biodiversity and of ESA’s
GlobDiversity project. Southeast Asia and especially Borneo is home to some of the world’s bio-
diversity hotspots and its forests include highly diverse tree communities (Tito de Morais et al.,
2015). Nevertheless, the region suffers from high annual deforestation, logging, and degradation

rates due to increasing human population and socio-economic alterations (Wohlfart et al., 2014).

3.1. Site characteristics
The study site is situated in a typical lowland mixed dipterocarp forest about 150 to 200 m above
sea level (Ashton & Hall, 1992, Lee et al., 2002). LHNP, as part of Southeast Asia’s tropical ev-
ergreen broadleaf rain forest, hosts the highest tree species diversity (1173 tree species on a 52ha
plot) found on earth (Lee et al., 2002), which evolved from the forests’ old age and a favourable

perhumid equatorial climate (Harrison, 2001). The dominant canopy and emergent tree species at

Lambir Hills |
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Fig. 2: The location of Lambir Hills National Park (4°11°44 "N, 114°02°26 ’E) in the province Sarawak in Malaysian
Borneo.
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LHNP is the family of Dipterocarpaceae (Lee et al., 2002; Sakai & Itioka, 2016, Tito de Morais
et al., 2015) with Shorea, Hopea, Dipterocarpus, and Vatica being the main genera. In Bornean
tropical rainforests, trees can reach heights up to 70 metres (Sakai & Itioka, 2016) and the mean
crown width is 11m (Ashton & Hall, 1992). Unlike in mixed and deciduous forests, there is a
lack of distinct colour changes at the canopy of tropical rainforests (Nagai et al., 2016). Diptero-
carpaceae carry whitish green and yellowish flowers, reddish seeds, and brownish fruits. Flower
sizes range from under two millimetres to a few centimetres (Tito de Morais et al., 2015).

The tree canopy at LHNP was observed from tree towers, walkways, and a crane tower be-

longing to the canopy observation system (Nagai et al., 2016; Sakai et al., 20006).

3.2. Climate regime
LHNP lays in a zone of perhumid tropical climate with low seasonality (Harrison, 2001). Air tem-
perature at LHNP does not show seasonal variation. Temperatures are generally high and range
from a daily mean maximum of 32 °C to a minimum of 24 °C (Lee et al., 2002) with the highest
monthly mean temperature in May (Ichie et al., 2004) and the lowest in January (Kurten et al.,
2017). These temperatures will increase according to the Representative Concentration Pathways
(RCPs) gas concentration trajectories, with a higher rate of change in warm extremes (Butt et al.,
2015).

The monsoon climate patterns in Southeast Asia and frequent extreme events, such as floods
and droughts, exhibit a strong spatio-temporal variability (Suepa et al., 2016). Annual precipita-
tion at LHNP sums up to 3000 mm, with monthly mean rainfall >150 mm (Ichie et al., 2004;
Lee et al., 2002). Minor droughts most often occur from February to March before the sum-
mer monsoon arrives from the Indian Ocean, or occasionally from August to September before
the monsoon from the Pacific Ocean reaches Southeast Asia and depend on the movements of
the intertropical convergence zone (Harrison, 2001). Periods of reduced precipitation or severe
droughts associated with the cyclical El Nifio Southern Oscillation occur with high interannual
and interdecadal variability (Butt et al., 2015; Harrison, 2001). Sakai et al. (2006) noticed that
droughts in this region mostly occurred during transition periods from La Nifia to El Nifio. Ac-
cording to Harrison (2001) droughts are becoming more severe and more frequent corresponding
to a shift also indicated by RCP climate scenarios for dipterocarp forests in Southeast Asia (Butt
etal., 2015).

The El Nifio Southern Oscillation (ENSO) is one of the most important natural climate oscil-
lations (Gebhardt et al., 2011) and causes significant natural disturbances (Harrison, 2001). Sea

surface temperature anomalies in the central and eastern Pacific Ocean are linked with convection
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cells and lead to alternations in the regional climate, including the occurrence of droughts. During
an El Nifo event, the typical upwelling of cold water in front of South America’s eastern coastline
is stopped by higher sea surface temperatures and the high-pressure area from the Malaysian Ar-
chipelago relocates over this area. This results in a pressure anomaly between the Pacific Ocean
and Australia described by a strongly negative southern oscillation index. Meanwhile, the sea sur-
face temperatures over Southeast Asia are lower and, therefore, less evaporation occurs (Harrison,
2001). Butt et al. (2015) concluded that projected changes in ocean warming rates will increase

the severity and frequency of El Nifio events.

12



4. Data & methods

General flowering events are important for the ecology and economy of Southeast Asia and are,
hence, the subjects of ongoing research. Observation of phenological changes across different
plant species over various temporal and spatial scales requires long and continuous datasets (Son-
nentag et al., 2012). For Lambir Hills National Park a long and continuous dataset exists. Since
1993, biweekly in-situ observations have been conducted (Figure 3). Since 2009, daily phenocam
imagery from two cameras of the Phenological Eyes Network has been added. At the beginning
the phenocams worked only sporadically and data gaps diminish the dataset’s continuity. Fur-
thermore, satellite imagery at low (>30 m) to medium (2-30 m) spatial resolution is now freely
available. This satellite imagery bears great potential in extending the spatial range of research

projects.

4.1. In-situ data
At Lambir Hills National Park, the monitoring of 486 individual plants of 300 species in 56
families started in 1993 (Sakai & Itioka, 2016). The sampling of the plants is weighted toward
larger plants (i.e. emergent and canopy trees) and thus does not directly reflect the number of
individuals of each species (Sakai et al., 2006). The observations were conducted in the eight-
hectare Canopy Biology Plot from the towers and walkways constructed by the Canopy Biology
Program in Sarawak and along the waterfall trail from the Operation Raleigh Tower, a tree tower
constructed by Operation Raleigh (Sakai et al., 1999). Eventually a crane was constructed and the
four-hectare Crane Plot was added to the list (Sakai & Itioka, 2016). Later the Operation Raleigh
Tower was removed, and the list changed again. There were further slight changes, plants were
General flowering events

In-situ observations

Phenocam imagery (PEN)

westwards
eastwards

Satellite imagery
MODIS Terra
MODIS Aqua

Landsat5
Landsat 7
Landsat 8
Sentinel-2A

| | | | | | | | | | | | | | | | | | | | | |
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Fig. 3: General flowering events (grey bars) and visualised data availability at Lambir Hills National Park. In-situ
observations have been acquired biweekly, two daily phenocam imagery datasets from the Phenological Eye Network
(PEN) are available, and numerous satellite imagery is available for free at varying spatial and temporal resolutions.
MODIS on board of Terra and Aqua provides daily coverage at 250m/500m/lkm. The Landsat satellites deliver global
coverage every 16 days at 30m spatial resolution with a 15m panchromatic band for Landsat 7 and Landsat 8. The
twin mission with the satellites Sentinel-24 and Sentinel-2B (launched in 2017) provides a combined global coverage
within five days at 10m/20m/60m.
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Fig. 4: Flowering ratio — The proportion of flowering individuals out of 207 observed canopy plants in total. Biweekly
in-situ observations collected over the time span of 18 years at Lambir Hills National Park.

added or removed to the observation, as they emerged or died respectively and exchanged as the
walkway routes altered. The staff of the Forest department is continuing with the observation of
plants in the eight-hectare and four-hectare plots.

The fraction of flowering and fruiting plants to other plants (Figure 4) was very low (i.e. 0.02-
0.05) during the first years of the monitoring (Sakai et al., 1999). In 1996, this was interrupted by
a sharp increase of the flowering ratio. During this year there were even two flowering peaks and
some plants flowered during both events. The flowering period of different species were staggered
(Roubik et al., 2005) with a concentration in the period from March to May (Figure 5).

Sakai et al. (2006) defined the 1996 general flowering at Lambir Hills National Park as large
general flowering with two peaks and noted smaller general flowering events in 1997, 1998, and
2001. From the flowering ratio in Figure 4 we see another small general flowering event in 2004,
a large one in 2005 and a large flowering with two peaks in 2009.

These in-situ observations form perfect ground-truth data to validate phenocam or satellite

remote sensing datasets. Unfortunately, the in-situ dataset has a data gap from January 2011 to
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Fig. 5: Flowering periods of the canopy dominating Dipterocarpaceae family in Lambir Hills National Park during the
general flowering of 1996. Data collected from the tree tower in Lambir Hills National Park by Roubik et al. (2005),
figure taken from Sakai and Itioka (2016).

September 2014. The last general flowering event at Lambir Hills National Park was observed in

April 2014 and is, therefore, not shown in the in-situ data.

4.2. Phenocam imagery
Phenocams have been used a lot recently, mainly in the Northern Hemisphere covering decidu-
ous forests (Alberton et al., 2017). The camera’s field of view determines to which degree the
data is representative of the landscape (Hufkens et al., 2012). Especially in the tropics, the use of
hemispherical lenses (also called fish-eye lenses) can improve the selection of canopies with more
precision and less covered area (Alberton et al., 2017). Near-noon images (i.e. between 11:00 and
13:00 local time) minimise the effects of shadowing and bidirectional reflectance distribution
function (BRDF; Brown et al., 2017). Near-noon images are also best suited for comparisons with
satellite products (Bottcher et al., 2016).

Phenocams are a low-cost investment and require low labour input for maintenance (Alberton
et al., 2017; Brown et al., 2017; Fitchett et al., 2015; Nagai et al., 2016, 2018). Due to the small
size, the cameras can easily be set up on instrumentation towers, at look-out points, or even un-
derneath the canopy to monitor understorey vegetation, with an oblique or horizontal view on
the surrounding vegetation (Alberton et al., 2017; Browning et al., 2017; Fitchett et al., 2015;
Hufkens et al., 2012; Sonnentag et al., 2012). The only requirement is a stable energy supply,

otherwise fragmentary datasets will be the result. Phenocams provide long-term, continuous, near
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remote phenological information on shoots, individual trees, multiple species, canopies, plant
communities, landscapes and ecosystems (Alberton et al., 2017; Nagai et al., 2016). The data
observations are in the form of quantitative monitoring of colour changes of the visible part of
the electromagnetic spectrum with high, flexible spatial resolution for visual interpretation and
automatic analysis (Alberton et al., 2017; Brown et al., 2017; Filippa et al., 2012; Nijland et al.,
2016; Sonnentag et al., 2012). Simultaneous multi-site recording is possible. Recorded colour
and brightness values depend on the illumination and viewing geometry as well as on shadowing
effects, time of day, day of year, weather conditions and the plants’ phenological cycle. Near-
surface remote sensing happens at high temporal frequency and is more consistent than ground-
based observations (Bottcher et al., 2016; Brown et al., 2017; Browning et al., 2017; Hufkens et
al., 2012; Fitchett et al., 2015). Phenological images comprise a permanent record that can be
analysed and re-checked, overcoming the subjectivity of ground-based observations. Phenocams
are not affected by cloud cover and only minimally by atmospheric effects (Brown et al., 2017;
Fitchett et al., 2015; Sonnentag et al., 2012). Rain, fog, haze, condensation and changing scene
illumination affect the system instead. For normalising illumination alterations, a reference panel

can be installed within the field of view of the camera.

4.2.1. Phenological Eyes Network
The imagery used in this thesis was collected by the Phenological Eyes Network (PEN; Nasahara
& Nagai, 2015; Nagai et al., 2018). Since 2003, the network conducts long-term ground observa-
tions. The aim is to verify satellite remote sensing images of terrestrial ecosystems. Particularly,
the PEN focuses on phenological changes in vegetation. Three different sensor types are used for
the PEN sites: an Automatic Digital Fish-eye Camera (ADFC), a HemiSpherical SpectroRadiom-
eter (HSSR), and a Sun Photometer (SP).

At Lambir Hills National Park, two ADFCs, consisting of a CoolPix 4500 digital camera
(Nikon, Tokyo, Japan) and a FC-E8 fish-eye lens (Nikon), have been installed on the crane in
water-proof containers (Nasahara & Nagai, 2015). The cameras are pointed sideways towards the
west and east, 76 m above the ground — approximately 25-35 m above the canopy (Nagai et al.,
2016, 2018). Both are solar powered and controlled remotely. The remote control used is often
unstable and does not function continuously, resulting in data gaps (Nasahara & Nagai, 2015).
The cameras take daily hemispherical 8-bit RGB images around noon local time (Nagai et al.,

2016). But the timer gradually drifted from +0.11 to -0.22 min per day.

16



4.2.2. Data preparation
As phenocam imagery is affected by rain, fog, haze, condensation, dirty lens and variation in
scene illumination, the images had to be sorted first. In order to do so, Brown et al. (2017) used a
three-day moving window and assigned the 90th percentile of an index value to the central image.
But the images additionally contained non-canopy features interrupting the field of view on the
canopy. Due to these numerous different factors that may render the images unsuitable (Figure 6),
the sorting was done manually.

The installation of the cameras appeared to be not completely stable, in the sense that there
were slight shifts in the cameras’ field of view. To solve this, an adapted geometric transformation
(estimateGeometricTransform) was conducted for every image using MATLAB (MathWorks,
Natick (MA), USA) to align the image content. This allows a pixel-based analysis to extract
within-ecosystem and within-individual phenological variability (Filippa et al., 2016).

Furthermore, due to the hemispherical lens the images are framed circularly and contain a
part of the sky and the crane along with the tree canopy. Therefore, a region of interest (ROI)
was defined and used as a mask for further analysis. The ROI was restricted to the images’ fore-
ground to minimise effects of atmospheric aerosols and low-lying clouds (Brown et al., 2017).
Parts along the edge were also omitted due to distortion effects of the hemispherical lens. These
criteria lead to a manual ROI definition of the representative area among the tree canopy in the
foreground to minimise weather effects (Hufkens et al., 2012). The horizontal distance between
trees and cameras ranges from about 10 to 100 m (Nagai et al., 2016). At greater distances, each

tree is captured in fewer pixels than it would be closer to the camera and indices as well as spatial

Fig. 6: Selection representing the variation of the phenocam imagery from the Phenological Eyes Network: a) Sunny
weather allows a perfect view on the canopy, b) Cloud shadows cover the canopy partially; ¢) The full camera’s field of
view lays in the shade; d) Overexposure; e) Image taken at dusk due to malfunctioning timer; f) Backlighting and lens
flares; g) Fog; h) Condensation on lens, i) Loose building material hanging in front of the camera, j) The camera fell
and the field of view changed totally. Data source see Section 4.2.1.

17



metrics are affected by this. Therefore, the ROI was designed to contain tree canopies of similar
sizes to ensure comparability.

Within the ROI, digital colour numbers were extracted, and different optical indices calcu-
lated. These were then tested whether they show and explain flowering patterns. More details on

this can be found in Section 4.4.

4.3. Satellite data
Time series derived from satellite imagery have been successfully applied in vegetation monitor-
ing (Nijland et al., 2016). While satellite observations provide global coverage, they do so at vari-
ous degrees of spatial and temporal resolution (Azmy et al., 2016; Hufkens et al., 2012; Nagai et
al.,2017; Nijland et al., 2016; Rodriguez-Galiano et al., 2015; Suepa et al., 2016). The global cov-
erage is especially important in order to study logistically challenging grounds and non-accessible
regions (Cherrington et al., 2016; Fitchett et al., 2015). Single-point observations can be extended
to representative landscape characteristics (Rodriguez-Galiano et al., 2015) and the trade-off be-
tween spatial and temporal resolution can be approached by integrating different sensors.

Satellite remote sensing cannot only provide multispectral and radiometric but also meteoro-
logical information (Azmy et al., 2016; Lu & Hamunyela, 2016). Climatological drivers of phe-
nology occur on regional to global scale and, therefore, need broad coverage to be detected and
analysed. Generally, both temporal and spatial resolution are coarser than for near-surface remote
sensing data. Spatially and compositionally complex, heterogeneous vegetation generates mixed
pixels when working with medium to coarse spatial resolution (Liu et al., 2017; Wohlfart et al.,
2014). Satellite remote sensing is useful for observations of land surface phenology on regional to
global scales but representativeness for phenological changes is limited on ecosystem or species-
level (Filippa et al., 2016; Hutkens et al., 2012; Liu et al., 2017; Nagai et al., 2017). There is a
trade-off between the two, higher spatial resolution (i.e. the level of spatial detail) usually entails
coarser temporal resolution (i.e. revisit time) and vice-versa (Liu et al., 2107; Nijland et al., 2016).
Cloud-contamination reduces the frequency of useable multispectral imagery especially in the
tropics (Hufkens et al., 2012). Therefore, precise characterisation of rapid phenological processes,
such as leaf emergence, are difficult to monitor (Nagai et al., 2017). The moderate-imaging reso-
lution spectroradiometer (MODIS) provides daily coverage and is thus favourable for removing
cloud contamination and allows advanced insights on temporal processes (Huete et al., 2006; Park
& Miura, 2011). Additionally, noise in the satellite data and errors in processing methods increase

uncertainty in land surface phenology analysis (Rodriguez-Galiano et al., 2015).
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4.3.1. Satellite imagery
Satellite imagery is an affordable and convenient way to look at the Earth’s surface on a regional
to global scale. Depending on the purpose, a high revisit frequency is favourable. This is provided
by the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard both satel-
lites Terra (launched 1999) and Aqua (launched 2002) of the U.S. National Aeronautics and Space
Administration (NASA). The twin-MODIS design provides global coverage every one to two
days (NASA, 2018a). The spatial resolution is 250 metres for bands 1-2, 500 metres for bands 3-7
and 1 kilometre for bands 8-36, including visible and infrared bands used for vegetation analysis.
The moderate spatial resolution, however, make MODIS imagery a secondary candidate for the
purpose of this study.

The Landsat family of satellites, among others, provide higher spatial resolution. NASA’s
Landsat 5, that carried the Multispectral Scanner System (MSS) and the Thematic Mapper (TM)
instruments (NASA, 2018b) was launched in 1984 and delivered global land surface data for
almost 29 years until the last command in 2013. Landsat 5 acquired global coverage of the Earth
every 16 days at 30 metres spatial resolution in visible as well as in infrared wavelengths. The
same temporal and spatial resolution apply to Landsat 7, launched in 1999 (NASA, 2018c) with
the Enhanced Thematic Mapper Plus (ETM+). An additional panchromatic band at 15 metres
enhances the spatial resolution. The imagery of Landsat 7 has data gaps between scan lines due
to the malfunction of its scan line corrector (SLC). Landsat 8 was launched in February 2013
with the two instruments Operational Land Imager (OLI) and Thermal Infrared Sensor (TIRS) on
board (NASA, 2018d) and was developed to continue long term observation records and improve
older Landsat sensors regarding radiometric resolution (Liu et al., 2017). The bands within the
visible, near-infrared and short-wave infrared, wavelengths are at a spatial resolution of 30 me-
tres, the panchromatic band at 15 metres and the thermal band at 100 metres.

Higher spatial and temporal resolution is required for phenology analysis in order to not miss
abrupt changes to the next phenological state of individual plants to communities. The twin mis-
sion Sentinel-2 by the European Space Agency (ESA) launched Sentinel-2A in 2015 and Senti-
nel-2B in 2017 (ESA, 2018). The identical satellites carry the Multispectral Imager (MSI) instru-
ment that covers four visible and near-infrared bands at 10 metres spatial resolution, six red-edge/
shortwave-infrared bands at 20 metres and 3 atmospheric correction bands at 60 metres. Full
global coverage can be provided from combined Sentinel-2A and Sentinel-2B imagery every
five days. The bands in the red-edge region, the short revisit time and the higher spatial resolu-
tion compared to Landsat satellites, bears high potential to improve the acquisition of time series

monitoring vegetation (Chang & Shoshany, 2016; Malenovsky et al., 2016).
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Using the Google Earth Engine (GEE; Gorelick et al., 2017), we computed surface reflectance
time series of Landsat 5, 7, 8, and Sentinel-2 for the study site at Lambir Hills National Park. An
advanced cloud and cloud shadows masking algorithm was applied. From these time series opti-

cal indices and their statistics were computed.

4.3.2. Precipitation Measurement Missions
Traditional weather stations only measure pointwise and do not reflect the spatial variation of
rainfall. Satellite remote sensing is able to solve this problem and provide continuous and re-
peated precipitation data (Alexakis & Tsanis, 2016). Azmy et al. (2016) found that the results of
remote sensing climate monitoring were consistent with data from meteorological stations.

The Precipitation Measurement Missions (PMM) by NASA and the Japan Aerospace Explo-
ration Agency (JAXA) aimed to study precipitation for climate research. The Tropical Rainfall
Measuring Mission (TRMM) satellite was launched in 1997 and ended its data collection in April
2015 (NASA, 2018e). The five instruments Precipitation Radar (PR), TRMM Microwave Imager
(TMI), Visible and InfraRed Scanner (VIRS), Cloud and Earth Radiant Energy Sensor (CERES),
and Lightning Imaging Sensor (LIS) collect weather data. Based on the success of the TRMM,
the Global Precipitation Measurement (GPM) mission was initiated by NASA and JAXA (NASA,
2018f). The GPM mission comprises multiple satellites from international space agencies to ex-
tend the rainfall data collected by the TRMM satellite. The multi-satellite 3B42*/TMPA product
consists of three-hourly rainfall data between 50°N and 50°S at a 0.25° spatial resolution (Suepa
et al., 2016; Yan et al., 2017). This data was transformed to daily precipitation measurements to

reduce data size.

4.4. Flowering metrics
Phenological information can be extracted from the colour information of time series originating
from digital photographs (Moore et al., 2016; Nasahara & Nagai, 2015). Vegetation indices, char-
acterising the balance of red, green, blue and optionally near-infrared (NIR), can pick up process-
es and transition dates of phenology (Cherrington et al., 2016). Quantitative indices closely track
colour changes of the vegetation canopy, such as canopy greenness, and can, therefore, indicate
the plant development stage in various ecosystems (Moore et al., 2016). However, which index
is most suitable to detect flowering may alter among tree species due to differences in the flower

and leaf characteristics (Nagai et al., 2016).
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4.4.1. Red-edge indices
The normalized difference vegetation index (NDVI; Tucker 1979) is the most commonly applied

red edge vegetation index. It is defined as:

NIR-red

NDVI = NIR+red (1)

with NIR and red being the surface reflectance of near-infrared and red wavelengths (Park
& Miura, 2011). These wavelengths are less prone to atmospheric scattering and are thus useful
when working with satellite images (Reid et al., 2016). Nonetheless, ND VI is subject to saturation
problems at moderate to high vegetation densities (Huete et al., 2002) due to the high absorption
coefficient of chlorophyll in the red-edge region from 700-740nm (Chang & Shoshany, 2016). At
close range, NDVI is outperformed by vegetation indices using the visible light spectrum (red,
green, and blue) when assessing vegetation cover and condition (Reid et al., 2016). Nagai et al.
(2014, 2016) did not detect seasonality in evergreen forests using NDVI.

Another index to improve the sensitivity in dense vegetation is the enhanced vegetation index
(EVI; Huete et al., 2002) defined as:

" NIR-red
NIR+(Cl*red—C2+blue)+L (2)

EVI =G

with NIR, red and blue being the surface reflectance. The blue band is used in the formula for
atmospheric corrections (Park & Miura, 2011; Suepa et al., 2016). Additionally, the gain factor
G, the coefficients of the aerosol resistance term C1 and C2 to reduce the impact of smoke from
biomass burning, as well as the canopy background adjustment term L are used. For MODIS-EVI
the terms are adopted as follows G = 2.5, C1 =6, C2 =7.5, and L = 1. In tropical wet evergreen
vegetation with little seasonal variation, a constantly high EVI has been found (Moore et al, 2016;

Nagai et al., 2014, 2016; Park & Miura, 2011).

4.4.2. Visible-light indices
Indices calculated from visible light wavelengths in contrast to red-edge indices do not rely on
infra-red measurements and are, therefore, applicable to not only satellite imagery but also to
phenocam imagery without additional near-infrared data. Such an optical index is the green-red

vegetation index (GRVI; Motohoka et al., 2010; Tucker 1979):

GRVI = green—red

green+red (3)
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which is simple to interpret in various ground covers using the visible green and red surface
reflectance. GRVI can fall below zero when trees are bare or when the leaves change colour. Thus,
GRVI = 0 is a site-independent threshold for leaf green-up and the middle phase of autumn col-
ouring of leaves. Furthermore, GRVI is sensible for subtle disturbances within an ecosystem and
characteristic for different ecosystems. Nagai et al. (2012) found that GRVI detected phenology
of evergreen trees, where NDVI and EVI were insensitive. Thus, GRVI might be more suitable for
interannual and seasonal variability detection in tropical forests rather than other vegetation indi-
ces working with near-infrared wavelengths (Nagai et al., 2014). However, GRVI on the whole
canopy did not detect temporal patterns of tree phenology in tropical forests (Nagai et al., 2016).

Chromaticity coordinates (CC) are numeric colour information that can also be used to ana-
lyse digital images and extract phenological information for any region of interest (Fitchett et al.,
2015). The quantification of the colour information generates a vegetation index related to leaf
colour representative for the vegetation’s change in phenological status (Alberton et al., 2017;
Moore et al., 2016; Nagai et al., 2016; Sonnentag et al., 2012). The timing of seasonal events
like flowering, leaf expansion, and leaf fall of the canopy or of individual trees can be extracted
(Moore et al., 2016; Nagai et al., 2016). CC are beneficial for or valuable in supressing the effects
of varying scene illumination for the RGB brightness levels (Brown et al., 2017; Gillespie et al.,
1987; Nijland et al., 2014; Reid et al, 2016; Sonnentag et al., 2012; Woebbecke et al., 1995).

As the colour palette of Dipterocarpaceae ranges from whitish green and yellowish flowers to
reddish seeds and brownish fruits, red chromatic coordinate (RCC, Gillespie et al., 1987) seemed

to be most promising for flower detection within the tree canopies of Borneo’s tropical rainforest
(Eq. 4).

red

REL = red+green+blue 4

There are two approaches how to compute a vegetation index on a ROI (Filippa et al., 2016).
Either the index is calculated for each pixel and then averaged within a ROI, or each pixel within
a ROl is analysed separately. We have decided to follow the ROI-averaged approach, because we
wanted to look at scaling effects regarding the spatial resolution. First, we extracted the raw red,
green and blue digital numbers from each pixel within the ROI and calculated their colour chro-
matic coordinates with the equation (4) and the respective green and blue chromatic coordinate
equations. Then, pixelwise time-series were compiled for each year of the phenocam imagery.
These time series were smoothed with a local regression using weighted linear least squares and

a 2" degree polynomial model assigning low weight to outliers. Then, the pixels were grouped in
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differently sized ROIs and the mean for these ROIs was calculated. Afterwards, the mean of all

ROI-averaged CC values and the variance between them was computed for each day.

4.4.3. Observational scale
In diverse evergreen forests, specific phenological events such as leaf unfolding, flowering, fruit-
ing, and leaf fall are species dependent and, therefore, spatially limited to single-tree canopies
(Nijland et al., 2016). At broader scales, as for instance satellite pixels, mixed signals are re-
corded, and vegetation indices become continuous curves of indistinguishable signals from dif-
ferent species. Hufkens et al. (2012) noticed low covariance between vegetation indices extracted
from satellite and camera data. The camera data reflected a small set of individual trees, whereas
the satellite data represented the phenology of the larger landscape. The image analysis, hence,
strongly depends on the defined ROI (Alberton et al., 2017). Sample sizes range from parts of
a tree crown to individual trees over a portion of the canopy, a community profile to large land-
scapes. The detection of a tree crown in full bloom will be missed when calculating a vegetation
index for the whole canopy.

The advantage of near-surface remote sensing is that the integration of multiple spatial scales
by ROI selection is possible (Reid et al., 2016). The minimal mapping unit (MMU) of a digital

camera image depends on the distance between the object and the lens. In the case of phenological

Fig. 7: Region of interest sample sizes computed with the simple linear iterative clustering algorithm: a) Reference
image with superpixel boundaries for clusters representing approximately an individual tree crown; b) The means of
a very fine scale subdivision of tree crowns — shaded parts of the canopy are divided from illuminated parts; c) The
means of a fine scale subdivision, d) The means of subdivision of tree crowns into two or three parts, ¢) The means of
superpixels representing an individual tree crown; f) The means of two tree crowns, g) Of three tree crowns; h) And of
approximately five tree crowns.
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imagery, single branches and parts of a tree can be distinguished. For a Landsat pixel, the MMU
would be a community or around nine tree crowns in the tropical forests of Borneo, including
some understory vegetation and forest floor, depending on the density of the canopy.

In order to identify the spatial scale at which flowering can be detected, we divided a reference
phenocam image into three ROI sample sizes smaller than an individual tree crown (Figure 7,
b-d), a sample size representing one individual tree crown (Figure 7, e), as well as sample sizes
containing approximately two, three and five tree crowns, respectively (Figure 7, f-h). These
ROIs were computed using the simple linear iterative clustering (SLIC) algorithm (Achanta et al.,
2012). This superpixel algorithm groups pixels with similar values into regions and can thus catch
the rounded forms of tree crowns rather than just segment the canopy into squares. Additionally,
using this method background noise from other understorey vegetation and other tree crowns as
well as ground cover are minimised (Reid et al., 2016). CCs were then calculated for these dif-
ferent sample sizes. We have calculated the mean as well as the 90th percentile of the brightest

pixels within the ROI.

4.5. Quantification of dry periods
Droughts or dry periods have been named as likely trigger for general flowering events. However,
the definition of drought varies among literature and general flowering studies (Numata et al.,

2013). A compilation of definitions is listed in the following Table 1.

Tab. 1: Varying drought definitions applied in literature and general flowering research in Southeast Asia.

Total precipitation amount [mm] Time period Literature

<100 30-days Brunig (1969); Harrison (2001)
<200 3-months Azmy et al. (2016)

<40 30-days Sakai et al. (2006)

<40 14-days Kurten et al. (2017)

<5 14-days Ichie et al. (2004)

These tested thresholds were calculated and applied for the precipitation dataset, generated
from the multi-satellite 3B42*/TMPA product from the precipitation measurement missions.

Then, correlations with general flowering events was analysed.
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5. Results
First, the results from the CC analysis were presented, before further focus is laid on RCC and es-
pecially the variance of RCC measurements. Observational data was used for validation of peaks
in RCC variance as a measurement of general flowering events. Then different observational
scales were compared, before analysing the variance of RCC derived from satellite imagery. Fur-
thermore, periods of low precipitation were compared to the timing of general flowering events.

This chapter presents the results of these analyses in the mentioned order.

5.1. Chromaticity coordinates from the phenocam imagery
The chromatic coordinates proved effective at supressing varying illumination, which is the case
in the tropical lowland of Southeast Asia at Lambir Hills National Park. We, therefore, calculated
red, green and blue chromatic coordinates from both datasets of the eastern and the western facing

phenocam. The mean of the chromatic coordinates (Figure 8, a & c) did not show much variation,
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Fig. 8: RGB chromatic coordinates (CC): a) Mean values of the CC sampled over the smallest observational scale
from the eastern facing camera; b) The variance of the CC between the sampled patches facing East; ¢c) Mean values
sampled over the smallest observational scale from the western facing camera; d) The variance of the CC between the
sampled patches facing West.
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although bigger differences between the values were extracted from the dataset from the eastern
facing camera. Green chromatic coordinate has the highest values from the three CC. Blue light
is lowest even though BCC and RCC are closer and change positions when looking at the western
facing phenocam imagery. CC variance values (Figure 8, b & d) were more alternating with high-
est variance for BCC and lowest for RCC.

Due to the whitish green and yellowish flowers of the dominant canopy plant family of Dip-
terocarpaceae, RCC seems to be the most logical index to reveal flowering patterns. Therefore,
further analysis focused on red chromatic coordinates.

The imagery of the digital camera facing West is more exhaustive, as the eastern dataset suf-
fers from several data gaps. The longest data gaps are in 2012 and 2015 (Figure 8, a & b). Three
smaller data gaps have been found at the end of 2012, at the end of 2013 and late in 2014 for the
camera facing East. The gap at the end of 2013 also exists in the dataset from the camera facing
West (Figure 8, ¢ & d). An additional data gap in the middle of 2016 only affected the west-facing

dataset.
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Fig. 9: The statistical mean (continuous line; 0.3187) and the range where 95% of the values lay within, defined by two
standard deviations (dashed lines) from the mean of the red chromatic coordinates (RCC; red dots) from the smallest
sample size. The statistics have been calculated for the years 2013 (a), 2014 (b), and 2016 (c) as relatively continuous
datasets from the eastern facing camera are available for these years.
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Fig. 10: The statistical mean (continuous line; 1.9476*10) and the range where 95% of the values lay within, defined
by two standard deviations (dashed lines) from the variance of the red chromatic coordinates (RCC; red dots) from the
smallest sample size. The statistics have been calculated for the years 2013 (a), 2014 (b), and 2016 (c) as relatively
continuous datasets from the eastern facing camera are available for these years.
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5.1.1. RCC mean
The RCC mean values from the smallest sample size were found to be around 0.32 (Figure 9).
During the years 2013 and 2014, the values fluctuated slightly but they did not show any signifi-
cant patterns. At the beginning of 2016, the RCC values increased and fluctuated around 0.36
for five months before the values dropped back down to the level of 2013 and 2014. During the
second half of 2016, the lens was stained. No other hints for the rapid decrease were found when
the phenocam images were inspected visually.

The RCC mean values did not show a significant correlation with the general flowering events

in spring 2013, autumn 2013 and spring 2014.

5.1.2. RCC variance
The RCC variance usually alternated around 2*10* (Figure 10). This fluctuation was interrupted
by a fast increase at the beginning of June 2013 and two slower inclines in October 2013 and May
2014. All these three peaks in the RCC variance noted deviations bigger than twice the standard

deviation.

5.2. Validation
Validation with in-situ observations was, unfortunately, not possible, as the relevant years were
missing in the available dataset. Alternatively, verification was done by visually comparing the
amount of flowering tree canopies visible on the phenocam imagery. This qualitative validation
showed an accumulation of trees in flower before and during the period where RCC variance was
high.

Furthermore, Nagai et al. (2016) have marked flowering events from March to June 2013,
August to September 2013, and May 2014. The first to change from green canopy to reddish
green canopy was Shorea beccariana around the 16™ of March 2013. Other trees of this species
performed the same change around the middle of June. Myristica gigantea changed to a yellowish
green canopy around the 17" of April, Shorea ochracea around the 24™ of May, and Shorea sp. cf.
ovata flowered around the 6" of June.

During the second flowering period, Shorea beccariana needed one week to develop full flow-
ering on the 10" of August and the canopy changed from green to whitish green. Swintonia acuta
developed whitish flowers over two weeks and peaked on the 22" of August. Shorea sp. cf. ovata
was partially covered with yellow flowers at the beginning of September.

Further canopy colour changes started to occur around the 29" of April 2014 when Shorea

curtisii changed its canopy from green to yellowish green. Crenolophon parvifolius joined around
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the 5" of May with reddish to yellowish hues, Swintonia acuta on the 9" of May and Swintonia
sp. around the 10™ of May in whitish colours, Shorea ochracea around the 23™ of June with red-
dish flowers, and Shorea beccariana added yellowish and reddish colours to the canopy at various
times during May 2014 and July 2014. In August, Shorea sp. cf. ovata changed to a yellowish
green canopy and more Shorea ochracea added reddish. Around the 7" of October Myristica gi-

gantea dotted its green canopy with whitish flowers (Nagai et al., 2016).

5.3. Process scale of flowering
The variance of RCC varied depending on the sample size within the phenocam images. The
highest variance was measured for ROIs smaller than the crown of one individual tree (Figure 11).
The bigger the sample was in its spatial extent, the lower the RCC variance between the samples
in one image. Several exceptions of the detected order occurred, but in general all the RCC vari-
ances followed the same temporal pattern.

This temporal pattern consisted of an up-and-down movement until the RCC variance values
started to increase stronger in May. For the biggest observational size, the increase was slower

and developed less steep than for smaller sample sizes. Three months after the start of the incline
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Fig. 11: The variance of red chromatic coordinates from the eastern facing phenocam at Lambir Hills National Park
for 2014. The signals are sorted according to an observational scale from the smallest sample size representing a part
of a tree canopy (approximately 2*2m) to several trees in one sample (approximately 25*25m).
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Tab. 2: Different applied observational sample sizes from a region of interest representing a part of a tree canopy to
several trees in one sample. And the highest red chromatic coordinate (RCC) variance between the samples in one im-
age of the phenocam imagery facing East over the year 2014 as well as the date when the highest RCC variance value
was measured.

Sample size Highest RCC variance value [¥*10] [ Date

A few branches 3.7743 07. August 2014
Section of a tree 3.6956 07. August 2014
Half of a tree 3.1670 07. August 2014
Individual tree 3.0536 24, July 2014
Two trees 2.9436 07. August 2014
Three trees 3.4414 26. July 2014
Five trees 3.3224 26. July 2014

the RCC variance values reached the maximum values. Afterwards, the variance values decreased
within a month and fluctuated again.

The highest RCC variance values were reached at the end of July and the beginning of August
(Table 2). The sample size containing approximately two tree crowns would have had its maxi-
mum at the end of the year. However, as the data gets anomalous in the second half of December,
this period was not considered. The ROIs containing three to five tree crowns showed the highest
variance at the 26" of July. The sample size for one tree had a smaller variance and reached its
peak two days earlier. At all other observational scales, the peak was reached at the 7" of August
and ranged from the lowest maximum variance of under 3*10* (twotrees sample size) to the high-

est maximum RCC variance of almost 3.8*10for the smallest observational scale.

5.4. Satellite time series
The imagery of Landsat 7, Landsat 8 and Sentinel-2A is available for free and provides imagery
at 30-m and 10-m spatial resolution respectively at intervals of around two weeks. In the tropics
of Southeast Asia, clouds are common and, therefore, less than the theoretical 23 images per year
are available for analysis. After applying an advanced cloud filter, around ten images per year re-
mained for each of the two Landsat satellites and six images for Sentinel-2A in 2016. For all three
satellites the derived RCC variances over the whole area of Lambir Hills National Park (Figure
12, b - d) were higher than the RCC variance derived from the phenocam imagery (Figure 12, a).

The RCC variance derived from Landsat 7 imagery over the LHNP area (Figure 12, b) does
show higher variance values during the mid-2013 general flowering event. Towards the end of

2013, slightly higher values were found as well as for the event in 2014. But then again, during
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Fig. 12: Comparison of the RCC variance from the phenocam and satellite imagery. a) RCC variance of the eastern
facing phenocam in Lambir Hills National Park (LHNP) over the biggest sample size (approximately 25*25m),; b) RCC
variance derived over the whole LHNP area from cloud free Landsat 7 surface reflectance (SR) imagery, with a pixel
size of 30*30m; ¢) RCC variance derived over the whole LHNP area from cloud free Landsat 8 SR imagery, with a pixel
size of 30*30m; d) RCC variance derived over the whole LHNP area from cloud free Sentinel-2A top of atmosphere
imagery, with a pixel size of 10*10m.

2015 and the beginning of 2016, when no general flowering events occurred in this region, the
RCC variance values fluctuated strongly and values were as high as during general flowering
events.

When looking at the RCC variance values from the Landsat 8 imagery (Figure 12, c), peaks
were found around the turn of the year 2013 to 2014, towards the beginning of the second half of
2014, the beginning of 2015, as well as from the end of 2015 to spring 2016. The first two peaks
occurred during general flowering events, whereas the latter did not.

RCC variance values derived from Sentinel-2A imagery only exist starting from the end of
2015 onward. They do not follow a certain structure and, as there was no general flowering event
since mid 2014, we could not compare the variance values from flowering periods to values from

non-flowering periods.

5.5. Correlation of general flowering events and drought patterns
Two of the drought indices have shown a drought before the general flowering events in late July
2013. The indices defining total rainfall amount <100 mm for 30 continuous days (Figure 13, b),
and <40 mm/14d (Figure 13, e) as drought events have marked dry periods at the end of June

to the beginning of July. Drought conditions were only met for two days by the <100 mm/30d

30



threshold (Figure 13, b), but for two weeks by the <40 mm/14d (Figure 13, e) threshold. The time
lag between the recorded dry periods and the general flowering event was around three weeks.
Before the general flowering event in early September 2013, only one index (<100 mm/30d; Fig-
ure 13, b) showed a brief period where drought conditions were met. This period was at the end of
July, approximately four to five weeks before the general flowering event. Drought was indicated
by three indices before the event in April 2014. These three indices were <100 mm/30d (Figure
13, b), <40 mm/14d (Figure 13, e), and <5 mm/14d (Figure 13, f), respectively. The droughts did
occur in March and thus a few weeks before the general flowering event.

All three general flowering events were preceded by a drought when using the definition of
total precipitation under 100 mm for 30 continuous days. On the other hand, this index showed
many more periods of highly reduced precipitation, as did the other indices. Most droughts were
detected by the <40 mm/14d drought definition, least using <200 mm/3m respectively. A particu-
larly long drought occurred at the beginning of 2016 and was detected by all the used indices. The
indices <100 mm/30d and <40 mm/14d observed a period of around four months with very little

total rainfall amounts.
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Fig. 13: Precipitation values and droughts at Lambir Hills National Park for the years 2012 to 2016: a) daily precipi-
tation values from the PMM, b) periods with total rainfall amount <100mm for 30 continuous days (Brunig, 1969,
Harrison, 2001), c) periods with total rainfall amount <200mm for 3 continuous months (Azmy et al., 2016), d) periods
with total rainfall amount <40mm for 30 continuous days (Sakai et al., 2006); e) periods with total rainfall amount
<40mm for 14 continuous days (Kurten et al., 2017); f) periods with total rainfall amount <5mm for 14 continuous
days (Ichie et al., 2004).
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6. Discussion

6.1. General flowering shown by Red Chromatic Coordinate
The red chromatic coordinate seems a promising optical index to discover whitish, yellowish and
reddish flowers among the green tree canopy. When the flowers started to blossom, the green par-
tially gave way to light colours with more reflectance within the red edge of the visible spectrum.
When we looked at the RCC mean values, no clear pattern was visible, but there was a pattern for
the RCC variance values.

The RCC variance values showed a correlation with recorded general flowering events at
LHNP. All three peaks in the RCC variance values occurred approximately one to three months
after the flowering of varying canopy tree species. With more different tree species flowering as
it was the case in 2014, the increase in RCC variance values is slower but the peak itself is wider
and variance values stay high for a three-month period. The two flowerings in 2013 showed high
values for one or two months, respectively. This is probably due to the species involved in the
respective flowering event. Shorea beccariana and Shorea sp. cf- ovata flowered during all three
events but were joined by changing other species. The different tree canopy species do not flower
at the exact same time but rather flower gradually (Ashton et al., 1988; Sakai & Itioka, 2016).
Therefore, we found that the duration of general flowering events depends on the amount of dif-
ferent species involved in the particular event. Methodologically, we found that these events can
be detected using RCC, in particular its variance, over an area of interest. This corresponds to the
findings by Nagai et al. (2016) who found different RGB ratios and saturation values when com-
paring flowering and non-flowering individual trees.

The mean values fluctuated continuously with one exception. In the beginning of 2016, the
values also showed an up-and-down movement but at a higher level. From a manual inspection of
the phenocam images no hints were found for this phenomenon. When looking at the precipitation
patterns, the reason for the increased RCC mean values became evident. The first half of 2016 was
extremely dry. Droughts were detected by all applied indices and thresholds. During this period,
the canopy was of a less lush green colour which in turn increases RCC values. This seems in line
with the Alberton et al. (2017), who associated and explained daily changes in colour with daily
measurements of climatic variables.

The available phenocam imagery featured several data gaps, especially in the dataset from
the eastern facing camera. Still, we have used this dataset for a further analysis because the RCC
variance calculated from the images facing East did show a correlation with general flowering

events recorded at Lambir Hills National Park. The images from the western facing phenocam
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did not provide such a link between the events and the calculated colour indices values. General
guidelines for phenocam installation propose that the camera should face North when installed in
the northern hemisphere and, subsequently, South when put up in the southern hemisphere. In this
study, this was not available, and we therefore expect that detection accuracy can be improved.
The cameras at LHNP were installed facing East and West. The sun appeared occasionally on the
images causing backlighting and unbalanced light exposure. Nevertheless, it was more likely the
reflection characteristics of the canopy causing the signal correlated with general flowering events
to show up in one dataset but not the other. Cameras installed according to the general guidelines
would also enable a more direct comparison to other studies concerned with general flowering
events via phenocam imagery.

As the data gaps in 2012 and 2015 in the eastern facing imagery are four months long or big-
ger, these years were omitted for analysis. This also minimised the effects of the cameras’ settings
readjustments after resumption of work. With the data from 2013, 2014 and 2016 two years with
three general flowering events and one year without an event were available. This constellation
was biased towards years with the occurrence of general flowering event. This is unlikely as long-
term records show long periods without general flowering events to be more probable. Therefore,

signals of flower occurrence would be even more significant with longer datasets.

6.2. Links to leaf flushing and masting
Other phenological events than general flowering like leaf flushing or masting might fall in line

with flowering on a temporal scale.

6.2.1. Leaf flushing
In tropical forests, leaf flushing occurs gradually throughout the year (Ichie et al., 2004; Nagai et
al., 2014; Yan et al., 2017). However, large leaf flush such as starting from May 2016 at canopy
scale can additionally be triggered by droughts and succeeding rainfall. During periods of severe
water stress, a loss of old leaves with poor stomatal control occurs and when the resource is avail-
able again it comes to leaf flushing or flowering. Sakai et al. (2006) suggest that depending on the
drought intensity buds produce either leaves or flowers. When producing leaves, RCC mean val-
ues will decrease, whereas green chromatic coordinate mean and variance values will increase in
line with leaf flushing (Moore et al., 2016) as can be made out in Figure 9a. RCC variance values
will increase (Figure 11c¢) with the leaf flushing. However, RCC values will additionally increase
when flowers are produced. Due to the fact that not every tree species reacts the same, some might

produce new leaves and other individuals will flower after a period with low precipitation. These
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mixed signals could flatten out peaks in signals from flowering tree canopies.
Without in-situ reference data about the amount and the timing of leaf shedding and leaf flush-

ing, disentangling the signals of new leaves and flowers will remain a challenge.

6.2.2. Masting
After flowering events, the trees mast and produce seedlings and fruits. The seeds of Dipterocar-
paceae are reddish and the fruits brownish. These colours may produce a stronger signal in the
red chromatic coordinates compared to the whitish and yellowish flowers. Furthermore, Appanah
(1985) stipulate that the fruits stay on the trees longer than the flowers do, as supported by Kurten
et al. (2017). This minimises the effects of relatively small signals when the phenological cycles
of individual species are gradually. Additionally, fruits are bigger in size and will, therefore, build
a bigger portion of the signal from a ROI. Thus, fruits are more likely than flowers to show up
in RCC measurements of the forest canopy, as a result explaining that the variance signal was
strongest towards the end of the flowering and masting period. This seems in line with Appanah
(1985), who measured a significantly higher percentage of trees with fruits, where the peak came
four months after the flowering peak. Also, Brearley et al. (2007) observed fruit production fol-
lowing flowering by one to three months and continuing for up to three months after the com-
pletion of flowering. This time lag may need to be taken into account for remote-sensing based
detection of general flowering events.

Keeping in mind that we observed a time lag between the flowering and the RCC variance
peak values, we conclude that high RCC variance values are more sensitive to fruiting than to the
flowering itself. However, fruiting depends on preceding flowering and the high RCC variance
values can, therefore, be used as a proxy for flowering with an approximate time lag of one to
three months.

Besides leaf flush and masting, other signals intermix in various ways. The mixing of signals
from different trees during upscaling when analysing phenocam and satellite imagery is one way.
But the measured signal can also be influenced by biological processes and circumstances such as
the vegetation’s state of health. Dry, dead and sick trees reflect a smaller proportion of green light
(Reid et al., 2016), which in turn will raise the fraction of reflected red light and thus RCC values.
Further influences from the atmosphere and the technical conditions of the imaging system bear
additional potential to influence recorded signals. Comparability of graphical material is better the
more homogeneous the image content is. In heterogeneous regions where vegetation types mix,
comparing processes happening on different spatial scales turns out to be difficult. Phenological

transition dates become inconsistent across scales (Liu et al., 2017).
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6.3. Importance of the observational scale
Phenological observations are dependent on the pixel or ROI size, and the fraction of each compo-
nent in that sample (Liu et al., 2017). The coarser the sample size the more likely mixed pixels are,
e.g. under- and overstory vegetation or different plants next to each other. The more heterogene-
ous a sample is, the more difficult it is to extract a certain signal and compare it to measurements
made at another spatial scale (Hutkens et al., 2012). Thus, the more trees are combined into one
signal, the weaker the signal from each individual tree is. With the high biodiversity characteristic
for this region, individual plant signals are concealed by averaging measurements over bigger
ROlIs. Furthermore, the different species do not flower simultaneously. Combined with the high
heterogeneity it becomes even more crucial to work with fine scale data in terms of spatial resolu-
tion. The findings of Nagai et al. (2016) support this, as they did not detect temporal patterns in
colour analysis of tree phenology over the whole canopy. In fact, results regarding flowering, leaf
colouring, and leaf flushing were found when analysing individual trees.

Therefore, it is not surprising that the RCC variance signals behave differently for varying
sample sizes. We found the signal for the smallest sample size to generally have the highest val-
ues. This was anticipated as small, spectrally similar patches became samples. This means that
flowering parts of the tree canopy could be distinguished from non-flowering areas and thus a
higher variance was found between the samples. The bigger the samples get, the more the signal
gets mixed with background signals and thus concealed. This corresponds with the findings of
Nagai et al. (2016) who did not detect any clear temporal patterns in colour values over the whole
canopy but did do so when analysing individual trees. The slower and delayed increase for bigger
samples in the variance signal do show this mixed signal problem. During the flowering, when
trees flower according to a species and individual specific schedule, the variance within a sample
would be high, whereas the variance between the samples did not yet increase for the biggest
sample size. The signal builds up over time as more trees start to carry fruit and the heterogene-
ity within the sample decreases again. This is crucial for upscaling from the individual tree level
to satellite pixel size. The biggest sample size applied in this research was approximately 25 m,
slightly smaller than a Landsat-pixel and larger than a Sentinel-2 pixel. Hence, the sample size
seems representative and a general flowering signal detection with satellite imagery should be
possible. Section 6.5. provides more information on the possibilities of addressing general flower-
ing via RCC variance signal with satellites.

The highest RCC variance signals in 2014 were found from the 24™ of July to the 7™ of August.
For smaller sample sizes the peak was generally later than for bigger ones. The exception is the

observational scale containing one individual tree per sample patch. In this curve, the peak was
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reached the earliest. We do not know what caused this irregularity. Rather, we concluded that the
fruit fall must occur over a certain period and does not happen simultaneously. This explains the
maintained high and still raising variance values between smaller samples, whereas the variety for
the bigger sample patches starts to decline earlier, as trees in various patches already start losing
their fruit.

The maximum RCC variance signal was found to be highest for small sample patches and
decreased with increasing patch size. The two biggest sample sizes that reach variance values
as high as the values on sub-tree level formed an exception. A possible explanation could be the
distribution of species. If the sample patches contain several similar trees within a patch the signal

between the patches would be higher.

6.4. Defining possible triggers
The number of detected droughts varied greatly depending on the applied threshold from numer-
ous droughts to almost none. It is, therefore, questionable how suitable those algorithms are for
drought detection in Southeast Asia.

There were droughts of varying extent before each of the general flowering events during the
period from 2012 to 2016. The time lag between the drought and the flowering ranged between
three and five weeks. But none of the indices showed significant correlations. On the other hand,
the large dry period at the beginning of 2016 was recorded as drought by all five applied indices.
This drought was not followed by a general flowering event. This suggests that drought may not
be a trigger for general flowering on its own. Rather, additional triggers like a temperature drop
and resource accumulation in the vegetation are needed. The co-occurrence between other trig-
gers and droughts might better correlate with the general flowering events.

As precipitation was the only climatic variable considered in this thesis, it is not possible to
narrow down possible triggers for general flowering events. Furthermore, the analysis was only
done for the area of the canopy biology plot in Lambir Hills National Park. Nevertheless, broad
coverage of climatic variables is possible with satellite measurements (Azmy et al., 2016). Spatial
extent of likely general flowering triggers, such as climatic variables, should be compared to the
spatial extent of general flowering events, measured through daily colour changes (Alberton et al.,

2017), to concentrate on dependencies.

6.5. Outlook: satellite remote sensing
The different observational scales applied during our research aimed at gradually upscaling the

spatial resolution to the level of satellite imagery pixels. The largest sample size used is compa-
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rable to a Landsat pixel. With this sample size, a signal related to general flowering could be de-
tected. It must, therefore, be possible to catch the same signal with remote sensing observations.
However, with bigger sample patches the signal was high over a shorter time period. Thus, detec-
tion of the signal during this shortened time span is the aim. With higher cloud density, the tem-
poral resolution and, hence, the image density is much lower (Van Doninck & Tuomisto, 2017).
Dipterocarp trees flower over a period of around two weeks which is already about the same as the
temporal resolution of the Landsat satellites in the equatorial regions. Masked cloud contaminated
pixels further lower the temporal resolution and a phenological event (e.g. general flowering)
for individual trees can fall in between image acquisitions. Because the flowering events for the
tree canopy of a region are longer than the event for an individual tree, there is still a signal to be
picked up. Other than what we found, Brown et al. (2017) advised caution when comparing satel-
lite derived signals to signals from phenocam imagery, as indices derived with an oblique angle
at the vegetation tend to be greater than that observed from a near-nadir viewing geometry. With
only a single or a few images during a general flowering event, the signal might get treated as an
outlier and might then be lost when smoothing signals from satellite time series. If raw signals
are used, errors stay within the dataset. The analysis of surface reflectance Landsat 7 and Landsat
8 data show higher values during general flowering events. But at other times, when no flower-
ing occurred the RCC variance, values rose as high as they did during the events. Therefore, the
detection of general flowering events seems to be impossible with Landsat imagery. Nevertheless,
the imagery can be used to monitor the spatial extent of the phenomenon when other data sources
(such as in-situ measurements or phenocam imagery) recorded an event.

For phenological analysis, daily satellite images would be best. Currently no such data set is
available at a spatial resolution useful for flowering events of individual tree crowns. The 10-m
pixel of the Sentinel-2 twin mission closely resembles the mean crown size and provides global
coverage every five days. Also, the upscaling from phenocam imagery showed that 10-m pixels
potentially show the signal. Since the launch of Sentinel-2A in 2015 and Sentinel-2B in 2017,
there has not been a general flowering event in Lambir Hills National Park. We are curiously wait-

ing for the next opportunity to test this hypothesis during an actual flowering event.
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7. Conclusion
General flowering events are crucial for Southeast Asia. In order to find a way to detect them, we
applied several optical indices on phenocam imagery, including chromaticity coordinates. Red
chromatic coordinates (RCC) quantifies the proportion or red light to green and blue light from
the visible wavelengths spectrum. The variance of RCC proved to be a measure allowing the
flower detection from phenocam imagery.

Artificial upscaling on the phenocam imagery by grouping pixels of similar spectral character-
istics to differently sized patches showed the effects of the observational scale. The largest sample
patches resemble high spatial-resolution satellite imagery pixels. On this observational scale, a
signal related to general flowering was still detected on phenocam imagery. It could not be iso-
lated from Landsat 7 and Landsat 8 data but the higher spatial resolution of Sentinel-2 matches
the detected observation scale and provides a very promising outlook for larger-scale mapping of
general flowering.

Possible triggers for general flowerings are numerously named in the literature, with drought
being the most likely trigger. Various drought definitions show different results for drought de-
tection with satellite derived precipitation data. The drought indices applied did indicate the oc-
currence of general flowering events and provide a plausible trigger when combined with other

climatic and biological factors.
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