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ABSTRACT

Studies on the statistical approach to analyzing growth factors of bud’s growth in the genus
Rafflesia have been lacking. This study quantified the effects of eight selected ecological
factors hypothesized to be influencing bud’s growth (diameter and circumference) of
Rafflesia kerrii Meijer. A non-experimental cross-sectional data collection was conducted
between April and August 2018 by in-situ observation and measurements on eight ecological
factors utilizing thirty-four sampled individual plants in Lojing Highlands, Kelantan,
Peninsular Malaysia. The Ordinary Least Squares (OLS) and Heteroscedasticity-Consistent-
Error (HCE) OLS regression models were employed to establish the statistical relationship
between bud’s growth and its influencing factors. Host plant’s ecological ability, level of
temperature, light shading, soil acidity, and interaction between plant survival condition
and growth stage were found to be the significant and influential ecological factors to bud’s
growth of Rafflesia kerrii. The results also showed that, model wise, HCE OLS models
outperformed the OLS models in explaining the cause-and-effect relationship under study.
Due to some limitations in sampling and data collection, further studies were recommended
to corroborate this study using a larger sample covering a larger geographic area — possibly
across different localities.
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the lowland and highland of the tropical region of Southeast Asia in Thailand, Indonesia,
Malaysia, and the Philippines (Beaman et al., 1998; Jamili, 2001a; Anon, 2003; Balete
et al., 2010; Molina et al., 2014; Mahyuni et al., 2015; Mursidawati, 2015; Mursidawati,
2017; Peters & Ting, 2016; Nery et al., 2016). Even within a particular confine of a country,
these species. are a site-specific plant type whose distribution is spatially scarce (Nery et
al., 2016). The actual number of varieties of this plant species is still not accurately known.
To date, as many as twenty-four (Latiff, 2018), thirty-two (Jumaat et al., 2016); thirty-four
(Kedri et al., 2018), forty (Nery et al., 2016), or even fifty-five (Faye, 2008) varieties of
Rafflesia species were claimed to have been discovered in the Southeast Asian region with
Rafflesia kerrii Meijer being one of them.

Studies on Rafflesia are numerous. Their attractive appearance with large petals,
striking red colour, large-hollow perigone lube, smell peculiarity, and parasitic in nature
has attracted researchers, local and international alike, on their very nature. However,
more aspects of Rafflesia are left to be investigated. Among others, bud growth is a critical
aspect for survival of Rafflesia since the plant’s abundance depends on bud density per
unit area (Qayyum et al., 2012). Factors that influence the plant’s distribution directly or
indirectly influence the plant’s bud growth itself. So far, published works examining the
growth performance of Rafflesia s bud are scanty, and thus, the mystery of the species’ bud
growth is more to be explored. No description of this variety is given in this paper since
not much scientific characterization of it has been documented so far. Nevertheless, some
good description of R. kerrii can be cited, for example, in Meijer (1984), Jamili (2001a)
and Kanchanapoom et al. (2007). The results of this study will partly clarify the conjectural
explanation about the factors that contribute to the success of this plant species to survive
and develop (Nasihah et al., 2013; Kedri et al., 2018). This study differs from the previous
ones since it provides some parametric explanation of the ecological factors hypothesized to
be significantly influencing the bud’s growth performance of these species, particularly on
R. kerrii. Therefore, the objective of this study is to examine the in-situ factors significantly
influencing bud’s growth (growth in diameter and circumference) of R. kerrii by taking a
site in Lojing Highlands, Kelantan, Peninsular Malaysia, as a case study.

Literature of Growth Pertinent Aspects of Rafflesia

In general, a biological organism grows in a particular territorial home called habitat which
is ecologically governed by variations in factors such as latitude, altitude/elevation, soils,
topography, canopy density, temperature, rainfall, biological interactions with other plants
and animals (Martin, 1998). Within a habitat, there is a micro-habitat where temperature,
humidity, and light intensity differ in influence from one organism to another (Inger & Lian,
1996). These are external factors that interact with the very architecture of an organism
such as plant species. In this context, the growth aspects of Rafflesia can be studied by their
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biological characterization (physiology, morphology, and phenology) and/or ecological
characterization (the external factors) that determine their growth and growth. Each of these
options has its specific purpose, methodology and assumptions. Biological characterization
studies are reflected in some works such as Barkman et al. (2004), Nickrent et al. (2004),
Ramamoorthy et al. (2013), Jumaat et al. (2016), Latifah et al. (2017), and Chu et al.
(2018). In the current study, attention is given more on the ecological factors of R. kerrii.

Climatic factors (e.g. rainfall, humidity, wind, gases, temperature, light); edaphic/
physiographic factors (e.g. relief, altitude/elevation, aspect, exposure, slope, niche); soil
factors (e.g. structure, texture, nutrients, acidity); and biotic factors (e.g. interrelationship
between organisms) are all the ecological factors that determine the growth and growth of
plant species in general (Beaman et al., 1988; Bareja, 2011; Kumar, 2018). In particular,
factors influencing the growth of Rafflesia species are very intricate and, so far, no studies
have provided a satisfactory explanation on the factors that significantly determine the
plant’s growth success (Mursidawati, 2017). Out of such factors, there are some specific
factors operating in-situ that have different degrees of influence and importance to Rafflesia.
Further, there are some anomalies to these that are not easy to explain without a carefully
designed quasi-experimental study. For example, Rafflesia species are not mainly influenced
by soils since they can grow on various substrates (Jamili, 2001a). Rafflesia species are also
a dioecious plant type (i.e., separate male and female flowers), with only a few colonies
in a designated area, are mostly male while males and females rarely bloom at the same
time; these factors contribute to the difficulty in their multiplication (Salleh, 2007; Balete
et al., 2010; Susatya, 2011). It was also said that Rafflesia species have some specialized
habitat where there is water abundance (river banks), close to bamboo clumps, dependent
upon the distribution and characteristics (e.g. size and ability) of the host plants, endemic
to different geographic locations, and grows at higher altitudes (Faye, 2008; Akhriadi et al.,
2010; Galindon et al., 2016). Rafflesia species are known to be a site-specific plant type,
and their propagation ex-situ is very difficult (Jamili, 2001a, Jamili, 2001b; Mursidawati
& Risawati, 2009; Wicaksono & Da Silva, 2015). Scanty information on the in-situ and
ex-situ factors believed to be influencing the plant’s growth can be scanned through the
existing body of knowledge.

However, many of these factors were studied in isolation, making the result conjectural
in nature. An important characteristic of Rafflesia species is that they are holoparasites
growing on vine’s root tissues, such as Tetrastigma leucostaphyllum and T. scariosum
(Veldkamp, 2009; Susatya, 2011). Therefore, edaphically, Rafflesia species can be found
at sites where these host plants are distributed. Further, factors affecting Tetrastigma will
directly affect Rafflesia although the relationships between these two partners are still poorly
understood (Mursidawati, 2017). All these points to the need for some comprehensive
studies on Rafflesia covering all of their growth factors in-situ.
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Not much has been researched about Rafflesia s bud growth from its dormancy, burst
moment to flowering phases. Rafflesia undergoes nine-phase growth of which bud growth
occurs in the third and fourth phases (Jamili, 2001b). During this period, pertinent in-situ
factors operate to determine the growth of bud. Bud erupts from an infected host vine, swells
slowly over months — usually four to nine — to the size of cabbages (Shaw, 2017; Latiff,
2018) and blooms into flower especially in the rainy season depending on the presence
of large bud (Jumaat et al., 2016). Since Rafflesia has no leaves, stems, and chlorophyll,
making them incapable of photosynthesis, the bud grows by living off the host plant’s vine,
draining water and nutrients from it for six to nine months before reaching the flowering
phase. Since Rafflesia grows predominantly on vine’s root, host plant’s root density around
a particular site is an important factor that encourages the production of bud, directly or
indirectly. With Rafflesia species totally depend on their host plants for water and food, soil
nutrients and soil acidity could be other factors directly influencing bud’s growth. Besides,
elevation/altitude which, in turn, indirectly determines other physical factors such as canopy
shade, air temperature, humidity, and wind speed can also influence Rafflesia’s bud growth.

However, so far, the ecological factors influencing Rafflesia s bud growth are yet to be
statistically quantified. Such a study is vital to examine factors that might be statistically
significant to the plant species’ growth. More of such study is necessary to ascertain whether
the relationship between plant growth and its determining factors is geographically and
functionally stable. It is also important to ensure that while studies on Rafflesia s biological
characteristics are necessary, exploring their ecological characteristics is equally important.

MATERIALS AND METHODS
Study Area

Lojing is a highland area located in Gua Musang, Kelantan, Peninsular Malaysia, bordering
Cameroon Highland, Pahang, on the eastern side (Figure 1a). It is popular for highland
agriculture as well as one of the prime hotspots for R. kerrii in Malaysia. Ironically, R.
kerrii had become an icon for conservation and a flagship of tourist destination to Lojing
Highland.

Data Collection

A forest tract of about 3-ha. where R. kerrii thrived was selected for data collection. We
adopted a non-experimental cross-sectional study with data collection conducted between
April and August 2018 with the site being visited five times. A total of thirty-four individual
plants were selected from a population of Rafflesia spp. that randomly distributed over the
study area. The decision to have picked only thirty-four individual plants was made due to
time and resource constraints. However, a sufficiently minimal sample size was managed
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to be collected for the statistical analysis. Inspection proceeded in a linear traverse mode
starting at the southwest corner of the study area where two baselines intersected (Figure
1b). One of the baselines was selected quite parallel to the main road, some 250 m away
from it. Using a digital compass and Global Positioning System (GPS) device, each plant’s
site geo-coordinates were recorded for easy identification, systematic data records, and to
avoid repeated data collection of the same spot. As we walked along each of the linear lines,
we selected the Rafflesia plant, limiting it to 4-6 individuals, over a 25-m wide swath to
the right of each traverse line. Data on the pertinent factors influencing plant growth were
collected by in-situ observation and measurements where R. kerrii was found.

Site elevation/altitude was measured using a high-resolution real-time kinematic global
positioning system device; for double-checking purposes, a topography map of the study
area was also used. The temperature and humidity levels were measured using ThermoPro
TP53 hygrometer humidity gauge. Light shading measurement was made by a modified
“visible sky” approach (i.e. visible sky x 100 = % canopy openness) as per Montgomery
(2004). In this approach, light shading (%) = (100 — canopy openness) %. It was found
that canopy openness ranged between 13% to 29%. We followed Kedri et al. (2018) in
classifying the growth stages of R. kerrii into stages I, II, or III. Each individual plant
was roughly observed by assessing the morphological features of the flower bud (1 = if
stages Il or III; 0 = if stage I). The full description for assessing growth-stage morphology
is contained in Jamili (2001b). The plant survival condition was roughly assessed by
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Figure 1. Location of the study area and sampling design
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considering as to whether a particular individual plant was still alive or already dead/
dying (1 = if alive; 0 = if dead/dying) during the fieldwork. A handy soil pH meter was
used to detect the level of soil acidity measured at the base of the host plant. Although
the data may not be as accurate as those obtained from a laboratory test, the purpose was
to give an indicative state of in-situ soil acidity. Soil acidity was assumed to be directly
related to soil’s nutrient contents; a lower-level acidity (higher pH value) corresponds to a
richer amount of nutrients. It was not accurately known as to the ideal level of soil acidity
for Rafflesia, but the level of pH of 5.0-5.5 was perceived to be ideal for the plant’s good
growth performance. Bud growth was measured by its diameter (and circumference) as
per Faust and Lewis (2005), using a measuring tape.

Data Analysis

Modelling Growth Factors. Factors that influence the growth of Rafflesia could not be
explained satisfactorily without designing a sample for data collection, especially for
parametric analysis. A sufficiently large geographic area across a country or a region may
be necessary to ascertain the ecological characteristics of Rafflesia where the growth-
influencing factors operate systematically such as the distribution and conditions of host
plants Tetrastigma species., male-female bloom lag; canopy shading, growth stage and
survival condition (Beaman et al., 1988; Jamili & Wilcock, 1998; Jamili et al., 2000; Jamili,
2001a, Jamili, 2001b; Akhriadi et al., 2010; Kedri et al., 2018). Unfortunately, within a
small forest tract (say, a 3-ha. plot) and over a short period of study, only a limited number
of factors could be studied ensuring, nonetheless, that there is a sufficient random variation
of these factors in influencing the growth of the plant.

Given the array of growth factors, as mentioned earlier, statistical modelling is an
objective way of simultaneous consideration of these factors for a parametric analysis under
the assumptions of best linear unbiased estimates (BLUE). Since not all factors can be
specified in a model, a statistical model will usually prescribe a limited number of pertinent
factors. Given this premise, a parsimonious statistical relationship of Rafflesia against
the pertinent in-situ growth factors must be established. Partial relationships between the
growth of this plant species against its influencing factors such as host plant, soil, etc. have
been described in several studies (Nasihah et al., 2013; Nasihah et al., 2016). However,
due to such partial analyses, in most situations, the claimed relationship between Rafflesia
and their growth-influencing factors was rather conjectural.

Despite the studies examining the habitat of Rafflesia (Faye, 2008; Hidayati & Walck,
2016; Kedri et al., 2018) there was no parametric analysis of factors that may significantly
influence the plant’s bud growth. In Faye (2008) study on Rafflesia keithii, canopy cover,
temperature, and vegetation were studied. A variety of statistical models for evaluating
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various issues on bud growth were employed in a number of studies where temperature and
photoperiod were two main factors specified in the models (Osawa et al., 1983; Kramer,
1994; Hakkinen et al., 1998; Hakkinen, 1999; Mello & Tuan, 1999; Linksolo et al., 2000).
However, none of these studies was investigating parasitic plants. Studies on parasite-host
relationships were focused mainly on agricultural crops (e.g. Grenz et al., 2005; Moreau et
al., 2016). Apart from Rafflesia works on parasitic plants can be cited in a limited number
of studies (Medel, 2000; Hautier et al., 2010). Again, however, these studies were either
non-statistical or based on controlled experiments and not focusing on bud growth. The
current study is focusing on a non-experimental parasitic plant, i.e. R. kerrii Meijer whose
bud growth is hypothesized to be influenced by its ecological factors and whose data are
to be collected by cross-sectional in-situ observation and site measurements.

Basic Postulation of the Model. Plant growth is a fundamental ecological process with
a variety of reasons for its growth and functional in nature (Paine et al., 2012). With
a parsimonious statistical relationship, a group of ecological factors — physical and
environmental — can be considered simultaneously by a regression model and, thus, the
partial contribution of each factor on the plant’s growth performance can be assessed more
objectively. As found in the body of literature on statistical modelling, a parsimonious
statistical relationship between a growth variable and its growth-influencing factors can
be specified in general as Equation 1:

Y=XB+¢ (1)

where Y = (n x 1) matrix of dependent variable (e.g. bud diameter/circumference);
X = (n x k) matrix of independent ecological variables (physical and environmental); 3
= (k x 1) matrix of regression parameters, including the intercept; and € = (n x 1) matrix
of error term. In a parsimonious statistical relationship, we are interested to quantify the
regression parameter, 3, which is derived by a matrix manipulation as Equation 2 (ignoring
g, for simplicity):

B=(XX)'XY @)

Functionally, 8 is equivalent to the marginal effect of X on Y, i.e. B = 8Y/0X for a
linear model. In other words, the marginal effect of a physical and environmental factor is
quantified by the differentiation of the regression equation. In this context, our interest is to
test the hypothesis (at o = 0.05 and better) as follows: Hy: B1, B,,....px = 0 against H;: B’s #
0 at least for one factor. As with our case study, the general relationship between Rafflesia s
growth performance and the growth factors can be specified as Equation 3a and 3b:

Pertanika J. Sci. & Technol. 29 (2): 1243 - 1266 (2021) 1249



Abdul Hamid Mar Iman, Nor Hizami Hassin, Muhamad Azahar Abas and Zulhazman Hamzah

DIAMM — 1 . ELE* — 1 N TEMP* — 1 N SHADE*2 — 1
A = a 1 PR B2 1 B3 PR

HUMID*2—1 PHA2-1 ROOTS*2-1
+hs ( Ay ) s ( Az ) *Pe ( Az ) + By TERMIT

+BgCOND + BoSTAGE + ¢ (3a)

CIRCMM — 1 ELE* — 1 TEMP* —1 SHADE?*2 — 1
————=y+to | —— |t |————— |t os3| —————
A Ay Ay Ay

HUMID*2-1 PHA2-1 ROOTS*2-1
T ( Az ) T s ( Az ) t 96 ( Az ) + @7 TERMIT

+@gCOND + @oSTAGE + ¢ (3b)

where DIAM = Rafflesia flower’s bud diameter (cm); CIRCUM = Rafflesia flower’s
bud circumference (cm); ELEV = elevation above mean sea level (m); TEM = level of
temperature (°C); SHADE = light shading/intensity (100-% of light penetration); HUMI
= level of humidity (%); pH = soil acidity at the host plant’s base (0-14); ROOT = number
of visible 7Tetrastigma’s roots/vines on ground surface within a 20-m radius; TERMITE =
presence of termites on the plant (1 = yes; 0 = no); COND = state of survival (1 = alive;
dead = 0); STAGE = growth stage at time of inspection (I, I1, III); a, v, Bs, @s are regression
coefficients, € is error term, (.)A, and (.)A, are the Box-Cox transformations of the variables
over a range of values of A, and A,.

Equation 3a and 3b are specified because, in theory, plant growth performance is not
likely to be influenced by its growth factors linearly (Koya & Ghosu, 2013). The body of
literature on plant growth has indicated rather non-linear relationships between these two
sets of factors. It follows that model’s functional forms need to be tested on a case by case
basis. In this context, different values of A can be chosen for the dependent and continuous
explanatory variables. However, to avoid the estimation becoming too cumbersome, it is
assumed that A is equal for all variables (Greene, 1990). Maddala (1977) pointed out that
the search procedure for the optimal regression model would not be efficient if there were
more than two or three A’s. Considering all these points, therefore, the same value of A was
chosen for the above model, that is, A1 = A2 = A. In general, the Box-Cox transformation
indicates whether the model to which the data will best fit is a linear or non-linear model.
The Box-Cox transformation, however, has one major caveat: the optimum equation (one
with the smallest SSE, MSE, or RMSE) may not produce a model that can be easily used
for estimating the effects of attributes (Milon et al., 1984). This occurs when the optimum
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equation results in the Box-Cox parameter, A1 or A2 such that 0> (A1, A2)>1, for the
dependent variable. Furthermore, parameter estimates tend not to be stable, that is, they
are susceptible to the inclusion of other variables in the regression equation. Therefore,
the choice of model for estimating these effects is normally confined to the special cases
of Box-Cox functions. In this context, if A1 =A2 = 1, Equation 5 is linear; if A1 =12 =0, it
is double log; if A1 = 1 and A2 =0, it is linear-log; and if A1 =0 and A2 = 1, it is log-linear.
In these special cases, the choice of best function is determined primarily by the standard
statistical tests, two of which are the likelihood ratio test (Griffith et al., 1993; Maddala,
1992) and the Box-Cox test for model equivalence (Greene, 1990). However, the adjusted
R2 and F-value are consistent with these two measures so that in most cases, they can be
used to compare between models.

Some modification in the modelling is proposed. First, variable manipulation
necessitates creating a new variable CONSTA = COND x STAGE. By assumption, growth
stage and growth condition are interactive in terms of plant survival and performance. For
instance, bud-stage growth will only be meaningful if the plant is alive while, in the same
way, plant stage is important to give rise to plant survival condition. In particular, the
chances of survival are considered higher if the plant reaches advanced stages of growth.
Second, the effects of growth factors on the plant’s growth performance can be expected
to differ functionally.

Heteroscedasticity-Consistent-Error (HCE) OLS. Cross-sectional ecological data on
plant growth may be subjected to heteroscedasticity due to changing variable interactions
across a particular study area. For instance, there may be changing relationships of pH-
nutrient, temperature-shade, temperature-humidity, etc. at different elevations. When
modelled, such phenomena will give rise to the violation of OLS assumptions that var(g;|X;)
=0 for all i and E(g;;) = 0. When the assumptions of constant-variance and uncorrelated
errors of a regression model are violated, the errors will be heteroscedastic, resulting in the
non-minimum mean square error (MSE) of OLS estimator and inconsistent estimator for the
variance of OLS estimates (Wikipedia, 2018). OLS estimates will also become inefficient
while the estimated standard errors can be either too large or too small (Long & Ervin,
1998). Given that heteroscedasticity is a common problem in cross-sectional data analysis,
corrective methods are important for prudent data analysis. This is solved by estimating
a heteroscedasticity-consistent-error (HCE) model that will result in a statistically better
model in terms of corrected regression-error estimates and higher degrees of variation in
the dependent variable is explained.
From Equation 1, the i'™ row of X can be written as Equation 4

Vi=xif + & 4)
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With all BLUE assumptions being satisfied, the OLS estimator §=(X’X)'X’y has the
covariance matrix as in Equation 5

Var (B)= (X’X)' X’ ®X(X’X)'! (5)

where @ is a diagonal matrix with ¢;; = var (g;). It can be proven that if the errors are
homoscedastic, i.e. ® =c*I, Equation 5 becomes Equation 6

Var (B) = (X’X)'X(0%) X(X’X)"!
= a3 (X’ X)X’ X(X’X)"!
= 0'2(>(’>()_1 (6)

where a2 is dependent variable’s variance. Defining the residuals as e, =y, - x,8, the usual
OLS covariance matrix, OLSCM, can be estimated as Equation 7

_Xel eyl — N
OLSCM = £—(X X)!=a?(X°X)! (7)

If the errors are heteroscedastic, OLSCM will be biased and the usual tests of statistical
significance will be inconsistent. Since the form of heteroscedasticity is rarely known,
we need a consistent estimator @ in order to apply Equation 5. This is done by creating
a heteroscedasticity consistent covariance matrix (HCCM) and a model having it is a
heteroscedastic-corrected-error (HCE) OLS. Assuming that eiz can be used to estimate
Gy, let = diag [ef], resulting in an estimator called HCO as Equation 8

HCO = (X’X)'X DX (X’ X)!
= (X’X)'X diag[eZ]X(X’X)"! (®)

In Equation 8, @ is estimated based on OLS residuals, e, which may not likely be
homoscedastic. If 4; = x,(X’X)'x;”, then Var(e;) = 6*(1-h;;) # . According to Belsley et
al. (1980), since 0 < h;; < 1, Var(e;) tends to underestimate o2. Further, since Var(e;) varies
across observations, the OLS residuals will tend to be heteroscedastic too. Hinkley (1977)
suggests inflating e; by «/ N/( N — K), where N = sample size and K = number of regression
parameters, for ‘correcting’ Equation 8. But, since e? is still a biased estimator for o2,
weighing Equation 7 by e?%/(1-h;) or by e?/(1-h;)* will produce a less biased estimator.
Without a further elaboration here, the literature suggests three variants of ‘corrected’
Equation 8 as Equation 9a, 9b and 9c (Hinkley, 1977; MacKinnon & White, 1985):
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N N ~ . 9 -
HC1 = ——(X"X) " Xdiag[e/]X(X"X)" (a)
I R
HC2 _ ﬁ(X X) lelag[l—h”]X(X X) 1 (9b)
_ N 5 1 . el-z ’ -1
HC3 = ——(X’X)'Xdiag] % 1—hii)2]X(X X) ©c)

The default in Gretl software — the one used in this paper — is HCO but it also includes
the other options under a number of modeling choices, namely: (a) Model = Ordinary Least
Squares = Robust standard errors (HC1); (b) Model - Instrumental variables = Two-
Stage Least Squares = Robust standard errors (HC1); (¢) Model = Other linear models
- Weighted Least Squares = Robust standard errors (HC1); (d) Model = Other linear
models = Heteroscedasticity corrected (presumably HC1); (e) by gretl scripting option;
(f) by specifying either HC1, HC2, or HC3 in the main menu bar: Tools = Preferences >
General > HCCME); there we can select from a set of possible robust estimation variants,
and can also choose to make robust estimation the default (Cottrell & Luccetthi, 2005). In
this paper, option (d) was selected.

RESULT AND DISCUSSIONS
Sample Profile

The profile of 34 individual sampled R. kerrii plants in the study area is presented in the
form of a sample’s descriptive statistics (Table 1) and variables’ partial correlations (Table
2). Based on Table 1, the average altitude (ELEV) of the study plot was 1,044.03 m from
the mean sea level with an average temperature (TEM) of 25.21°C. The study plot had a
minimum-maximum difference of 28 m in elevation and of 0.55°C in temperature, which
was rather large for a small-range vertical height. Still, the temperature difference could
have also been interacting with in-situ air humidity (HUMI) and light shading (SHADE).
This can be examined from the variables’ partial correlations, p, namely TEM vs. HUMI,
TEM vs SHADE, and TEM vs ELEV (Table 2). A low negative correlation (p = -0.47)
occurred to in-situ TEM vs. ELEV and to TEM vs. HUMI (p =-0.40) while a high negative
correlation occurred to TEM vs. SHADE (p = -0.75). In general, a lower temperature co-
existed with a higher light shading, air humidity and elevation.

The average humidity was 85.18% while the moderate light shading under the canopy
was 79.32%. However, the low-level correlations between TEM and HUMI; TEM and
ELEV; and ELEV and SHADE were likely to be affected by other physical or environmental
factors. For instance, forest clearing at higher altitudes or the global warming that increased
the outer environment’s temperature could have reduced the co-existing effects of these
factors (Saxe et al., 2001). The soils in the study area have an average acidity of 4.84 on
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the pH scale. This is considered good for the proliferation of Rafflesia. In spite of that,
Table 2 shows that the effects of soil acidity have a low overall co-existence with the
effects of other ecological factors in the environment. Other than that, as much as 24% of
the sampled R. kerrii ’s flower was infested by termites whereby they strongly co-existed
with stages II and III (advanced stages) of plant growth.

This was quite logical because the organisms could have scavenged for foods and
shelter on a more matured plant compared to a younger plant. On average, each host plant
of Tetrastigma has about 6-7 visible roots/vines above the soil surface to enable infestation
by the R. kerrii. Closely related to this was the 32% average proportion of individual plants
growing at stages Il and III that were alive (indicated by the variable CONST). Further,
CONST was positively highly correlated with STAGE (Table 2) and was quite highly
correlated with linear bud diameter (DIAM) and circumference (CIRCM). Bud diameter
and circumference were highly positively correlated (p = 0.84-0.93) with the number of host
plant’s visible roots/vines above the ground surface within a 20-m radius around the host
plant’s base (ROOT). A quite strong positive correlation (p = 0.77) also occurred between
the interacting growth status and growth stage (CONST) and ROOT in the linear data.

Comparing the upper and lower panels of Table 2, it is obvious that serious
multicollinearity existed among variables in their linear form; the problem was much
reduced in the intrinsically linear form. It signals to two important aspects. First, individual
variables’ partial relationships were not likely to be linear. Second, the appropriate statistical
model was not likely to be linear in its functional form, rather, it needs to be intrinsically
linear or non-linear. In this study, however, lower-power functional forms were tested on
the basis of the theoretical background already discussed before which necessitated the
Box-Cox variable transformation and intrinsically linear model specification.

Modelling Results

To economize space and discussion, only the results for bud diameter (DIAM) analysis are
reported in this paper. The parametric effects of the eight specified ecological factors on the
growth of both plant’s bud diameter and circumference were largely symmetrical despite
differences in figures and, therefore, the outputs for bud circumference are displayed only
for comparison purposes. The smaller log-likelihood ratio, larger R?, larger adj. R?, larger
F-value, and smaller standard error of regression indicates that the heteroscedasticity-
corrected-error models (HCE OLS) were better than the ordinary least squares (OLS)
models while on the basis of larger individual R? and larger adjusted R?, the log-log model
slightly outperformed other models (Table 3 & 4). However, by considering all criteria,
including the explanatory aspect (number of statistically significant factors), the lin-log
model (A,=1, 1,=0) was the best model to relate R. kerrii’s bud growth against its pertinent
ecological factors. On the basis of this model, about 94% variation in bud growth (i.e.

1256 Pertanika J. Sci. & Technol. 29 (2): 1243 - 1266 (2021)



Modelling /n-situ Factors Affecting Bud’s Growth of Rafflesia kerrii Meijer

1°0 = 0 8 JuedYIuSIS 4 10139q 10 G()'() = © I8 JUBOYIUSTIS , . :SMO[[O] S SONJBA-) OIE SJMORIq Ul SAINSL :S220N

(TLo'1-) (€s€'1)  #+(8¥TT)  (g9g€0-)  (zor'1-)  (1€eL00)  (8TT1-)  (880%°0-)
966€'1- Y06€ - SETT- 11eet- 98L0°0- $660°0- 96L0°0-  T90°0- (VLSNOD) 93818 [1M01D) X UOHIPUOD [BAIAING
(zseror)  (s60°1-) (r60'1-)  (s9£8'0-)  (LeLzo)  (Li61°0-)  (1L507)  (81++°07)
98€€°0- LILTT 19L°0- 19€1°C 8€10°0 651070 $S10°0- TIP0'0- 0 =0u ‘[ =SoK ‘(LIAYHL) UOHEISOJUI SOIULIDL,
w+(PTTL)  ++(658°)  4x(909°L)  ws(LL8E)  #x(T89D)  4x(9€€'8)  4x(0THFI)  wx(6ST°L)
1€80°¢ 6188t LL6'LT €20€°LT LO8T0 S062°0 LL6S'T €876'1 (SLOOY) s1001 9[qIsIA s ue[d 150y JO TOqUINN
(9 1) (¥2o'1) «(L88°1)  (0S1€0)  #x(TSTH)  +(801°0)  4x(6€9°6)  (9p¥'1)
11cee 980T°¢ LSTYI vI19's €YLT0 €9LT°0 SIES'T #5860 (Hd) Liproe q108
(99¢€0)  (6529°0-) (€68°0) (89LL°0-)  (v0g6'0-)  (8L9€0-)  (¥8T€0-)  (090t°0-)
LL8Y0 0€01°C- 0S1°801 180'89C-  9TLO0- L1500 06161 06S€°S- % ‘(AIANNH) Aypruny a1y
(z88°0)  (LI8t°0) «(SsLm)  (gTLro))  (661€°0) (900°1) (9828°0)  (¥¥6t70)
1210 SZANI] 7557 9500°9- 8200°0 75100 #1€9°0 06590 % ‘(AAVHS) Surpeys 1ysry
(1690°0)  (€98¥°0-)  «+(8¥TT)  (28€90-)  (56650-)  (coLz0)  (88S1°0)  (8500°0-)
€8L0°0 NatAR 90L°L9 8TYL'9S-  6850°0- 62£0°0 vS1¥°0 661070 Do ‘(dNFL) dangerodwa],
(195100 (LLE90) (260°0-) (€6290)  «(288°1)  (9106°0) (c0z'1) (82TL0)
£¥20°0 0L61°0 9¢Y 11~ £96'¥1C 6510°0 9110°0 0LTO'11 119L°01 w “(g7d) uoneAd|q
(660'1-)  (9s17°0-)  «(1vL1-)  (29gT0)  «(ILT-)  (Sev'1-)  «(bOLT-)  (#00'T-)
THLE86-  96L¥'8E-  vPTEIL-  601'8¥E-  TTIOOI- SILOI-  LEOL'SL-  9L8S'9S- 1dooreyuy
143 e 43 43 e e e 43 az1s ojdureg
680°€S- $TE €6 111 b 968°66" £v0°C9- 109°+1 SLT'96- 1L0°TT pooyayj-507
SPE'l 16€t 8TI'l 8TE'S 0SL'T ¥81°0 €LY'T Y070 uoISSITY "H'S
SEIHT 8€6°01 9SL’LY 67’9 LEY'TL 1SL°8¢C 08698 €LLTT onjeA-
6¥8°0 LOL0 6160 89670 SY6°0 0L8°0 ¥56°0 1+8°0 A by
$88°0 8LLO 8€6°0 €L9°0 856°0 206°0 $96°0 6L8°0 |
HOH ST10 HOH ST10 HOH S710 d40H ST10

(I=="¢) NI'T-NI'T

(0="¢ “1="¥) DOT-NI'T

(1= 0="0) NI'T-D0'1

(0=="0Y) DOTHO1

(WVIQ) 4210wl png "doq — Suo1ssai32y (JOH) , SAOLL Pa102.4.10)-A1011SDP2IS02IDE] pub (STO) Sa4vnbg 1svaT Lavuipi() Jo syndin()

€ 9lqeL

1257

Pertanika J. Sci. & Technol. 29 (2): 1243 - 1266 (2021)



Abdul Hamid Mar Iman, Nor Hizami Hassin, Muhamad Azahar Abas and Zulhazman Hamzah

1°0 = 0 38 JUBdYIUSIS 4 10139q 1O G()'() = 0 & JUBOYIUSIS 4, :SMO[[OF SB SON[BA-) I SIONORIq Ul SAINSI] :S910N

(0sL0'1-)  (€5€1)  +x(08TT)  (€9€€0-)  (PSIT'T-)  (¥EELOY) (ovcz 1) (160%°0-)

L80¥Y-  OE6LEI- vSTO'L- T8l 18,00~ 96600 SSLO'0-  61900-  (VLSNOD) 95818 Y3MOID) X UOBIPUOD [BAIAING

(zszro-)  (s60'1-)  (0s80°1-)  ($928°0-)  (bvLT0)  (L161°07) (0195°0-)  (81¥+°0-)

¥690°1- $TT8°9- 8YLET 801L9- 6€10°0 651070 €S10°0-  TIF0'0- 0 =0u [ =SoK ‘(LIAYHL) UOHEISAJUI SOULIDL,

#+(STTL)  #+(0658°S)  +x(0€65°L)  +x(0LL8E)  +x(088°91)  4+(0LEE'S)  44(000+1)  %x(091°L)

0069°6 0LEEST T0Th98 THLL'SS 808C°0 S06T°0 0L68'1 ¥8T6'1 (SLOOY) s1001 9]q1siA s jue[d 350y Jo IoquInN

0st9' D) (0v2o'D %0068 1)  (0ST€0)  #x(0F91'F) 4408017  +x(0S19°S)  (OL¥Y'T)

¥¥86°9 0180701 6958 LEEYLT Y¥LTO ¥9LT0 88TS'1 9$86°0 (Hd) Anproe q10g

(zregeo)  (6579°0-)  (0T68°0)  (89LL07)  (0¥96°0-)  (8L9€°0-) (P1€€°0-)  (090%°0-)

SPES'T TL09'9- SIS6€€ SETTHS- 8€L0°0- L1SO0- €896'1-  $8SE°S- % ‘(AIANH) Aypruny a1y

(ce88'0)  (L18¥'0)  «(0T9L'D)  (gTL1'0)  (660€0)  (0900°1) (8298°0)  (Tv6t0)

£06£°0 18750 89€T'TL 169881~ L2000 75100 S0€9°0 8859°0 % ‘(AAVHS) Surpeys 1ysry

(L6900)  (+98%7°0)  «x(065TT)  (28€90-)  (9€19°0-)  (¥69C°0) (0651°0)  (9900°0-)

6LYT0 LSHY b 0€0L°€1T  98T'8LI- £€090°0- 82€0°0 9$1¥'0  STTO0- Do “(dNHFLL) damgerodwa],
(€ss1°0)  (8L£90)  ($880°07) (€629°0) «(668'1)  (9106°0) (ovoz'1)  (8TTL0)

65L0°0 8819°0 6861 ¢- v6S°69L 09100 9110°0 €9€0°'TT  S09L01 w “(F7d) uoneAd[g
(860'1-)  (ss1T°0-)  «(ssL'1-)  (29gT0-) (€117 (028T'1-)  +(08L9'T-)  (¥£€86°0-)

0L6'80€-  SS80TI-  TTEIYC-  €S€601-  T6E8'8- LL9S 6 T6TS YL~ 6IEY'SS- 1dooroyug
43 e 143 43 43 143 143 e oz1s ojdureg
660°€S-  9PTTEL- 91°LY L18'8E1- 1L1°29 €09°%1 0P19s-  €LO'TI pooyrjayI[-30]
SPel 96L°€1 0€l'l LEL9T LSL'T ¥81°0 1LY ¥0T°0 uoISSAIBY 'S
STIPT 8€6°01 YSL'LY 67’9 €0vTL $SL'8T SI+'98 9LL'TT onfeA-4
6¥8°0 LOL0 6160 89670 SY6°0 1L8°0 ¥56°0 1+8°0 A by
$88°0 8LLO 6£6°0 €L9°0 656°0 206°0 $96°0 6L8°0 A
10H ST10 IOH ST10 IOH ST10 10H ST10

(1="Y="0) NI'T-NI'T

(0="¢ ‘1="0) DOT-NI'T

(I="¢ “0="0) NI'T-D01

(0="="0Y) DOT-DOT

(wo.12) 2ou2.42fiunout)) png ‘da(J — SU01SSaL32Y (FOH) . SAL0LLT Pa122.410)-A31011SDPadS0L21[] puv (STO) sa4onbg 1sv27 Livuip.a() o sinding

¥ 2lqeL

Pertanika J. Sci. & Technol. 29 (2): 1243 - 1266 (2021)

1258



Modelling /n-situ Factors Affecting Bud’s Growth of Rafflesia kerrii Meijer

growth in diameter and circumference) in R. kerrii was explained by the eight specified
ecological factors leaving about 6% variation in the species’ growth remained unexplained
by the model.

Other factors that could have influenced bud’s growth were soil moisture, soil
temperature, soil nutrients, and anthropogenic activity, etc. but they could not be investigated
due to resource constraints. Looking across all the models, the number of host plant’s visible
roots (ROOT) was a strong (0=0.05 or better) ecological factor influencing R. kerrii’s bud
growth. This variable is a proxy that measures the host plant’s ecological ability (plant
size, vigour, and capacity to provide base) for the proliferation of Rafflesia This seems to
be in support of the view that Rafflesia highly correlates with their host plants’ conditions
(Akhriadi et al., 2010). In a recent study, it was found that the number of Rafflesia’s buds
increased with the class-size of the host plant (Kedri et al., 2018). The lin-log model also
indicates that temperature (TEM) and plant’s survival x growth condition (CONST) were
strongly (0=0.05 or better) influencing bud growth while light shading (SHADE) and soil
acidity (pH) could have been important growth factors as well (0=0.10).

Based on the lin-log HEC model, two related quantities of effects of ecological factors
on R. kerrii’s bud growth can be computed. First, the marginal effect of factor, i.e. 3Y/0X =
B x 1/X; and second, the growth sensitivity to ecological factor, i.e. { =(8Y/6X) x (X/Y) =
/Y, where 3 = regression coefficient; X = value of ecological factor; and Y = value of bud
growth). Using the sample’s average values (Table 1 & 4 for base figures), these effects
were calculated and shown in Table 5.

From Table 5, a less acidic soil (higher pH value) could have contributed the most to
R. kerrii’s marginal bud growth, followed by a better ecological ability of the host plant,
and a higher temperature. Light shading exerted quite a small amount to bud’s marginal
growth while the interaction between the plant’s survival condition and growth stage has
tended to distract bud growth. However, this could have depended indirectly on some
other ecological aspects. For example, apart from its ability to reach advanced growth
stages, such as stages 11 and 111, chances of plant’s survival condition could have also been
influenced by plant abundance on a particular site. In turn, the ability to reach such growth
stages could have been determined by many other factors, such as the absence of human
and/or animal disturbance throughout the growth period.

Bud growth was highly sensitive to temperature (£ = 5.9) that a 1% increase in
temperature could have encouraged 2.66 cm and 8.40 cm in bud’s growth. The latter was
also sensitive to light shading (£ = 1.97) that a 1% increase in light shading could have
increased 0.28 cm and 0.9 cm in bud’s growth. This was followed by host plant’s ecological
ability (£ =1.57) to support R. kerrii whereby a 1% increase in it could have induced 2.74
cm and 8.6 cm of bud’s growth. Bud’ growth was less sensitive to soil acidity (£ = 1.24),
but a 1% increase in it could have induced 2.94 cm and 9.27 cm in bud’s growth.
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Table 5
Estimated effects of pertinent ecological factors on bud growth
Ecological factors Bud diameter (cm) Bud circumference (cm)
Marginal effect of ecological factor

Host plant’s ecological ability (ROOT) 17.977x 1/6.56 = 2.74 56.4202 x 1/6.56 = 8.60
Temperature (TEM) 67.706 x 1/25.44 = 2.66 213.7030x 1/25.44 = 8.40
Light shading (SHADE) 22.552x1/7932 = 028 71.1368x1/7932 = 0.90
Soil acidity (pH) 14257x 1/4.84 = 294 44.8569x 1/4.84 = 927
Plant’s survival condition x growth -2.235x1/032 = -6.98 -7.0254x 1/0.32 = 2195
stage (CONST)

Elevation n.s. n.s.
Humidity n.s. n.s.
Termite infestation n.s. n.s.

Growth sensitivity* to ecological factor

Host plant’s ecological ability (ROOT)  17.977/11.46 = 157 56.4202/36.00 = 1.57
Temperature (TEM) 67.706/11.46 = 591 213.7030/36.00 = 5.94
Light shading (SHADE) 22.552/11.46 = 197 71.1368/36.00 = 1.98
Soil acidity (pH) 14.257/11.46 = 124 44.8569/36.00 = 1.25
Plant’s survival condition x growth -2.235/11.46 = -0.20 -7.0254/36.00 = -0.20
stage (CONST)

Elevation n.s. n.s.
Humidity n.s. n.s.
Termite infestation n.s. n.s.

* Value > 1.0 was ‘sensitive’; the larger the value the more sensitive was bud growth to a particular
ecological factor. n.s. = not statistically significant

Rather sensitive to host plant’s ecological ability ({ = 1.57), bud’s growth can
potentially increase by 2.74 cm and 8.60 cm respectively by a 1% increase in the number
of host plant’s roots/vines. Although not easy to explain, expanded host plant’s ecological
ability could have provided a better niche for this parasitic plant to grow. By contrast, bud’s
growth was insensitive to the interaction of Rafflesia kerrii’s survival condition and its
growth stage. Still, the negative marginal effect of this ecological factor on bud’s growth
could have been substantial. The struggle of the plant to grow throughout its life stages
tended to have suppressed the plant so much so causing the diameter and circumference
of the bud to have reduced by 6.98 cm and 21.95 cm, respectively.

CONCLUSION

Based on the cross-sectional study, it was shown that the regression model can be applied
to objectively estimate the effects of ecological factors on Rafflesia kerrii’s bud’s growth.
Host plant’s ecological ability, level of temperature, light shading, soil acidity, and
interaction between plant survival condition and growth stage were found to be significant

1260 Pertanika J. Sci. & Technol. 29 (2): 1243 - 1266 (2021)



Modelling /n-situ Factors Affecting Bud’s Growth of Rafflesia kerrii Meijer

and influential ecological factors to R. kerrii’s bud growth. Future studies can further
corroborate this finding by explicitly investigating the ideal levels of these factors that
will maximize R. kerrii’s bud growth. Termite infestation was said to be the leading cause
of failure in Rafflesia’s bud growth (Kedri et al., 2018). However, the small sample size
has inhibited a positive result of this factor and, thus, future studies may focus on the role/
effect of not only termites but also other organisms on Rafflesia’s bud growth. Further,
with a small sample, there was insufficient evidence of statistically significant random
variation in the influence of altitude and air humidity on R. kerrii’s bud growth. Further
studies may re-assess the ecological impact of these factors using a larger sample covering
a larger geographic area — possibly across different localities.

LIMITATION OF THE STUDY

A few factors deserve consideration for future study. First, the ecological factors other than
those included in this study should be further investigated as to their role in influencing
Rafflesia’s bud growth. There might be other pertinent in-situ micro factors determining bud
growth of R. kerrii, but their cross-sectional measurements were difficult. Second, the length
of time of experiment on soil moisture and light intensity, for example, need to be gauged
over a long period of time (say a few hundred days) to cover periodic water-abundant and
water-scarce periods (rainy and dry months) as well as possible diurnal variations. Light
intensity/shading needs a specific experiment on how Rafflesia could have responded to it
over a period of time. Perhaps, daily, weekly, or monthly micro temperature variations need
also be recorded throughout the study period. The same goes for day-length photoperiod,
which was difficult to measure due to resource constraints.

Third, the anthropogenic threats to bio-diversity which is understandable, but they are
difficult to assess because the degree of trampling and disturbance by human or animals
(e.g. intensity, frequency or severity, length of time, etc.) on individual Rafflesia plants were
not easy to quantify. The negative marginal effect of this ecological factor on Rafflesia’s
bud growth was quite substantial; it reduced bud’s diameter and circumference by 6.98
cm and 21.95 cm, respectively, but this was considered an indirect factor. The possible
direct factors will require some detailed anthropogenic studies to be carried out. Fifth,
the forest soils are known to be deficient in many micro- and macro-nutrients, however,
in-situ quantification of soil nutrients was quite troublesome due to resource constraints
since it could have involved measurements and analysis of many nutrient elements. Sixth,
the factors affecting the host plant, Tetrastigma, must be spatially correlated with the
survival of Rafflesia’s over a large geographic area. The ratio of male and female flowers
that may influence the rate of pollination needs to be modelled over a sufficiently large
geographic region to provide a sufficient random variation to explain its influence on the
plant species’ multiplication. All these should provide an avenue for more statistical-based
analyses in future.
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