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Abstract: Studies of the effects of elevation and associated habitat changes on biodiversity have
a rich history in conservation biology and have seen a resurgence of interest in recent decades.
Mountainous regions are particularly important because they harbour endemic species and are
relatively spared from anthropogenic effects. The rather drastic temperature decrease as elevation
increases in tropical regions has generated more research on the effects of elevation, especially since
global warming could negatively impact the biodiversity of tropical forest mountainous species.
Fireflies, especially the solitary species, represent a challenge to work with because though they
are biologically diverse, they typically occur at low densities and have rarely been studied across
elevations. Many are habitat specialists and have limited dispersal abilities. Firefly diversity changes
on five mountains located on the main mountain range of Peninsular Malaysia, which is highly
representative of five major elevational forest types, were assessed. Fireflies were restricted to a
certain elevational range of mountains, and the turnover of species was significant among forest
types across elevations. The forest type and canopy closure were the main characteristics affecting
species diversity, although other habitat characteristics may be significant. The ability to reveal any
possible associations was limited, as strong statistical associations were not possible due to their low
abundance and difficulty in detecting their presence. The firefly species occurrence across elevations
is restricted, and habitat loss could pose a risk to lower-elevation species, while global warming could
be a threat to high-elevation species.

Keywords: beta diversity; low-abundance taxa; tropical elevation

1. Introduction

Studies of the effects of elevation and associated habitat changes on biodiversity
have a rich history in conservation biology and have seen a resurgence of interest in re-
cent decades [1,2]. Mountainous regions are particularly important because they harbour
endemic species as a consequence of their elevation profile [3-5] and because they are
relatively spared from expanding agriculture and development. This isolation from de-
velopment could provide refuge to numerous species and associated habitats. This is
significant in light of upslope range shifts, which have been recently identified to occur
across tropical elevations due to global warming [6,7].

Unlike the less variable temperature change with latitudinal increases in tropical
regions, the relatively drastic temperature decrease with an increase in altitude for the
region has triggered a rise in research on the effects of elevation on species distributions.
This has become more apparent after the increase in the awareness of global warming
impacts on species distributions and biodiversity [8-10]. As the global temperature gradu-
ally rises, more evidence is showing the upslope shift of plants and animals to escape the
increasing temperature at lower elevations [6,7,11]. The extinction of thermal specialist
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species occurring at high elevations is also anticipated with the change in global climate.
The detrimental effect would be larger on species in tropical montane areas than on their
temperate counterparts [3,12,13].

Malaysian Fireflies across Elevation as a Case Study

Fireflies (Coleoptera: Lampyridae) can occur in mass congregations, where they are
easily observed and collected, or as solitary species, where they are observed in low
densities. It is the solitary species that present a challenge to work with because though
they are biologically diverse, their occurrence at low densities makes their collection
and observation more difficult, and they have rarely been studied along environmental
gradients, including elevation. Fireflies, however, are potentially valuable because their
light displays offer a compelling opportunity to develop eco-tourism in forested landscapes,
including forests at higher elevations [14,15]. Fireflies are also increasingly becoming
popular indicator species promoting environmental awareness among the general public
through citizen science projects [16-18].

Most species in this group are highly specialised. They are obligate predators of snails,
earthworms and slugs during the larval stage [19,20], with larval habitats of either the
aquatic, semi-aquatic or terrestrial type [21-23]. The habitats of adults and larvae are not
necessarily confined to the same microhabitats. Flying adult species are fully terrestrial,
requiring herbaceous plants as their resting and mating places. Adults with flightless
females are confined to forest floors and are also fully terrestrial [24-26]. Ecological theory
suggests that such specialisation will increase solitary fireflies” sensitivity to environmental
disturbances [27,28]. Furthermore, solitary fireflies also appear to have low dispersal
capacities [25,29], which may limit their ability to colonise other areas or adapt to the
changes caused by climate change. Information on fireflies along elevation gradients [5,30]
and at high elevations [31-33] is very limited; therefore, this study will be able to provide
further information on firefly species diversity across elevational gradients.

Here, we focused on the solitary firefly diversity within tropical elevational forests
in Malaysia. Using a combination of analyses of species partitioning (beta diversity), the
relationships between species richness and diversity (via the rarefaction and extrapolation
of Hill numbers) and several habitat characteristics, the firefly species richness and diversity
changes along elevation gradients were assessed. The variation associated with forest types,
which can be tied to the natural history of the fireflies, was also identified.

2. Materials and Methods
2.1. Study Area

The study was conducted in the main mountain range of Peninsular Malaysia, Ban-
jaran Titiwangsa. This range extends across the middle of the region from the border
between Thailand and Malaysia in the north towards the southern tip of the peninsula,
separating the east and west coasts. Only areas on the western slopes of the mountain range
were sampled in the periods of May and July (when the western region has less rainfall) to
minimise the influence of weather on the behaviour and sampling of the fireflies. Weather
conditions differ between the eastern and western slopes of the mountain range [34].

Five mountains located between 12 and 47 km apart latitudinally (latitude 3°48’ N-
latitude 2°48’ N) were sampled to represent the mountain range (Figure 1a). The existing
trails from the lowest points of the mountains consisted mainly of nature trails of 1 m
width or less going up mountain summits. The mountains sampled for the study were
Gunung Nuang (189-1459 m above sea level, a.s.l.), Bukit Kutu (200-1000 m a.s.l.), Gunung
Besar Hantu (225-1409 m a.s.l.), Gunung Berembun (264-1057 m a.s.l.) and Gunung Liang
(224-1933 m a.s.1.). A total of 110, 80 m transects were sampled, extending into 5 climatic
forest formations of tropical forest, as described by Whitmore [35], i.e., lowland dipterocarp
(at 0-330 m a.s.L.), hill dipterocarp (at 330-830 m a.s.l.), upper dipterocarp (830-1350 m
a.s.l.), oak-laurel (1200-1500m a.s.l.) and montane ericaceous (1500-2100m a.s.l) (Figure 1b).
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Figure 1. (a) Map of Peninsular Malaysia showing locations of the five mountains sampled

on Banjaran Titiwangsa mountain range: (A) Gunung Liang, Perak; (B) Bukit Kutu, Selangor;
(C) Gunung Nuang, Selangor; (D) Gunung Besar Hantu, Negeri Sembilan; and (E) Gunung Berembun,
Negeri Sembilan. (b) The five climatic forest formations spanning elevations of Malaysian mountains,
adapted from Whitmore [35].

2.2. Firefly Sampling and Identification

A total of 110 transects were sampled, representing the 5 mountains and 5 forest types.
Sampling was conducted at every 50 m altitude increase from the lowest possible elevation
band at 200 m a.s.l. and to the highest possible at 1900 m a.s.l. The determination of
elevation was based on altimeter readings (Suunto, altimeter watch, error reading of less
than 1 m).

Within each elevation band, the sampling of fireflies was conducted along an 80 m
long strip and within a 3 m wide belt on both sides of the transect. Due to the varying
topography of the mountains, it was not possible to standardise the sampling time within
each elevation band. However, the sampling of fireflies was performed for 20 to 30 min for
each transect. The sampling of fireflies at night consisted of collecting firefly adults and
larvae beginning at nautical twilight, which ends between 20:04 and 20:16 h in the period
between May and July 2015 [36].

The detection of fireflies was performed based on the lights they produced whilst in
flight, on the ground or on plants. Two persons walked along the transect, with headlamps
switched off most of the time to improve their ability to detect the firefly lights. Sweep nets
and soft insect forceps were used to collect the adults and larvae, respectively. Fireflies
fall into two main groups—light-producing adults that are active at night (mainly of
the Luciolinae and Lampyrinae subfamilies) and those in which adults have reduced
light organs and therefore are active during the day (the Ototretinae subfamily). Both
groups have light-emitting larvae that are active at night, and thus, our sampling method
enabled both groups to be collected during a single sampling period. All specimens were
immediately preserved in 70% ethanol.

Adult fireflies in the Luciolinae were identified to the species level using firefly taxo-
nomic identification keys [21,37,38]. Adult fireflies in the Lampyrinae and larvae of Ototreti-
nae were assigned to genera using the taxonomic identifications by Jeng et al. [24,39,40]
and Kawashima et al. [41] and later grouped into morphospecies, as species-level guides
are not available for either subfamily.
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2.3. Habitat Characteristics” Recording

Along each transect, habitat assessments at 0, 20, 40 and 60 m points were conducted
to record four key habitat features hypothesised to influence the firefly distribution and
abundance, viz., canopy closure, leaf litter depth, the height of understorey plants and the
number of trees with DBH > 40 cm.

Canopy closure was recorded using a spherical, convex densiometer following Lem-
mon [42]. Uncompressed leaf litter thickness was measured (to the nearest cm) at the
corners of a 1 m? quadrat located in the 3 m belt parallel to the transect (16 readings per
transect). The height of the understorey plants was measured using a 150 cm long ruler
with 15 alternating 10 cm white and red bands placed at the habitat assessment point.
An observer stood three metres away from the ruler and counted the visible sections of
it. The value was then deducted from the total 15 to give the approximate height of the
understorey plants to the nearest 10 cm. Readings were taken at 2 points, with the ruler
remaining at 1 point while the observer moved parallel to the transect line (8 readings per
transect). The height of understorey plants was taken in the 3 m belt of the transect. The
number of trees with DBH > 40 cm was counted for the total length of the transect. Only
trees that were <3 m parallel to the transect on either side were counted.

2.4. Data Analysis
2.4.1. Species Beta-Diversity Analysis

Firefly species abundance as a function of both the forest type and mountain was
modelled by fitting the following model using the Poisson family, which produced better
diagnostics than a negative binomial distribution: abundance ~ forest type + mountain.
The interactions were not fitted because there were too many missing combinations of
the forest type and mountain at high elevations. An ANOVA table was obtained to test
the hypothesis that the forest type and mountain influenced species relative abundances
(e.g., turnover/beta diversity). Univariate tests identifying which species were responsible
for the change were also obtained. These results were complemented by figures showing
species abundances among forest types.

Beta diversity was partitioned into turnover and nestedness and combined with a
permanova analysis to produce a graphical representation of these data. The components
of beta diversity in our data were first estimated using the betapart package for R [43].
Turnover vastly exceeded nestedness (see results); therefore, the resulting matrix was used
as the dependent variable, and a permanova analysis using the adonis2() function from
the package vegan, version 2.5-2 for R [44], was performed. As indicated above, the model
turnover_matrix ~ forest type + mountain was fitted.

2.4.2. Species-Diversity—Habitat Relationships

The firefly species diversity and habitat relationships were analysed in a two-step
process. First, iNEXT version 2.0.15 for R [45] was used to estimate species richness.
The estimated function from iNEXT was used to calculate the values for a standardised
coverage of 60% for each forest-type-mountain combination. In iNEXT, the maximum
recommended extrapolation for species richness is suggested to be double the reference
sample size. Across 16 samples for this analysis, 60% was the maximum coverage that could
be specified without influencing the predication bias for species richness. This resulted in
19 estimates of species richness (3-5 estimates from among transects within 5 forest types
from 5 mountains).

Second, these estimates were combined with the habitat characteristics data, i.e., the
mean value of the canopy cover percentage, leaf litter depth, understorey height and large
tree abundance estimated for each forest type (Figure 1b). These data were input into
a linear model of richness as a function of the habitat characteristics (no interactions).
The model was fitted to allow quadratic relationships among the four continuous habitat
characteristics. p-values are reported based on Type II sums of squares from the Anova()
function in the car package, version 3.0-0 in R [46], and effect sizes are reported as Partial
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eta squared (Partial n?) values from the etasq() function in the heplots package, version
1.3-5 for R [47].

3. Results
3.1. Sampling Effort and Species Found

Between 15 and 34 transects were sampled per mountain. For all mountains, the
most transects were sampled in hill dipterocarp forests (ten transects per mountain), while
the lowest number of transects were sampled in lowland dipterocarp forests (mean: 1.8
transects per mountain). A total of 19 species were recorded in this study (Table 1), of
which 6 species have females that cannot fly, as their flying wings are reduced or non-
existent (flightless), while 3 of the flight-capable (flighted) species were diurnal fireflies.
This study also discovered three firefly species new to science, which were subsequently
described [48,49]. Between 3 and 12 species of fireflies were collected along the elevations
of each mountain (mean: 6.4 species), with the largest species collection obtained in
Gunung Nuang, Selangor (12 species). The highest number of collections were obtained for
Pygoluciola dunguna (n = 15), followed by Abscondita pallescens (n = 12) and Stenocladius sp. 1
(n =12). The rest of the firefly species collections were between one and eight individuals.

3.2. Firefly Elevational Ranges

Fireflies were found to be distributed within certain ranges of elevation (Table 1). Several
species exhibited a relatively large elevational range. Stenocladius sp. 1 and Abscondita pallescens
were present in the three lower-elevation forest types, while Curfos costipennis was found
between elevations of 1100 and 1750 m a.s.1,, which covered the three highest-elevation forest
types. There were also species that were restricted to the upper sections of the mountains,
namely, Pyrocoelia sp. 1, Pyrocoelia sp. 3, Pyrocoelia fumigata and Drilaster sp. There seemed to be
a cut-off point at 900 m a.s.l. for the majority of the lower-elevation-occurring species, with 9
out of a total of 11 species not found above 900 m a.s.l. (Table 1).

Table 1. Average individual numbers per firefly species according to elevation bands sampled. The
average was calculated from data at each elevation among the five mountains.

Elevation Bands, m

asl Firefly Species Found (Average no.) Forest Types
1900 -
1850 -
1800 Drilaster sp. (1.00), Pyrocoelia sp. 1 (1.00)
1750 Curtos costipennis (1.00), Drilaster sp. (1.00), Pyrocoelia fumigata (3.00) Mountain ericaceous
1700 Pyrocoelia sp. 1 (3.00), Pyrocoelia sp. 3 (3.00)
1650 -
1600 Curtos obscuricolor (1.00), Pyrocoelia sp. 3 (3.00)
1550 -
1500 -
1450 -
1400 Abscondita berembun * (1.00), Luciola jengai ** (1.00)
1350 - Oak-laurel
1300 -
1250 Curtos obscuricolor (0.33), Curtos costipennis (0.33)
1200 Curtos costipennis (0.33), Stenocladius sp. 11 (0.33)
1150 Curtos costipennis (0.33)
1100 Curtos costipennis (0.33)
1050 . - . Upper hill
1000 Abscondita berembun * (1.20), Stenocladius sp. (0.20) dipterocar
950 Stenocladius sp. 11 (0.20) P P
900 Abscondita pallescens (0.20)
Abscondita pallescens (0.40), Diaphanes sp. 1 (0.20), Stenocladius sp. 1 ¥
850 (0.20)
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Table 1. Cont.

Elevation Bands, m

asl Firefly Species Found (Average no.) Forest Types
800 Abscondita pallescens (0.20)
750 Abscondita pallescens (0.60)
700 Abscondita pallescens (0.20)
650 Diaphanes sp. 1 (0.20), Pyrocoelia sp. 2 (0.20),
600 Diaphanes sp. 2 (0.20), Pygoluciola dunguna * (0.20)
550 Abscondita pallescens (0.20), Colophotia brevis (0.20), Curtos sp. 1 (0.20), .
Stenocladius sp. 2 (0.40) Hill dipterocarp
Abscondita pallescens (0.20), Colophotia brevis (0.20), Pygoluciola dunguna *
500 (0.20)
450 Colophotia brevis (0.40), Stenocladius sp. 2 (0.40)
400 Pyrocoelia sp. 2 (0.20)
350 Abscondita pallescens (0.20), Luciola jengai ** (0.40), Pygoluciola dunguna *
(1.80), Stenocladius sp. 2 (0.20)
300 Abscondita pallescens (0.20), Diaphanes sp. 1 (0.20), Diaphanes sp. 2 (0.40),
Luciola jengai ** (0.20), Pygoluciola dunguna * (0.80)
250 Colophotia brevis (1.00), Luciola pallidipes (1.33), Stenocladius sp. 1 (1.00), Lowland dipterocarp
Stenocladius sp. 2 (0.20)
200 Colophotia brevis (1.00), Pyrocoelia sp. 2 (1.00), Stenocladius sp. 1 (3.00)

* Specimens collected during this study subsequently described as new species [48,49]. * Species occurring at
<900 m a.s.l. and at >950 m a.s.l.

3.3. Species Turnover (B-Diversity)—Multivariate Generalised Linear Model Method

Evidence for species turnover associated with the forest type but not the mountain
identity was detected (Table 2), indicating that species diversity and relative abundance
were changing in a consistent manner up the elevation gradient across the five moun-
tains. Univariate tests indicated that Pygoluciola dunguna (p = 0.001), Abscondita berembun
(p = 0.012) and Abscondita pallescens (p = 0.025) were driving these changes.

Table 2. ANOVA table from the multivariate analysis of abundance (mvabund) testing the influence
of mountain and forest types across elevation. Significance level at p < 0.05.

Term Res.Df Df.diff Dev Pr (>Dev)
(Intercept) 15
Mountain 11 1 4179.9 0.108
Forest type 7 1 4159.3 0.001

3.4. Species Turnover (B-Diversity)—Distance Matrix Methods

Analysis using 3-diversity partitioning indicated that the turnover component domi-
nated the signal of 3-diversity (Bsim, turnover = 0.89; Bsne, nestedness = 0.048; total = 0.94).
A permanova analysis of the turnover component suggested both the mountain identity
and forest type were significantly associated with species turnover, though the forest type
captured approximately 25% more variation (SS 1.76 vs. SS 2.28, Table 3).

Table 3. PERMANOVA table from the analysis of the beta-diversity turnover component testing the
influence of mountain and forest types across elevation. Significance level at p < 0.05.

Term DF SS R? F Pr (>Dev)
Mountain 4 1.7638 0.33130 24132 0.02
Forest type 4 2.2809 0.42844 3.1208 0.005
Residual 7 1.2790 0.24025
Total 15 5.3237 1.00000

3.5. Species-Diversity—Habitat Relationships

Figure 2 shows iNEXT-based estimates of species richness among the five forest types
across elevational increments, indicating substantial variation in the predicted species
richness but with large uncertainties.



Diversity 2023, 15, 79 7 of 13

Orderq=0
o
o
0
o
k7]
)
= 5
=] =
g 2 -
S
a ! _
w / .
/ e = P
' _
0w o7 1LowDipt
> 2HillDipt
4 —— 3UppHill
__f —— 40akLaur
S5UppMont
T I T T
0 20 40 60

Number of individuals

Figure 2. Species richness of fireflies estimated by iNEXT via extrapolation and rarefaction of Hill
number (q = 0) for the five forest types across elevational gradients. Each shape is the observed
species richness of fireflies in that forest type. Solid lines represent the sample-size-based rarefac-
tions made by iNEXT. Dashed lines are the extrapolated curves produced by iNEXT up to double
the value of reference sample. The 95% confidence interval (shaded regions) was obtained by a
bootstrap method.

The species richness of fireflies was influenced by the following: a large effect of forest
type, a moderate effect of canopy closure and a small effect of leaf litter (Table 4).

Table 4. Effect sizes and ANOVA table derived from the linear model estimating the effect of forest
type and habitat characteristics on species richness of fireflies. Effect sizes >0.3 are deemed large.

Term Partial 12 Sum Sq Df F Value Pr >F)

Forest type 0.3253 2.3011 4 0.8438 0.5395

Canopy closure 0.1519 0.8546 1 1.253 0.2998

Leaf litter depth 0.0561 0.2834 1 0.4157 0.5396

Understorey height 0.0154 0.0746 1 0.1095 0.7504

Num}:’t‘zg large 0.0018 0.0086 1 0.0126 0.9137
Residuals NA 4.7725 7 NA NA

4, Discussion
4.1. Firefly Elevational Ranges

This study has highlighted the importance of exploring the biodiversity of the inland
tropical forest solitary fireflies specifically across elevational gradients. At present, only two
known studies on firefly species diversity across tropical elevations have been conducted [5,30],
both of which were in Amazonia. On the general inspection of the pattern of the firefly
species distribution in the five mountains sampled in Peninsular Malaysia (Table 1), several
preliminary findings on the solitary firefly habitat range across elevations were identified.
Certain species of fireflies were restricted to higher elevations, and some were at lower
elevations, while the rest were able to adapt to a larger range size across elevations.
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For fireflies that occur within the lower ranges of elevation, habitat loss could pri-
marily be the cause of concern for their conservation, as more areas, typically the lowland
and hill dipterocarp forests, are either being degraded from logging or rapidly being con-
verted into vast agricultural landscapes [50-52]. An assessment by the World Resource
Institute identified that Peninsular Malaysia experienced forest cover loss at an average
of 1609.1 km?/year between 2001 and 2010, and the rate was not expected to decrease
in the near future, although forest reserves remained relatively intact [53]. Aside from
habitat loss from deforestation, the fragmentation of natural habitats will also pose a risk to
low-elevation firefly species, as in order for them to be able to shift from an unconducive
area, a forest corridor or continuous forest is required. The importance of habitat continuity
linking low-elevation to higher-elevation areas for thermal specialists has been highlighted
by previous studies on amphibians, reptiles and insects [54-56]. The ability of fireflies to
adapt to higher elevations, however, remains unknown and requires further research.

Several solitary fireflies collected in this study were also found to be confined to the
highest elevation ranges. Of the six species observed in the montane ericaceous forest,
three were Pyrocoelia, which has flightless females. The dispersal limitations of flightless
females may contribute to their restricted elevational range, as well as the suitability of
abiotic and biotic conditions of the montane ericaceous forest for their survival. Mountain
passes, a term describing the physiological barrier to thermally restricted taxa, may also
explain their isolation at the highest or lowest points of mountains [12,57,58].

The influence of temperature could explain the restriction of certain firefly species
to certain elevational zones. Temperature plays an important role in the rate of enzyme-
catalyst reactions and has been shown to modulate light-flashing intervals, flash intensity
and the onset of flashing of firefly lights [59,60]. The production of firefly flashes has been
found to be strongly influenced by ambient temperature, therefore regulating flashing
signal patterns [61-63]. As the elevation increases, the temperature decreases, and the
different temperatures experienced by fireflies in their specific habitat could possibly restrict
their elevation and habitat ranges.

Based on this study, there were two main groups of fireflies present across the eleva-
tional gradients of the five mountains, where almost half of the species collected did not
occur above 900 m a.s.l. (Table 1). Macedo et al. [5] compared the elevational ranges of
seven families of beetles in Brazil, and fireflies were found to be the most specialised among
groups of beetles, i.e., highly specialised in lower or upper elevational zones. Aside from
the temperature, these restricted distributions across elevations could be explained by the
fireflies requiring obligate prey at the larval stage and specific microhabitat requirements at
different stages of their lifecycles [23,38,64,65].

Although Whitmore [35] was able to identify five elevational forest zones linked to
changes in the floristic composition and structure, the three lowest elevation forest types
share many common tree species that influence the canopy structure, the forest environment
and its microhabitats. Ashton [66] further explained that the ecotone of the floristic zones
of the lowland and lower montane forests (Figure 1) is gradual, happening approximately
between 800-1300 m a.s.l. However, the ecotone is more obvious between the lower
montane and upper montane areas, which commonly comprise warm temperate species,
i.e., Fagaceae (oak) and Lauraceae (laurel). The more distinct difference in the floristic
composition between the lower montane and upper montane areas, but a subtler change
from lowland to lower montane areas, could explain why the majority of lower-elevation
fireflies were not found beyond 900 m a.s.L

4.2. B-Diversity of Fireflies between Mountains and between Forest Types

Our results suggest that there was a lower turnover of species among the five moun-
tains, but substantial turnover among forest types along the elevation gradient (Table 3),
which gives further support to our general analysis of the firefly species collected across
the elevations sampled (Table 1). The results indicated that the 3-diversity of firefly species
among the forest types was strongly attributed to species replacement rather than species



Diversity 2023, 15, 79

90f13

loss based on the much higher turnover value, Bgim = 0.89. The firefly beta-diversity pattern
across elevational forest types is the result of species substitution in a forest type by different
species in the other forest types (species replacement).

There were relatively few species responsible for the turnover. The mvabund models
identified Abscondita pallescens, Abscondita berembun and Pygoluciola dunguna as having
significant influences on the patterns. Among the species of fireflies collected, Abscondita
pallescens (n = 12) was the most widely distributed across elevations (200-1200 m a.s.l.),
occurring in four of the mountains and three of the forest types. Their wider distribution
may be explained by the species having flighted females and a relatively bigger size
in comparison to other Abscondita species [48]. Abscondita berembun was described as
a new species subsequent to the sampling performed in this study [48] and was only
collected at the highest sections of two mountains (elevation between 1750 and 1800 m
a.s.l.). Abscondita is a genus from Southeast Asia, described in 2013 [38], with biology and
behaviour described for only two species, i.e., Abs. chinensis and Abs. terminalis. Both have
been recorded in mountains in China, although they were also found in other types of
habitats, e.g., grasslands.

Pygoluciola dunguna, also recently described [49], was the most frequently collected in
this study (n = 15) and occurred in the lowland and hill dipterocarp forests at elevations of
300-600 m a.s.l. Until recently, Pygoluciola was thought to be a rare genus [67]. Nineteen
species, all confined to the Southeast Asian region, have been described thus far [48,68].
Details on the habitat, behaviour and distribution of this genus can be referenced to
two species. Pygoluciola dunguna is confined between the two lowest-elevation forests,
i.e., lowland and hill dipterocarp forests [49], while P. ginyu has been recorded at 532m a.s.L.
at E Mei Mountain [32]. The larvae of both of these species are semiaquatic [32,69].

Our results were similar to those of other studies of invertebrates, which often showed
different groups within taxa having different elevational ranges and occurring in habitats
with different elevation heights. For example, studies of ant species diversity in Mediter-
ranean mountains found a strong correlation with elevation and identified three distinct
groups: generalists spanning all elevations; cold-tolerant restricted to high elevations; and
low-elevation specialists [70]. Dung beetles of Costa Rica, in contrast, revealed high levels
of specialisation with species-specific, narrow elevational ranges [11]. This comparison sug-
gests that while fireflies are challenging to study, they largely behave as other invertebrates,
with evidence of generalists, broad specialists at high or low altitudes and instances of
high specialisation.

4.3. Firefly Species Diversity and Habitat Relationships

In contrast to many other studies of invertebrates across elevations, e.g., Blatrix
et al. [70], Bhardwaj et al. [71], Carneiro et al. [72] and Chamberlain et al. [73], strong
statistical associations with habitat characteristics, which were hypothesised to be impor-
tant to fireflies, were not detected. However, the substantial effects of the size of the forest
type and canopy closure suggested that these factors are important, although the power to
detect significant relationships was lacking. The low abundance and our capacity to detect
firefly species probably limited the ability to reveal associations that likely existed.

Based on firefly biology, we expected canopy closure to influence diversity because
it regulates the ambient and lower canopy temperatures of the forest and filters light
penetration to the forest floor [74]. Ground-dwelling insects, including dung beetles, were
found to decrease in species richness when canopy closure decreases [75-77]. With respect
to fireflies, canopy closure could influence the forest’s microclimatic conditions at the
understorey level where the firefly at different life stages survives, and increasing canopy
closure could provide a conducive environment for fireflies and especially their food source,
which largely depends on shaded and moist conditions [21,38,78].
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