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Abstract

1. Tropical elevation gradients support highly diverse assemblages, but competing

hypotheses suggest either peak species richness in lowland rainforests or at mid-
elevations. We investigated scolytine beetles—phloem, ambrosia and seed-feeding
beetles—along a tropical elevational gradient in Papua New Guinea.

. Highly standardised sampling from 200 to 3700 m above sea level (asl) identified

areas of highest and lowest species richness, abundance and other biodiversity

variables.

. Using passive flight intercept traps at eight elevations from 200 to 3500 m asl, we

collected over 9600 specimens representing 215 species. Despite extensive sam-

pling, species accumulation curves suggest that diversity was not fully exhausted.

. Scolytine species richness followed a unimodal distribution, peaking between

700 and 1200 m asl, supporting prior findings of highest diversity at low-to-mid

elevations.

. Alternative models, such as a monotonous decrease from lowlands to higher eleva-

tions and a mid-elevation maximum, showed lesser fit to our data. Abundance is
greatest at the lowest sites, driven by a few extremely abundant species. The turn-
over rate—beta diversity between elevation steps—is greatest between the highest

elevations.

. Among dominant tribes—Dryocoetini, Xyleborini and Cryphalini—species richness

peaked between 700 and 2200 m asl. Taxon-specific analyses revealed distinct pat-
terns: Euwallacea spp. abundance uniformly declined with elevation, while other
genera were driven by dominant species at different elevations. Coccotrypes and
phloem-feeding Cryphalus have undergone evolutionary radiations in New Guinea,
with many species still undescribed. Species not yet known to science are most

likely to be found at lower and middle elevations, where overall diversity is highest.
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INTRODUCTION

A key aim in ecology is identifying the factors that determine species
distribution. One factor that impacts species diversity across broad
scales is elevation. It presents a gradient of abiotic conditions and eco-
tones, resulting in high vegetation turnover and high species richness
(Mayor et al., 2017). The distribution of species along elevation gradi-
ents may be driven by macroecological scenarios independent of envi-
ronmental parameters, but it may also follow variables such as
temperature and humidity (McCain & Grytnes, 2010). These patterns
are important with respect to climate change, as changes in precipita-
tion, temperature and seasonal variation are expected to shift species
distribution across montane ecosystems and threaten alpine zones in
certain areas of the world (Griffiths et al., 2021; White et al., 2021).
Investigation of elevational gradients is therefore informative, as mea-
suring diversity along them can provide a baseline to assess how com-
munity structures will change over time as temperatures increase.

Beta diversity, which describes the turnover of community com-
position across different habitats or spatial units (Baselga, 2010;
Harrington et al., 2016; Koleff et al., 2003; Legendre et al., 2005),
serves as a valuable metric for exploring elevational gradients. Beta
diversity provides a proxy for ecosystem complexity, enables compari-
sons between studies and provides baseline information for the
response of communities to environmental changes.

Previous research on the effects of elevation on species richness
and turnover yielded varied results. Most studies on elevational gradi-
ents determine either greatest species richness at mid-elevations with
a unimodal hump-shaped curve (Lomolino, 2001; Zhang et al., 2016)
or a monotonic decline in richness with elevation (Brehm &
Fiedler, 2003; Corcos et al, 2018; Gaston, 2007; Le Cesne
et al., 2015; McCain, 2007; Rahbek, 2005; Yombai et al., 2021).
Others have documented multimodal species richness patterns across
elevations (Colinet et al., 2016). Factors such as temperature, precipi-
tation, biotic interactions and individual species biology influence
whether diversity along an elevational gradient follows any one of
these distributions (Cirimwami et al., 2019; McCain, 2007; Neves
et al., 2020). In addition, local species diversity may be partly the
result of neutral, macroecological mechanisms independent of natural
history. For example, the mid-domain theory predicts greater diversity
in the middle of a gradient simply due to the overlap of species ranges
(Colwell et al., 2004). The opposite, a uniform decrease in species rich-
ness, may be predicted by the fact that the area of land at each eleva-
tion generally decreases with altitude, supporting fewer species. On
the other hand, higher elevations may support higher diversity
because of the more complex higher-elevation topography providing
more habitats. To distinguish among these hypotheses, studies of
richness and turnover patterns for biologically distinct groups
remain key.

Bark and ambrosia beetles (Coleoptera: Curculionidae: Scolytinae)
are abundant, diverse and ubiquitous in tropical forests worldwide
(Knizek & Beaver, 2004). The literature typically treats them as two
ecological guilds—true bark beetles feeding on the phloem of dead

trees and ambrosia beetles which colonise the tree xylem and use

. | s

symbiotic fungi. In reality, scolytine beetles display a much greater
diversity of ecologies, particularly in the tropics, including feeding on
seeds, twigs, xylem without fungi and even herbaceous vegetation
(Atkinson & Equihua, 1986; Kirkendall et al., 2015). We use the term
scolytine beetles for all scolytine weevils throughout the text.
Although the literature on bark and ambrosia beetles often includes
Platypodinae (Col., Curculionidae), these are an independent subfamily
of weevils, different morphologically and genetically from scolytine
ambrosia beetles, and they have not been included in this study.

The feature that sets scolytines apart from other wood boring
beetles, and from most weevil clades, is that the adult life stage also
spends a substantial amount of time within the host tissue, facilitating
colonisation and larval development (Biedermann & Taborsky, 2011).
This contributes to their capacity for rapid population response to
substrate availability, and the subsequent large abundances in the
world’s forests. Adults spend a relatively short time outside of
the host during a dispersal flight to a new host. The contrast between
the widely varied host use and the uniform requirement of a dispersal
flight in all of these beetles has implications for sampling. Collecting
from host plants or via traps baited with specific lures results in large
specimen counts but leads to sampling biases (Gaylord et al., 2006;
Gusmao et al., 2020; Johnson et al., 2016). Passive methods such as
flight traps are slower, but are comparatively unbiased and capture a
more representative subsample of the local scolytine fauna (Bussler
et al., 2011; Dole et al., 2021; Hulcr, Beaver, et al., 2008; Hulcr,
Novotny, et al., 2008).

Scolytine beetles have been studied for their alpha and beta
diversity, but their elevational stratification has not been studied com-
prehensively. The few studies that exist are limited in scale and
yielded conflicting conclusions. Some report a distinct decrease in
diversity with altitude but an increase in beta diversity. In other
words, lower elevations seem to contain a larger but more homoge-
neous diversity of species, and changes in community composition
become more pronounced as elevation increases (Luo et al., 2022;
Marathe et al., 2021; Rubin-Aguirre et al., 2015). In contrast, scolytine
beetles in the more homogeneous conifer-dominated forests in north-
ern latitudes appear to be equally diverse at different elevations, as
long as their hosts are available (Chinellato et al., 2014; Williams et al.,
2008). These studies are however not directly comparable, as they dif-
fer in their sampling methodology, and most employed guild-specific
lures. A comprehensive assessment of a bark beetle altitudinal gradi-
ent using an unbiased sampling is still lacking.

In terms of vertical stratification within a single forest, some spe-
cies fly close to the ground while smaller numbers prefer the canopy
(Maeto & Fukuyama, 2003; Stork & Grimbacher, 2006). In terms of
horizontal beta diversity—across distance but not elevation—existing
studies suggest that bark beetles are unevenly distributed within small
scales, largely as a result of the patchy availability of hosts (Hulcr,
Beaver, et al, 2008; Hulcr, Novotny, et al, 2008; Peltonen
et al., 1998), but as with other insects, they display remarkably little
turnover over large geographic distances when environmental factors
and altitude are excluded (Hulcr, Beaver, et al., 2008; Hulcr, Novotny,
et al., 2008; Novotny et al., 2007).
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The two environmental parameters that are most likely to influence
temperate scolytine beetle elevational gradients are host availability and
temperature, with the latter influencing development and dispersal
(Jones et al., 2019; Williams et al., 2008). It is unclear, however, whether
tropical beetles will follow patterns seen in temperate regions. Most
studies focused on temperature gradients in the northern genera Ips or
Dendroctonus, which are rare or absent in tropical regions. Similarly
unresolved is the effect of host availability and host diversity. A logical
extension of the decrease of plant diversity from sea level to mountain
peaks in the tropics would suggest that scolytine beetle diversity will fol-
low the same pattern; however, most tropical beetle species have rela-
tively low host specificity (Beaver, 1979; Hulcr, Beaver, et al., 2008;
Hulcr, Novotny, et al., 2008; Luo et al., 2022; Novotny et al., 2010).

Scolytine beetles are frequently studied because of the economic
damage some species cause. In natural, non-anthropogenic ecosys-
tems, less than 1% of documented scolytine beetle species cause
noticeable tree death (Ranger, 2016). However, with the introductions
of invasive species, and environmental stress and density of trees,
especially in managed plantations, scolytine beetles of all ecological
types can become pests (Ge et al., 2018; Lira-Noriega et al., 2018;
Stouthamer et al., 2017). Similarly, many native and formerly harmless
feeders on stressed or dying trees are now erupting into outbreaks
due to the increasing environmental stress on their hosts (Hulcr &
Skelton, 2023). This increasing environmental and economic impact of
scolytine beetles is another reason why studies on tropical species are
more urgent than ever. Detailed studies in native regions are useful
for predicting and preventing future invasions (Grégoire et al., 2023;
Hulcr et al., 2017; Mech et al.,, 2019), particularly as the homogeniza-
tion of the global beetle and tree communities continues.

This study aims to examine the following questions: (1) how do
species richness and abundance of scolytine beetles change with ele-
vation: do they continually decrease with elevation, or peak at middle
elevation? (2) What are the distributions of several specific, important
genera? As species within a genus tend to have a similar ecology, we
can also test whether ecologically specialised groups, such as fungus-
feeding ambrosia beetles or seed-feeding scolytines, peak in diversity
and abundance at specific local environments. (3) How does beta
diversity change with elevation? In particular, does fauna change fas-
ter, slower or equally fast between elevational steps in lowland rain-
forests compared with the mountains? And lastly, (4) Are undescribed
species equally likely to be found at all elevations, or are some eleva-
tions better documented than others? The sampling was carried out in
Papua New Guinea (PNG), which is an ideal location for studying the
spatial distribution of insects and the drivers of ecology and diversifi-

cation: its environment is little disturbed, unique and species-rich.

MATERIALS AND METHODS
Study site

New Guinea is a tropical island in the Pacific. With 68% of its plants
being endemic and a total of 13,634 plant species, the island boasts
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the highest floristic diversity and is the third largest canopied rainfor-
est by landmass in the world (Barrows et al., 2009; Camara-Leret
et al., 2020).

The specimens for this study were collected along an elevational
gradient on Mount Wilhelm, Madang province, Papua New Guinea.
Mount Wilhelm has its highest peak at 4509 m above sea level (asl),
with an annual rainfall of 4660 mm at lower elevations to 3000 mm at
higher elevations, and climate characterised by cycles of wet, dry and
transitional seasons (Hnatiuk et al., 1976; Sam & Koane, 2014). The
mean temperature of the different elevations at the sampling sites
during 2010-2011 ranged from 27.4°C at 200 m asl to 8.6°C at
3700 m asl (Leponce et al., 2016). The entire transect of our study
area on Mount Wilhelm spanned roughly 40 km. The forest types and

elevations throughout the gradient are described in Table 1.

Sampling methods

Traps were placed at eight different elevations along Mount Wilhelm
rainforest elevation gradient, starting at 200 m asl and ending at
3700 m asl, with 500 m asl elevation between each site. The site
description and sampling methods are provided in Leponce et al.
(2016). Each trap was designated with a five-digit ‘P-number’, span-
ning from PO001 to P5789. The P-number represents a unique col-
lecting event from a certain trap on a certain date after 2 days of
exposure. A total of 20 traps were set per elevation, resulting in
160 collection events at each elevation, except for 3200 m asl, which
had 162 collection events. In total, 1282 such trapping events were
conducted and included in this analysis. Trap inspections occurred
from October 16 to December 2 of 2012, with data from traps 200-
1700 m asl collected 9 days after the rest.

Besides flight interception traps (FITs), the umbrella project also
included other sampling methods such as Malaise traps, Steiner traps
and beating of vegetation (Leponce et al., 2016, 2020). Since only FITs
collect scolytine beetles routinely and in substantive numbers, only
specimens from those were included in this analysis. Malaise and
other traps collected occasional specimens of scolytinae, but not in
the numbers that would warrant inclusion in the analyses. Twenty
FITs were placed 50 m apart or more at each elevation. The construc-
tion of each FIT consisted of a black mesh net (120 cm x 200 cm)
stretching between two sticks with three large aluminium baking trays
(65 cm x 45 cm) placed at the base, whose contents included a solu-
tion of water, salt and liquid detergent to catch any fallen insects. A
full description of FITs can be found in Leponce et al. (2016). Holes
were drilled at the top of the trays to prevent overflow during heavy
rains, and plastic roofing over each trap protected them from adverse
weather conditions. Care was taken to place these traps on flat
ground.

All samples were initially processed at the New Guinea Binatang
Research Center with the help of 63 field participants, both local
trained research assistants and international scientists and students.
Beetles from FITs were collected by pouring the trap’s contents into a

13-0z Whirl-pak© plastic bag filled with ethanol. Traps at every
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TABLE 1 Characteristics of diversity in different elevations.

P | sss

Elevation (masl) TIN TNUS  Genus count  Species count  SC (n) SC(2n) Forest types Chaol uUsc SJ

200 2915 44 26 78 0.9904 0.995 Mixed lowland forest 1158 +19.44 43 0.60
700 997 68 28 109 0.9659 0.9822  Mixed lowland forest 155.75+21.87 59 0.73
1200 1837 83 23 102 0.9886 0.9973  Mixed lowland forest ~ 115.13 + 7.59 62 0.69
1700 2021 47 21 67 0.9876 0.994 Lower montane forest 97.00 + 16.15 42 0.61
2200 1672 24 14 35 0.9952 0.9971  Mid-montane forest 44.33 + 8.85 22 0.55
2700 130 7 8 13 0.9693 0.9815 Mid-montane forest 16.00 + 4.14 7 0.20
3200 53 5 6 10 0.8686 0.9018  Upper montane forest 20.50 + 10.47 5 0.07
3700 4 2 2 2 1 1 Sub-alpine forest 2.00+0.35 2 0.30

Note: Characteristics of forest types at each elevation (200-3700 m asl), contained in our study site, as described in Johns (1982), are outlined. These
designations were made based on overall vegetation cover at each of the eight elevations studied. A comprehensive table of values discussed in this paper
is presented. The species count column contains the actual species observations collected from traps. The Chao1l values were the non-parametric
estimator used to estimate the total number of species in our samples. TIN represents total individual number. TNUS represents total individual number of
unclassified species. Unclassified species count (USC) was the number of species that we were unable to name to species. SC (n) and SC (2n) represent
sample coverage estimates, where n is the observed total individual number, and 2n refers to twice the observed total individual number. SJ represents the
standardised Jaccard turnover index, reflecting the dissimilarity in bark beetle composition among elevations. It is calculated based on coverage (g = O,

species richness) for collection events at each trap within each elevation.

elevation were checked on an alternating 2-day cycle, with 10 of the

20 traps being checked each day.

Identification of scolytine beetles

Scolytinae were separated from the remaining insects at the Bina-
tang Research Center, led by C.W. Specimens were point-mounted
and sorted by N.E.S. Further sorting and taxonomic identifications
were carried out by N.E.S., J.H, A.J.J and S.M.S. Many morphospe-
cies were designated by morphological characters, but could not be
determined to a taxonomic name. For the ecological analysis here,
both described species and designated morphospecies are referred
to as ‘species’. ldentification, location, trap, collecting event number
and each corresponding specimen were recorded from the pinned
specimens into a spreadsheet. Beetle identifications across different
locations and traps were standardised by employing four taxono-
mists, and using consistent identification guides for difficult taxa
(Hulcr, unpublished). In cases of undescribed species, individuals
were classified as distinct morphospecies (e.g., sp. 1, sp. 2) rather
than grouping all undescribed species as a single ‘sp.” category. The
dataset was then transformed into a species-by-trap matrix of
counts. For morphotype groups with unclear morphological charac-
ters or species boundaries, elevation was used as a method of recip-
rocal illumination of hypothetical species identity, and in multiple
cases, distinct character combinations were found corresponding to
certain elevations. Species were identified either by comparison
with authors’ existing collections, of keys in the literature or online
(Hulcr & Cognato, 2013; Smith et al., 2020) and the remaining mys-
teries were compared with types in the NHMW in Vienna, USNM
in Washington, DC, and HNHM in Budapest. All voucher samples in
this study were preserved at the University of Florida Forest Ento-

mology Collection.

Sampling exhaustiveness estimates and sampling
evenness

The degree of completeness of species sampling at each elevation
was tested by species accumulation curves (Colwell &
Coddington, 1994; Ugland et al., 2003). Site-level samples (160 in
total) were randomised by one hundred permutations. Species accu-
mulation curves were also generated for each elevation (Figure 1b).
Sampling effort was even between the traps along the elevational
gradient; therefore, abundances did not need to be standardised. Spe-
cies richness is modelled using rarefaction and/or accumulation
curves. All samples were included in the analyses, including those

which included zero scolytine beetles.

Community diversity and changes along the gradient

The community of scolytine beetles completely changes from the low-
est to the highest elevation. To test whether this change was non-
random, we employed permutational multivariate analysis of variance
(PERMANOVA) with 999 permutations of the Bray-Curtis dissimilar-
ity matrix with Hellinger-transformed species abundances.

Besides raw numbers of species (Figure 1), we express diversity
at different elevations by two commonly used indices that combine
species richness as well as abundance (Morris et al., 2014). Hill num-
bers (species richness, Shannon diversity, Simpson diversity and
coverage-based standardised Jaccard dissimilarity) were used because
they provide a balanced representation of diversity and facilitate com-
parison by accounting for incomplete coverage, while beetle abun-
dances in our samples were highly uneven due to a few extremely
abundant species (Chao et al., 2023; Chao, Chiu, et al., 2014; Chao,
Gotelli, et al., 2014; Kim et al., 2017). Chao1 is a robust diversity index
that also enabled us to extrapolate our observations towards a total
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FIGURE 1 (a) Species accumulation curve for entire transect. (b) Plot of sample coverage at different elevations as a function of the number
of collection events. All rarefactions and extrapolations are based on Hill numbers with g = 0, which corresponds to species richness. The light
shaded areas represent the 95% confidence intervals. Rarefaction and extrapolation curves with 95% confidence intervals for (c) species richness,
(d) Shannon diversity and (e) Simpson diversity. The values in parentheses within each panel indicate the corresponding observed diversity

indices.

local diversity, as it accounts also for unobserved or rare species
(Chao, 1984; Chao & Jost, 2012).

The changes in scolytine beetle communities across elevations were
assessed using species replacement (turnover) and species loss (nested-
ness), calculated with the beta.pair function from the betapart package
(Baselga & Orme, 2012). To determine the most likely relationship
between elevation and dependent variables (the number of species,
Chao1 index, species replacement in community (turnover), and unde-
scribed species count), we used generalised additive models (GAMs),
which provide flexible, smooth relationships between predictors and
response variables. To avoid overfitting and ensure sufficient support
for the smooth term, we limited the degrees of freedom to k = 6 (less
than the number of unique elevation values). Smoothing parameters
were selected using Restricted Maximum Likelihood. The GAMs were
fitted using the mgcv package in R: Y = 3o + f(Elevation, k = 6) + €; in
this model, Y is the dependent variable; f(Elevation, K = 6) is the smooth
spline function of elevation with a limited degrees of freedom (k = 6).
For comparison, we also fit linear and cubic regression models: (1) Simple
linear regression: Y = o + B1-Elevation + € (2) Cubic regression:
Y = fo + p1-Elevation + f,-Elevation® + p5-Elevation® + €. In  these
models, Y is a dependent variable, including number of species, or mean
value of Chao1l index, or a community turnover (species replacement),
or the count of unclassified species, at that elevation. The simple linear

model assumes a straightforward linear relationship between elevation

and the dependent variables. The cubic model includes a cubic term of
elevation to capture potential unimodal distributions of species, such as
in the scenario of peak diversity in middle elevations. The best-fitting
model was determined using the Akaike information criterion (AIC).

To examine the effect of the elevation on the turnover rate of the
scolytine beetle community, we calculated the dissimilarity of commu-
nity between adjacent pairwise elevations using the Jaccard dissimi-
larity index, based on presence-absence matrices of beetles at
different elevations, as proposed by Baselga (2010). This pairwise dis-
similarity was calculated between each elevation level and its immedi-
ate neighbour and the lowest elevation (200 m asl). An additional,
intuitive illustration of the species turnover was provided as the rate
of Jaccard dissimilarity.

Diversity and elevational distribution of specific tribes
and genera

The top three scolytine beetle tribes (Dryocoetini, Xyleborini and Cry-
phalini) and the most abundant genera (Coccotrypes in Dryocoetini,
Cryphalus, the only genus in Cryphalini, and Cyclorhipidion and Euwal-
lacea in Xyleborini) were further analysed individually.

The genus Coccotrypes is exceptional in that many species

develop in non-phloem tissues—such as fruits, nuts, ferns, woody
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pods, leaf stalks or seeds—and may potentially display different diver-
sity patterns than the more typical phloem-feeding scolytine beetles
(Browne, 1961; Dong et al., 2024; Jordal et al., 2002). The degree to
which seed-feeding scolytine diversity may be influenced by the host
taxon remains one of the gaps in tropical forest entomology. While
recent studies have provided insights into seed-feeding insect diver-
sity and trophic interactions in tropical rainforests (Basset et al., 2018;
Gripenberg et al., 2019), these studies primarily focus on broad
community-level patterns and host specificity across multiple insect
groups. The specificity of seed-feeding scolytine beetles, particularly
Coccotrypes, remains underexplored. In tropical entomology literature,
seed-feeding guilds are not always distinguished among spermato-
phages, granivores and fruit chewers (Novotny & Basset, 2005), and
some Coccotrypes may fit more than one definition (Atkinson &
Martinez, 1985).

Cryphalus is an example of an abundant and speciose phloem-
feeding scolytine beetle group, which has experienced radiation in
Oceania, and especially in New Guinea (Johnson et al., 2020). It is
therefore interesting to test whether diversity is dispersed across dif-
ferent elevations, suggesting that elevation may have contributed to
the radiation, or whether most of the diversity is sympatric, in low ele-
vations. Cyclorhipidion and Euwallacea are ambrosia beetles that feed
on symbiotic fungi inoculated in the wood of a wide range of tree spe-
cies, and whose diversity is therefore unlikely to be a response to host
tree diversity. Separating the effect of elevation on their species dis-
tribution may contribute to our understanding of the diversification
process in the absence of host specificity. In addition, Euwallacea is a
genus containing tropical, subtropical and even temperate ambrosial
species, of which several are capable of attacking living trees (Wang
et al., 2021). Exploring the distribution of Euwallacea spp. in different
elevations is interesting because of this unique relationship with host
trees, but also because this genus contains several emerging invasive
ambrosia species spreading around the world.

With respect to ambrosia beetles, previous tropical entomology
literature may classify them into different guilds, namely xylemyceto-
phages or xylophages (Novotny & Basset, 2005). The feeding sub-
strate is different between these two guilds, however (symbiotic
fungus vs. wood, respectively), and the host specificity differs dramat-
ically (xylomycetophages display high specificity to the fungus, and
near-complete polyphagy with respect to host taxonomy; Hulcr
et al., 2007), while true xylophages vary (Tavakilian et al., 1997).
Therefore, the diversity distribution of the true scolytine xylomyceto-
phages, which form the bulk of tropical ambrosia beetles, is expected
to be limited by host taxa to a lesser degree than typical herbivorous

insects.

Analysis of undescribed or unidentified species

To explore whether elevations differed in the degree to which scoly-
tine beetle diversity is documented by taxonomic names, the number
of putatively undescribed species (morphotypes for which we were

not able to determine the species) was counted across elevations. The
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proportion of undescribed species at each elevation was modelled
using a binomial generalised linear model. The model was fit using the
glm() function in R (R Core Team, 2013), with the binomial family and
a logit link function. The performance of linear regression was
assessed using the AIC. The statistical significance of the elevation
predictor was evaluated using z-tests, and 95% confidence intervals
were estimated for the coefficients.

RESULTS

The sampling collected 9629 individuals derived from 215 unique spe-
cies or morphotypes belonging to 34 genera of Scolytinae (Table 1). A
complete list of species and genera can be found in Table S1. The
most abundant species in our sample was Coccotrypes myristicae, with
2867 specimens, followed by Cryphalus sp. 5403 with 1595 speci-
mens. In total, 60 species (27.9%) were singletons. Of the 160 traps,
137 yielded scolytine beetles, leaving only 23 trap sites with zero sco-
lytine beetles throughout the timespan of this study. The genera Coc-
cotrypes, Cryphalus, Debus and Eidophelus were the most species-rich,
while Coccotrypes, Cryphalus and Cyclorhipidion were the most
abundant.

The species accumulation curve for the entire dataset did not pla-
teau, suggesting that additional unsampled species likely exist in this
region (Figure 1). Using extrapolation through the Hill numbers and
Chao1 index, we estimated that the total number of scolytine beetle
species in the Mount Wilhelm transect may be 296 (observed

215 species).

Species richness and abundance

The highest species count was recorded between 700 and 1200 m asl
(Table 1, Figure 2a, Figure S1). The sample coverages ranged from
0.87 at 3200 m asl to 1.00 at 3700 m asl, indicating near-complete
species detection at the highest elevation. The Hill numbers calculated
at a standardised sample coverage of 0.9 revealed a similar pattern,
with a distinct peak at 700 m asl, suggesting that species diversity is
highest at this elevation. Therefore, we report that rather than being
highest at the lowest elevation, scolytine beetle diversity conforms to
a unimodal diversity distribution, with the peak at lower- to mid-
elevation. Diversity decreased both towards the lowest site (at 200 m
asl) and even more towards higher elevations. The sub-alpine forest at
3700 m asl, the maximum elevation from which we sampled, had the
lowest species richness with just 2 species documented. When broken
down by site counts, 700 m asl had the greatest variability in species
collected among the traps.

The greatest abundance of scolytine beetles—2915 specimens—
was collected at the lowest elevation, 200 m asl (Table 1, Figure 1).
Abundance was, however, highly influenced by a few extremely com-
mon species and followed a different trend than richness, with a nota-
ble dip in specimen count at 700 m asl, followed by an increase in
count at 1200 and 1700 m asl.
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species collected from traps.

Taking both species count and abundance into account by the
two diversity indices, the highest scolytine beetle diversity is indeed
estimated at 700 m asl with 109 observed species (Shannon diversity:
44.9, Simpson diversity: 26.5), with the local species number esti-
mated at 161 spp. by Chaol. The lowest was at 3700 m asl, where
the total estimated number of species by Chaol is 2, equal to the
observed 2 species we actually observed, and Shannon diversity being
1.8 (Simpson diversity: 1.6) (Figure 1, Table 1).

Species turnover

PERMANOVA analysis revealed that elevation had a statistically sig-
nificant effect on the composition of scolytine beetles (Pseudo
F =44.694, df =7, p = 0.001). The cubic and GAM models yielded
very similar AIC values; both are unimodal and show similar progres-
sion of species diversity: highest at lower-mid elevation, decreasing
slightly towards sea level and decreasing substantially towards the
subalpine zone. The cubic model was chosen for our interpretation of
the biological pattern due to its parsimony and greater ease of biologi-
cal interpretation. All tested variables—number of species, Chaol

index, species turnover, and the number of unclassified species—show

similar significantly non-linear relationships with elevation (Table 2).
The Chaol index, number of species and unclassified species count
exhibited peak diversity at elevations of approximately 700-
1200 m asl.

The turnover rate and beta diversity index of scolytine beetle
communities were significantly positively correlated with elevation,
with species composition turnover peaking at the highest elevation
(Figures 2c and 3a,b). Conversely, the nestedness of scolytine beetle
communities significantly declined with elevation (Figure 3c). How-
ever, when analysing stepwise diversity, including stepwise beta
diversity, stepwise turnover and stepwise nestedness between adja-
cent elevation gradients, no significant correlation was found between
any variable and elevation (Figure 3d-f). Scolytine communities thus
appear to reflect the faster rate of environmental change and host

tree community change among higher elevations.
Unknown species distribution
The distribution of the undescribed species recorded at various eleva-

tions exhibited a non-linear pattern (Tables 1 and 2). The count of

unknown species showed bell changes with increasing elevation,
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TABLE 2 Summary of comparison between the linear, cubic models and generalised additive models (GAMs).

Dependent variables Model F-statistic Adjusted-R? p-Value AlC
Number of species Linear F(1, 6) = 27.81 0.7930 0.0019** 73.85
Cubic F(4.855, 2.145) = 376.9 0.9571 0.00264** 41.39
GAMs F(4.865, 2.135) = 370.6 0.996 0.00274** 41.57
Chao1 index Linear F(1, 6) = 38.53 0.8428 0.0008*** 76.33
Cubic F(3.094, 3.906) = 22.67 0.922 0.00545** 72.76
GAMs F(3.338, 3.662) = 22.3 0.926 0.00533** 71.01
Species replacement (turnover) Linear F(1, 6) = 17.59 0.7032 0.0057** —-0.31
Cubic F(3.69,3.31) = 51.61 0.969 0.00421*** -16.62
GAMs F(3.577,3.423) = 50.51 0.968 0.00436** -17.47
Unclassified species count Linear F(1, 6) = 21.79 0.7481 0.003438** 66.51
Cubic F(4.742,2.258) = 211.2 0.993 0.00471*** 37.37
GAMs F(4.657,2.343) = 271 0.995 0.00367*** 35.24

Note: Species replacement (turnover) refers to the pairwise turnover components from lowest elevation (200 m asl) to other elevations. The star symbols

in the p-value column denote significance level: *<0.05; **<0.01; ***<0.001.

Abbreviation: AIC, Akaike information criterion.
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FIGURE 3 The relationships between elevational gradients and community beta diversity index, species replacement (turnover), and species
loss (nestedness) are shown in (a), (b) and (c), respectively, from the lowest elevation (200 m asl) to higher elevations. (d), () and (f) demonstrate the
correlation of stepwise diversity, including beta diversity, turnover and nestedness, between each elevation and its immediately adjacent higher
elevation. Stepwise beta diversity, turnover and nestedness were calculated by comparing each elevation with its next higher adjacent elevation.

peaking at 1200 m asl with 62 species, followed by 59 species at
700 m asl. The model did not detect a significant relationship between
elevation and the proportion of undescribed species (z = 0.964,
p = 0.335, AIC = 37.18). The predicted proportion of undescribed
species showed a slightly upward but insignificant trend across the
elevation gradient (from 55% at the lowest elevation to 66% at
the highest elevation) suggesting that undescribed species are likely
to be found at any elevation (Figure S2).

Tribe and genus distribution

Three scolytine tribes dominated the sample: Dryocoetini, Xyleborini
and Cryphalini (Figure 4). All three have strongly skewed species-
abundance ratios, but their abundances peaked at different elevations.
Dryocoetini and Xyleborini together form a paraphyletic clade
(Johnson et al., 2018), and as such represent a single large evolution-

ary radiation of tropical bark and ambrosia beetles, unparalleled
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among other groups. Xyleborini appears to follow the general trend of

highest diversity at around 700 m, followed by a steady decline, with

the exception of an abundance peak at 2200 m. This abundance spike

is driven by a pair of endemic, nearly identical species, Cyclorhipidion

spurlinum and what appears to be a sister, undescribed species Cyclor-

hipidion sp. n. ‘shagreened’, both most abundant at the 2200 m
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location. Another important xyleborine genus, Euwallacea, was uni-
formly distributed between 200 and 1200 m asl. The genus was
represented by 11 species, most of them identifiable to species. Nota-
ble are the four individuals tentatively identified as Euwallacea fornica-
tus. This is a Palearctic complex of species, some of which are globally
invasive, tree-killing pests. It is not known which of the cryptic species
these PNG individuals belong to.

Dryocoetini as a tribe are also difficult to evaluate, as the overall
abundance is driven by a few species of a single genus Coccotrypes;
one species is hyper-abundant at the lowest elevation of 200 m asl,
and another one at 1200 m asl. The genus Coccotrypes is represented
by 58 species and 3890 specimens in our sample, making it the most
abundant as well as species-rich of all New Guinean scolytine beetle
genera.

Cryphalini, represented by the single genus Cryphalus with 29 spe-
cies and 2345 specimens, was very abundant at mid-elevations and
decreased in both directions, towards lowlands and highlands. Like
other tribes, Cryphalini have a skewed species-abundance rank, with
the three most common species representing 75% of all individuals.
Tribes other than Xyleborini, Dryocoetini and Cryphalini are repre-
sented by lower diversities and abundances. The Scolytoplatypodini
and Hyorrhynchini were each only represented by single species, Sco-
lytoplatypus eutomoides and Sueus insulanus respectively. Ernoporini
and Trypophloeini are both represented by a single genus with 4 spe-
cies. Hylesinini is dominated by the genus Ficicis in terms of abun-
dance. Phloeosinini yielded only three specimens, two Hyledius spp.
and one Phloeosinus sp.

Species counts across these specific genera (Cryphalus, Cocco-
trypes, Cyclorhipidion and Euwallacea) followed a unimodal distribution,
with the highest species count occurring at mid-elevations ranging
from 700 to 2200 m asl., and lower species counts at both lower and
higher elevations. Cryphalus had the most abundant species count
(19 species) at 1700 m asl, while Coccotrypes, Cyclorhipidion and
Euwallacea had their highest species count at 1200 m asl, with 32 spe-
cies, 6 species and 8 species, respectively. A peak in the species count
of Euwallacea was also found at 700 m asl.

DISCUSSION

Species richness of scolytine beetles along an elevational gradient in
Papua New Guinea appears to follow a unimodal curve, with a peak at
low to mid-elevations and decreasing richness towards higher eleva-
tions. This trend aligns with patterns observed in other arthropods,
for example, alpine moths (Beck et al., 2010) and ants in southern
Africa (Bishop et al., 2014). This unimodal distribution may be attrib-
uted to several factors, including higher temperatures at lower eleva-
tions, which support greater species richness in most taxa, including
the host trees on which most bark beetles depend (Bishop
et al., 2014). Additionally, vegetation structure—such as increased tree
density and canopy cover at lower elevations—creates more complex
habitats that can sustain higher biodiversity (Dolson &
Kharouba, 2024). Alternative models observed in other organisms fit

e | st

our data less well. For example, birds, butterflies and bats showed a
monotonous decrease from lowlands to higher elevations (Sam et al.,
2019; Sivault et al., 2023), while ferns and frogs are most diverse in
the middle of the rainforest elevation gradient (Colwell et al., 2016;
Dahl et al., 2024).

We recorded a total of 215 species, the majority of the total spe-
cies richness estimated by the Chao1l index, and each elevation had a
high sample coverage (0.87-1). That not all species have been inter-
cepted is also supported by the fact that existing taxonomic lists from
the region include species not sampled here (Hulcr & Cognato, 2013).
However, the proportion of singletons in our dataset (Supplementary
data) was modest compared with other surveys of megadiverse
regions (Dole et al., 2021).

What explains the unimodal, skewed diversity gradient of scoly-
tine beetles? The most consistent abiotic factor that changes with ele-
vation is temperature (Hodkinson, 2005), but how and if this variable
affects bark beetle diversity directly is unclear. A more likely influence,
also correlated with elevation, is the diversity and abundance of host
substrates—trees, twigs, lianas, seeds, etc. Host plants show a rela-
tively minor influence on the diversity structure of the fungus-feeding
ambrosia beetles, given their low host specificity (Beaver, 1979; Hulcr
et al., 2007). In the more host-specific phloem- and seed-feeders,
however, host plant availability may be the single most important fac-
tor influencing their distribution and diversity, enabling their presence.
This is consistent with our records of taxa where host preferences are
known. For example, the observed abundance of the genus Cyclorhipi-
dion in higher elevations is likely aligned with the distribution of Faga-
ceae. Cyclorhipidion species have a preference for Fagaceae, a family
primarily found in middle- to high-elevation regions in the tropics
(Ash, 1987). Similarly, the most abundant genera Cryphalus and Cocco-
trypes—specialised phloem-feeders and seed-feeders, respectively—
show a diversity distribution that is different from the trends in the
overall dataset, dominated by the diversity of host-generalist ambrosia
beetles. Without comprehensive data on flora composition through-
out the studied transect, however, drawing conclusions about the
effect of plant diversity on the whole beetle assemblage would be
speculative. In addition, other factors for which no data are available—
such as species biology and interactions, niche availability, and
precipitation—might have also affected abundance and richness
values.

The abundance of a species does not correlate with scientific
knowledge about the species. The most common scolytine beetle in
Papuan forests—C. myristicae—has not been properly studied in the
Papuan region. Little is known about the ecology of this species,
despite its great abundance and its vast geographic distribution from
Sri Lanka to Samoa. Browne (1961) reported on its biology in
Malaysia and suggested that it is a polyphagous seed-feeder recorded
from multiple plant families. It was reported to feed on nutmeg in Java
by the author who described the species (Roepke, 1919), and then on
unspecified fruits and nuts in Malaysia (Beaver & Browne, 1978); after
that, no additional feeding records are known, and none from New
Guinea. It is not even clear whether the New Guinean population is

the same species as the very distant populations in mainland Asia. Of
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the 58 species or morphospecies of Coccotrypes in our sample, 42 did
not match specimens in the collections that we visited.

Similarly, little is known about the second most abundant genus,
Cryphalus. The most common bark beetle morphotype in our sample
was Cryphalus sp. 5403. Despite its abundance, it appears to be an
undescribed species, and nothing is known about its biology. On the
other hand, nearly all morphotypes of the tribe Xyleborini, which have
been studied by multiple authors recently, were assigned to species
using keys and the literature.

The relationship between species richness and abundance is not
uniform across elevations. At 200 m asl elevation, a single species,
C. myristicae, accounts for 75.5% of total specimens (2201 out of
2915), driving the highly uneven community structure. Similarly, at
2700 m asl elevation, a few species dominate the community of only
13 species. These trends are not unusual, and previous studies have
shown that dominant species alter abundance curves (Corcos
etal., 2018; Meng et al., 2022).

Phylogenetic diversity may be a more reliable and reproducible
measure of species diversity than categorical classification by mor-
phology alone, mostly because of its explicit accounting for evolution-
ary non-independence of species (Chao, Chiu, et al., 2014; Chao,
Gotelli, et al., 2014; Miller et al., 2018). This is not to suggest, how-
ever, that morphological classification is inadequate. Several recent
studies on scolytine species complexes have shown that what allows
species lineages discovery and delineation is a combination of careful
morphological assessment with a phylogenetic backbone (Smith
et al., 2019; Stouthamer et al., 2017). Even in the haplo-diploid Xyle-
borini and Dryocoetini, morphology tends to correlate with phyloge-
netic clades (LeMay et al., 2024). There are some groups, however,
namely the hyperdiverse Coccotrypes and Trypophloeini, in which cur-
rent morphological assessment is preliminary, and future diversity
studies will require a molecular phylogenetic component. Fortunately,
most specimens collected in this study spent very little time in the col-
lection liquid and appear to be in good condition; therefore, in the
next iteration of this study, DNA extraction, sequencing and phyloge-
netic analysis can be attempted.

In climate change studies, temperature is typically the primary
driver of range and abundance shifts, including in herbivorous insects
(Bale et al., 2002). Recent studies continue to support this notion for
many insect taxa (Hill et al., 2021). Most scolytines are not strictly her-
bivorous and instead rely on dead wood or stressed trees. Conse-
quently, the changing climate will likely influence their populations in
a less predictable way, mainly via dead wood availability. Indirect cli-
mate impacts, such as increased storm frequency and intensity,
drought-induced tree mortality and forest management practices, are
likely to play a critical role in shaping their future communities. Papua
New Guinea, like most tropical island environments, could see
increases in temperatures and extreme weather events at an even fas-
ter rate than other regions of the globe (Fleishman, 2022). Its biodi-
versity is characterised by species inhabiting unique niches that face a
greater threat of loss under warming (Bazzaz, 1998; Dorey
et al., 2020). Instances of previously inhospitable climates becoming

suitable for bark beetles as temperatures warm have already been
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evidenced in temperate regions, including for tree-killing species
(Garrick et al., 2021; Logan et al., 2010), and a similar trend could be
seen in Papua New Guinea. Additional threats to the biodiversity of
Papua New Guinea—such as logging, anthropogenic fire and invasive
species—have the potential to shift faunal communities out of their
current range (White et al., 2021). With the significance of tempera-
ture changes in montane ecosystems and the impact of human
encroachment, this could result in dramatic changes in elevational dis-

tributions of species, or their removal from optimal niches.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

Figure S1. Abundance of bark beetles across elevations. The number
of individuals per trap was calculated for each elevation. Statistical
significance levels were determined using the Kruskal-Wallis test. *
represents p value <0.05; ** represents 0.01 < p value < 0.05; *** rep-
resents 0.001 < p value <0.01; **** represents p value <0.001; ns rep-
resents no significant.

Figure S2. Predicted proportion of undescribed species along the ele-
vation gradient. The grey dots represent the observed proportion of
undescribed species at each elevation. The solid line represents the
fitted regression curve based on the predictions from the binomial
logistic regression model.

Table S1. Comprehensive list of species collected in this study. Link to
Dataset: https://doi.org/10.6084/m9.figshare.26502538.

How to cite this article: Dong, Y., Shepherd, S., Stork, N.E.,
Johnson, A.J., Smith, S.M., Wardhaugh, C. et al. (2025)
Scolytine beetle diversity along an altitudinal gradient in Papua
New Guinea. Insect Conservation and Diversity, 18(4),
552-566. Available from: https://doi.org/10.1111/icad.12824

d ‘¥ '$TOT “86SYTSLI

puInofsal//:sdyy woxy papeoy

1pu0) pue suLd | 3y 338 *[$707/L0/5T] uo Arexqry autjuQ A1 “epLOL] JO ANSI9AIUN AQ $TSTI PRAY/TT11°01/10p/W0d AIA"

:sdny)

110/09" K[ 1M”

pue-s

ASULIIT suowwo)) danear) a[qeardde ayy Aq pauroAoS aIe sa[d1IE Y asn JO sa[ni 1oy A1eiqi] aurjuQ £d[IA\ UO (SUOnIp


https://doi.org/10.1111/btp.13161
https://doi.org/10.3897/zookeys.983.52630
https://doi.org/10.3390/insects10090261
https://doi.org/10.1098/rspb.2006.3521
https://doi.org/10.1111/afe.12215
https://doi.org/10.1007/bf02856596
https://doi.org/10.1046/j.1365-2656.2003.00748.x
https://doi.org/10.1046/j.1365-2656.2003.00748.x
https://doi.org/10.1111/afe.12405
https://doi.org/10.3390/d13060248
https://doi.org/10.1603/0046-225X(2008)37%5B94:IOEOBB%5D2.0.CO;2
https://doi.org/10.1603/0046-225X(2008)37%5B94:IOEOBB%5D2.0.CO;2
https://doi.org/10.1525/cse.2021.1342727
https://doi.org/10.1525/cse.2021.1342727
https://doi.org/10.1371/journal.pone.0159995
https://doi.org/10.6084/m9.figshare.26502538
https://doi.org/10.1111/icad.12824

	Scolytine beetle diversity along an altitudinal gradient in Papua New Guinea
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Study site
	Sampling methods
	Identification of scolytine beetles
	Sampling exhaustiveness estimates and sampling evenness
	Community diversity and changes along the gradient
	Diversity and elevational distribution of specific tribes and genera
	Analysis of undescribed or unidentified species

	RESULTS
	Species richness and abundance
	Species turnover
	Unknown species distribution
	Tribe and genus distribution

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


