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Abstract
Over the past decades, elevational gradients have become a powerful tool with which
to understand the underlying cause(s) of biodiversity. The Mt. Wilhelm elevational
transect is one such example, having been used to study the birds, insects, and plants
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tional transect was lacking. We thus aimed to investigate patterns in the community
to available regional data, and explain the observed patterns by including environmental characteristics. Bat assemblages were surveyed between 200 m and a timberline at 3700 m a.s.l. at eight study sites separated by 500 m in elevation. We conducted
mist-netting and acoustic surveys to detect and identify species at each site. Regional
data were compiled to compare local with regional diversity. Finally, biotic (i.e., food
availability, habitat features) and abiotic (i.e., mean daily temperature) factors were
included in our analyses to disentangle the ecological drivers underlying bat diversity. Results revealed that species richness decreases with ascending elevation and
was best explained by a corresponding decrease in temperature. We observed both
turnover and nestedness of the species composition at regional scale whereas turnover was dominant at local scale. Extensions and shifts of bat elevational ranges were
also found in Mt. Wilhelm. Consequently, despite that the study was restricted to one
mountain in PNG, it demonstrates how basic inventory surveys can be used to address ecological questions in other similar and undisturbed tropical mountains.
KEYWORDS

bat communities, beta diversity, elevational gradient, species richness, tropical montane

I NTRO D U C TI O N

and conservation perspectives. Often used in models as a proxy for
climate change, they allow us to study animal and plant responses

Mountains are considered important biodiversity hotspots due to

to changes in biotic and abiotic factors (McCain & Colwell, 2011).

the great richness of endemic species that occur on them (Gradstein

Additionally, they can reflect responses to land-use changes, which

et al., 2008; Noroozi et al., 2018). They are also one of the most

often occur at low elevations (Becker et al., 2007). For these reasons,

anthropogenically threatened environments in the world (Davis &

studies on assemblages, and especially of patterns of species rich-

Shaw, 2001; Ricketts et al., 2005). Consequently, elevational gradi-

ness along elevational gradients, have remained popular for many

ents are excellent systems for the study of biodiversity, global change,

decades (Stevens et al., 2019). Several meta-analyses of terrestrial
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vertebrate groups have emerged in recent times that demonstrate

may either reflect the quantity of niches available or occupied at

varying trends in species diversity according to geographical loca-

the different study sites or be the result of extinctions or coloni-

tion, largely because of their significant climatic differences (i.e.,

zations along the gradient (Ulrich et al., 2009). Studies that analyze

temperature and humidity) (e.g., McCain, 2005, 2007b, 2009, 2010).

the variation in the two components of β-diversity of tropical bat

Among terrestrial vertebrate groups, bats are considered com-

assemblages along elevational gradients are still sparse (Patterson

monly in studies of Holarctic (Piksa et al., 2013; Scherrer et al., 2019),

et al., 1996; Presley et al., 2012; Turcios-C asco et al., 2021). The

Neotropical (Bogoni et al., 2021; De Carvalho et al., 2019), and

available results reveal that both turnover and nestedness of the bat

Afrotropical mountain ecosystems (Mongombe et al., 2019; Reardon

assemblages can be observed along elevational gradient according

& Schoeman, 2017). Two predominant patterns of bat species rich-

to the geographical region.

ness have been observed—a decrease with elevation in most tropical

Feeding specialization might be another factor affecting as-

regions, and a unimodal trend in temperate regions (McCain, 2007b;

semblage composition. Bat assemblages are typically dominated by

McCain & Grytnes, 2010). The area hypothesis states that the

insectivores, the relative species richness of frugivorous and nec-

amount of land area for each elevational band (e.g., 100–200 m) on a

tarivorous bats peaks in the tropics, especially in the Neotropics,

mountain will be positively related to the diversity observed in that

Oceania, and Australasia (Maas et al., 2016). However, patterns in

band (Terborgh, 1973); however, bats showed either no significant

the distribution of bat specialization along elevational gradients

relationship or a negative association between species richness

have rarely been documented, despite plant and insect distribu-

and available area (McCain, 2007a). It has been suggested that the

tions varying greatly. Fruiting trees are typically reported to decline

highest bat species richness occurs in the elevational zone where

in diversity and abundance with increasing elevation (Loiselle &

water availability (e.g., precipitation and humidity) and temperature

Blake, 1991) while insects follow various patterns (i.e., none, peaking

are simultaneously high (i.e., low and mid-elevations in tropical and

mid-elevation, decreasing, and increasing) according to their group

temperate mountains, respectively) (McCain, 2007b). Being small

and/or localities (Hodkinson, 2005). Consequently, elevation might

and volant, bats spend much of their energy budget on flight and

act as a filter of bat feeding guilds and impact the species composi-

thermoregulation, which is dependent on ambient temperature

tion of bat assemblages.

and, therefore, limits their distribution in cold temperature regimes

Papua New Guinean bats represent 7% of the world's bat di-

(Graham, 1983; McNab, 1982). In addition, water availability and

versity (Bonaccorso, 1998; Mammal Diversity Database, 2021).

temperature indirectly influence food resource availability (e.g.,

From a total of 95 species, PNG has at least 19 endemic bat spe-

through fruiting tree phenology and the abundance of arthropods),

cies (Bonaccorso, 1998). In recent decades, this unique richness at-

and vegetation (e.g., shrub density), thereby influencing foraging be-

tracted new research focused on viruses (Breed et al., 2010; Field

havior and the availability of roosting sites (Charbonnier et al., 2016;

et al., 2013), metabolism (McNab & Bonaccorso, 2001), and the

Moura et al., 2016). While abiotic factors (i.e., temperature, available

home range of single species (Bonaccorso et al., 2002; Winkelmann

area within an elevation band) have been explored often in existing

et al., 2000, 2003). However, there is a lack of knowledge of bat

models, biotic factors as food resources and habitat characteristics

community structure due to incidental focus within more encom-

have been considered rarely.

passing mammal studies (Helgen, 2007; Helgen et al., 2011). Much

In addition to species richness, the species composition of bat

of the effort for bat research in the past two decades has been

assemblages can vary along an elevational gradient under different

as part of basic inventory surveys, environmental impact assess-

scenarios. It has been suggested that high-elevation bat species are

ments and monitoring for industry (Armstrong et al., 2020; Kale

able to exist at all elevations because of broad physiological toler-

et al., 2018; K. P. Aplin and K. N. Armstrong unpublished reports),

ance and ecological requirements (Patterson et al., 1996). However,

university research (Bonaccorso et al., 2002; Robson et al., 2012;

under a scenario of climate change, bat species are acclimated to high

Wiantoro, 2020) or else as part of biodiversity assessments for con-

mountain conditions because they are geographically, ecologically,

servation organizations (Armstrong & Aplin, 2011, 2014; Armstrong,

and/or physiologically constrained to high elevations (LaVal, 2004).

Aplin, & Lamaris, 2015; Armstrong, Novera, & Aplin, 2015). While

Thus, species found only at high elevations are likely to expand their

there is no central library of PNG bat echolocation calls, these stud-

ranges and tolerate factors that limit lower-elevation species or be

ies have steadily accumulated knowledge and resources that support

strictly constrained by recent events of climate change.

both acoustics-based and genetics-based identification, underpin

Exploring the different dimensions of β-diversity of bat assem-

recent species profile revisions in the IUCN Red List, and studies of

blages may also explain the variations in species composition along

taxonomic resolution (e.g., Wiantoro, 2020). They also mark a shift

environmental gradients. β-diversity can be partitioned into two

toward a primary reliance on acoustics-based detection and iden-

components: turnover (i.e., replacement of some species by oth-

tification on field surveys, rather than trapping as was relied upon

ers between assemblages) and nestedness (i.e., species gain or loss

in the past, though trapping is still the best means of surveying for

between assemblages) (Baselga, 2010). If species are responding to

small species in the Pteropodidae and collecting vouchers to corrob-

environmental dissimilarities, spatial or historical constraints, then a

orate robust acoustics-based identification.

greater turnover of species will be expected for study sites that have

As a part of the Bismarck Range, Mt. Wilhelm is the highest peak

larger dissimilarity (Buckley et al., 2010). In contrast, nestedness

in PNG (4509 m a.s.l.) and offers a complete elevational transect in

|
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relatively intact tropical forests. Established study transects have

nevertheless, following the current scenario of climate change, we

become well-studied for birds (Marki et al., 2016; Sam et al., 2017,

also expected to find species strictly constraint to high elevations.

2019), insects (Cesne et al., 2015; Finnie et al., 2021; Novotny
et al., 2005; Orivel et al., 2018; Souto-Vilarós et al., 2020; Szczepański
et al., 2018), and plants (Lofthus et al., 2020; Smith, 1977; Volf
et al., 2020). Thus, given what previous efforts on other biota offer,
the Mt. Wilhelm transect provided an opportunity not found else-

2
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M E TH O D S

2.1 | Study area

where in New Guinea to study assemblages. Consequently, the present study aimed to: (a) document bat species richness patterns and

We surveyed bat assemblages along the elevational transect of Mt.

species composition with increasing elevation to determine whether

Wilhelm in PNG between 200 m and 3700 m a.s.l. at eight elevational

elevation is a filter of specific bat species and/or feeding guilds. We

study sites separated by 500 m elevational increments (i.e., 200 m,

expected to see a steeply decreasing pattern in species richness, as

700 m, 1200 m, 1700 m, 2200 m, 2700 m, 3200 m, and 3700 m a.s.l.

it has been typically observed on tropical wet mountains; (b) inves-

and ±60 m for each study site due to the rough terrain). The 30 km

tigate which of the abiotic (i.e., mean daily temperature) and biotic

long elevational transect, which stretches between 5°44′S, 145°2′ E

(i.e., habitat, food availability) factors drive bat diversity patterns

and 5°47′S, 145°03′E, is located along the Bismarck Range's northern

and the changes in species composition along the transect. We as-

slope (Figure 1). Vegetation types used here follow Paijmans (1975):

sumed that temperature will best explain the patterns as described

that is, lowland alluvial forest (<500 m a.s.l.), foothill forest (501–

in the majority of past studies; (c) compare bat assemblages and

1500 m a.s.l.), lower montane forest (1501–3000 m a.s.l.), and upper

their elevation ranges from the Mt. Wilhelm transect with the re-

montane forest (>3000 m a.s.l.) (Figure S1.1 in Appendix S1). Mean

gional data (compiled from Bonaccorso, 1998) to determine which

daily temperature decreases linearly (r = −0.9) from 27.4°C at the

of the turnover or nestedness components of dissimilarity is the

200 m a.s.l to 8.37°C at the timberline (3700 m a.s.l) (Sam et al., 2019).

most important component of beta-diversity along elevations and,

The average annual precipitation is 3288 mm (local meteorologi-

whether some species are out of their previously recorded ranges.

cal station) in the lowlands, rising to 4400 mm at the forest edge,

We expected species turnover along the transect due to steep abi-

with a distinct condensation zone between 2500 and 2700 m a.s.l.

otic changes and that species we detect in highlands will have wider

(Sam et al., 2019). Two seasons are recognized in PNG—a wet season

environmental tolerance; thus, they will occur also in the lowlands;

from December to March and a dry season from May to October.

F I G U R E 1 Map of the Mt. Wilhelm elevational gradient (source: Google earth; QGIS 3.12.2) and its location in Papua New Guinea (insert
with red square).
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However, there are only slight seasonal temperature variations in

Parnaby, 2009) for Nyctophilus timoriensis and Nyctimene cyclotis

PNG, and therefore, it is generally hot and humid throughout the

(Appendix S1: Figure S2.2). However, morphologically similar

year (Vincent et al., 2015; Yule, 1996).

Paranyctimene raptor and P. tenax could have been misidentified in
the field; they can occur in sympatry, as previously observed by

2.2 | Mist-netting and acoustic surveys
The bat assemblages were surveyed by mist-netting and by acous-

Bergmans (2001).

2.3 | Regional data and explanatory variables

tic surveys, during two independent expeditions conducted in wet
(February–April 2015) and dry seasons (June–July 2015). We used

The regional data included only bat species described as present

portable ultrasonic bat call detectors (Wildlife Acoustics EM3+ and

in Central Range and Sepik-Ramu Basin in Bonaccorso (1998). We

a Pettersson Elektronik D240X connected to a Roland R-05 Wave/

summarized each bat species' elevational ranges described in the

MP3 recorder) to record the calls of echolocating bat species. At

book (Appendix S1: Table S3.1). The elevational ranges attributed to

each elevation, we surveyed the bats at five spots separated by 200

the bat species came from captures across the whole New Guinea.

meters, visiting each of these spots for 15 min daily along a transect

Nevertheless, it still reflects their tolerance to elevation even though

used in the previous study of bird communities (Sam et al., 2019).

some bat species are not found across the entire PNG area within

Surveys were conducted for 4 days per site from February to July

their elevational range.

2015 after sunset (6 pm) but were only feasible for 2 days at 3200

Temperature and humidity were recorded every hour for 1 year

and 3700 m a.s.l. (Appendix S1: Table S2.1). Recordings were ana-

(April 2010–July 2011) using a data logger (Comet R3120) placed in

lyzed by opening each WAV file in Adobe Audition version 22.0

the forest interior of each study site. We also measured the avail-

and inspecting the spectrograms for bat echolocation pulses. There

able land area of elevational belts 200 m wide across the whole New

were three different sampling rates in the data set: 22.05 kHz,

Guinea as a proxy for the land area for respective study sites (e.g.,

44.1 kHz, and 256 kHz. The characteristic frequency of echoloca-

100–300 m a.s.l., for the 200 m a.s.l. study site; measured in GIS

tion pulses was determined after accounting for the sampling rate

software ARCGIS 9,3 and ERDAS ER Mapper 6). Mean annual tem-

and was estimated from the power spectrum. Identification of

perature and available area decreased at a constant rate with eleva-

bat species was undertaken in two steps. First, “echolocation call

tion (Appendix S1: Table S3.1), while mean humidity remained high

types” were recognized from the recordings and defined based on a

across the entire transect (83.0%–97.4%) (Appendix S1: Table S3.1).

standardized naming scheme that has been used in many published

We measured three variables related to habitat (Appendix S1:

and unpublished surveys across Papua New Guinea and Wallacea

Table S3.1) at 16 spots per elevational study site (128 in total, Sam

in recent years (Armstrong & Aplin, 2011, 2014; Armstrong, Aplin,

et al., 2019): (1) Average canopy height (using a laser rangefinder;

& Lamaris, 2015; Armstrong et al., 2020; Armstrong, Novera, &

three measures/spot), (2) Shrub density (using a vegetation board

Aplin, 2015; Kale et al., 2018) and second, bat species identifications

[Lilith, 2007; MacArthur & MacArthur, 1961], five measures/spot,

were attributed to each echolocation call type based on information

1–3 m height), and (3) Canopy openness (5 photographs/spot ana-

from these and other surveys (annotated species list in Appendix S1:

lyzed with a Gap Light Analyzer; Frazer et al., 2001). These three

Table S2.2, distribution of the species in Appendix S1: Table S2.3

variables define the vegetation structure at each site, which is the

and illustration of call types in Appendix S1: Figure S2.1). This two-

basis for the organization of bat foraging ensembles, defining flight

step approach, along with the provision of illustrated examples of

spaces for foraging bats, and controlling the availability of roost

identified call types, provides transparency that allows for future

sites (Charbonnier et al., 2016; Denzinger & Schnitzler, 2013; López-

verification of species identifications, and retrospective correction

González et al., 2012).

of species names on the basis of updated information. Nomenclature

In addition, we derived several predictors of food availability.

follows the current taxonomic and geographic database of bat spe-

Firstly, we used two food variables for frugivorous-nectarivorous

cies (https://batnames.org/).

bats (Appendix S1: Table S3.1): (1) species richness and (2) abun-

We set a total of eight mist nets (length × height: 15 × 3.5 m) at

dance of fruiting trees (Villemant et al., 2016). Trees were counted

ground level in various habitat types per study site, including un-

and identified in three random plots of 20 × 20 m at each study site

derstorey “flyway” spaces along human tracks, across creeks, and

in the dry season of 2013. Further, we obtained the abundance and

forest openings. We mist-netted five nights (12 h per night) per site

richness of the fruiting trees targeted by bats at each elevation by

in the wet season survey. During the dry season, we revisited eleva-

using plant genera recognized as having fruit or nectar consumed by

tions from 200 to 2700 m a.s.l. only, and we operated the mist nets

pteropodid bats by the database of Aziz et al. (2021).

over four nights for 5 h daily. We were not able to resurvey eleva-

Moths (Lepidoptera) dominate the diet of most insectivorous

tions above 2700 m a.s.l. during the dry season due to logistical con-

species in PNG (Appendix S1: Table S3.2). We used the (1) species

straints. Mist nets were moved to a new spot after every two nights.

richness and (2) abundance of Geometridae, one of the most import-

All mist-netted bats were identified to species using field guides

ant moth families (Beck et al., 2017; Vestjens & Hall, 1977) as an

by Bonaccorso (1998) and Flannery (1995) as well as (Irwin, 2017;

indicator of Lepidoptera availability. The specimens were collected

|
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using manual light trapping (May–August 2009; October–December

Due to the small size of our dataset, only a limited number of

2009, January 2010) at all eight study sites of Mt. Wilhelm transect

variables could be incorporated into the models. First, we aimed to

(Beck et al., 2017; Toko, 2011).

compare the effect of mean daily temperature and the effect of the
habitat structure on bat species richness. Total species richness was

2.4 | Statistical analysis

used as the dependent variable in Poisson regressions with combinations of two predictor variables (log-transformed): mean daily
temperature and the index of habitat complexity. Second, we aimed

We used incidence data (i.e., presence/absence per sampling night)

to compare temperature and food availability on partitioned spe-

from the acoustic surveys as it was not possible to separate the vo-

cies richness. Species richness partitioned into feeding guilds was

calizations of individual bats. Mist-netting data were also converted

used as the dependent variable with combinations of three variables

to incidence data to facilitate comparison. We recorded the number

(log-transformed): mean daily temperature, fruiting tree richness,

of nights at a particular elevation when a given species was encoun-

and abundances, or the index of moth richness and abundance. We

tered. Considering that PNG is weakly seasonal, the dry and wet sea-

used ΔAICc and Akaike weights (w1) to interpret regression results

sons were pooled in all analyses.

and evaluate models and their fits (Anderson & Burnham, 2002).

We used sample-based rarefaction to compare species richness

Frugivore and nectarivore species were assigned to one main feeding

by sampling days at each elevation (in EstimateS 9.1; Colwell, 2013)

guild in our models: frugivore-nectarivore. Frugivore-nectarivore-

for both methods. Considering the short sampling period, we ex-

insectivore species (i.e., Syconycteris australis) was included into two

trapolated the sampling effort by doubling the number of sampling

guilds—the frugivore-nectarivore and insectivore guilds (i.e., its pres-

days using the incidence-based richness estimator Chao2 imple-

ence was included in two datasets). To determine the independent

mented in the software EstimateS 9.1 (Colwell, 2013). It allows us

contribution of each explanatory variable to the response variable,

to know how many sampling days we would need in the future to

we applied the hierarchical partitioning algorithm to our datasets

reach a plateau at each site in such a high diversity mountain. The

using the “hier.part” package (Walsh et al., 2008).

sampling completeness of each site was also assessed to guarantee

We used Mantel tests to disentangle the effect of mean daily

that compositional comparisons were based on reliable inventories.

temperature and habitat complexity on the compositional dissimilar-

Sampling completeness was also estimated considering the values of

ity of bat assemblages. Three distance matrices were constructed:

the classic estimator Chao2 calculated separately for each site (using

(1) a dissimilarity matrix of species composition by elevational

the software EstimateS 9.1) as the percentage of observed species

study site using the Jaccard coefficient; (2) a Euclidean distance

against estimated species.

matrix accounting for temperature differences in elevation; and

Captures (as a proxy of abundance from mist-netting data) and

(3) a Euclidean distance matrix accounting for habitat complexity

total species richness (from both methods) were also described for

differences in elevation. We performed Mantel tests between bat

each of the three feeding guilds (frugivore-nectarivore, insectivore,

composition and mean daily temperature, and between bat compo-

frugivore-nectarivore-insectivore) described in (Bonaccorso, 1998).

sition and the index of habitat complexity separately. The Pearson

Capture rate was divided by the number of sampling days for con-

correlation method and 9999 permutations were used by means of

sistency. To identify differences in capture rate between elevations,

the “vegan” package (Oksanen et al., 2013).

we ran an analysis of variance (ANOVA) and a Tukey's test of the
capture rate per sampling day at each elevational study site.
We built a correlation map using the “ggcorrplot” package

We produced heatmaps using the Jaccard dissimilarity index to
compare bat species composition between sites using the “vegan”
package (Oksanen et al., 2013) in R software (R Core Team, 2020).

(Kassambara, 2019) and calculated the significance of the correla-

The first heatmap was run using incidence data from both mist-

tions. Elevation, available area, and mean daily temperature were

netting and acoustic surveys. The second one was produced with

highly correlated (R = 1, Appendix S1: Figure S4.1), and the mean hu-

regional data from Bonaccorso (1998) (i.e., bats from Central Range

midity was constant along the transect. Thus, we used only the mean

and Sepik-R amu basin). We also performed a hierarchical clus-

daily temperature as an abiotic predictor variable. In addition, we

ter analysis using the Ward's Minimum Variance clustering with

built an index of habitat complexity from the three habitat variables

Jaccard dissimilarity index and built dendrograms. The contribu-

(i.e., canopy height, canopy openness, and shrub density). Indeed,

tions of spatial turnover and nestedness to the distribution pattern

these three factors were highly correlated with each other (R > 0.8,

in our study were calculated using three beta diversity indices:

except shrub density), and the first axis of a principal component

Jaccard dissimilarity, nestedness-
resultant fraction of Jaccard

analysis (PCA) summarizing these variables was used as a predictor

dissimilarity and the turnover fraction of Jaccard dissimilarity.

variable. The first PCA axis accounted for 33% of variation in habitat

These indices were calculated with the “beta.multi” function of the

variables. Similarly, species richness and abundances of moths were

“betapart” package (Baselga & Orme, 2012). The significance of

highly correlated with each other (R = 0.9, Appendix S1: Figure S4.1),

the observed nestedness and turnover values were tested using

and the first axis of a principal component analysis (PCA) summariz-

a null model with the quasi-s wap method of the “oecosim” func-

ing these two variables was used as a predictor variable. The first

tion in “vegan” package (Oksanen et al., 2013) in R. This method

PCA axis accounted for 41% of variation in the moth variables.

randomized species composition but keep the number of species

6
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within elevational sites constant. P-values produced by the statis-

700 m a.s.l. (Appendix S1: Figure S4.2a, b). On the contrary, the rar-

tic based on simulations informed us whether the observed turn-

efaction curves showed that we quickly reached the highest level of

over and nestedness values were significantly different from those

species richness at high elevations (3200–3700 m a.s.l.) in both sur-

expected by chance.

vey methods. However, by doubling the sampling days, stability was

For screening patterns, elevational ranges of species were

reached at all elevations, except at 700 m a.s.l.. Completeness anal-

ranked by elevational midpoints, minima, maxima, then plotted as

yses indicated that 92% (ranging from 52 to 100%) of the estimated

bar graphs, producing elevational “range profiles” of the bat spe-

number of species was collected in average at each site using mist-

cies found in Mt. Wilhelm and described in the regional data from

nets. Using recorder, we, however, detected in average 85% (ranging

(Bonaccorso, 1998).

from 69 to 100%) of the estimated number of species (Appendix S1:

We used R statistical environment (R Core Team, 2020, version
3.5.2) for all analyses.

Table S2.1).
The mist-netting data revealed that the capture rate was rather
constant along the elevational transect (Appendix S1: Figure S5.1)

3
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3.1 | Species richness pattern

except at 700 m a.s.l. where it was unusually high. Fruit-feeding bats
were the most frequently captured (Appendix S1: Figure S5.2), and
Syconycteris australis dominated the samples (Appendix S1: Table
S2.3). However, in terms of the number of species, the richness of
the frugivores-nectarivores and insectivores declined in a similar

By mist-
netting, we captured 701 individuals of 12 bat species

pattern along the transect (Appendix S1: Figure S5.2).

(Appendix S1: Table S2.3). We did not capture any individuals above
2700 m a.s.l.. A total of 11 echolocation call types were recognized
from the recordings, each of which can be associated with one or

3.2 | Drivers of diversity

more bat species (Appendix S1: Figure S2.1). From these, at least 10
bat species in five families were recorded (i.e., confirmed) as being

We first modeled total species richness with the mean daily tem-

present on the survey (Appendix S1: Table S2.3). In total, 21 spe-

perature and an index of habitat complexity, followed by parti-

cies were observed in 5 months along the Mt. Wilhelm transect.

tioned species richness (i.e., frugivore-
n ectarivore, insectivore)

This represents about 30% of the regional species pool according

with the mean daily temperature and food variables. Selected ac-

to Bonaccorso (1998). Species richness declined with increasing el-

cording to AICc, the model with the mean daily temperature as

evation, regardless of the survey method used or the data sources

a single variable performed better than any other combination

(Figure 2).

(Table 1) regardless of the type of species richness. The hierar-

The species accumulation curves did not reach the plateau

chical partitioning analysis showed that the independent effect

during the acoustic surveys at 700 and 2700 m by mist-netting at

of the habitat index closely followed the mean daily temperature

F I G U R E 2 Bat species richness
recorded from mist-netting captures,
acoustic records, and both methods
combined, at eight study sites of Mt.
Wilhelm elevational transect in Papua
New Guinea. Regional species richness
according to Bonaccorso (1998).
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TA B L E 1 Akaike's second-order
information criterion (AICc) for multi-
predictor models of observed bat
species richness along the Mt. Wilhelm
elevational transect, estimated for all
bat observations and the observations
partitioned into two feeding guilds.

−Log(L)

Akaike
weight (w1)

AICc

ΔAICc

25.01

0.000

52.7

15.65

7

All bats
Null
Temperature

15.32

0.679

37.0

0.00

Vegetation index

16.21

0.278

38.8

1.79

Temperature + Vegetation index

15.27

0.043

42.6

5.51

Null

17.446

0.002

37.6

12.53

Temperature

9.31

0.884

25.0

0.00

Fruiting tree abundances

15.65

0.002

37.7

12.67

Fruiting tree richness

16.54

0.001

39.5

14.46

Frugivores-nectarivores

Temperature + Fruit. tree ab.

9.28

0.055

30.6

5.55

Temperature + Fruit. tree rich.

9.30

0.054

30.6

5.58

Fruit. tree ab. + Fruit. tree rich.

12.51

0.002

37.0

12

Temp. + Fruit. tree rich. + ab.

9.21

0.001

39.8

14.74

18.37

0.100

39.4

4.16

Insectivores
Null
Temperature

14.42

0.802

35.3

0.00

Moth index

17.67

0.031

41.8

6.50

Temperature + Moth index

14.11

0.067

40.2

4.97

Note: The bold text underlines the model which performed better than any possible combination.

(45% and 55%, respectively) and confirmed that none of the food

(3700 m a.s.l.) could not share any species with other sites. The clus-

variables (i.e., fruiting trees and moths) significantly improved the

ter analysis revealed that the bat assemblages formed two clusters:

model (Appendix S1: Figure S6.1).

one between 200 m and 1200 m and a second one from 1700 m to

Mantel tests between bat composition and temperature, and be-

3700 m a.s.l. (Figure 3d).

tween bat composition and the habitat index are both statistically

The complete multiple-site dissimilarity in species composition

significant (Mantel r: 0.68, p-value = .001, and Mantel r: 0.63, p-

along the studied elevational transect was high (88%) and domi-

value = .007, respectively).

nated by the turnover component (71%), whereas the value of the
nestedness-related component was low (17%) (Table 2). However,

3.3 | Assemblages of bats

using regional data, the complete multiple-site dissimilarity in species composition was high (86%) being almost equally driven by the
turnover component (46%) and the nestedness-related component

The heatmap based on the Mt. Wilhelm data (Figure 3a) showed a

(40%) (Table 2).

rapid turnover of species along the elevation transect. We found

Profiles of elevational ranges for bats in Mt. Wilhelm are domi-

high similarity between adjacent assemblages at the extreme ends

nated by the large number of species occurring in lowland habitats

of the transect, between 200 and 700 m and between 3200 and

(76%) (Figure 4a). However, several species are found on the high

3700 m but also at mid-elevation between 1200 and 1700 m a.s.l.

montane slopes (above 2200 m a.s.l.) that do not also occur in the

The latter pair of sites shared the only species (i.e., Miniopterus aus-

lowlands. Similarly, using regional data, most bat species occur in

tralis) found at 3700 m with a total of two species at 3200 m a.s.l. The

the lowlands (88% below 700), but several species found at mid-

cluster analysis identified a pronounced distinctiveness of low-to

elevations (9%) present evidence of discrete elevational zonation

high-elevation bat assemblages (200–2700 m a.s.l.) from the highest

(Figure 4b).

ones (3200–3700 m a.s.l.) (Figure 3c). However, using regional data

Our results confirmed the upper elevation reported in the liter-

(Figure 3b), the heatmap revealed an increasing dissimilarity with

ature for most of the species at Mt. Wilhelm, apart from six species:

increasing elevation. Assemblages also appeared similar between

Hipposideros wollastoni, H. calcaratus, Dobsonia minor, Nyctimene dra-

the closest sites (e.g., 200–700 m; 700–1200 m a.s.l.) except for the

conilla, Paranyctimene raptor, Miniopterus australis [=Miniopterus sp.

highlands. The elevational distribution of bats ends at 3200 m a.s.l. in

2 “small”], that were observed at higher elevations (Appendix S1:

regional data (Appendix S1: Figure S3.1) so that the highest elevation

Figure S7.1).
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F I G U R E 3 Heatmap of Jaccard
dissimilarity index of local (mist-netted
and acoustic data combined) bat
assemblages found at Mt. Wilhelm (a)
and potential bat assemblages based
on the regional distribution of bats in
Papua New Guinea (b). Dendrograms of
the dissimilarity for the Mt. Wilhelm bat
species (c) and for the regional dataset
(d) built with Ward's Minimum Variance
clustering with Jaccard dissimilarity index.

Obs
(%)

Mean
(sim)

2.5%

50%

97.5%

p(sim)

Species by site (Mt. Wilhelm data)
Turnover

0.71

0.86

0.82

0.86

0.88

<<.001

Nestedness

0.17

0.03

0.01

0.03

0.06

<<.001

TA B L E 2 Null model results of the
multiple-site β-diversity components for
species by site using the Mt. Wilhelm or
the regional data.

Species by site (Regional data)
Turnover

0.46

0.87

0.85

0.87

0.88

<<.001

Nestedness

0.40

0.01

0.007

0.01

0.02

<<.001

Note: β-diversity components are represented by percentage (%) of total dissimilarity. Obs.
(%)—percentage represented by β-diversity components of the total dissimilarity; Mean(sim)—mean
values of the 9999 simulations; 2.5%, 50% and 97.5%—the number of simulated values; p(sim)—p
values.
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DISCUSSION

4.1 | Species richness pattern

Our study was the first detailed bat survey along a forest transect in

Papua New Guinea is home to a very high number of bat species (95

PNG and revealed that Mt. Wilhelm hosts at least one-third of the

species) and, with 36 pteropodid species (i.e., family Pteropodidae),

bat species richness expected in that region (Bonaccorso, 1998), thus

boasts the second-highest diversity of Old World fruit bats in the world

representing an important diversity hotspot. Bat species richness

after Indonesia (Aziz et al., 2021). However, it is also one of the most

decreased with increasing elevation and the observed pattern was

data deficient and poorly-understood countries in terms of how the

mainly driven by mean daily temperature. Species turnover described

bat assemblages are structured with respect to their ecological roles

most of the species' distribution along the Mt. Wilhelm transect,

(Aziz et al., 2021). Mt. Wilhelm represents a high diversity of bats with

while both turnover and nestedness were observed in the regional

at least 21 species out of the 62 expected in that region. Our data indi-

dataset. Our observations at Mt. Wilhelm showed that some bats

cate that more species would be revealed by a more intensive survey.

were detected only at high elevations and seemed to be missing in

The decreasing species richness with increasing elevation fol-

the lower parts of their typical ranges. This pattern might be real or

lowed the main decreasing pattern found in tropical mountains

affected by incomplete sampling. Extensive studies are required to

documented by McCain (2007a, 2007b). Even though the sampling

clarify this pattern and understand bat community structures in PNG.

completeness was relatively high regardless of the sampling method

|
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F I G U R E 4 Elevational range profiles for the Mt. Wilhelm (a) and the regional dataset (b). Bars indicate the maximum and minimum
elevational limits of each species' range, and species are ordered along the abscissa by ranked elevational midpoints.

or the study site, the rarefaction curves showed that acoustic sur-

et al., 2019) where frugivores declined greatly above 1000 m a.s.l..

veys would have to exceed 8 days and coupled with all-night re-

At 3200 to 3700 m a.s.l., the habitats along rivers were mostly open

cordings from autonomous recorders to yield accurate numbers of

(Figure S1.1 in Appendix S1), which made the captures more diffi-

species at 700 and 2700 m a.s.l.. Furthermore, a recent study in the

cult, and our sampling effort was the lowest at those elevations.

Neotropics revealed that the main center of activity in bat species is

That is perhaps why we did not catch any bats above 2700 m a.s.l..

in rainforest canopies (Marques et al., 2016), which has already been

However, we have no independent way of assessing catchability in

observed for birds in PNG (Chmel et al., 2016). However, since we

the frugivorous species, in contrast with the insectivorous species

did not survey bats at the canopy level due to logistical challenges,

for which we can detect them acoustically even though they are

we potentially missed bats flying above the treetops, perhaps be-

not easily captured. Therefore, we were unable to resolve whether

cause our equipment could not detect the attenuated echolocation

frugivore-nectarivore are simply missing above 2700 m a.s.l. due to

signals, or they were simply less likely to reach our understorey mist

environmental filters (e.g., fruit production, temperature) or whether

nets (Kalko & Handley, 2001; Marques et al., 2016). Our result un-

it is the result of apparent mist-netting limitations.

derscored the necessity to employ both acoustic and capture methods in the forest canopy and understorey.
In terms of captures, we collected more frugivore-nectarivore

4.2 | Drivers of diversity

individuals in the lowlands (i.e, 200–700 m a.s.l.) but we did not see
significant differences in the capture rate from 1200 to 2700 m a.s.l..

Despite using a range of factors including some rarely considered

This contrasts with studies in South American forests (De Carvalho

for bats (e.g., food availability), our analysis revealed that mean daily

10
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temperature has the strongest independent effect on bat species

The values of turnover and nestedness-related components of dis-

richness along the elevational transect, followed closely by the habi-

similarity showed that both contributed to the distribution pattern

tat index in explanatory power. Similar results were also revealed

of the bat species along the transect. Indeed, the assemblages of

by the mantel test, showing that both temperature and habitat

bats found at the highest sites were just a subset of bats from the

were driving the compositional dissimilarity of bat assemblages. As

lowlands, suggesting that the vast majority of the bat species found

such, our data mirror those from other studies conducted in tropi-

in this region are not restricted to mountainous areas. While some

cal mountains where temperature was also reported to be a strong

species at intermediate elevations were missing in low elevations

correlate with bat diversity (McCain, 2007b) and species composi-

and thus increased dissimilarity of the assemblages. However, po-

tion (Presley et al., 2012). Temperature could affect distributions

tential identification issues and unresolved taxonomy might affect

through direct (e.g., physiology) or indirect effects (e.g., habitat,

the understanding of species elevational distributions, especially in

food resources) in different ways between feeding guilds. Mean

this long-standing regional dataset (Bonaccorso, 1998).

daily temperatures were 9.9 and 7.9°C at 3200 and 3700 m a.s.l., re-

When the scale of the analysis was reduced, we found that spe-

spectively, which is below the temperature tolerance of most bat

cies turnover had a large effect in determining beta diversity dissim-

species (Geiser & Stawski, 2011) and may explain why we did not

ilarity along the elevational transect of Mt. Wilhelm. Our study is the

capture any bats at these sites, and only recorded two species above

first bat survey conducted at the highest peak of PNG. We detected

2700 m a.s.l.. Besides, temperature could influence bat species rich-

bats at the 3700 m a.s.l. elevation band—never before recorded in

ness indirectly through vegetation and food resources (Charbonnier

PNG (Amick et al., 2021)—and observed wider bat ranges than the

et al., 2016; Moura et al., 2016). Indeed, the habitat complexity index

ones described previously for the region (Bonaccorso, 1998). These

(combining features of the vegetation structure) had also a strong

range extensions are most likely due to low sampling effort for bats

independent effect on species richness. Vegetation structure could

at high elevations in PNG in the past, rather than any recent range

be important for bats, indirectly related to food resources, but

expansions. In Mt. Wilhelm surveys, we found bat species at high

also for roosting sites (Capaverde et al., 2018; Kunz, 1982; Perry

elevations that were missing from the lowlands (M. tristis/P. collinus,

et al., 2007). Roosting opportunities depend on the number of trees

H. wollastoni, O. secundus), which have been encountered more com-

of appropriate size and whether or not they contain cavities or other

monly at mid-high elevations. Globally, previous studies showed that

structures appropriate for bats. Based on published data, 67% of the

the majority of bats found in highlands are primarily lowland species

species detected in Mt. Wilhelm potentially use foliage or tree hol-

that occasionally commute to higher elevations when conditions be-

lows (Appendix S1: Table S3.2). In contrast, the food variables had

come favorable (Patterson et al., 1996) or use these environments as

a very low effect on species richness of insectivores or frugivores-

commuting routes. Indeed, as previously mentioned, most bats are

nectarivores. Insect abundance, and fruit and nectar production are

limited by direct and/or indirect effects of temperature, and life at

all predicted to be low at high elevations (Loiselle & Blake, 1991;

high elevations could present an energetic challenge, especially for

Terborgh, 1977). Studies suggest that the reduction in productiv-

pregnant and lactating females (Kunz et al., 1995). In our sampling,

ity with elevation (McCain & Grytnes, 2010) has a more substan-

low canopy openness in the lowlands could affect our ability to de-

tial impact on fruit resources (e.g., figs) than on the other types of

tect echolocation signals from bats flying over the canopy. Moreover,

resources used by bats (e.g., insects) (Presley et al., 2012; Segar

changes in call structure at high elevations have already been ob-

et al., 2017). The distribution of moths from Mt. Wilhelm shows a

served for one bat species (i.e., Tadarida brasiliensis) in a previous

mid-peak pattern (Beck et al., 2017; Toko, 2011), which does not

study (Gillam et al., 2009). Nevertheless, under a scenario of climate

seem to be followed by insectivorous bats.

change, these bat species (i.e., M. tristis/P. collinus, H. wollastoni, O.

The inclusion of habitat features, fruiting tree and moth species

secundus) may have been recently constrained to high elevations be-

richness, and abundances in the model did not change the relative

cause of spatial elements and/or their ecology and/or physiology.

level of influence of temperature on species richness. However, tem-

However, we are unable to resolve whether we likely missed these

perature, decrease linearly with increasing elevation while bat diver-

species in the lowlands because of the use of methods that have a

sity does not. The steepest drop-off in numbers was between 200 m

greater bias toward the detection of species below the canopy or

and 1200 m a.s.l. and declining at a slower rate thereafter. It is thus

whether these bat species spanning only in high elevations are the

likely that there are also other factors, that we did not consider (e.g.,

consequences of acclimations to climate change. Extensive surveys

seasonal food availability), modifying the response by bats.

with a greater level of effort might help to answer this question.

4.3 | Assemblages of bats

5

According to regional data, dissimilarity kept increasing from simi-

Mt. Wilhelm provides habitat for a globally significant bat fauna

lar assemblages in the lowest study sites (200–1200 m a.s.l.) to more

whose species richness follows the typical decreasing pattern with

dissimilar ones in the highest sites (1700–3200 m a.s.l.) with a clear

elevation found in other tropical mountains. Mean daily tempera-

disconnection of the assemblages between 1200 and 1700 m a.s.l..

ture explained the vast majority of this pattern; however, we suspect

|
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that additional factors (i.e., seasonal food availability) could improve
the models. Bat assemblages also varied gradually along the elevational transect, as we describe for the first time for PNG. The fact
that six species in this study were recorded above their typical elevational range, including some detected above the previously described maximal distribution for PNG, might be the result of climate
change or basic survey issues and lack of good-quality historical
data. A greater level of effort would shed light on this, which is potentially important, as the bats of PNG remain largely understudied.
This study highlights how the results of basic inventory surveys that
employ a comprehensive, multi-method effort for bat sampling can
be used to address ecological questions that might help with impact
assessments.
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