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Abstract
Aim: The traditional view of species’ distributions is that they are less abundant near 
the edges of their ranges and more abundant towards the centre. Testing this pattern is 
difficult because of the complexity of distributions across wide geographical areas. An 
alternative strategy, however, is to measure species’ distributional patterns along el‐
evational gradients. We applied this strategy to examine whether lowland forest birds 
are indeed less common near their upper range limits on a Bornean mountain, and 
tested co‐occurrence patterns among species for potential causes of attenuation, in‐
cluding signatures of habitat selection and competition at the periphery of their ranges.
Location: Mt. Mulu, Borneo.
Taxon: Rain forest birds.
Methods: We surveyed lowland forest birds on Mt. Mulu (2,376 m), classified their 
elevation‐occupancy distributions using Huisman–Olff–Fresco (HOF) models, and 
examined co‐occurrence patterns of species pairs for signatures of shared habitat 
patches and interspecific competition.
Results: For 39 of 50 common species, occupancy was highest at sea level then gradu‐
ally declined near their upper range edges, in keeping with a “rare periphery” hypothe‐
sis. With respect to habitat selection, lowland species do not appear to cluster together 
at sites of patchy similar habitat near their upper range limits; neither are most lowland 
species segregated from potential montane competitors where ranges overlap.
Main conclusions: High relative abundance at sea level implies that species inhabit “truncated 
niches” and are not currently near the limits of their fundamental niche, unless unknown 
critical response thresholds exist. However, indirect effects of increasing temperature pre‐
dicted under climate change scenarios could still influence lower range limits of lowland spe‐
cies indirectly by altering habitat, precipitation regimes and competitive interactions. The 
lack of non‐random co‐occurrence patterns implies that patchy habitat and simple pairwise 
species interactions are unlikely to be responsible for upper range limits in most species; dif‐
fuse competition across diverse rain forest bird communities could still play a role.
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1  | INTRODUC TION

Ecologists have long assumed that species are most abundant at 
the centre of their ranges and become rarer near the edges (Brown, 
1984). This biogeographical principle, often‐called the “abundant 
centre” hypothesis, has been thought to apply in terms of geograph‐
ical distance, as well as along environmental gradients (Pironon, 
Villellas, Morris, Doak, & García, 2015; Van Couwenberghe, Collet, 
Pierrat, Verheyen, & Gégout, 2013). However, the “rule” has found 
only sporadic empirical support (Sagarin, Gaines, & Gaylord, 2006) 
and describes only one possible pattern of response to environmen‐
tal gradients. Recent analyses have found the principle to be poorly 
supported across a variety of taxa and geographical scales (Dallas, 
Decker, & Hastings, 2017). Better supported is a less‐constrained 
version of the “abundant centre” hypothesis, the “rare periphery” 
hypothesis, which predicts that species will become rarer near their 
range edges without specifying a broader unimodal abundant centre 
pattern (Gaston, 2009).

Testing these hypothesis over the geographical range of a spe‐
cies can be complicated by a lack of cross‐correlation among en‐
vironmental variables, differences in local adaptation and changes 
in demographics and species interactions across large distances 
(Sagarin et al., 2006). Studies have tried with mixed results to min‐
imize these challenges by testing multiple distance metrics (Dallas 
et al., 2017; Soberón, Peterson, & Osorio‐Olvera, 2018), employing 
multiple definitions of range centres and margins (Santini, Pironon, 
Maiorano, & Thuiller, 2018) and measuring environmental rather 
than spatial distances (Martínez‐Meyer, Díaz‐Porras, Peterson, & 
Yáñez‐Arenas, 2013; Pironon et al., 2015; Van Couwenberghe et al., 
2013). In addition to these inherent complications, comparisons of 
abundance estimates across geographical distances are often diffi‐
cult because sampling usually depends on different observers oper‐
ating at different times using different methods (Santini et al., 2018). 
Consequently, most studies have provided only partial tests of these 
hypotheses, limited by both the difficulties listed above and a lack 
of data from the edges of species distributions (Santini et al., 2018). 
Many species do, however, appear to be more abundant at sites pre‐
dicted to be more suitable by species distribution models (Lunghi et 
al., 2018; Weber, Stevens, Diniz‐Filho, & Grelle, 2017).

Given these challenges, a more straightforward way to test the 
rare periphery hypothesis, albeit on a smaller spatial scale, is to ex‐
amine species occupancy along elevational gradients. Such gradi‐
ents confer several advantages: habitat is usually continuous rather 
than patchy, and it tends to co‐vary consistently with abiotic gradi‐
ents in temperature, precipitation and humidity (Malhi et al., 2010). 
Distances are small enough that, when combined with the relative 
lack of habitat patchiness, effects of dispersal limitation should be 
minimized (Holt & Keitt, 2000), spatial distance metrics should be 
straightforward and sampling protocols can be easily standardized 
(Santini et al., 2018).

In one such test, lowland bird species in New Guinea displayed 
a variety of abundance patterns across their elevational ranges; 
peak abundance occurred in the lower quarter of the ranges of 

60% of lowland species, but several were most abundant in the 
middle or upper ends of their ranges (Freeman & Beehler, 2018). 
Thus, the New Guinea study provided some support for the rare 
periphery hypothesis and was consistent with the idea that some 
lowland species occupy a “truncated niche” at the lower limits of 
their distribution (Feeley & Silman, 2010). Freeman and Beehler 
(2018) interpreted the pattern to mean that the current thermal 
niche occupied by these species does not represent the full range 
of temperatures that they could inhabit. Indirect effects of tem‐
perature increases predicted by climate models will likely also 
impact many species; in fact, lowland tropical forests are already 
being affected (Becek & Horwath, 2017). Lower range limits of en‐
dotherms may therefore be affected by climate change even when 
temperature increases per se do not exceed their range of thermal 
tolerance.

In contrast to lower boundaries of bird distribution, upper range 
limits may be set by different processes. For example ecotones 
(Terborgh, 1985) or a sharp increase in abundance of a competitor 
(Diamond, 1973) may cause a species to be common up to an abrupt 
range edge. Alternatively, for species that fit the “rare periphery” 
hypothesis (Gaston, 2009) near their upper range limits, this could 
be due to the gradually increasing abundance of a competitor, or a 
linear responses to a habitat gradient, both of which could cause oc‐
cupancy to decline slowly unless abrupt response thresholds exist 
(Doughty & Goulden, 2008).

Co‐occurrence patterns among species are often examined to 
provide clues to the mechanisms responsible for community struc‐
ture (Colorado & Rodewald, 2015; McCreadie & Bedwell, 2013). 
For example lowland species may occur near their upper range lim‐
its only in patches of suitable habitat or microclimate, which may 
become increasingly rare at higher elevations. In this case lowland 
species near their upper range limits would be clustered with one 
another in these patches. Alternatively, if competition with montane 
species limits ranges, then the upper edge of lowland species dis‐
tributions should vary according to the occurrence of the montane 
competitor (Burner et al., In Revision).

We surveyed 50 lowland bird species along an elevational gra‐
dient of primary forest in Borneo to determine the relationship 
between elevation and occupancy (as a proxy for abundance) in 
each species. We then modelled the relationship for each spe‐
cies and used these models to test the “rare periphery” hypothe‐
sis and to compare relative occupancy at lower distribution limits 
to those along the rest of the gradient. To determine potential 
causes limiting the upper distributional ranges of these lowland 
species, we examined co‐occurrence patterns of species pairs and 
tested two hypothesized mechanisms: (a) patchy habitat, that is 
that multiple lowland species will cluster near their upper range 
edges, presumably in pockets of suitable habitat or microclimate; 
and (b) interspecific competition, that is that a lowland species’ 
upper limit is determined by the lower limit of likely montane com‐
petitors (species of the same genus or foraging guild), and that 
these pairs of species will be segregated from each other where 
ranges overlap.
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2  | MATERIAL S AND METHODS

2.1 | Study site

Mt. Mulu (4.045°  N 114.929°  E) is a 2,376  m peak in Sarawak, 
Malaysian Borneo (Figure 1). It is one of few locations in Borneo 
where unbroken primary forest stretches from near sea level to the 
summit. Selective logging has occurred only up to 50 m elevation 
at the base of the mountain in the river floodplain, and the whole 
mountain is now protected within Mt. Mulu National Park. Most of 
Borneo's montane bird species, including many of the island's en‐
demics, are found on Mulu (Burner et al., 2016). We conducted 560 
avian point counts at 175 points at 50, 300, 600, 900, 1,200, 1,500 
and 1,800 m elevation from June to September of 2014 (Burner, 
Styring, Boer, & Sheldon, 2018). Points were surveyed an average of 
3.2 times (SD = 0.94).

2.2 | Avian surveys

Bird surveys followed the standardized protocol outlined by Burner 
et al. (2018). Briefly, 6‐min aural and visual counts were conducted 

every 200 m along 5  km transects at each sampled elevation. At 
each elevation about 25 points were sampled, and each point was 
surveyed three to four times over a 1‐week period. At each point, 
sound samples were recorded using a Marantz digital recorder 
and Sennheiser microphone for later species identification, which 
improved species detection rates in this species‐rich environment 
(Haselmayer & Quinn, 2000). Counts were conducted from 06h:00 
to 10h:30, and never in the rain. Repeated visits to each site were 
used to increase overall detection probability. Time of day, elevation, 
weather, latitude and longitude were recorded for each count.

A presence/absence data matrix for each species was generated 
from survey data. Absolute abundance of birds is difficult to obtain, 
so we used naive occupancy as a proxy for abundance. Naive oc‐
cupancy is a minimum estimate of site occupancy, obtained by di‐
viding the number of sites at a given elevation where the species 
was detected by the total number of sites (MacKenzie et al., 2002). 
It provides a comparable measure of relative abundance assuming 
detection probabilities and abundance within occupied patches do 
not differ by elevation.

2.3 | Model fitting of elevation–occupancy 
relationship

To assess the shape of species response curves along the elevational 
gradient, we used the package ‘eHOF’ (Jansen & Oksanen, 2013) in 
R (R Core Team, 2018) to fit each of the five Huisman–Olff–Fresco 
(HOF) models (flat, monotonic, plateau, symmetric and skewed; la‐
belled types I–V respectively; Figure 2). These models have been 
shown to characterize species’ gradient responses effectively 
(Oksanen & Minchin, 2002), even with as few as 10 detections 
(Freeman & Beehler, 2018). Lowland species (based on elevational 
range, as designated by Burner et al., 2018) detected at 10 or more 
points that had their entire elevational range within the sampled 
elevations (Sagarin & Gaines, 2002) were selected for model fit‐
ting. Montane species were excluded because most occurred above 
the 1,800 m limit of our sampling, preventing their full ranges from 
being considered. Models were fit to the presence/absence matrix 
for each species including all points up to 1,800 m; additional zero 
counts above the lowest zero count for a species do not influence 
HOF model selection, and all lowland species were present at or 
near the bottom of the gradient. Models were ranked based on AICc 
score, and we report all models within 2 AICc units of the top model 
(Burnham, Anderson, & Huyvaert, 2011). Exploratory analyses re‐
vealed that the type of curve selected was not related to number 
of detections for a given species (ANOVA; p = .35), nor did the pro‐
portions of curve types selected among frugivores (Proportion test; 
p = .59) or insectivores (p = .88) differ from the full set of species.

Both monotonic and symmetric (types II & IV) curves were con‐
sidered consistent with the “rare periphery” hypothesis near the 
upper range limit. Relative occupancy of each species at the moun‐
tain's base elevation (50 m) was calculated as (% naive occupancy at 
sea level)/(maximum % naive occupancy at any elevation). Species 
were considered likely to occupy a truncated thermal niche in the 

F I G U R E  1  Location of Mt. Mulu in Sarawak, Malaysian Borneo. 
Bold points represent camps that were used to access bird survey 
sites. Elevations are listed near place names in plain font. Figure 
modified from Burner et al. (2016)
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lowlands (Feeley & Silman, 2010; Freeman & Beehler, 2018) when 
relative abundance at sea level was >80%. This value represented a 
natural break point in the data and thus was chosen as a conserva‐
tive cut‐off.

2.4 | Species co‐occurrence

We determined the co‐occurrence of species pairs near their range 
edges using the Pairs software (Ulrich, 2008). Species pairs (Tables 
S2 and S3) were chosen for analysis based on hypotheses of (a) selec‐
tion of patchy habitat at range edges and (b) competition between 
lowland and montane species at points of contact, as outlined below. 
The Pairs software uses null model simulations to compare observed 
and expected values of co‐occurrence for each species pair in the 
dataset, calculating a “C‐score” for each pair. This measure of co‐oc‐
currence reflects the number of “checkerboard units”—pairs of sites 
in which both sites are occupied by a different member of the species 
pair—for each pair of species (Gotelli & Ulrich, 2010). Standardized 
Z‐scores are used to reflect the difference between an observed C‐
score (calculated) and the expected (simulated) score under the null 
model, such that negative scores indicate aggregated species pairs, 
whereas positive scores indicate segregation. For our co‐occurrence 
matrix, we pooled bird detections from all visits to each point, result‐
ing in an overall presence/absence matrix; all visits typically occurred 
within a single week, and local bird occupancy has been shown to 
be consistent over such short time periods (Royle & Dorazio, 2008).

The choice of an appropriate null model with which to compare 
observed co‐occurrence values can influence results. Two types 
of null model simulations have been shown to minimize Type I and 
Type II error rates (Gotelli, 2000). SIM9 constrains the simulations by 
fixing the number of occurrences of each species (row totals in the 
input matrices), as well as the species richness of each site (column 
totals), to that found in the original data. SIM2 also fixes the number 

of points at which each species is present, but allows the relative 
species richness of each site to vary. Fixing the relative occupancy 
of each species reflects the biological observation that some species 
are consistently more common than others. The choice of whether 
to allow site totals to vary (as in SIM2) depends on whether sites dif‐
fer considerably in size, habitat and sampling effort (Gotelli, 2000). 
We report results from both simulation types for comparison.

2.5 | Patchy habitat hypothesis

To test the hypothesis that lowland species near their upper range 
limits are clustered together (perhaps in sites with suitable habitat 
or microclimate), “core” and “peripheral” elevations were desig‐
nated for each species based on the following criteria. A species’ 
core elevation was the elevation at which it had the highest oc‐
cupancy, and its peripheral elevation was designated as the high‐
est elevation at which its relative occupancy was both <0.5 and 
>0.1. The first of these restrictions ensured that species that were 
equally abundant across their elevational range were not included, 
whereas the latter ensured that species were not so uncommon 
in their designated peripheral elevations that statistical co‐occur‐
rence inferences were impossible.

For all species pairs with the same “core” and “peripheral” el‐
evations (Table S2), we compared the pair's co‐occurrence scores 
between these two elevations. Comparing co‐occurrence of the 
same pairs between their core and their peripheral elevations, 
rather than simply examining co‐occurrence rates in peripheral 
elevations alone, allowed correction for the possibility that some 
species pairs will be segregated or aggregated in their core ele‐
vations (due to species interactions or other factors) as well. A 
t‐test was used to determine significance of the overall combined 
difference in co‐occurrence values between core and peripheral 
elevations for all pairs. Individual pairs were selected for further 

F I G U R E  2  Examples of Huisman–
Olff–Fresco (HOF) models of species 
abundance using representative species 
from Mt. Mulu: flat (I), monotonic (II), 
plateau (III), symmetric (IV) and skewed 
(V). For each type, the number (and 
percentage) of lowland species best 
fitting each curve in our study based on 
AICc values is given. When all models 
within 2 AICc units of the top model 
are considered, the percentages are 
similar (Table S1). Dots stacked on the 
top and bottom of the Y‐axis for each 
elevation represent points at which the 
species was detected and not detected 
respectively [Colour figure can be viewed 
at wileyonlinelibrary.com]
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examination when differences between their core and peripheral 
C‐scores exceeded 2.0. This threshold does not correspond ex‐
actly to a p‐value of 0.05 but is a reasonable cut‐off based on the 
trade‐offs associated with identifying significant pairs (Gotelli & 
Ulrich, 2010). Our results were robust to a range of values (1.0–
2.5) used for this threshold.

2.6 | Species interactions hypothesis

Finally, co‐occurrence values were calculated for all species pairs at a 
given elevation consisting of one lowland and one montane member 
of the same guild or genus (Table S3), following Burner et al. (2018). 
This allowed us to test the hypothesis that lowland species are seg‐
regated from likely montane competitors relative to the null model, a 
potential signature of competitive exclusion. Guild assignments fol‐
lowed Johns (1989) and Myers (2009).

3  | RESULTS

In total, 187 bird species were detected during 560 point counts 
(Burner et al., 2016), including 84 species present at 10 or more 
points. These latter included 50 lowland and 29 montane species, as 
designated by Burner et al. (2018).

3.1 | Model fitting

We fitted HOF models to the 50 common lowland species, and re‐
port all models within 2 AICc units of the top model in Appendices 1 
& 2. Fifteen (30%) were best fit by a symmetric unimodal (Type IV) 
pattern (Figure 2), predicted by the abundant centre hypothesis, and 
one species best fit an asymmetric (Type V) pattern. An additional 34 
species (68%) either declined monotonically with elevation or had a 

low‐elevation plateau (Type II or III respectively). No species had a flat 
distribution. When all models within 2 AICc units of the top model were 
considered, the relative prevalence of each model type remained simi‐
lar (Table S1). Most species (n = 34; 68%) had a relative occupancy of 
>0.8 at sea level (Figure 3). We detected 29 montane species (Appendix 
3) at 10 or more points to be used for co‐occurrence analyses.

3.2 | Patchy habitat hypothesis

Many of the common lowland species (n = 39; Types II & IV curves) 
declined gradually in occupancy near their upper range limit, in keep‐
ing with the “rare periphery” hypothesis. This decline was gradual 
enough that they were sufficiently abundant at a “peripheral” el‐
evation to compare the “core” and “peripheral” co‐occurrence val‐
ues for pairs. We compared co‐occurrence scores for all 94 species 
pairs (Table S2) for which both pair members had the same core and 
peripheral elevation. Five pairs (5.3%) were significantly more ag‐
gregated at their peripheral elevations than expected by chance, 
whereas nine (9.6%) were significantly more segregated from each 
other (using SIM9). When the difference in C‐score from core to pe‐
ripheral elevations was averaged for each species when paired with 
all other suitable species, no species differed significantly from zero. 
When averaging across the community as a whole, these 94 species 
pairs were on average neither more clustered nor more segregated 
at their peripheral elevations relative to their range core (p = .295). 
Results were similar when SIM2 was used, except that one additional 
pair was more segregated in the periphery.

3.3 | Species interactions hypothesis

Lowland species were not significantly segregated from montane 
species (Table S3) of similar foraging guild (average corrected Z‐
score = −0.436, n = 21) or genus (average corrected Z‐score = −0.949, 

F I G U R E  3  Distribution of relative 
occupancies (as a proxy for relative 
abundance) of lowland bird species 
at sea level on Mt. Mulu. Values are 
based on a naive occupancy estimate of 
survey points, and sea level occupancy 
relative to maximum occupancy for any 
elevation is shown here for 47 species. 
The high proportion of species with a 
relative occupancy of >0.8 at sea level 
(n = 34; 68%) may indicate that most of 
these species are not near their thermal 
maximum
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n  = 8) at their elevations of overlap when SIM9 was used. Similar 
values were obtained using SIM2 (−0.630 and −1.119 respectively). 
Only three pairs of species were significantly aggregated (n = 2) or 
segregated (n = 1) as indicated by Z‐score. At 1,200 m, the lowland 
Gold‐whiskered Barbet (Psilopogon chrysopogon) was significantly 
aggregated with each of two montane congeners that are also from 
the arboreal frugivores guild, Golden‐naped Barbet (P. pulcherri‐
mus; −2.03) and Bornean Barbet (Psilopogon eximius; −2.04), based 
on SIM9. Results with SIM2 were similar (−2.07 and −2.14, for these 
same pairs respectively). One pair was also significantly segregated 
at 1,200 m: the montane Ashy Drongo (Dicrurus leucophaeus) and 
the lowland Grey‐headed Canary‐Flycatcher (Culicicapa ceylonensis). 
Both are sallying insectivores that occasionally glean foliage for in‐
sects as well, but the body‐size difference between the two makes it 
unlikely that there would be much prey size overlap. Segregation val‐
ues for this pair were similar between SIM9 (2.37) and SIM2 (2.02).

4  | DISCUSSION

While some lowland species had the highest occupancy in their ele‐
vational range centres, most were at peak occupancy at sea level and 
declined gradually with elevation. These results provide broad sup‐
port for the “rare periphery” hypothesis. They also imply that most 
lowland tropical birds in Borneo are not currently near their ther‐
mal maximum, although indirect effects of climate change could still 
cause range shifts in these species. At their upper range edges, co‐
occurrence patterns of lowland species with each other and with po‐
tential montane competitors did not differ from the null expectation.

4.1 | Abundance distributions

The variety of abundance distributions we observed indicates that 
no single pattern holds universally. Just under one third (30%) of 
lowland species we surveyed fit a HOF model Type IV symmetric 
unimodal abundance pattern (Figure 2). This finding is similar to that 
for lowland birds in New Guinea, where 33% showed the same pat‐
tern (Freeman & Beehler, 2018). Many surveys of montane fauna 
stop below the highest elevations, but comparisons across the en‐
tire elevational gradient would allow evaluation of these patterns 
in montane as well as lowland species, especially in the Andes and 
Himalayas, where mountains are especially high and occupied by 
several bird community layers.

Nonetheless, most species (75%) in our study had low occupancy 
near their upper range limits. This is consistent with a “rare periph‐
ery” hypothesis (Gaston, 2009), which is a less‐constrained version 
of the abundant centre hypothesis in that it predicts low abundance 
near range edges without specifying the broader pattern. Gradients 
in many abiotic factors (e.g. temperature, rainfall) are gradual and 
correlated with elevation (Lomolino, 2001; Lunghi et al., 2018). This 
means that elevational distance should be a better proxy for envi‐
ronmental distance than is spatial distance over large geographical 
areas, making “rare periphery” patterns theoretically more likely 

when measured elevationally (Brown, 1984; Van Couwenberghe et 
al., 2013) along elevational gradients. However, biotic factors can still 
change abruptly along smooth abiotic gradients if tolerance thresh‐
olds (particularly of plants) are crossed (Doughty & Goulden, 2008). 
Abundance of animal species can also change rapidly in the absence 
of sharp changes in environmental factors (Sagarin et al., 2006).

A majority of the lowland bird species we tested (68%) had the 
highest occupancy at sea level (Figure 3), rather than in the centre of 
their elevational ranges. This may indicate that they currently inhabit 
a truncated portion of their fundamental niche (Feeley & Silman, 
2010; Jiguet et al., 2010; Khaliq, Hof, Prinzinger, Böhning‐Gaese, & 
Pfenninger, 2014) in Borneo and could persist at sea level as tem‐
peratures rise (Cahill et al., 2014). Inferring temperature tolerances 
from abundance distributions, albeit cautiously, is warranted be‐
cause detailed tests of the physiological responses to temperature 
in tropical birds are restricted to a handful of species (Boyce, 2018; 
Londoño, Chappell, Jankowski, & Robinson, 2017; Pollock, 2016). 
For species that have been examined, most are not currently near 
maximum temperature tolerance thresholds (Londoño et al., 2017; 
Pollock, 2016), in keeping with our results.

Thus, direct effects of temperature‐increase with climate 
change will probably not be sufficient to shift the lower range lim‐
its of lowland species. However, potential indirect effects of hot‐
ter temperature are numerous. For example temperature increases 
may already be diminishing forest health through reduced primary 
productivity and alteration of precipitation patterns in Borneo 
(Becek & Horwath, 2017). The predicted effects of these changes 
(Hardwick Jones, Westra, & Sharma, 2010; Struebig et al., 2015; 
Takahashi et al., 2017), along with the anticipated continuation of 
rapid forest degradation (Cushman, Macdonald, Landguth, Malhi, 
& Macdonald, 2017; Miettinen, Shi, & Liew, 2011), could still pose 
a serious threat to lowland bird species. If these species do need to 
shift their ranges upwards, most lowland protected areas are not 
sufficiently connected to intact higher‐elevation habitats (Scriven, 
Hodgson, McClean, & Hill, 2015). Furthermore, occupancy and 
abundance levels can be more sensitive to temperature than are 
range limits; as a result, some species may become less (or more) 
abundant even in the absence of obvious habitat changes (Dulle et 
al., 2016). Specialists, for example may be more sensitive to changes 
than generalists (Jiguet et al., 2010) and may respond differently. 
Counterintuitive responses to increasing temperatures can also re‐
sult from changing competitive interactions (Tingley, Koo, Moritz, 
Rush, & Beissinger, 2012) as distributions and abundance of some 
species change. Temperature does appear to affect the range lim‐
its of montane forest birds in Borneo (Burner et al., In Revision), 
many of which appear to have shifted over time (Harris et al., 2012).
Tropical montane species, whose habitat is slightly more secure 
from logging and development because of the difficulty and ex‐
pense of working in mountains, are probably in greater danger from 
climate change because of limited space for upward movement. 
Additional work on the physiology and competitive interactions 
of both lowland and montane tropical species would help to refine 
these conclusions.
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4.2 | Causes of occupancy declines at range edges

Most species (75%) had low occupancy near their upper range limits. 
These “cold‐edge” range limits could be set by a variety of factors, 
including habitat patchiness, biotic interactions, or abiotic factors 
(Louthan, Doak, & Angert, 2015). We hypothesized that if lowland 
species were limited by suitable habitat and microclimate near their 
upper range margins (Holt & Keitt, 2000), then they would be more 
aggregated with each other in those sites (perhaps where patches of 
suitable habitat occurred) than in the core of their ranges. However, 
most such species pairs were no more segregated in the periphery 
of their elevational distribution than in the core, and for the minority 
of pairs that differed from random expectations, slightly more were 
segregated (n = 9) than were aggregated (n = 5). It thus appears either 
that patchy habitat does not play a primary role in limiting distribu‐
tions of these species at this scale within forest ecosystems, or that 
lowland species differ from one another enough in habitat require‐
ments that they are not restricted to the same sites in their range 
peripheries. It is possible, for example that each species extends up‐
wards into patches of habitat that contain some key feature common 
on lower slopes, but that these features vary by species and do not 
necessarily co‐occur spatially. Or, lowland species may be less abun‐
dant near their range limits not because suitable habitat is patchy, 
but because overall quality of habitat is lower for them (Holt & Keitt, 
2000).

Another possible explanation for range limits is negative spe‐
cies interactions. Evidence that competition can limit species ranges 
on mountain slopes is available from other regions (Elsen, Tingley, 
Kalyanaraman, Ramesh, & Wilcove, 2017; Jankowski et al., 2013; 
Romdal & Rahbek, 2009). Similarly, based on comparisons of eleva‐
tional ranges of bird species and their potential competitors (from 
the same genus or foraging guild) on Bornean mountains, there is 
evidence that competitive interactions likely play a role in determin‐
ing range limits of both lowland and montane species (Burner et al., 
In Revision). However, we found that few lowland‐montane species 
pairs differed in co‐occurrence scores from the null predictions, even 
when both pair‐members were in the same genus or foraging guild. 
Moreover, recent simulations have shown that competition could, 
under different conditions, produce either segregated or aggregated 
patterns (Ulrich, Jabot, & Gotelli, 2017). For example the several sig‐
nificantly aggregated pairs of barbets in our study are likely to be at 
least occasional competitors and were probably concentrated around 
a food source, given that they are wide‐ranging species that move ac‐
cording to unpredictable fruiting events (Lambert & Marshall, 1991).

Only one pair of insectivores was significantly segregated, a 
drongo and a stenostirid flycatcher. This could reflect competition 
that causes these species to avoid each other, but this seems un‐
likely because of their large difference in body size. Such segrega‐
tion may be effected by direct asymmetric aggression rather than 
through resource competition (Terborgh, 2015), with the lower‐ele‐
vation pair member often thought to be more aggressive (Freeman 
& Montgomery, 2015; Jankowski, Robinson, & Levey, 2010; Martin 
& Martin, 2001). Of course, non‐random co‐occurrence patterns can 

also be caused by unmeasured variables rather than by direct inter‐
actions (D'Amen, Mod, Gotelli, & Guisan, 2018).

The lack of significant positively or negatively co‐occurring pairs 
in this bird community may indicate that strong pairwise competition 
is either uncommon or is difficult to detect due to the mixture of ag‐
gregating and segregating forces that can result from competition. 
Alternatively diffuse competition within this assemblage of birds 
may be more common than intense pairwise competition (Jankowski 
et al., 2012), making it difficult to detect using most common survey 
and analysis methods. Our lack of detailed ecological knowledge of 
most species makes even hypothesizing likely networks of compet‐
itors difficult (Jankowski et al., 2012), beyond the relatively coarse 
metric of foraging guild or at the limited scale of genus. Diffuse com‐
petition may often result in niche differentiation based on foraging 
manoeuvres and strata rather than area occupancy, even among 
morphologically similar species with similar diets, as has been found 
for babblers (Timaliidae) in Malaysia (Mansor & Ramli, 2017; Styring, 
Ragai, Zakaria, & Sheldon, 2016). Competition may also be difficult 
to detect because elevational range overlap of strongly competing 
species may be effectively eliminated.

The results of this study are largely congruent with those of 
Freeman and Beehler (2018), but provide important information on 
species ranges in Borneo, an island with very different characteris‐
tics than New Guinea where they worked. Due to extensive alter‐
ation of lowland forest habitat, opportunities to investigate species 
elevational ranges in a natural setting in Southeast Asia are now ex‐
tremely limited. Gaining a clearer understanding of habitat require‐
ments, physiological limits and species interactions is key to gaining 
a more in‐depth understanding of abundance distributions and crit‐
ical to accurately predicting species responses to habitat alteration 
and climate change.

ACKNOWLEDG EMENTS

Sarawak Forestry Department, Forestry Corporation and 
Biodiversity Centre and Parks kindly provided research permits. 
Andrew Siani identified many difficult species in our recordings. 
Numerous Malaysian and American colleagues and field assistants 
and friends were indispensable to the research, including Stan, Nina, 
Tingang Tuak, Jerry, Agu, Jonnie, Nick, David, Jeffry, Alison Pritchard, 
Matt Brady, David Bernasconi, Vivien Chua, Dency Gawin, Paul Van 
Els and Philip Steinhoff. Van Remsen, Phil Stouffer, Kyle Harms and 
Enrico Lunghi provided helpful manuscript comments, and discus‐
sions with Sandra Galeano and the LSU Vert Lunch group were very 
helpful. R.C.B. was supported by a Louisiana Board of Regents fel‐
lowship. The NSF (DEB 1241059), National Geographical Society 
(8753‐10) and LSU's Student Research Fund helped fund fieldwork.

DATA AVAIL ABILIT Y S TATEMENT

Data used in this study are available in Dryad, https​://doi.
org/10.5061/dryad.677b1c7. Raw survey data are available in 
Burner (2019).

https://doi.org/10.5061/dryad.677b1c7
https://doi.org/10.5061/dryad.677b1c7


8  |     BURNER et al.

Title: Data from: Occupancy patterns and upper range limits of 
lowland Bornean birds along an elevational gradient

DOI: doi:10.5061/dryad.677b1c7 
Journal: Journal of Biogeography
Journal manuscript number: JBI-19-0074

ORCID

Ryan C. Burner   https://orcid.org/0000-0002-7314-9506 

Frederick H. Sheldon   https://orcid.org/0000-0002-0815-8780 

R E FE R E N C E S

Becek, K., & Horwath, A. B. (2017). Is vegetation collapse on Borneo 
already in progress? Natural Hazards, 85, 1279–1290. https​://doi.
org/10.1007/s11069-016-2623-3

Boyce, A. J. (2018) Biotic and abiotic influences on the evolution of el‐
evational range limits and life‐history strategies of tropical birds. 
Dissertation. ProQuest Dissertations Publishing, Ann Arbor.

Brown, J. H. (1984). On the relationship between abundance and distri‐
bution of species. The American Naturalist, 124, 255–279. https​://doi.
org/10.1086/284267

Burner, R. C. (2019). Composition and ecology of avian communities 
along elevational gradients in Borneo. Dissertation, Louisiana State 
University, Baton Rouge, LA.

Burner, R. C., Boyce, A. J., Bernasconi, D., Boer, C., Rahman, M. A., 
Martin, T. E., & Sheldon, F. H. (In Revision) Biotic interactions help 
explain variation in elevational range limits of birds among Bornean 
mountains. Journal of Biogeography.

Burner, R. C., Chua, V. L., Brady, M. L., Van Els, P., Steinhoff, P. O., 
Rahman, M. A., & Sheldon, F. H. (2016). An ornithological survey 
of Gunung Mulu National Park, Sarawak, Malaysian Borneo. The 
Wilson Journal of Ornithology, 128, 242–254. https​://doi.org/10.1676/
wils-128-02-242-254.1

Burner, R. C., Styring, A. R., Boer, C., & Sheldon, F. H. (2018). Overlap 
in avian communities produces unimodal richness peaks on Bornean 
mountains. Journal of Tropical Ecology, 34, 75–92. https​://doi.
org/10.1017/S0266​46741​8000081

Burnham, K. P., Anderson, D. R., & Huyvaert, K. P. (2011). AIC model 
selection and multimodel inference in behavioral ecology: Some 
background, observations, and comparisons. Behavioral Ecology and 
Sociobiology, 65, 23–35. https​://doi.org/10.1007/s00265-010-1029-6

Cahill, A. E., Aiello‐Lammens, M. E., Caitlin Fisher‐Reid, M., Hua, X., 
Karanewsky, C. J., Ryu, H. Y., … Wiens, J. J. (2014). Causes of warm‐
edge range limits: Systematic review, proximate factors and implica‐
tions for climate change. Journal of Biogeography, 41, 429–442. https​:// 
doi.org/10.1111/jbi.12231​

Christidis, L., Dickinson, E. C., Remsen, J. V., Cracraft, J., Peters , S., 
Kuziemko, M., … Lepage, D. (2018) The Howard and Moore complete 
checklist of the birds of the world, version 4.1 (Downloadable check‐
list). Retrieved from https​://www.howar​dandm​oore.org

Colorado, G. J., & Rodewald, A. D. (2015). Assembly patterns of mixed‐
species avian flocks in the Andes. Journal of Animal Ecology, 84, 386–
395. https​://doi.org/10.1111/1365-2656.12300​

Cushman, S. A., Macdonald, E. A., Landguth, E. L., Malhi, Y., & Macdonald, 
D. W. (2017). Multiple‐scale prediction of forest loss risk across 
Borneo. Landscape Ecology, 32, 1581–1598. https​://doi.org/10.1007/
s10980-017-0520-0

Dallas, T., Decker, R. R., & Hastings, A. (2017). Species are not most abun‐
dant in the centre of their geographic range or climatic niche. Ecology 
Letters, 20, 1526–1533. https​://doi.org/10.1111/ele.12860​

D'Amen, M., Mod, H. K., Gotelli, N. J., & Guisan, A. (2018). Disentangling 
biotic interactions, environmental filters, and dispersal limitation as 
drivers of species co‐occurrence. Ecography, 41, 1233–1244. https​://
doi.org/10.1111/ecog.03148​

Diamond, J. M. (1973). Distributional ecology of New Guinea Birds: 
Recent ecological and biogeographical theories can be tested on the 
bird communities of New Guinea. Science, 179, 759–769. https​://doi.
org/10.1126/scien​ce.179.4075.759

Doughty, C. E., & Goulden, M. L. (2008). Are tropical forests near 
a high temperature threshold? Journal of Geophysical Research: 
Biogeosciences, 113, 1–12. https​://doi.org/10.1029/2007J​G000632

Dulle, H. I., Ferger, S. W., Cordeiro, N. J., Howell, K. M., Schleuning, M., 
Böhning‐Gaese, K., & Hof, C. (2016). Changes in abundances of for‐
est understorey birds on Africa's highest mountain suggest subtle 
effects of climate change. Diversity and Distributions, 22, 288–299. 
https​://doi.org/10.1111/ddi.12405​

Elsen, P. R., Tingley, M. W., Kalyanaraman, R., Ramesh, K., & Wilcove, 
D. S. (2017). The role of competition, ecotones, and temperature in 
the elevational distribution of Himalayan birds. Ecology, 98, 337–348. 
https​://doi.org/10.1002/ecy.1669

Feeley, K. J., & Silman, M. R. (2010). Biotic attrition from tropical forests 
correcting for truncated temperature niches. Global Change Biology, 
16, 1830–1836. https​://doi.org/10.1111/j.1365-2486.2009.02085.x

Freeman, B. G., & Beehler, B. M. (2018). Limited support for the “abundant cen‐
tre” hypothesis in birds along a tropical elevational gradient: Implications 
for the fate of lowland tropical species in a warmer future. Journal of 
Biogeography, 45, 1884–1895. https​://doi.org/10.1111/jbi.13370​

Freeman, B. G., & Montgomery, G. (2015). Interspecific aggression by 
the Swainson's Thrush (Catharus ustulatus) may limit the distribu‐
tion of the threatened Bicknell's Thrush (Catharus bicknelli) in the 
Adirondack Mountains. The Condor, 118, 169–178.

Gaston, K. J. (2009) Geographic range limits: Achieving synthesis. Proceedings 
of the Royal Society of London B: Biological Sciences, 276, 1395–1406.

Gotelli, N. J. (2000). Null model analysis of species co‐oc‐
currence patterns. Ecology, 81, 2606–2621. https​://doi.
org/10.1890/0012-9658(2000)081[2606:NMAOS​C]2.0.CO;2

Gotelli, N. J., & Ulrich, W. (2010). The empirical Bayes approach as a tool 
to identify non‐random species associations. Oecologia, 162, 463–
477. https​://doi.org/10.1007/s00442-009-1474-y

Hardwick Jones, R., Westra, S., & Sharma, A. (2010). Observed relation‐
ships between extreme sub‐daily precipitation, surface temperature, 
and relative humidity. Geophysical Research Letters, 37, 22805.

Harris, J. B. C., Yong, D. L., Sheldon, F. H., Boyce, A. J., Eaton, J. A., 
Bernard, H., … Wei, D. (2012). Using diverse data sources to detect 
elevational range changes of birds on Mount Kinabalu, Malaysian 
Borneo. Raffles Bulletin of Zoology, 25, 197–247.

Haselmayer, J., & Quinn, J. S. (2000). A comparison of point counts and 
sound recording as bird survey methods in Amazonian southeast 
Peru. The Condor, 102, 887–893. https​://doi.org/10.2307/1370317

Holt, R. D., & Keitt, T. H. (2000). Alternative causes for range limits: A 
metapopulation perspective. Ecology Letters, 3, 41–47. https​://doi.
org/10.1046/j.1461-0248.2000.00116.x

Jankowski, J. E., Graham, C. H., Parra, J. L., Robinson, S. K., Seddon, N., 
Touchton, J. M., & Tobias, J. A. (2012). The role of competition in struc‐
turing tropical bird communities. Ornitología Neotropical, 23, 115–124.

Jankowski, J. E., Merkord, C. L., Rios, W. F., Cabrera, K. G., Revilla, N. S., & Silman, 
M. R. (2013). The relationship of tropical bird communities to tree species 
composition and vegetation structure along an Andean elevational gradient. 
Journal of Biogeography, 40, 950–962. https​://doi.org/10.1111/jbi.12041​

Jankowski, J. E., Robinson, S. K., & Levey, D. J. (2010). Squeezed at the top: 
Interspecific aggression may constrain elevational ranges in tropical 
birds. Ecology, 91, 1877–1884. https​://doi.org/10.1890/09-2063.1

Jansen, F., & Oksanen, J. (2013). How to model species responses along 
ecological gradients–Huisman–Olff–Fresco models revisited. Journal of 
Vegetation Science, 24, 1108–1117. https​://doi.org/10.1111/jvs.12050​

https://doi.org/10.5061/dryad.677b1c7
https://orcid.org/0000-0002-7314-9506
https://orcid.org/0000-0002-7314-9506
https://orcid.org/0000-0002-0815-8780
https://orcid.org/0000-0002-0815-8780
https://doi.org/10.1007/s11069-016-2623-3
https://doi.org/10.1007/s11069-016-2623-3
https://doi.org/10.1086/284267
https://doi.org/10.1086/284267
https://doi.org/10.1676/wils-128-02-242-254.1
https://doi.org/10.1676/wils-128-02-242-254.1
https://doi.org/10.1017/S0266467418000081
https://doi.org/10.1017/S0266467418000081
https://doi.org/10.1007/s00265-010-1029-6
https://doi.org/10.1111/jbi.12231
https://doi.org/10.1111/jbi.12231
https://www.howardandmoore.org
https://doi.org/10.1111/1365-2656.12300
https://doi.org/10.1007/s10980-017-0520-0
https://doi.org/10.1007/s10980-017-0520-0
https://doi.org/10.1111/ele.12860
https://doi.org/10.1111/ecog.03148
https://doi.org/10.1111/ecog.03148
https://doi.org/10.1126/science.179.4075.759
https://doi.org/10.1126/science.179.4075.759
https://doi.org/10.1029/2007JG000632
https://doi.org/10.1111/ddi.12405
https://doi.org/10.1002/ecy.1669
https://doi.org/10.1111/j.1365-2486.2009.02085.x
https://doi.org/10.1111/jbi.13370
https://doi.org/10.1890/0012-9658(2000)081%5B2606:NMAOSC%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5B2606:NMAOSC%5D2.0.CO;2
https://doi.org/10.1007/s00442-009-1474-y
https://doi.org/10.2307/1370317
https://doi.org/10.1046/j.1461-0248.2000.00116.x
https://doi.org/10.1046/j.1461-0248.2000.00116.x
https://doi.org/10.1111/jbi.12041
https://doi.org/10.1890/09-2063.1
https://doi.org/10.1111/jvs.12050


     |  9BURNER et al.

Jiguet, F., Devictor, V., Ottvall, R., Van Turnhout, C., Van der Jeugd, H., & 
Lindström, Å. (2010) Bird population trends are linearly affected by 
climate change along species thermal ranges. Proceedings of the Royal 
Society of London B: Biological Sciences, 277, 3601–3608. https​://doi.
org/10.1098/rspb.2010.0796

Johns, A. D. (1989). Recovery of a peninsular Malaysian rainforest avi‐
fauna following selective timber logging: The first twelve years. 
Forktail, 4, 89–105.

Khaliq, I., Hof, C., Prinzinger, R., Böhning‐Gaese, K., & Pfenninger, M. (2014). 
Global variation in thermal tolerances and vulnerability of endotherms 
to climate change. Proceedings of the Royal Society B: Biological Sciences, 
281, 1–8. https​://doi.org/10.1098/rspb.2014.1097

Lambert, F. R., & Marshall, A. G. (1991). Keystone characteristics of bird‐
dispersed Ficus in a Malaysian lowland rain forest. The Journal of 
Ecology, 79, 793–809. https​://doi.org/10.2307/2260668

Lomolino, M. (2001). Elevation gradients of species‐density: Historical 
and prospective views. Global Ecology and Biogeography, 10, 3–13. 
https​://doi.org/10.1046/j.1466-822x.2001.00229.x

Londoño, G. A., Chappell, M. A., Jankowski, J. E., & Robinson, S. K. (2017). 
Do thermoregulatory costs limit altitude distributions of Andean for‐
est birds? Functional Ecology, 31, 204–215.

Louthan, A. M., Doak, D. F., & Angert, A. L. (2015). Where and when do 
species interactions set range limits? Trends in Ecology & Evolution, 30, 
780–792. https​://doi.org/10.1016/j.tree.2015.09.011

Lunghi, E., Manenti, R., Mulargia, M., Veith, M., Corti, C., & Ficetola, 
G. F. (2018). Environmental suitability models predict population 
density, performance and body condition for microendemic sal‐
amanders. Scientific Reports, 8, 7527. https​://doi.org/10.1038/
s41598-018-25704-1

MacKenzie, D. I., Nichols, J. D., Lachman, G. B., Droege, S., Andrew Royle, 
J., & Langtimm, C. A. (2002). Estimating site occupancy rates when de‐
tection probabilities are less than one. Ecology, 83, 2248–2255. https​:// 
doi.org/10.1890/0012-9658(2002)083[2248:ESORW​D]2.0.CO;2

Malhi, Y., Silman, M., Salinas, N., Bush, M., Meir, P., & Saatchi, 
S. (2010). Introduction: Elevation gradients in the tropics: 
Laboratories for ecosystem ecology and global change re‐
search. Global Change Biology, 16, 3171–3175. https​://doi.
org/10.1111/j.1365-2486.2010.02323.x

Mansor, M. S., & Ramli, R. (2017). Foraging niche segregation in Malaysian 
babblers (Family: Timaliidae). PLoS ONE, 12, e0172836. https​://doi.
org/10.1371/journ​al.pone.0172836

Martin, P. R., & Martin, T. E. (2001). Behavioral interactions be‐
tween coexisting species: Song playback experiments with wood 
warblers. Ecology, 82, 207–218. https​://doi.org/10.1890/0012-
9658(2001)082[0207:BIBCS​S]2.0.CO;2

Martínez‐Meyer, E., Díaz‐Porras, D., Peterson, A. T., & Yáñez‐Arenas, C. 
(2013). Ecological niche structure and rangewide abundance patterns 
of species. Biology Letters, 9, 20120637. https​://doi.org/10.1098/
rsbl.2012.0637

McCreadie, J. W., & Bedwell, C. R. (2013). Patterns of co‐occurrence of 
stream insects and an examination of a causal mechanism: Ecological 
checkerboard or habitat checkerboard? Insect Conservation and Diversity, 
6, 105–113. https​://doi.org/10.1111/j.1752-4598.2012.00191.x

Miettinen, J., Shi, C., & Liew, S. C. (2011). Deforestation rates in insular 
Southeast Asia between 2000 and 2010. Global Change Biology, 17, 
2261–2270. https​://doi.org/10.1111/j.1365-2486.2011.02398.x

Myers, S. (2009). A field guide to the birds of Borneo. Princeton, NJ: 
Princeton University Press.

Oksanen, J., & Minchin, P. R. (2002). Continuum theory revisited: What shape 
are species responses along ecological gradients? Ecological Modelling, 
157, 119–129. https​://doi.org/10.1016/S0304-3800(02)00190-4

Pironon, S., Villellas, J., Morris, W. F., Doak, D. F., & García, M. B. (2015). 
Do geographic, climatic or historical ranges differentiate the perfor‐
mance of central versus peripheral populations? Global Ecology and 
Biogeography, 24, 611–620. https​://doi.org/10.1111/geb.12263​

Pollock, H. S. (2016). The influence of spatiotemporal variation in ambient 
temperature on the ecology and physiology of birds. Urbana‐Champaign, 
IL: University of Illinois.

R Core Team (2018). R: A language and environment for statistical comput‐
ing. Vienna, Austria: R Core Team.

Romdal, T. S., & Rahbek, C. (2009). Elevational zonation of 
Afrotropical forest bird communities along a homogeneous for‐
est gradient. Journal of Biogeography, 36, 327–336. https​://doi.
org/10.1111/j.1365-2699.2008.01996.x

Royle, J. A., & Dorazio, R. M. (2008). Hierarchical modeling and inference 
in ecology: The analysis of data from populations, metapopulations and 
communities. Waltham, MA: Academic Press.

Sagarin, R. D., & Gaines, S. D. (2002). The ‘abundant centre’distribution: 
To what extent is it a biogeographical rule? Ecology Letters, 5, 137–
147. https​://doi.org/10.1046/j.1461-0248.2002.00297.x

Sagarin, R. D., Gaines, S. D., & Gaylord, B. (2006). Moving beyond as‐
sumptions to understand abundance distributions across the ranges 
of species. Trends in Ecology & Evolution, 21, 524–530. https​://doi.
org/10.1016/j.tree.2006.06.008

Santini, L., Pironon, S., Maiorano, L., & Thuiller, W. (2018). Addressing 
common pitfalls does not provide more support to geographical and 
ecological abundant‐centre hypotheses. Ecography, 42, 1–10.

Scriven, S. A., Hodgson, J. A., McClean, C. J., & Hill, J. K. (2015). Protected 
areas in Borneo may fail to conserve tropical forest biodiversity 
under climate change. Biological Conservation, 184, 414–423. https​://
doi.org/10.1016/j.biocon.2015.02.018

Soberón, J., Peterson, A. T., & Osorio‐Olvera, L. (2018). A comment on" 
Species are not most abundant in the center of their geographic 
range or climatic niche". Rethinking Ecology, 3, 13–18.

Struebig, M. J., Fischer, M., Gaveau, D. L., Meijaard, E., Wich, S. A., Gonner, 
C., … Kramer‐Schadt, S. (2015). Anticipated climate and land‐cover 
changes reveal refuge areas for Borneo's orang‐utans. Global Change 
Biology, 21, 2891–2904. https​://doi.org/10.1111/gcb.12814​

Styring, A. R., Ragai, R., Zakaria, M., & Sheldon, F. H. (2016). Foraging 
ecology and occurrence of 7 sympatric babbler species (Timaliidae) 
in the lowland rainforest of Borneo and peninsular Malaysia. Current 
Zoology, 62, 345–355. https​://doi.org/10.1093/cz/zow022

Takahashi, A., Kumagai, T., Kanamori, H., Fujinami, H., Hiyama, T., & Hara, 
M. (2017). Impact of tropical deforestation and forest degradation 
on precipitation over Borneo island. Journal of Hydrometeorology, 18, 
2907–2922. https​://doi.org/10.1175/JHM-D-17-0008.1

Terborgh, J. (1985). The role of ecotones in the distribution of Andean 
birds. Ecology, 66, 1237–1246. https​://doi.org/10.2307/1939177

Terborgh, J. W. (2015). Toward a trophic theory of species diversity. 
Proceedings of the National Academy of Sciences, 112, 11415–11422. 
https​://doi.org/10.1073/pnas.15010​70112​

Tingley, M. W., Koo, M. S., Moritz, C., Rush, A. C., & Beissinger, S. R. 
(2012). The push and pull of climate change causes heterogeneous 
shifts in avian elevational ranges. Global Change Biology, 18, 3279–
3290. https​://doi.org/10.1111/j.1365-2486.2012.02784.x

Ulrich, W. (2008) Pairs—a FORTRAN program for studying pair‐wise spe‐
cies associations in ecological matrices. Retrieved from www.keib.
umk.pl/pairs​

Ulrich, W., Jabot, F., & Gotelli, N. J. (2017). Competitive interactions 
change the pattern of species co‐occurrences under neutral disper‐
sal. Oikos, 126, 91–100. https​://doi.org/10.1111/oik.03392​

Van Couwenberghe, R., Collet, C., Pierrat, J. C., Verheyen, K., & Gégout, 
J. C. (2013). Can species distribution models be used to describe 
plant abundance patterns? Ecography, 36, 665–674. https​://doi.
org/10.1111/j.1600-0587.2012.07362.x

Weber, M. M., Stevens, R. D., Diniz‐Filho, J. A. F., & Grelle, C. E. V. 
(2017). Is there a correlation between abundance and environ‐
mental suitability derived from ecological niche modelling? A 
meta‐analysis. Ecography, 40, 817–828. https​://doi.org/10.1111/
ecog.02125​

https://doi.org/10.1098/rspb.2010.0796
https://doi.org/10.1098/rspb.2010.0796
https://doi.org/10.1098/rspb.2014.1097
https://doi.org/10.2307/2260668
https://doi.org/10.1046/j.1466-822x.2001.00229.x
https://doi.org/10.1016/j.tree.2015.09.011
https://doi.org/10.1038/s41598-018-25704-1
https://doi.org/10.1038/s41598-018-25704-1
https://doi.org/10.1890/0012-9658(2002)083%5B2248:ESORWD%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B2248:ESORWD%5D2.0.CO;2
https://doi.org/10.1111/j.1365-2486.2010.02323.x
https://doi.org/10.1111/j.1365-2486.2010.02323.x
https://doi.org/10.1371/journal.pone.0172836
https://doi.org/10.1371/journal.pone.0172836
https://doi.org/10.1890/0012-9658(2001)082%5B0207:BIBCSS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082%5B0207:BIBCSS%5D2.0.CO;2
https://doi.org/10.1098/rsbl.2012.0637
https://doi.org/10.1098/rsbl.2012.0637
https://doi.org/10.1111/j.1752-4598.2012.00191.x
https://doi.org/10.1111/j.1365-2486.2011.02398.x
https://doi.org/10.1016/S0304-3800(02)00190-4
https://doi.org/10.1111/geb.12263
https://doi.org/10.1111/j.1365-2699.2008.01996.x
https://doi.org/10.1111/j.1365-2699.2008.01996.x
https://doi.org/10.1046/j.1461-0248.2002.00297.x
https://doi.org/10.1016/j.tree.2006.06.008
https://doi.org/10.1016/j.tree.2006.06.008
https://doi.org/10.1016/j.biocon.2015.02.018
https://doi.org/10.1016/j.biocon.2015.02.018
https://doi.org/10.1111/gcb.12814
https://doi.org/10.1093/cz/zow022
https://doi.org/10.1175/JHM-D-17-0008.1
https://doi.org/10.2307/1939177
https://doi.org/10.1073/pnas.1501070112
https://doi.org/10.1111/j.1365-2486.2012.02784.x
http://www.keib.umk.pl/pairs
http://www.keib.umk.pl/pairs
https://doi.org/10.1111/oik.03392
https://doi.org/10.1111/j.1600-0587.2012.07362.x
https://doi.org/10.1111/j.1600-0587.2012.07362.x
https://doi.org/10.1111/ecog.02125
https://doi.org/10.1111/ecog.02125


10  |     BURNER et al.

BIOSKE TCH

Ryan C. Burner is broadly interested in the distributions of spe‐
cies and the ecology of their communities. This work represents a 
component of his PhD dissertation at Louisiana State University 
on the ecology of birds along ecological gradient in Borneo. All 
authors study issues in Bornean biogeography and ecology.

Author contributions: R.B., A.S. and F.S. conceived the ideas and 
designed methodology; R.B. and M.R. aided fieldwork; R.B. ana‐
lysed the data; R.B. and A.S. led the writing of the manuscript. 
All authors contributed critically to the drafts and gave final ap‐
proval for publication.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Burner RC, Styring AR, Rahman MA, 
Sheldon FH. Occupancy patterns and upper range limits of 
lowland Bornean birds along an elevational gradient. J Biogeogr. 
2019;00:1–14. https​://doi.org/10.1111/jbi.13691​

https://doi.org/10.1111/jbi.13691


     |  11BURNER et al.

APPENDIX 1
Best fit HOF models for 50 lowland bird species on Mt. Mulu, Borneo. All species with detections from at least 10 points were included for 
modelling. Package ‘eHOF’ in R (Jansen & Oksanen, 2013) was used to fit each of the five Huisman–Olff–Fresco (HOF) models (flat, monotonic, 
plateau, symmetric and skewed). Dots stacked on the top and bottom of the Y‐axis for each elevation represent points at which the species 
was detected and not detected respectively. Taxonomy based on Christidis, (2018). [Colour figure can be viewed at wileyonlinelibrary.com] 
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APPENDIX 2
List of 50 common lowland bird species (Burner et al., 2018) from Mt. Mulu, Borneo for which HOF models were fit. Each species was de‐
tected at 10 or more points. Package ‘eHOF’ in R (Jansen & Oksanen, 2013) was used to fit each of the five Huisman–Olff–Fresco (HOF) 
models (flat, monotonic, plateau, symmetric and skewed; I–V respectively). Guild designation include Arboreal Foliage‐Gleaning Insectivore 
(AFGI), Arboreal Foliage‐Gleaning Insectivore Frugivore (AFGIF), Arboreal Frugivore (AF), Nectivorous Insectivore/Frugivore (NI/F), Sallying 
Insectivore/Sallying Substrate‐Gleaning Insectivore (SI/SSGI) and Terrestrial Insectivore/Frugivore (TI/F) based on Johns (1989) and Myers 
(2009). A lowland species’ “core” elevation was the elevation at which it had the highest relative occupancy, and its “peripheral” elevation was 
the highest elevation at which its relative occupancy was both less than 0.5 and greater than 0.1. Species without “core” or “peripheral” eleva‐
tions listed did not have a “peripheral” elevation that fit the above criterion. Each pair of species with similar “core” and “peripheral” elevations 
is listed, with co‐occurrence scores, in Table S2. Taxonomy follows Christidis et al. (2018)

Species
Total points 
occupied

Naive  
occupancy 
50 m 300 m 600 m 900 m 1,200 m 1,500 m

Best 
modela Guild

Core 
(m)

Peripheral 
(m)

Harpactes diardii 17 0.44 0.03 0.19 0.00 0.00 0.00 II SI/SSGI 0 600

Harpactes 
duvaucelii

37 0.36 0.00 0.00 0.04 0.00 0.00 II SI/SSGI    

Psilopogon 
chrysopogon

96 0.80 0.87 1.00 0.61 0.36 0.00 IV (V) AF 0 1,200

Psilopogon 
mystacophanos

53 0.88 0.37 0.70 0.04 0.00 0.00 III AF 0 600

Psilopogon henricii 19 0.04 0.27 0.37 0.00 0.00 0.00 IV (V) AF    

Psilopogon australis 59 1.00 0.67 0.52 0.00 0.00 0.00 II AF 0 600

Caloramphus 
fuliginosus

12 0.00 0.07 0.22 0.17 0.00 0.00 IV (V) AFGIF    

Calyptomena viridis 16 0.48 0.13 0.00 0.00 0.00 0.00 II (III, IV) AF 0 300

Eurylaimus 
javanicus

10 0.12 0.03 0.22 0.00 0.00 0.00 III SI/SSGI    

Eurylaimus 
ochromalus

53 0.76 0.40 0.63 0.09 0.12 0.00 III SI/SSGI 0 1,200

Philentoma velata 11 0.00 0.20 0.15 0.04 0.00 0.00 IV (V) SI/SSGI    

Aegithina 
viridissima

29 0.72 0.23 0.15 0.00 0.00 0.00 II AFGI 0 600

Dicrurus aeneus 23 0.12 0.30 0.26 0.17 0.00 0.00 IV (III, V) SI/SSGI 300 900

Dicrurus paradiseus 14 0.20 0.23 0.04 0.04 0.00 0.00 II (IV, III, 
V)

SI/SSGI    

Rhipidura perlata 39 0.12 0.37 0.52 0.30 0.12 0.04 IV (V) SI/SSGI 600 1,200

Hypothymis azurea 20 0.32 0.13 0.15 0.13 0.04 0.00 II (III, IV) SI/SSGI 0 900

Terpsiphone affinis 28 0.68 0.17 0.11 0.13 0.00 0.00 II SI/SSGI 0 900

Culicicapa 
ceylonensis

66 0.44 0.70 0.59 0.43 0.32 0.00 III SI/SSGI 0 1,200

Pycnonotus 
squamatus

10 0.04 0.17 0.15 0.00 0.00 0.00 IV (V, III) AFGIF    

Pycnonotus 
cyaniventris

16 0.00 0.20 0.37 0.00 0.00 0.00 IV AFGIF    

Euptilotus eutilotus 17 0.52 0.03 0.07 0.04 0.00 0.00 II AFGIF 0 600

Pycnonotus 
erythropthalmos

51 1.00 0.47 0.30 0.04 0.12 0.00 II AFGIF 0 1,200

Alophoixus bres 27 0.16 0.43 0.33 0.04 0.00 0.00 IV (V) AFGIF    

Alophoixus 
phaeocephalus

21 0.44 0.20 0.15 0.00 0.00 0.00 II (III, IV) AFGIF 0 600

Iole charlottae 19 0.36 0.30 0.04 0.00 0.00 0.00 III (IV, II) AFGIF 0 600

Ixos malaccensis 14 0.00 0.23 0.26 0.00 0.00 0.00 IV AFGIF    

Continues
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Species
Total points 
occupied

Naive  
occupancy 
50 m 300 m 600 m 900 m 1,200 m 1,500 m

Best 
modela Guild

Core 
(m)

Peripheral 
(m)

Orthotomus 
sericeus

21 0.76 0.07 0.00 0.00 0.00 0.00 II AFGI 0 300

Orthotomus 
ruficeps

16 0.56 0.07 0.00 0.00 0.00 0.00 II (III, IV) AFGI 0 300

Stachyris maculata 29 0.92 0.13 0.07 0.00 0.00 0.00 II AFGI 0 300

Stachyris nigricollis 24 0.84 0.03 0.07 0.00 0.00 0.00 II AFGI 0 600

Cyanoderma 
erythropterum

72 1.00 0.43 0.81 0.52 0.00 0.00 III AFGI 0 900

Cyanoderma 
rufifrons

13 0.00 0.13 0.22 0.13 0.00 0.00 IV AFGI 600 900

Macronus ptilosus 44 0.48 0.07 0.52 0.52 0.16 0.00 V (III) AFGI 0 1,200

Alcippe 
brunneicauda

58 0.20 0.60 0.89 0.43 0.04 0.00 IV (V) AFGIF 300 600

Malacopteron 
magnirostre

17 0.12 0.27 0.19 0.04 0.00 0.00 IV (III, V) AFGI 300 600

Malacopteron 
affine

35 0.96 0.17 0.22 0.00 0.00 0.00 II AFGI 0 600

Malacopteron 
cinereum

23 0.48 0.20 0.15 0.04 0.00 0.00 II AFGI 0 600

Malacopteron 
magnum

16 0.08 0.23 0.26 0.00 0.00 0.00 IV (V, III) AFGI    

Pellorneum 
capistratum

11 0.24 0.13 0.04 0.00 0.00 0.00 II (III, IV) TI/F 0 300

Irena puella 35 0.56 0.50 0.22 0.00 0.00 0.00 III AF 0 600

Kittacincla 
malabarica

22 0.56 0.07 0.22 0.00 0.00 0.00 II AFGI 0 600

Cyornis superbus 13 0.16 0.20 0.11 0.00 0.00 0.00 III (IV, V) SI/SSGI 300 600

Cyornis turcosus 12 0.00 0.07 0.26 0.13 0.00 0.00 IV (V) SI/SSGI 600 900

Chloropsis 
cyanopogon

12 0.16 0.07 0.15 0.09 0.00 0.00 III NI/F 0 900

Prionochilus 
maculatus

20 0.32 0.20 0.07 0.13 0.04 0.00 II AFGIF 0 900

Prionochilus 
xanthopygius

18 0.32 0.27 0.07 0.00 0.00 0.00 III (IV, II) NI/F 0 300

Dicaeum 
trigonostigma

24 0.64 0.17 0.11 0.00 0.00 0.00 II NI/F 0 600

Anthreptes simplex 16 0.36 0.13 0.11 0.00 0.00 0.00 II NI/F 0 600

Kurochkinegramma 
hypogrammicum

23 0.64 0.07 0.15 0.04 0.00 0.00 II NI/F 0 600

Arachnothera 
longirostra

37 0.80 0.33 0.04 0.13 0.12 0.00 II NI/F 0 1,200

aBased on AICc model selection. Models listed in parenthesis were within 2 AICc units of the best model. 
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APPENDIX 3
List of 29 common montane bird species (Burner et al., 2018) from Mt. Mulu, Borneo. These species were included in co‐occurrence analyses 
with lowland species (Appendix 2) in their elevations of overlap using the Pairs program (Ulrich, 2008). Each pair of species is listed with co‐oc‐
currence scores in Table S3. Each species was detected at 10 or more points. Guild designation include Arboreal Foliage‐Gleaning Insectivore 
(AFGI), Arboreal Foliage‐Gleaning Insectivore Frugivore (AFGIF), Arboreal Frugivore (AF), Nectivorous Insectivore/Frugivore (NI/F), Sallying 
Insectivore/Sallying Substrate‐Gleaning Insectivore (SI/SSGI) and Terrestrial Insectivore/Frugivore (TI/F) based on Johns (1989) and Myers 
(2009). Taxonomy follows Christidis et al. (2018)

Species Total points occupied Foraging guild Minimum elevation (m) Maximum elevation (m)

Haematortyx sanguiniceps 10 TI/F 1,200 1,800

Macropygia ruficeps 34 AF 1,200 1,800

Ducula badia 32 AF 1,200 1,800

Cuculus saturatus 20 AFGI 1,500 1,800

Psilopogon monticola 39 AF 1,200 1,800

Psilopogon pulcherrimus 63 AF 1,200 1,800

Psilopogon eximius 37 AF 600 1,500

Gerygone sulphurea 22 NI/F 300 1,500

Pachycephala hypoxantha 33 AFGI 1,500 1,800

Pteruthius aeralatus 29 AFGI 1,200 1,800

Dicrurus leucophaeus 21 SI/SSGI 900 1,800

Rhipidura albicollis 35 SI/SSGI 1,200 1,800

Dendrocitta cinerascens 47 AFGIF 900 1,800

Dicaeum monticolum 30 NI/F 900 1,800

Aethopyga temminckii 48 NI/F 600 1,800

Chloropsis kinabaluensis 14 AFGIF 900 1,500

Alophoixus ochraceus 23 AFGIF 900 1,500

Hemixos flavala 34 AFGIF 600 1,500

Seicercus montis 47 AFGI 900 1,800

Seicercus trivirgatus 34 AFGI 1,500 1,800

Phyllergates cucullatus 18 AFGI 1,500 1,800

Yuhina everetti 26 AFGI 1,200 1,800

Zosterops atricapilla 13 AFGI 1,200 1,800

Stachyris nigriceps 17 AFGI 900 1,800

Trichastoma pyrrogenys 38 TI/F 600 1,500

Turdinus crassus 19 TI/F 1,500 1,800

Garrulax mitratus 55 AFGIF 1,200 1,800

Brachypteryx montana 14 TI/F 1,500 1,800

Ficedula hyperythra 23 SI/SSGI 1,200 1,800


