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Journal of Avian Biology A long-standing theory, the abundance-centre hypothesis (ACH), predicts that species
2026: 03612 peak in abundance at the centre of their geographic range, where environmental condi-
doi: 10.1002/5av.03612 tions are optimal, and decline towards range limits as conditions deteriorate. Yet, tests

T Jav- of the ACH in birds along elevational gradients have yielded mixed results. Moreover,
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Accepted 26 June 2026 key to predicting abundance patterns. Along with the ACH, we tested two physiologi-

cal traits as potential predictors of avian abundance along an Afrotropical elevational
gradient: blood glucose concentrations (the abundance—glucose relationship; AGR)
and body mass (the abundance-body mass relationship; ABR). We collected abun-
dance, glucose, and body mass data from 51, 15, and 29 free-living species, respec-
tively, within a primary forest on Mt Cameroon (West-Central Africa). Model fits for
each species revealed that many species show a monotonic abundance pattern. Logistic
models further indicated that high-elevation birds were more likely to increase in
abundance with elevation, peaking near the treeline. In contrast, lowland birds tended
to decline with elevation, peaking near the lower forest edge. Bayesian phylogenetic
multilevel models indicated that neither glucose nor body mass was a strong predictor
of abundance. Taken together, our findings provide little support for the ACH and
suggest that most lowland and highland species occupy truncated realized niches near
forest elevational edges. Although our results do not link avian physiology to popula-
tion density, we encourage future ecologists and ornithologists to collect larger sample
sizes to effectively test the AGR and ABR hypotheses and, thus, elucidate the mecha-

nisms behind variations in species abundances.
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Introduction

Understanding how species distribution and abundance vary
across space is a central question in ecology, as it is essential
for developing theoretical models and refining conservation
efforts (Gaston 2003). A long-standing biogeographical con-
cept, known as the abundance-centre hypothesis (hereafter
ACH), posits that species are typically most abundant near
the centre of their geographical range and become steadily
rarer towards the edges of their distribution (Darwin 1876,
Brown 1984, Brown et al. 1995). This hypothesis is based
on the idea that ecological conditions near the centre of the
range are optimal and deteriorate towards the range boundar-
ies (i.e. symmetric distribution; Hengeveld and Haeck 1982,
Brown 1984, Sagarin and Gaines 2002). Although the ACH
is considered a fundamental rule in biogeography (Hengeveld
and Haeck 1982), empirical studies have provided mixed
support, with species abundance distributions showing vary-
ing patterns along environmental gradients (e.g. flat, mono-
tonic, or skewed) (Austin 2002, Oksanen and Minchin 2002,
Sagarin and Gaines 2002, Freeman and Beehler 2018). These
contrasting abundance patterns may result from different
abiotic and biotic factors, including abiotic stress, parasit-
ism, predation pressure, interspecific competition, or even
the absence of a clear climatic optimum across the gradient
(Diamond 1973, Hunt and Scheibling 1998, Sagarin et al.
2006, Borregaard and Rahbek 2010, Tam and Scrosati 2011,
Burner et al. 2019). In addition to abiotic and biotic fac-
tors, physical habitat barriers may also explain abundance
patterns along environmental gradients. For example, abrupt
transitions between habitat types may constrain species dis-
tributions independently of climatic tolerances (Terborgh
1977, 1985, Neate-Clegg and Tingley 2023). Under such
conditions, species abundance patterns may deviate from the
symmetric distribution predicted by the ACH, potentially
resulting in monotonic or skewed abundance distributions
toward range limits because habitat boundaries may occur
before species reach the full extent of environmental condi-
tions they can tolerate (Feeley and Silman 2010, Freeman
and Beehler 2018).

The underlying rationale of ACH is that species abun-
dances reflect how well an area fulfils species’ ecological needs
across multiple niche axes (Brown 1984). When these axes
are defined by abiotic variables, it may be argued that spe-
cies distribution and population density are limited by factors
that influence organisms’ physiological tolerances (Janzen
1967, Burner et al. 2019). However, it might be more pre-
cise to say abiotic factors gain significance primarily because
they indirectly influence other environmental parameters,
such as the availability of food resources, which ultimately
determine the number of individuals that can persist in a
given area (Virgds et al. 2011, Ferger et al. 2014, Sam et al.
2019). Indeed, it is reasonable to believe that even in areas
offering ideal climatic conditions, a species’ persistence can-
not be guaranteed if food availability declines (e.g. because
of interspecific competition; Luiselli 2006, Braz et al. 2020).
From this perspective, food availability emerges as a crucial
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driver of population density growth (cf. food limitation
hypothesis, Lack 1947), supporting the idea that patterns in
species abundance should mirror those in food availability.
This remains true regardless of whether species abundance
distributions follow a symmetric pattern, a monotonic one,
or another form.

Estimating spatial variation in food availability and spe-
cies abundance can be time-consuming and costly, especially
when fieldwork involves remote, poorly studied regions. A
practical alternative, when direct food supply estimates are
lacking, is to use measurable in situ traits linked to spa-
tial variation in food quantity (Blackburn et al. 1999). For
example, Virgés et al. (2011) inferred the distribution and
quality of food availability for European badgers by mea-
suring body and skull size of individuals along a laticudinal
gradient. The authors reasoned that individuals were largest
and heaviest where food availability and quality were high-
est. In turn, being large may enable an organism to acquire
a higher proportion of resources, which leads to the organ-
ism thriving in a given area (White et al. 2007, Gaston and
Blackburn 2008). On the other hand, when the availability
of resources is limited, smaller organisms may occur in higher
numbers than larger ones, as the latter need more energy to
fuel their metabolism (Damuth 1981, Cermefio et al. 2006,
White et al. 2007, Roberts et al. 2024). In general, the direc-
tion of the abundance-body mass relationship (ABR) remains
ambiguous, with studies reporting both positive and negative
associations (Silva and Downing 1995, White et al. 2007,
Hu et al. 2021). Temperature may further shape this relation-
ship, with larger-bodied species tending to be more abundant
in colder environments and smaller-bodied ones in warmer
climates (James 1970, Salewski and Watt 2017; Table 1).
Despite these complexities, life-history traits remain valuable
for uncovering ecological drivers of abundance patterns and
can be complemented by other physiological traits responsive
to abiotic conditions (Ricklefs and Wikelski 2002).

Many organisms regulate their physiology to maintain
energy balance in response to food availabilicy (McCue
2010). Under food scarcity, this often involves mobilizing
internal energy reserves. Glucose, a key metabolic carbohy-
drate, is commonly used as an indicator of energy balance
and starvation (Larsen et al. 1985, Scanes and Braun 2013,
Schradin et al. 2015, Tom4dsek et al. 2019). Chronic food
restriction has been linked to reduced blood glucose levels
across taxa, including small mammals (Rimbach et al. 2017),
amphibians (Smith 1950), and birds (Alonso-Alvarez and
Ferrer 2001). Collectively, these findings suggest that blood
glucose may serve as a proxy for environmental quality and,
thus, a potential predictor of species abundance. However,
glucose variation across space remains poorly understood in
wild animals, even in well-studied groups like birds. One
exception is Tomdsek et al. (2022), who found that baseline
glucose levels in passerines increase with elevation, likely due
to greater energy demands or higher reliance on carbohy-
drates in colder, low-oxygen environments. Alongside other
studies (Fokidis et al. 2012, Vdgdsi et al. 2020), this points to
blood glucose as a physiological marker not only of energy
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Table 1. Hypotheses and the resulting ecological outcome for abundance-centre hypothesis (ACH), abundance—-glucose relationship (AGR),
and abundance-body mass relationship (ABR) along the elevational gradient of Mt Cameroon.

Ecological
relationship  Hypothesis

Outcome

ACH Species tend to be more abundant in the centre of their elevational distribution
as a reflection of optimal environmental conditions (Freeman et al. 2018).

Population density tends to be higher where resources are abundant. If blood

Highest species abundances in the centre
of their elevational ranges.
Consequently, abundance distributions
are statistically well described by
symmetric bell-shaped curves.

Positive AGR

AGR glucose reflects energy balance, individuals in resource-rich environments

should also exhibit higher glucose levels.

Population density declines under harsh conditions. If glucose reflects
physiological stress, species or individuals in stressful environments (e.g. low
temperatures) should show elevated glucose levels (Tomasek et al. 2022).

ABR Where resources are abundant, species tend to be more abundant. Individuals

Negative AGR| Significant interaction
between elevation and circulating
glucose concentrations in predicting
abundance.

Positive ABR

in such favourable conditions are expected to have greater body mass,
reflecting their ability to accumulate energy for growth (Virgds et al. 2011).

Where the level of resources is moderate, species abundance peaks are

Negative ABR

driven by small-bodied individuals, as they need less energy to fuel their

metabolism (Damuth 1981).
In cold environments, large-bodied species

tend to be more common than smaller species, as they are able to retain

heat more efficiently (Mayr 1956).

Significant interaction between body mass
and elevation in predicting abundance.

status but also of environmental stress. Thus, it may serve as a
powerful proxy for both food availability and environmental
harshness. If spatial patterns of species abundance correlate
with glucose levels, high abundance paired with low glucose
may indicate favourable conditions, whereas declining abun-
dance alongside elevated glucose may reflect significant stress
(Table 1). Despite its promise, this abundance—glucose rela-
tionship (AGR) remains largely unexplored and merits fur-
ther investigation.

To test the abovementioned hypotheses, examining spe-
cies abundance patterns across ecological gradients, such as
mountain slopes, offers a practical and effective approach.
Mountains have long served as natural laboratories for
exploring ecological relationships involving abundance and
distribution (Reif et al. 2006, Wen et al. 2018a, 2018b,
Hofdk et al. 2019). Elevational gradients are especially valu-
able because abiotic variables tend to change predictably
with altitude, in contrast to the multidirectional variation
found along latitudinal or longitudinal gradients (Sagarin
and Gaines 2002). Additionally, the relative habitat continu-
ity along slopes minimizes dispersal barriers (but see Janzen
1967), facilitating standardized sampling (Burner et al.
2019, Santini et al. 2019, Wen et al. 2021. These features
make elevational gradients well-suited for disentangling eco-
logical drivers of abundance. Yet, despite their advantages,
direct tests of these hypotheses remain limited: the ACH has
been addressed in only a few studies with mixed outcomes
(Freeman and Beehler 2018, Burner et al. 2019), the ABR
has been rarely explored (Hu et al. 2021), and the AGR
remains entirely untested. In this study, we used the most
comprehensive dataset to date on the abundance of forest
bird species along the elevational gradient of Mt Cameroon
(West-Central Africa; Sedlédcek etal. 2023), ranging from 350
m a.s.l. to the treeline (~2300 m a.s.l.), to test the predictions

of the ACH and examine the relationship between species
abundance and blood glucose (AGR) and body mass (ABR).
Our goals were to 1) test whether species were relatively
abundant at the centre of their elevational range and rare at
their range limits, 2) determine whether blood glucose and
body mass predict their abundance patterns, and 3) explore
how their effects vary with elevation under differing abiotic
conditions. Relevant hypotheses and a priori predictions for
the abundance-based relationships along the elevational gra-
dient of Mt Cameroon are shown in Table 1.

Material and methods

Study area and abundance dataset
Mount Cameroon is the highest peak in West and Central
Africa and part of the Cameroon Volcanic Line chain stretch-
ing from the Gulf of Guinea (volcanic islands Bioko, Sao
Tome, Principé) to northern Cameroon (Marzoli et al.
2000). Mount Cameroon is an active volcano and an impor-
tant hotspot of biodiversity on a global scale (Kiiper et al.
2004). The south-western slope of the mountain is covered
by a continuous forest gradient, from approximately 350
m to the treeline (ca 2300 m a.s.l.). At intermediate eleva-
tions (10001500 m a.s.l.), the forest experiences natural
disturbances due to the presence of local African forest ele-
phant Loxodonta cyclotis populations (Maicher et al. 2020a,
Kamga et al. 2022). Mount Cameroon exhibits conspicuous
seasonality. In the wet season, monthly precipitation exceeds
2000 mm in certain areas, while during the dry season, pre-
cipitation is almost completely absent (Maicher et al. 2020b).
We used abundance data from records of breeding birds

along the southwestern elevational forest gradient of Mt
Cameroon published by Sedldcek et al. (2023). The dataset
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was described in detail in SedldCek et al. (2023) and is here
briefly presented. Data were collected during the dry season
using a standardized point-count method (Bibby et al. 2000),
supplemented by random walks to detect the occurrence of
rare species. For the present study, we employed abundance
data collected in 20112015 at six forested elevations (350,
650, 1100, 1500, 1850, 2200 ma.s.l.). To test the generality
of the abundance-centre hypothesis, we retrieved abundance
data from species with a broad elevational distribution; that
is, species detected in at least three elevations. Birds of prey
were excluded from this analysis, as they have large home
ranges, and it is difficult to link them to particular forest
locations. In total, our dataset included 51 species and 4443
individuals.

Glucose and body mass measurements

Glucose data were collected at 350, 650, 950, 1100, and
2200 m a.s.l. along the southwestern slope of Mt Cameroon
in 2013-2023. Data collected at 950 and 1100 m a.s.l. were
pooled together, as there is no drastic difference between these
two elevations in environmental conditions based on field
observations. Additionally, we collected glucose data from
birds captured around 1500 m a.s.l. in a relatively undis-
turbed rainforest on the southeastern slope of the mountain
in 2019. Adult birds were mist-netted, and blood samples
were taken from the jugular vein within 3 min after the bird
was captured (mean time 105 s, range 40-180 s). Blood glu-
cose concentrations were measured using FreeStyle Freedom
Lite portable glucose metres (Abbott Diabetes Care), which
have a linear range of 1.1-27.8 mmol 17! (Breuner et al.
2013, Tomadsek et al. 2019). To reduce the effect of seasonal-
ity, only measurements collected during the dry season were
considered. Following blood sampling, we measured birds
body mass to the nearest 0.1 g using digital scales. Birds were
released following the measurements.

Statistical analyses
To test whether species are most abundant at the centre of
their elevational distribution and relatively rare at their range
limits, we fitted seven Huisman-OIlff-Fresco (HOF) mod-
els — flat, monotonic, plateau, symmetric, skewed, bimodal
(skewed), and bimodal (symmetric) — to the abundance
data of each species (n=51), using the package eHOF
(Jansen et al. 2022) in R (www.r-project.org). For fitting the
HOF models, we transformed the absolute abundances into
‘relative abundance’, obtained by dividing, for each species,
the number of individuals recorded at a given elevation by
the total number of individuals. We selected the best-fitting
model for each species by bootstrapping the models 999
times and choosing the most parsimonious model based on
the Akaike information criterion corrected for small data-
sets (AICc; Burnham and Anderson 2004). We then plotted
model predictions to visualize the shape of the best-fitting
models. Symmetrical curves were considered consistent with
the abundance-centre hypothesis.

Next, we classified species according to the shape of their
monotonic abundance—elevation curves. Species showing
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monotonically increasing abundances towards their upper
range limit were categorized as the ‘increasing’ group, whereas
those showing monotonically decreasing abundances towards
their lower range limit were categorized as the ‘decreasing’
group. To test whether the probability of truncation varies
along the elevational gradient, we fitted two separate bino-
mial generalized linear models (GLMs) with logit link func-
tions. The first model contrasted the increasing group against
all other categories (i.e. monotonic decreasing and other
abundance patterns), and the second model contrasted the
decreasing group against all other categories (i.e. monotonic
increasing and other abundance patterns). Predicted prob-
abilities were obtained from each model, in which the predic-
tor was the species’ elevational range midpoint [(upper range
limit+lower range limit)/2].

Some studies testing the relationship between circulat-
ing glucose and body mass have found a significant nega-
tive relationship (Tomdsek et al. 2019, Szarka and Lendvai
2024). Thus, to explore the relationship between blood glu-
cose concentration and body weight, we fitted a generalized
linear mixed model where the response variable was blood
glucose, and the predictors were log-transformed body mass,
elevation, and their interaction, with a random intercept for
species identity. We considered the interaction to ensure that
elevation did not influence the relationship between body
mass and glucose. Nevertheless, we found that neither the
relationship between blood glucose and body mass nor the
effect of the interaction between body mass and elevation
was significant (body mass: F; ,,,=0.003, p > 0.05; body
mass X elevation: F, ,,,,=0.09, p > 0.05). This result is
consistent with a previous analysis based on a much larger
comparative dataset of tropical bird species, which likewise
found no evidence for a relationship between blood glucose
and body mass (Tomdsek et al. 2022). We therefore analysed
the relationship between species abundances and glucose (see
below) without controlling for body mass. For this analysis,
we included all glucose measurements from species sampled
at a minimum of two elevations, with at least two individu-
als per elevation (n=15 species, n=431 individuals). In this
subset, species-specific glucose concentrations at each eleva-
tion were calculated by averaging all glucose measurements
collected for each species at that elevation.

Similarly, to test the relationship between species abun-
dance and body mass (below), we considered all body mass
measurements from species sampled at a minimum of two
elevations, with at least two individuals per elevation. In
total, this subset included 29 species and 1526 individuals.
As for blood glucose, mean body mass was calculated for each
species at each elevation and used in the subsequent abun-
dance-body mass analyses. For both the abundance-glucose
and abundance-body mass analyses, we converted absolute
abundances at each elevation to within-species propor-
tions. These analyses included a very small number of cases
in which a species was captured for physiological sampling
at an elevation where it was not detected in the abundance
dataset (one species in the glucose dataset and two species in
the body mass dataset). In these rare cases, abundance values
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equal to zero were replaced with a small constant (1e-10) to
avoid numerical issues in the following analyses.

We assessed whether species proportional abundances
are predicted by 1) blood glucose concentrations and 2)
body mass, and whether variation in abundance is further
explained by 3) the interaction of glucose with elevation and
4) the interaction of body mass with elevation. Before model
fitting, we logl0-transformed and centred glucose and body
mass. We fitted these models using Bayesian multilevel mod-
els through the ‘brms’ package in R (Biirkner 2017). Relative
abundance was modelled using a gamma distribution with a
log-link function. To account for phylogenetic non-indepen-
dence among species in our models, we included phylogeny
as a random effect, with a covariance matrix calculated from
an ultrametric phylogenetic tree using the function vev.phylo
in the R package ‘ape’ (Paradis et al. 2004). Ultrametricization
was performed with force.ultrametric function (Revell 2011)
in R. We generated the ultrametric phylogenetic tree using
1000 random trees based on the ‘Ericson all species: a set
of 10 000 trees with 9993 OTUs each backbone (Jetz et al.
2012) from the BirdTree.org (http://birdtree.org/) platform.

To capture species-level variation in trait-abundance rela-
tionships, we specified models with random intercepts and
random slopes for each species for the predictor variables
blood glucose and body mass. This hierarchical structure
allowed estimation of both the overall effect across species
and the degree of variation among species, while preventing
overfitting that would have resulted from modelling species
and their interactions with either blood glucose or body mass
as fixed effects. Phylogeny was included as a group-level effect
using the covariance matrices derived from the ultrametric
trees.

To account for the non-linear effects of elevation on spe-
cies abundance, we fit generalised additive models in mgev
(Wood 2025). To evaluate whether elevation influences the
effect of traits on abundance, we included penalized splines
for elevation (t2 terms) and their interaction with glucose
or body mass. All models accounted for species identity and
phylogenetic non-independence. Competing spline formula-
tions were compared, and the selected structures were then
fitin ‘brms’.

We assessed prior sensitivity by running models with
uninformative or weakly informative priors (f ~ N (0, 1)).
Models were run with two Markov chains, each with 10 000
iterations and a 2000-iteration warmup. We evaluated chain
convergence using potential scale reduction factors (Gelman
and Rubin 1992) and assessed model fit using Bayesian 7
(Gelman et al. 2019) and posterior predictive checks. For
each model, we computed posterior means and 95% cred-
ible intervals for the fixed effects (overall trait effects) as well
as the estimated variance of the random slopes (species-spe-
cific deviations). Model effects were deemed significant if
the means and 95% credible intervals did not overlap zero
(Lesaffre and Lawson 2012).

In a follow-up analysis, we tested whether body mass var-
ied systematically with elevation (Bergmann 1847, Freeman
2017). We fitted a linear mixed-effects model using the

‘lme4’ package (Bates et al. 2015) in R. Specifically, we used
individual-level body mass measurements as the response
variable, with log10-transformed body mass to improve lin-
earity. Species identity was included as a random intercept to
account for differences in body mass among species. We first
fitted a model including species-specific slopes for elevation.
However, since the variance associated with random slopes
was negligible (6=1.88 X 107°), suggesting little among-spe-
cies variation in elevational body mass relationships, we sim-
plified the model by retaining only a species-specific random
intercept for this analysis.

Results

We found little evidence supporting the abundance-centre
hypothesis and, consequently, that abundance distributions
are well ficted by symmetric curves (Fig. 1). Conversely, bird
species on Mt Cameroon that have broad elevational ranges
show varied patterns of abundance distributions. Some spe-
cies reach their highest abundance at the lower end of their
elevational range, others at the upper end, and some some-
where in between (Supporting information). Moreover, only
~20% (10 out of 51) of species had abundance distributions
that were best fit by symmetric curves (Fig. 1; Supporting
information). Flat abundance distributions (n=11) were
almost equally common as the best fit model, whereas the
majority of species’ abundance distributions were best fit
by the monotonic model (n=30; Fig. 1). However, four of
these species’ (Camaroptera chloronota, llladopsis rufipennis,
Hedydipna collaris, and Macrosphenus concolor) fitted ‘mono-
tonic’ curves had a peak abundance near the centre of their
elevational range (Supporting information).

Next, we found patterns consistent with the truncated
niche scenario. We focused on the shape of both lowland and
highland species’ abundance distribution. This is because our
hypothesis predicts that lowland and highland species exhibit
a monotonic abundance increase towards their warm and cold
range limit, respectively, such that forest boundaries represent
the core of the species’ climatic range. Our results revealed
that the probability of upper range truncation increased sig-
nificantly with elevation (p=0.02; Fig. 2a). Similarly, the
probability of lower range truncation increased with decreas-
ing elevation, although the effect was only marginally non-
significant (p =0.06; Fig. 2b). Thus, highland species tend to
be more common towards the treeline, whereas lowland spe-
cies tend to be more common near the lower forest boundary,
consistently with the truncated niche scenario.

We tested whether glucose concentrations and body mass
influence species’ relative abundance. Our results showed no
consistent association between physiological traits and the
relative abundance of species (Fig. 3). Mean glucose levels
did not predict abundance (f=-0.11; 95% CrI=-1.99,
1.78), although species-specific slopes showed marked het-
erogeneity (6 =1.80; 95% Crl=0.23, 4.84), suggesting idio-
syncratic responses across species (Supporting information).
Body mass also did not predict abundance (#=-0.38; 95%
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Figure 1. Best fitting Huisman—Olff—Fresco (HOF) model predicting abundance distributions for 51 common species with wide elevational
ranges on Mt Cameroon. Line colours represent the best model type for a given species.
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CrI=-1.43, 0.69), despite moderate interspecific variation
in slopes (6=0.73; 95% CrI=0.12, 1.76; Supporting infor-
mation). Elevation also did not show a significant nonlinear
interaction with glucose concentrations and body mass on
species abundance (Supporting information). In addition, we
found that body mass was not significantly associated with
elevation (£, 5,,=0.26, p=0.612; Supporting information).

Discussion

We found little support for the abundance-centre hypoth-
esis in our study of abundance patterns along the elevational
gradient of Mt Cameroon. Indeed, while some species are
abundant at the centre of their distribution (e.g. Oriolus
nigripennis, Platysteira concreta), the majority deviate from
this pattern. Specifically, a large number of species showed
the highest relative abundance near their range margins (most
of them near the extremes of the forest gradient), whereas
only a few exhibited uniform relative abundances across their
entire elevational ranges. We also attempted to determine
whether life-history traits — blood glucose and body mass —
can explain relative abundance patterns. In general, we found
no evidence linking glucose concentrations or body mass to
abundance, even after controlling for elevation.

Of the 51 species we examined, only 10 (~20%) exhibited
the symmetric abundance pattern predicted by the ACH,
slightly less than reported in other tropical elevational studies
(Freeman and Beehler 2018, Burner et al. 2019). Likewise,
a broad review of birds’ abundance found that 39% of spe-
cies conformed to the ACH, slighty higher than our result
(Sagarin and Gaines 2002). Weak support for the ACH has
also been documented in small mammals. Wen et al. (2021)
found that only in almost 9% of the total cases did mam-
mals show a symmetric abundance pattern across several
elevational gradients in China. Collectively, our findings and
those of these previous studies demonstrate that species gen-
erally do not peak in abundance at the centre of their eleva-
tional ranges.

The absence of strong support for the ACH could stem
from multiple factors. One possibility is that species do
exhibit abundant centre patterns, but these are masked by
temporal fluctuations in demographic dynamics (Sexton et al.
2009, Freeman et al. 2019). Although the abundance data-
set we used was compiled over multiple years rather than
through standardized annual surveys across the entire eleva-
tional gradient, we suspect that temporal fluctuations did
not strongly bias our results. This is because most species
in our dataset are invertivores (i.e. invertebrate-eaters), a
guild that typically exhibits year-round territorial behaviour
and limited elevational migration in the tropics (Diamond
1972, Salisbury et al. 2012, Freeman and Freeman 2014,
Bargante et al. 2017). Furthermore, based on our field experi-
ence, only a few species in our dataset seem to exhibit regular
altitudinal migration (e.g. Cyanomitra oritis). Another possi-
bility for the lack of support for the ACH is that interspecific
competition could affect species’ abundance patterns. For
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instance, interspecific competition among congeneric spe-
cies may shape their abundances at sympatric sites (Benitez-
Lépez et al. 2014, Wen et al. 2021). This trend implies that
sympatric congeners along elevational gradients are expected
to exhibit peak abundances at distinct sites within their
shared distribution. We found some support for this predic-
tion. For example, Cyanomitra cyanolaema was observed to be
most common at ~1000 m a.s.l., in contrast to C. olivacea,
which was more abundant at ~400 m. Similarly, Laniarius
atroflavus reached peak abundance at higher elevations (2200
m a.s.l.) compared with L. poensis (~1000 m). Evidence of
interspecific interactions may also emerge from elevational
replacements among species (Diamond 1972, Freeman et al.
2022). According to this scenario, the highest abundances
of congeners that replace one another along the elevational
gradient should occur at their shared range limit. In other
words, the tendency of the highest abundance towards the
shared range limit between elevational allopatric species
should suggest that interspecific competition constrains their
distribution. We obtained little support for this prediction,
in that we have only one example of elevational replacement
between congeners (Cyanomitra cyanolaema and C. oritis): the
lowland C. cyanolaema peaks in abundance just below the
lower range limit of the highland C. oritis, which displays
a flat abundance pattern. Our study would have benefited
from the inclusion of other elevational gradients across the
Cameroon Volcanic Line, where the same congeners of Mt
Cameroon occur, to test whether such abundance patterns
are due to biotic interactions or abiotic factors (Terborgh and
Weske 1975, Wen et al. 2021). Finally, theoretically, the lack
of support for the ACH might be linked to human-driven
land use changes (Freeman and Beehler 2018). Our data were
collected along an elevational gradient of contiguous primary
forest, which makes it unlikely that our results are markedly
biased by anthropogenic forces. That said, we acknowledge
the presence of plantations in proximity to the lower edge
of the lowland forest (< 350 m a.s.l.), which may affect spe-
cies abundances and their distribution. However, if such an
effect exists, it would likely appear as reduced abundances of
forest species at the lower edge of the forest, potentially bias-
ing our results toward detecting consistently abundant centre
patterns in many lowland forest species.

Our logistic model provides strong support for the niche
truncation hypothesis (Feeley and Silman 2010, Freeman
and Beehler 2018). High-elevation species on Mt Cameroon
were more likely to exhibit monotonic increases in abun-
dance with elevation, reaching their highest densities at the
upper range limit, which coincides with the treeline. This
suggests that while forest-dependent birds may be prevented
from expanding beyond the treeline ecotone (Colwell et al.
2004, Jankowski et al. 2010, 2013, Altamirano et al. 2020),
they also meet local environmental optima at this boundary.
Conversely, lowland species were more likely to show increas-
ing abundances towards their lower elevational range limits,
corresponding to the sharp forest edge created by agricultural
expansion. In both cases, species abundance patterns reflect
truncated realized niches, with environmental or climatic
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optima aligning with the elevation of the hard forest bound-
aries. These results are not particularly striking given that
forest boundaries on Mt Cameroon are displaced relative to
expected climatic thresholds. Despite the mountain reach-
ing ~4040 m a.s.l., the treeline occurs far below the expected
climatic treeline (~3200-3500 m a.s.l.), largely due to peri-
odic volcanic activity, porous substrates, and local hydrologi-
cal regimes (Dolezal et al. 2025, Pernice et al. 2025). At the
opposite end of the gradient, oil palm plantations impose an
abrupt lower forest edge, which is well above its natural ele-
vation (Hof4k et al. 2019). Comparable patterns have been
reported elsewhere; for instance, Freeman and Beehler (2018)
found that lowland forest species in Papua New Guinea were
most abundant near their lower range limits, close to the low-
est colonizable elevational zones. Potentially, some species in
our study may extend beyond the forest gradient, occurring
in montane grasslands within sparse forest patches. Although
data on birds’ elevational ranges across the full gradient of
Mt Cameroon remain scarce (Mlikovsky 2021), forest spe-
cialists are rarely observed above the treeline, though Uceda-
Gémez et al. (2025) documented Cinnyris reichenowi and
Linurgus olivaceus in treeline grasslands, where they were
restricted to small patches of trees and shrubs. This fits their
general preference for forest habitat edges and woodlands.
Thus, some forest specialists may be capable of occupying
higher elevations but appear to be constrained by habitat
boundaries. In the absence of such limitations, their distribu-
tional patterns might be expected to show greater symmetry.
More intensive sampling within montane grasslands could
clarify this issue and yield valuable insights into the role of
physiographic barriers in shaping species’ range limits.
While it has been long recognized that tropical taxa are
physiologically specialized to the narrow thermal range typi-
cal of their local environments (Janzen 1967, McCain 2009,
Garcfa-Robledo et al. 2016), we assumed that species’ abun-
dance is not directly controlled by abiotic factors (Freeman
2016, Londono etal. 2017), but rather by other environmen-
tal qualities that may regulate population density, such as the
local resource availability. However, our analyses showed that
the relationship between blood glucose and abundance either
within or across species is not significant, thereby rejecting the
AGR hypothesis. This finding may reflect several factors. For
instance, seasonal fluctuations in blood glucose levels, doc-
umented across multiple taxa (Rooke et al. 1986, Schradin
et al. 2015), could obscure underlying patterns. However,
we controlled for this factor by focusing exclusively on data
collected during the dry season. Other diet-related reasons
may explain glucose patterns. Our dataset includes mostly
invertivores, as mentioned above. Such a bird guild has typi-
cally restricted access to dietary sugars and lacks physiological
adaprations for efficient carbohydrate digestion (Martinez del
Rio 1990). Therefore, invertivores, perhaps, similarly to car-
nivorous birds, may maintain glucose homeostasis even under
prolonged periods of food deprivation through gluconeogen-
esis, which is supported by a high activity of hepatic enzymes
(Migliorini et al. 1973, Veiga et al. 1978, Szarka and Lendvai
2024). If this scenario is accurate, it would hinder the validity

of glucose as a proxy for the resource capacity of an environ-
ment. Surprisingly, we found no support for the AGR even in
frugivores and nectarivores — two guilds that generally show
a strong association between food intake and glucose con-
centrations (Martinez del Rio 1990, Tomdsek et al. 2019). In
addition, environmental conditions associated with elevation
can influence glucose concentrations in birds. Tomdsek et al.
(2022) have reported that montane birds present higher glu-
cose levels than lowland species. Therefore, we hypothesized
that elevation might modify abundance-glucose relation-
ships. However, our models did not predict a strong interac-
tive effect of elevation with glucose on relative abundances
for all species examined, perhaps because of the plasticity
of this physiological trait (Sweazea et al. 2020). In this case,
the adoption of other physiological markers that respond
unequivocally to environmental stress (e.g. corticosterone;
Hau et al. 2010) may be a valid alternative. Unfortunately,
such traits are currently not available for many species in our
study. Finally, we do not exclude the possibility that our lack
of evidence for the AGR and its interaction with elevation is
simply due to our small dataset. Given that, for some species,
we were able to sample only a small number of individuals,
our estimates of the abundance—glucose relationship may be
imprecise. Nevertheless, additional sampling of blood glucose
in free-living tropical species will be essential to rigorously
evaluate the validity of the AGR. The second physiological
trait included in our prediction models was body mass. We
found only a weak association between species’ body mass and
their relative abundance, providing no support for the ABR
hypothesis. The ABR hypothesis is based on food limitation.
Although we do not have direct measures of food availabil-
ity, a consistently resource-rich forest gradient could reduce
within-species competition for resources, thereby weaken-
ing or eliminating any relationship between body mass and
abundance. In addition, the relationship between species
abundance and body mass may be influenced by tempera-
ture and, consequently, elevation. According to Bergmann
(1847), larger body masses are favoured in cooler climates, a
pattern supported at the intraspecific level in both mammals
(Porter et al. 1994, Steudel et al. 1994) and birds (Ashton
2002). In contrast, we found no evidence that body mass
increased with elevation along the Mt Cameroon forest gra-
dient, providing no support for Bergmann’s rule in our data-
set. Likewise, we found no significant interaction between
body mass and elevation on relative abundances. This may be
because the upper reaches of Mt Cameroon’s relatively short
forest gradient do not impose strong thermal stress on local
birds. Alternatively, abundant food resources at higher eleva-
tions could reduce selective pressure for larger body size, as
larger individuals can rely on greater fat stores to endure peri-

ods of food scarcity (Boyce 1979, Lindstedt and Boyce 1985).

Conclusion

Our findings reveal that common birds along an Afrotropical
elevational gradient do not follow the abundance-centre
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hypothesis, instead displaying diverse abundance patterns.
Notably, many species are most abundant near their range
limits — lowland species near the lower limit and highland
species near the upper — often at the edges of the forest gra-
dient. This pattern suggests truncated realized niches and
underscores the role of physical habitat barriers in shaping
abundance distributions. Furthermore, intrinsic physiologi-
cal traits such as blood glucose concentration and body mass
did not predict species abundances. Future studies incorpo-
rating alternative physiological markers of environmental
stress could provide a more predictive framework for under-
standing species abundance along elevational gradients.
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