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The Bergmann’s rule predicts that in endotherms, body sizes will differ with respect
to thermal gradients. Larger bodied individuals will inhabit colder environments while
in warmer environments, individuals will be smaller-bodied. This hypothesis has been
proved and disproved many times due to inconsistencies in body size differences
along latitudinal gradients. We tested this hypothesis in 30 Afrotropical resident bird
species inhabiting two vegetation types at different latitudes (southern guinea forests
and northern savanna) and at different altitudes in Nigeria, West Africa. Using principal
component analyses of body mass and wing length, the first principal component, the
component of size, indicated that individuals in montane areas were larger than lowland
populations in southern guinea forests. However, in the northern guinea savanna, there
was no significant difference in body sizes between lowland and montane populations.
General linear models show that body size increases as temperature decreases. In
species found in both southern guinea forests and northern savanna (i.e., African Thrush
Turdus pelios and Snowy-crowned Robin Chat Cossypha niveicapilla), variations in body
sizes were significantly dependent on sites. Our study indicates that other macro-
scale factors such as vegetation and rainfall patterns might modulate conformity to
Bergmann’s rule in Afrotropical environments.

Keywords: Bergmann’s hypothesis, Afrotropics, thermal gradients, endotherms, altitude

INTRODUCTION

Bergmann’s rule, an eco-evolutionary generalization predicting that endothermic animals will be
larger in cold climates and smaller in warm climates, gives an explanation for the evolution of
body size variation among similar groups of organisms (Bergmann, 1847; Salewski and Watt,
2017), which has been deployed to understand various aspects of ecology, such as predator-prey
relationships (e.g., Mcnab, 1971). Although this hypothesis has been tested across different taxa,
such as mammals (Clauss et al., 2013), birds (Ashton, 2002), and insects (Scriven et al., 2016),
there is still an ongoing debate on its suitability for intra- and inter-specific studies (see Shelomi,
2012; Clauss et al., 2013). Simultaneous investigation of intra- and inter-specific variations in
body size will enhance our understanding of the generalization of the Bergmann’s rule. This is
particularly important if such studies are conducted on little known species and regions such as
Afrotropical regions.
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The contrasting results obtained from the investigation of
Bergmann’s hypothesis suggest influence of other confounding
factors, such as microclimates along latitudinal and altitudinal
gradients (e.g., Shelomi, 2012; Bhusal et al., 2019). With the
global climate change affecting all life forms on earth (Crozier
et al., 2008; Şekercioĝlu et al., 2012), understanding species
adaptation is important from an applied perspective. Species
would need to adjust their physiology and behavior in order to
cope with changing climatic conditions (Tieleman and Williams,
2000). Such studies are seldom reported from tropical areas,
particularly Africa, which holds huge biodiversity, but projected
to be adversely affected by global warming in the nearest future
(Midgley and Bond, 2015; Sintayehu, 2018).

Due to their relative ease of trapping, birds are an important
model for physiological studies. Here, we tested the Bergmann’s
rule within and across 30 avian species along vegetation and
altitudinal differences in Nigeria, West Africa. While several
studies have supported the Bergmann’s rule, demonstrating that
average body size within a species tends to increase toward
cooler and higher latitudes (Ashton, 2002), we chose to test
this rule along an altitudinal gradient because the north-south
temperature gradient at the same elevation in Nigeria is small
(an average difference of 7◦C) and a previous study has already
demonstrated a lack of relationship between latitude and body
size in Nigeria (Nwaogu et al., 2018). We hypothesized a larger
avian body size at high altitudes compared to lower altitudes
and that the magnitude of size difference between lowland and
montane populations will differ with respect to vegetation type
(savanna vs. rainforest) and species.

MATERIALS AND METHODS

Study Sites
The data analyzed in this study were collected as part of the
regular Bird Ringing activities of the A.P. Leventis Ornithological
Research Institute (APLORI) located in northern Nigeria
(Mwansat et al., 2011; Cresswell, 2018), on the Jos Plateau
(9.5196◦N, 8.5897◦E; 1280 m asl) and at Yankari Game Reserve
(9.7567◦N, 10.5094◦E; 330 m asl). In southern Nigeria, birds
were trapped on the Obudu Plateau (6.3858◦N, 9.3745◦E; 1400
m asl) and at the lowland forests at International Institute of
Tropical Agriculture (IITA; 7.2985◦N, 3.5333◦E) and Emerald
Forest Reserve (EFR: 7.1780◦N, 4.0806◦E) both at 230 m asl
(Figure 1). Because of close proximity (51 km apart), similar
habitats and elevation, data from IITA and EFR were merged and
analyzed as a single location (IITA). Data from Jos Plateau was
from the period 200 to 2018, Yankari data was from 2011 to 2017,
Obudu data was from the period 2005 to 2017, and the data from
both IITA and Emerald was from the period 2017 to 2020.

The northern Nigeria sites are within the northern Guinea
Savannah vegetation zone characterized by a mixture of trees and
grass and receives annual rainfall of between 600 and 1,000 mm
per mostly concentrated within 5–7 months (Ezealor, 2001;
Omotoriogun et al., 2011; Braimoh et al., 2018). The southern
sites are within the Guinea Forest vegetation zone characterized
by dense evergreen forest of tall trees with thick undergrowth

FIGURE 1 | Map of Nigeria with study sites indicated as stars.

FIGURE 2 | Plots of principal component 1 vs. principal component 2 of
lowland and montane species of southern guinea forest of Nigeria.

and receives annual rainfall of between 1,500 and 2,000 mm
per annum with about 6–8 months of rainfall (Ezealor, 2001;
Adeyanju et al., 2014; Awoyemi et al., 2020).

Data Collection and Analyses
Morphometric data of non-migratory bird species at low and
high elevations at the northern and southern sites were used
to test the Bergmann’s rule. At all sites, birds were trapped
with mist nets of various lengths at these different sites, tagged
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TABLE 1 | General linear model investigating the relationship between body size (PC1) with sites (lowland vs. montane), species, temperature (model a), and rainfall
(model b) in southern Nigeria.

Parameter estimate df Sum of squares F P

Model a Location 1 185.6 1664.1 <0.001

Jos 0.25

Yankari 0.21

Species 5 559.0 1002.4 <0.001

Temperature –0.01 1 0.7 6.1 0.013

Location: species 5 3.8 6.8 <0.001

Location: temperature 1 0.0 0.3 0.609

Species: temperature 5 2.3 4.1 0.001

Location: species: temperature 5 1.6 2.8 0.017

Model b Location 1 185.6 1591.5 <0.001

Jos 0.22

Yankari 0.20

Species 5 559.0 958.7 <0.001

Rainfall –0.03 1 0.4 3.1 0.079

Location: species 5 3.9 6.7 <0.001

Location: rainfall 1 0.0 0.0 0.869

Species: rainfall 5 1.0 1.8 0.118

Location: species: rainfall 5 1.0 1.7 0.137

FIGURE 3 | Plots of principal component 1 vs. principal component 2 of
lowland and montane species of northern savanna region of Nigeria.

with numbered metal rings, aged, sexed, weighed (g), and
wing length (mm) measured. Only adult individuals of non-
migratory or nomadic species were used for this study. Monthly
precipitation and temperature data were obtained from the
Bioclime website, 1 measured at 1 km2 resolution, and extracted
using the open-source program QGIS. These weather variables
were used as covariates in further analyses.

For species with at least 10 records at both lowland and
montane areas, we used the R package (R Core Team, 2016)

1http://www.worldclim.org/bioclim

to perform a principal component analysis (PCA) (Cozzolino
et al., 2019) based on a correlation matrix using body mass
and wing length. Both wing length and body mass are an
indication of body size and have been consistently recorded
at all ringing data but rather than analyze them separately,
by using PCA, we can combine these two response variables
into a single component to produce an index of body size.
This procedure produces principal component scores for each
individual; negative and low vales of scores indicate individuals
with shorter wings and lighter body mass (i.e., smaller body
sized individuals) while positive and higher values indicate
larger body sized individuals. Because principal component
scores had a Gaussian distribution, we used a general linear
model to investigate if body size was affected by altitude (m),
average monthly temperature (◦C), total monthly rainfall (mm),
using latitude as weighted variable. We used latitude as a
weighting factor rather than an explanatory variable because
a previous study testing the Bergmann’s Rule along latitudinal
gradient indicated that latitude had a slight but non-statistically
significant effect on body size of birds in Nigeria (Nwaogu et al.,
2018). By doing this, we also avoided over-parameterization of
models while still adjusting for possible, if only slight, effect of
latitude. To also avoided over-parameterization of models, the
northern and southern sites were analyzed separately. Because
temperature and rainfall were correlated, we analyzed their effect
on body size in two separate models in order to avoid effects
multicollinearity.

RESULTS

We analyzed data of six species in the southern Nigerian sites
and 24 species in the northern Nigerian sites (Supplementary
Table 1). The results of the principal component showed high and
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TABLE 2 | General Linear Model investigating the relationship between body size (PC1) with sites (lowland vs. montane), species, temperature (model a), and rainfall
(model b) in northern Nigeria.

Parameter estimate df Sum of squares F P

Model a Location 1 0.2 6.9 0.043

IITA 0.21

Obudu 0.19

Temperature –0.78 1 262.5 104.8 <0.001

Species 25 9958.5 158.3 <0.001

Location: temperature 1 0.1 5.4 0.019

Location: species 23 2.3 4.1 <0.001

Temperature: species 23 1.9 3.4 <0.001

Location: temperature: species 23 1.0 1.7 0.021

Model b Location

IITA 0.18

Obudu 0.20

Rainfall –0.05 1 1.0 40.1 <0.001

Species 25 10219.9 162.6 <0.001

Location: rainfall 1 0.0 0.9 0.349

Location: species 23 2.5 4.4 <0.001

Rainfall: species 23 2.2 3.8 <0.001

Location: rainfall: species 21 0.4 0.7 0.846

FIGURE 4 | Mean temperature (A) and rainfall (B) ranges across elevation gradients.
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positive loadings on wing length and body mass (0.71 and 0.71,
respectively) while PC2 had a high and negative loading on wing
length (–0.60). Based on this result of the principal component
analyses, Principal component 1 (PC1) represents the component
of body size, accounted for 97.1% variability in the data while PC2
represents the component of wing length which made up 2.9%
variability in the data.

A plot of PC1 against PC2 and the general linear model with
site as predictor indicated that for the southern zone, montane
populations were on average significantly heavier than lowland
populations, but with lowland species having a comparable
longer wing length (Figure 2 and Table 1). Of the six species
analyzed, only the Olive Sunbird Cyanomitra olivacea had a
higher body size in the lowland population (Supplementary
Table 1). However, since PCA 2 is the component of wing
length and since lowland species have more positive scores along
PCA 2 axis (Figure 2), it means that even though they are
smaller than their montane counterparts, their wing length are
comparatively longer. The GLM indicated that temperature was a
significant predictor of body size, with body size and temperature
having a negative relationship, The three-way interaction of
location, species, and temperature was significant, indicating
that differences in size between species was due to temperature
variations between location (Table 1, Model a). Rainfall was not
a significant predictor of body size and the three-way interaction
between location, species, and rainfall was not significant either
(Table 1, Model b), therefore, rainfall cannot explain the
differences in body size between lowland and montane sites in
the southern zone.

In northern sites, a plot of PC1 against PC2 showed a
high degree of overlap in body sizes of lowland and montane
populations (Figure 3), though montane populations were
statistically heavier (Table 2). Of the 24 species considered in
the study, populations of 17 species were heavier in montane
areas while populations of seven species were heavier in lowland
areas (Supplementary Table 1). A general linear model showed
that both temperature and rainfall were significant predictors of
body size (Table 2, Models a and b) with temperature showing
a negative effect on body size. The three-way interaction of
location, species, and temperature was significant indicating
that temperature was responsible for the difference in body
size of species at the different elevations. Although there was a
significant effect of rainfall on the body sizes of species but the
three-way interaction of location, species, and rainfall was not
significant (Table 2, Model b). This is supported by weather data
which shows that temperatures were lower at higher altitudes
compared to lower (Figure 4A) latitudes whereas rainfall pattern
did not follow and altitudinal trend (Figure 4B).

DISCUSSION

The findings of this study enhance our understanding of
the validity of the Bergmann’s rule, particularly from the
understudied afrotropical region. In addition to determining the
applicability of this rule among new afrotropical bird species
(c.f. Nwaogu et al., 2018), our findings shed more light on the

importance of microclimates while testing the Bergmann’s rule
along altitudinal gradients. To our understanding, this is the first
study to simultaneously consider the interplay of these factors in
the afrotropical context.

Although several studies have proven the effects of latitude
on body size (see Olson et al., 2009; Shelomi, 2012; Clauss
et al., 2013), we argue that these effects are dependent on
habitat types. In the present study, montane populations were
significantly heavier than lowland populations in the Guinea
forest region. However, in the savanna region, there was extensive
overlap in body sizes between montane and lowland populations.
This pattern suggests the influence of other microclimates and
macroclimate factors.

For the species that were found in both northern and southern
zones, (African Thrush Turdus pelios and Snowy-crowned Robin
Chat Cossypha niveicapilla), we used a t-test to also do a
between-elevations comparison of body sizes across ecozones,
i.e., body sizes of montane populations were compared between
the north and southern zones and the same for lowland
populations. Indices of body sizes indicated that populations in
the southern zone were larger than the northern zone; body size
on the Obudu Plateau were significantly larger than birds on the
Jos Plateau (difference = 1.29, CI = 0.06–1.91, p< 0.001, Figure 4)
and birds from IITA were also significantly larger than those of
Yankari (difference = 0.36, CI = 0.12–0.59, p < 0.001; Figure 5).

For instance, we found that temperature significantly
influenced body size in both rainforest and savanna regions,
whereas, rainfall only had a significant impact on savanna
species populations in the north. This is hardly surprising.
Unlike temperature, the duration and volume of rainfall in
Nigeria is significantly higher in the southern rainforests in
comparison with the northern savanna (Anyadike, 1993; Obot
et al., 2010). Shorter rainfall duration and intensity in the
north would result in shorter periods of food availability,

FIGURE 5 | Body size comparisons between northern and southern montane
and lowland areas in Nigeria.
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thus resulting in a lower body size index. In highly variable
environments when food availability is limited or unpredictable,
a larger body size is a disadvantage because larger bodied
individuals require high energy intake in order to meet their
energy requirement (Yom-Tov and Geffen, 2006). This premise is
supported by our results which show that in the same species, the
northern populations were smaller than the southern populations
for both lowland and montane regions. In addition, it is likely that
the temperature difference between the montane and the lowland
habitat in the savanna region was not wide enough to impact
on body size difference in the studied populations (Figure 4).
Although there was a wide altitudinal gradient between the Jos
Plateau and the lowland Yankari, the temperature difference
between these sites was less than 1◦C.

Our study has not only shown the applicability of the
Bergmann’s rule across afrotropical bird species, but also of
its potential in understanding the impacts of climate change,
which is important from a conservation standpoint. Although
we attempted to fill knowledge gaps, our findings have exposed
many others, which should provoke further studies. Since Africa
supports a host of ecoregions and microclimates along latitudinal
and altitudinal gradients (Olson et al., 2001), we would benefit
more if further studies are conducted in understudied regions
and species, particularly those that are sexually dimorphic
(Blanckenhorn et al., 2006; Scriven et al., 2016). This study
has also highlighted the need to study the potential impacts of
climate change on avian species due to increasing temperature
and erratic rains particularly its effect on the physiological state of
organisms (Brown, 1996). Body condition, for instance, is known
to influence survival and breeding in many species (Kitaysky
et al., 1999; Souchay et al., 2013).
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