

[image: image1]
Morphological and osteological characterization of indigenous domestic chickens (Gallus gallus domesticus): validation of Rensch’s, Bergmann’s and Allen’s rules













	 
	

	TYPE Original Research
PUBLISHED 28 April 2023
DOI 10.3389/fevo.2023.1032082





Morphological and osteological characterization of indigenous domestic chickens (Gallus gallus domesticus): validation of Rensch’s, Bergmann’s and Allen’s rules

Gebreslassie Gebru1,2,3*, Gurja Belay2, Tadelle Dessie3, Mulalem Zenebe Kelkay1, Minister Birhanie Dagnhegn1 and Olivier Hanotte3,4,5*

1Tigray Agricultural Research Institute, Mekelle, Ethiopia

2Department of Microbial, Cellular and Molecular Biology, College of Natural Resource, Addis Ababa University, Addis Ababa, Ethiopia

3International Livestock Research Institute (ILRI), Addis Ababa, Ethiopia

4School of Life Sciences, University of Nottingham, Nottingham, United Kingdom

5Centre for Tropical Livestock Genetics and Health (CTLGH), The Roslin Institute, The University of Edinburgh, Edinburgh, United Kingdom

[image: image]

OPEN ACCESS

EDITED BY
Daniel de Paiva Silva, Federal Institute Goiano (IFGOIANO), Brazil

REVIEWED BY
Francesco Carotenuto, University of Naples Federico II, Italy
Giovanni Forcina, University of Alcalá, Spain

*CORRESPONDENCE
Gebreslassie Gebru, gebre192@gmail.com, gebreslassie.gebru@aau.edu.et
Olivier Hanotte, o.hanotte@cgiar.org, olivier.hanotte@nottingham.ac.uk

RECEIVED 16 September 2022
ACCEPTED 31 March 2023
PUBLISHED 28 April 2023

CITATION
Gebru G, Belay G, Dessie T, Zenebe Kelkay M, Birhanie Dagnhegn M and Hanotte O (2023) Morphological and osteological characterization of indigenous domestic chickens (Gallus gallus domesticus): validation of Rensch’s, Bergmann’s and Allen’s rules.
Front. Ecol. Evol. 11:1032082.
doi: 10.3389/fevo.2023.1032082

COPYRIGHT
© 2023 Gebru, Belay, Dessie, Zenebe Kelkay, Birhanie Dagnhegn and Hanotte. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Ecogeographical habitat heterogeneity in wild endotherm species results in morphological variability associated with physiological mechanisms for maintaining their body temperature at a thermoneutral state in different environments. This habitat-induced morphological variation has led to the proposal of three main ecogeographical and biological rules (Rensch, Bergmann, and Allen). Whether or not domesticated animal species, under the care and management of humans, follow the same rules has not yet been investigated in detail. In this study, we randomly sampled 333 adult indigenous chickens (Gallus gallus domesticus) from three habitats representing the highland, midland and lowland agro-ecologies in the Tigray Region (Ethiopia). We aimed to assess the importance of Rensch’s, Bergmann’s, and Allen’s rules in shaping their morphology and osteology. For Bergmann’s and Allen’s rules, we analyzed the morphological characteristics of 297 (208 female, 89 male) and the osteological characteristics of 36 (19 female, 17 male) indigenous chickens. For the morphological validation of Rensch’s rule, we used 89 male chickens and randomly selected 89 female chickens, while for the osteological validation, 17 male and female chickens were analyzed. Chickens from the lowland agro-ecology (warm climate) had a smaller body mass index (BMI) and larger appendages, while chickens from the highland agro-ecology (cold climate) had a larger BMI and smaller appendages (Bergmann’s and Allen’s rules). Morphological and osteological sexual dimorphism were observed, with the male chickens being larger than the female chickens and with size differences proportional to the body size (Rensch’s rule). In both sexes, regression analysis showed a relationship between BMI and altitude as well as temperature. Shank length, wingspan, and the length and surface area (earlobe, wattle, and beak) of the appendages were significantly associated with climatic variables. Moreover, our regression model revealed that wingspan and shank length could be predicted from the greatest length of the humerus and tarsometatarsus. Our findings support the idea that indigenous chickens’ adaptation mechanisms to environmental challenges largely agree with the expectation of Rensch’s, Bergmann’s, and Allen’s biogeographical rules across the different altitudinal habitats of the Tigray Region.
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Introduction

The oldest osteological chicken (Gallus gallus domesticus) remains on the African continent were found in the Tigray Region (Ethiopia) dating to around 800–400 BCE (Woldekiros and D’Andrea, 2017). Since then, chickens have been crucial to the farming activities of local communities, where they are still managed under a free-range production system with little supplementation (e.g., kitchen leftovers). They are continuously challenged by environmental pressures (feed, water, disease, weather, and predation) (Mcqueen et al., 2022), and natural selection, rather than human selection, is expected to have primarily shaped their phenotypes and genotypes. Moreover, indigenous chicken populations living in the great majority of the agro-ecologies of the country are undescribed and therefore may not be referred to as breeds.

Ecogeographical habitat variation has led to morphological diversity in endotherm species (Pitt et al., 2016) to maintain their physiology at a thermoneutral state (Yahav, 2015), which requires keeping their energy balance steady through a heat conservation/dissipation mechanism. As an endothermic species, the chicken had to develop mechanisms to adapt to different environmental temperature conditions. The generally accepted pattern is that chickens living in warm environments need to dissipate more heat energy to avoid stress, while chickens living in a cold environment need to conserve heat to keep their body temperature warm. Body temperature regulation may be achieved through changes in the morphological and osteological traits associated with internal physiological adaptation.

Not only do wild endothermic avian species exhibit phenotypic variation across different agro-ecological habitats, but they may follow biological (Rensch) and ecogeographical (Bergmann and Allen) rules (e.g., Symonds and Tattersall, 2010; Meiri, 2011). Rensch’s rule applies to species exhibiting sexual dimorphism. It states that when the male is the larger sex, following male–male competition, sexual dimorphism increases with body size (Rensch, 1959). Bergmann’s rule is an ecogeographical rule associated with latitude and altitude (Bergmann, 1848). It states that within broadly geographically distributed species, populations of larger body sizes are found in colder regions, while populations of smaller sizes are found in warmer regions, with the increasing body surface area facilitating thermoregulation (Salewski and Watt, 2017). Allen’s rule is an extension of Bergmann’s rule, predicting that the appendage size in endotherms (e.g., combs, wattles, and beaks) becomes larger in warm regions for similar thermoregulatory reasons (Allen, 1877).

Several studies have tried to validate these rules (Rensch, Bergmann, and Allen) in endothermic species, including avian and mammalian wild species (Meiri, 2011; McCollin et al., 2015; de Moura Bubadué et al., 2016, 2018; Fan et al., 2019; Mcqueen et al., 2022). Recent studies by Fan et al. (2019) and Mcqueen et al. (2022) have validated Allen’s and Bergmann’s rules in passerine birds and shorebirds, respectively. de Moura Bubadué et al. (2018) and Symonds and Tattersall (2010) illustrated the application of Rensch’s rule in howler monkeys (genus Alouatta) and across bird species, respectively. However, these two studies found no relationship between body size and latitude or altitude, an expectation of Bergmann’s rule. McCollin et al. (2015) tested Allen’s and Bergmann’s rules in four bird species of the United Kingdom (blackbird Turdus merula, song thrush Turdus philomelos, house sparrow Passer domesticus and European robin Erithacus rubecula). The results were broadly in line with the predictions from Bergmann’s and Allen’s rule, except for the European robin. As pointed out by McCollin et al. (2015), both natural and sexual selection may here play a role in shaping bird morphology.

Osteological studies can potentially differentiate groups of similar species (Tschopp et al., 2022). In domestic animals, they have played an important role in the identification of their wild ancestors. In Galliformes, they may also contribute to distinguishing the bone remains of domestic chickens from local African francolins (species belonging to the genera Dendroperdix/Ortygornis, Scleroptila, Pternistis, and Peliperdix) and Numidinae (Woldekiros et al., 2019). Thomas et al. (2016) also highlighted the importance of chicken osteology in determining chicken age. So far, little intraspecific osteological evidence has been made available for the domestic and wild chicken (MacDonald, 1992; Thomas et al., 2016; Woldekiros and D’Andrea, 2017), including indigenous populations.

Osteological studies of indigenous chickens may also provide insights into how environmental factors modified their morphology and osteology by correlating agro-climatic variables with internal and external measurements. This approach also bares potential for exploring the link between chicken osteology and their external phenotypes, which is highly relevant to archaeozoologists interested in understanding the evolution of domestic chicken morphological traits in relation to human societies (Taylor et al., 2020).

In this study, we examined how environmental climatic conditions (temperature and precipitation) may have shaped the morphology and osteology of indigenous chicken populations from three agro-ecologies (lowland, midland, and highland) of the Tigray Region (Ethiopia). We included temperature as directly related to thermotolerance and precipitation, as it affects food and water availability and thermotolerance. These two environmental variables are often associated with latitude and altitude. Besides the morphological and osteological characterization, we also assessed the validity of Rensch’s, Bergmann’s, and Allen’s rules by comparing the results within and across the three agro-ecologies. Finally, our analysis allowed us to propose an osteological model to predict chicken morphology.



Materials and methods


Sampling sites

The study was conducted in the Tigray Region in northern Ethiopia (12°15′2″′ to 14°57′2″′ north latitude, 36°27′2″ to 39°59′2″ east longitude). The region encompasses a 54,000 km2 area (Yihdego et al., 2018) categorized into three main agro-ecological zones based on elevation. The lowland agro-ecology is characterized by a proportion of land <1,500 meters above sea level (m.a.s.l.) of 53%, the midland agro-ecology will have a proportion of land ranging from 1,500 to 2,300 m.a.s.l. at a minimum of 39% of the area, while the highland agro-ecology will have at least 8% of its surface area >2,300 m.a.s.l. (Beyene et al., 2001). In all these regions, the warmest months are those from March to May, whereas the coldest months are those from June to August.

The sampling area map and the climatic and altitude variables are presented in Figures 1A, B and Supplementary Figure 1, respectively (the GPS coordinates are shown in Supplementary Table 1). For each agro-ecology, the sample size (including the number of birds of each sex) is presented in Supplementary Table 2.
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FIGURE 1
Sampling sites. (A) Osteological study. (B) Morphological study. See Supplementary Table 1 for the GPS coordinates.


For the morphological study we sampled the whole region (Supplementary Tables 1, 2). Whereas, three villages (one for each agro-ecology) were sampled for the osteological study. Tsibet encompasses the highest elevation in the region (3,965 m.a.s.l.) and represents the highland agro-ecology. Here, the temperature drops as low as 2°C in the coldest month. The main crops grown here are tef (Eragrostis tef) along with wheat (Triticum aestivum). Mesanu stretches over an elevation ranging from 1,825 to 2,625 m.a.s.l. and represents the midland agro-ecology. The main crops grown in this village are barley (Hordeum vulgare), sorghum (Sorghum bicolor), millet (Eleusine coracana), tef, and wheat. Maykadra is a lowland agro-ecology village with an altitude of around 626 m.a.s.l. The peak temperatures can reach up to 46°C in the hottest month (May), and the main crops are sesamum (Sesamum indicum) and sorghum.



Samples

To examine the morphological and osteological differences of indigenous chickens across the three agro-ecologies, we measured 297 individuals (208 female and 89 male) for the morphology and 36 individuals (19 female and 17 male) for the osteology (Supplementary Table 2). We used this sample size to validate Bergmann’s and Allen’s rules. However, we needed an equal sample size for validating Rensch’s rule, so we used an equal number of chickens of each sex. This rule requires the calculation of the sexual size dimorphism index (SSDI: a ratio value). For the morphological trait validation of Rensch’s rule, we used 89 male chickens and randomly selected 89 female chickens. Similarly, for Rensch’s rule validation using osteological traits, we used the 17 male and female chickens by iteratively and randomly removing two chickens (Supplementary Table 3). The sampled chickens had to fulfill the following criteria: (i) the owner had kept them for more than 8 years or inherited them from a family member; (ii) the household had no history of market exchange and crossing with exotic chickens; (iii) they were either healthy 1 year (or older) cocks or 7 month-old (or older) hens that had reproduced at least once (to avoid biases associated with immaturity). In addition, we only sampled one chicken per household to avoid the sampling of related birds. The sampling protocols and procedures were approved by the Institutional Animal Care and Use Committee of the International Livestock Research Institute (IREC2017-26).



Environmental variables

Eleven climatic variables were selected (Fan et al., 2019). These included temperature-related variables such as annual mean temperature (bio1), temperature seasonality (bio4), maximum temperature of the warmest month (bio5), minimum temperature of the coldest month (bio6), annual temperature range (bio7), mean temperature of the warmest quarter (bio10) and mean temperature of the coldest quarter (bio11), as well as precipitation-related variables such as annual precipitation (bio12), precipitation seasonality (bio15), precipitation of the warmest quarter (bio18), and precipitation of the coldest quarter (bio19) (Supplementary Table 4). We also included altitude (meters above sea level, m.a.s.l.) as a variable (de Moura Bubadué et al., 2018). Gridded climatic data (1970–2000 mean value) were extracted from the WorldClim database1 with a spatial resolution of 1 km2 (Hijmans et al., 2005; Fick and Hijmans, 2017).



Morphological and osteological traits

The following morphological traits were recorded: (i) morphology—body weight, body mass index, wingspan, body length, chest circumference, shank circumference, and shank length; (ii) appendage length—length and width of the beak, comb, earlobe, and wattle; (iii) appendage area—comb, earlobe, wattle, and beak surface area. Body length and wingspan, as well as chest and shank circumference, were measured using a plastic tailor meter with a 1- mm space reading. Body weight was measured using a balance with a 10-gg difference reading. The appendage length and surface area categories were measured using the ImageJ software by taking a picture of the desired trait using a 20-megapixel quality camera and a vernier caliper for the scale. Then, we applied ImageJ to convert the pixel measurement to the desired metric measurement: pixel size to length (mm) and area to surface (mm2) (Figure 2 and Supplementary Figures 2A–D).
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FIGURE 2
Example of photographs of morphological traits and their measurements for their analysis using the ImageJ software. (A) Surface area. (B) Length.


The chickens were slaughtered, deboned and boiled to remove any meat and tendon following the procedure recommended by Davis and Payne (1992). The bones were then measured using a digital vernier caliper with a 0.01 mm accuracy following Von den Driesch (1976) (Supplementary Figure 3). For osteological measurements, we distinguished two categories: (i) forelimb greatest length—scapula, coracoid, humerus, ulna, radius, and carpometacarpus; (ii) hindlimb greatest length—femur, tibiotarsus, and tarsometatarsus.



Data analysis

For all statistical analysis, R program version 4.2.2 was employed (R Core Team, 2021). We used multivariate analysis of variance (MANOVA) to differentiate the osteological trait variances (between sex and/or agro-ecology) and the relationship between the response variables (Smith et al., 1962). The analysis was carried out by assigning agro-ecology and/or sex as an independent variable and osteological measurements as the dependent variable (by grouping the data into the hindlimb and forelimb greatest length categories). The assumptions of MANOVA include independent random sampling, level and measurement of the variables, absence of multicollinearity, normality, and homogeneity of variance. Such assumptions were assessed with the R packages “rstatix” (Kassambara, 2021), “heplots” (Fox et al., 2009), “mvnormalTest” (Zhou and Shao, 2014) and cor.test syntax. After performing the MANOVA analysis using “MANOVA” syntax in R (Lars and Wold, 1990), we used the “effectivesize” package (Ben-Shachar et al., 2020) to calculate the eta-square value and the “MASS” package (Ripley, 2021) for linear discriminate analysis (lda). However, as the morphological measurements did not meet the MANOVA assumptions, we analyzed these data using permutation multivariate analysis of variance (PERMANOVA) (Anderson, 2014), which works with non-parametric and parametric data. We used the agro-ecology and sex as independent variables and grouped morphology, appendage length, and surface area measurements as dependent variables. Hence, we applied the Bray–Curtis method implemented in the “vegan” package (Dixon, 2003) to explore the patterns of similarity or dissimilarity in chicken morphology across agro-ecologies and sex. For the post hoc analysis, we used the “pairwiseAdonis” package (Arbizu, 2020).

Spatial autocorrelation between variables may produce a statistical type one error (Diniz-filho et al., 2003). In particular, this might be the case for environmental variables (Dormann et al., 2007; Crase et al., 2012; de Moura Bubadué et al., 2016, 2018). Therefore, we checked the autocorrelation of the environmental variables with two procedures. First, we produced a bubble plot of the model residuals with the “sp” package (Pebesma and Bivand, 2005; Supplementary Figure 4). Here, we used bubble program syntax by using sampling geographic coordinates to produce the spatial data frame of the environmental variables. In addition, we also confirmed the spatial autocorrelation with Moran’s test (Supplementary Tables 5, 6) using the “spdep” package (Bivand et al., 2015). As suggested by Dormann et al. (2007), incorporating only residuals as covariates when dealing with spatial autocorrelated variables may not be appropriate for mobile animals. This may be overcome by using model-based solutions. Hence, we applied linear, rational quadratic, exponential, Gaussian and spherical models. From these models, we chose the candidate correlation structure with the lowest Akaike information criterion (AIC) to validate Bergmann’s and Allen’s rules for each trait. We used the “nlme” package (Pinheiro et al., 2007) with generalized least square (gls) syntax with their data frame incorporating the geographic coordinates of the samples to generate the model.

Hence, to validate Bergmann’s and Allen’s rules, we employed “gls” syntax by setting the morphological and osteological traits as response variables and all the environmental variables as the dependent variable. For each model, we incorporated their correlation structure (corLin, corRatio, corExp, corGaus, and corSpher) and chose a model with minimum AIC. Finally, from the model residual values, we rechecked the presence of spatial autocorrelation for the selected model using Mora’s test. The slope, (R2) and probability values were considered in accepting or rejecting the rules (Bergmann, Allen, and Rensch). Similar procedures were applied to assess the relationship between the osteological and morphological traits. To run the “gls” syntax, we put each osteological trait as a independent variable and the morphological traits as a dependent variable.

To validate Rensch’s rule, we also calculated the SSDI value using the formula ([male / female] − 1) proposed by Lovich and Gibbons (1992). The linear regression model was then applied, and the packages “ggpmisc” (Aphalo, 2021) and “ggplot2” (Wickham et al., 2016) were used to plot the outputs. For this analysis, we set the SSDI as an independent variable and the log-transformed morphology and osteology measurements as a dependent variable.




Results


Morphological traits

PREMANOVA showed that the hen and cock morphological traits were significantly different (P-value 0.001), with model explanation percentages of 51, 66, and 69% for the morphology, appendage length, and appendage surface area categories, respectively (Supplementary Table 7 and Figure 3). The pairwise comparison between sexes showed that the cocks were significantly larger than the hens (P-value < 0.001). Similarly, the PERMANOVA analysis also showed that the morphological traits (morphology) of the hen and cock displayed significant differences across the agro-ecologies (P-value < 0.002 to 0.001) (Supplementary Table 8). For the hens, the models explained 34, 14, and 17% of the morphology, appendage length, and appendage surface area, respectively. Meanwhile, for the cocks, the models explained 37, 14, and 11% of the morphology, appendage length, and appendage surface area, respectively. The pairwise comparisons between the agro-ecologies showed that the morphology and appendage measurements for chickens of both sexes, in the lowland and midland agro-ecologies, were significantly larger compared to the chickens from the highlands (P-value < 0.001) (Supplementary Table 9).
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FIGURE 3
Principal component analysis (PERMANOVA result) based on morphology data (male and female). (A) Morphology; (B) appendix length; and (C) appendix surface area.




Osteological traits

Multivariate analysis of variance indicated the sexual size dimorphism for the chicken osteology. For the forelimb greatest length, the values were Pillai’s = 0.75, F(6,29) = 14.64, P-value < 0.0001 with the highest eta-square value 0.75 (0.6,1). For the hindlimb greatest length, the values were Pillai’s = 0.74, F(3,32) = 30.6, P-value < 0.0001 with the highest eta-square value 0.74 (0.6,1) (Supplementary Table 10). The agro-ecology had a significant impact on the chicken hindlimb greatest length size difference [Pillai’s = 0.46, F(6,30) = 1.48, P-value < 0.0001 and Pillai’s = 0.76, F(6,26) = 2.7, P-value < 0.04, for hens and cocks, respectively]. The highest eta-square values were 0.23 (0,1) and 0.38 (0.02,1) for the female and male chickens, respectively. They explain the power of the independent traits in describing the variation associated with the agro-ecologies. The lowland chicken displayed the larger hindlimb greatest length, followed by the midland chicken (both sexes) (Figure 4 and Supplementary Table 11). The first and second principal components (PC) explained 90.6 and 9.4% of the variation in the female chickens. PC1 and PC2 explained 96 and 4% of the variations in the male chickens (MANOVA analysis followed by discriminate analysis). Conversely, the agro-ecology was not associated with the forelimb greatest length measurements [Pillai’s = 0.96, F(12,24) = 1.85, P-value > 0.1 and Pillai’s = 0.51, F(12,20) = 0.57, P-value > 0.57 for hens and cocks, respectively].
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FIGURE 4
Osteology picture of male and female chicken across the three agroecologies. 1, highland; 2, midland; and 3, lowland.




Predicting morphological traits from osteological measurements

We observed a linear and significant relationship between the morphological and osteological traits (Table 1). Moreover, we detected a strong positive correlation among the osteological traits (Supplementary Tables 12A, 13A), supporting their collinearities. Hence, we chose humerus -Gl and tarsometatarsus -Gl to assess their predictive power for the total wingspan and shank length, respectively. For this purpose, we developed two linear regression models (Supplementary Tables 12A–E, 13A–E). These two traits contributed more significantly to predicting wingspan and shank length than the other osteological traits (Supplementary Tables 12B, 13B). A high (R2) of 0.89 (Supplementary Table 12C) and 0.94 (Supplementary Table 13C) with significant positive correlation values (P < 0.001) was observed for humerus -Gl and tarsometatarsus -Gl, respectively (Supplementary Tables 12D, 13D). For our wingspan prediction model, we developed the following equation: Y = 0.187 + 0.591X, with the Y value being the estimated wingspan and the X value the recorded humerus -Gl length (Figure 5A). For the estimation of the shank length, the equation was Y = −12.4 + 1.1X, with the Y value being the estimated shank length and X the measured tarsometatarsus -Gl length (Figure 5B).


TABLE 1    Relationships (multiple linear regression) between morphological and osteological variables.

[image: Table 1]

 
[image: image]

FIGURE 5
Linear regression model of (A) wingspan versus humerus and (B) shank length versus tarsometatarsus greatest length. F, female; M, male.




Bergmann’s rule

Overall, our findings agreed with the expectation of Bergmann’s rule. However, more temperature variable gradients (3 out of 7) than precipitation ones (1 out of 4) were correlated with BMI in both sexes (Tables 2, 3 and Figure 6). Specifically, in the highland cocks, the mean temperature of the coldest quarter (bio11) was correlated with BMI (R2 = 0.05, P-value = 0.04), as was the precipitation of the warmest quarter (bio18) (R2 = 0.05, P-value = 0.07). The lowland cocks’ BMI was also correlated with the maximum temperature of the warmest month (bio5) (R2 = 0.01, P-value = 0.05). Similarly, the hens adapted to the lowland agro-ecology also showed an association between the BMI and minimum temperature of the coldest month (bio6) (R2 = 0.007, P-value 0.09). There was no association between the BMI of the hens and cocks and the remaining environmental variables or the altitude (P-value > 0.1).


TABLE 2    Relationships (multiple linear regression) between male chicken phenotypes and environmental variables (Bergmann’s rule).
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TABLE 3    Relationships (multiple linear regression) between female chicken phenotypes and environmental variables (Bergmann’s rule).
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FIGURE 6
Correlation between environmental variables and chicken morphology (BMI) to validate Bergmann’s rule.




Allen’s rule

The chicken appendage measurements agreed with Allen’s rule expectations (both sexes) (Tables 4, 5). For example, the appendage size measurements decreased with altitude and increased with temperature (Supplementary Figures 5A–D). Furthermore, the patterns of variation explained between appendage sizes and climatic variables were similar for both sexes. Chicken sampled from the lowland agro-ecology had larger appendages than those from the highland agro-ecology (Supplementary Tables 8, 9). The highland agro-ecology cocks’ shank length, wingspan, surface area of comb, wattle, and beak were significantly associated with temperature variables (R2 = 0.01–0.04, P-value 0.08–0.001) but not with altitude (P-value > 0.1), except for the wattle surface area (R2 = 0.012, P-value 0.03) (Table 4). Similarly, the cocks’ shank length, wingspan and the surface area of the comb and earlobe at the lowland agro-ecology were also significantly associated with temperature variables (R2 = 0.001–0.01, P-value 0.1–0.06) but not with altitude. The earlobe surface area of the highland cocks and the wattle and the beak surface area of the lowland cocks were not influenced by the temperature and altitude variables (Table 4).


TABLE 4    Relationships (multiple linear regression) between male chicken appendages and environmental variables (Allen’s rule).
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TABLE 5    Relationships (multiple linear regression) between female chicken appendages and environmental variables (Allen’s rule).
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How the indigenous chicken measurements follow Bergmann’s and Allen’s rules are further presented in Figure 7. In the highland agro-ecology, the hen wingspan and earlobe surface area were significantly associated with altitude (R2 = 0.02, P-value 0.09–0.04) but not with the temperature variables. However, in the hens from the lowland agro-ecology, the shank length, wingspan and the surface areas of the comb, wattle and earlobe were associated with the temperature variables (R2 = 0.007–0.05, P-value 0.1–0.001). They were not associated with altitude, except for the shank length (R2 = 0.007, P-value 0.001). The temperature and altitude variables did not influence the beak surface area of the hens in either agro-ecology (Table 5).
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FIGURE 7
Bubble graph of BMI and shank length for indigenous chicken.




Rensch’s rule

We found sexual size dimorphism (SSD) to increase with body size in male chickens, in agreement with Rensch’s rule (Figures 8, 9). Body weight, body length and shank length had significant slope increments with values of 2.15, 1.38, and 1.59 and (R2) of 0.37, 0.36, and 0.43 (P-value < 0.0001), respectively. Similarly, the chicken osteology measurements also supported the validity of Rensch’s rule, with the femur, tibiotarsus, humerus, and tarsometatarsus showing significant (P-value < 0.0001) slope increments with values of 2.29, 1.81, 2.37, and 1.99, and (R2) of 0.68, 0.38, 0.47, and 0.40, respectively.
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FIGURE 8
Test of Rensch’s rule for the morphology. The regression was run log (male morphological trait) as dependent variable and SSDI value (Lovich and Gibbons, 1992) was calculated with the following formula ([Male/Female] – 1) as independent variable; (A) shank length, R2 = 0.43, slope = 1.59, P-value = 0.0001; (B) body weight, R2 = 0.37, slope = 2.15, P-value = 0.0001; (C) body length, R2 = 0.36, slope = 1.38, P-value = 0.0001.
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FIGURE 9
Test of Rensch’s male for indigenous chicken osteology (hindlimb and forelimb). The regression was run log (male osteological trait) as dependent variable and SSDI value (Lovich and Gibbons, 1992) was calculated with the following formula ([Male/Female] – 1) as independent variable. (A) Femur, R2 = 0.68, slope = 2.29, P-value = 0.0001; (B) tibiotarsus, R2 = 0.38, slope = 1.81, P-value = 0.0001; (C) humerus, R2 = 0.47, slope = 2.37, P-value = 0.0001; (D) tarsometatarsus length, R2 = 0.40, slope = 1.99, P-value = 0.0001.





Discussion


Morphological and osteological traits

In the Tigray Region of Ethiopia, we detected morphological and osteological differences in indigenous chickens inhabiting lowland, midland, and highland agro-ecologies. Sexual size dimorphism in both morphological and osteological traits were also present (Figure 3 and Supplementary Tables 7, 10), with larger male chickens in the three agro-ecologies (Supplementary Table 9), in overall agreement with previous studies (e.g., Cabarles et al., 2012; Getachew et al., 2016). Chickens inhabiting the lowland agro-ecology had larger surface area appendages than their highland counterparts (Supplementary Table 9). Similar findings have been reported in the Oriental magpie (Pica serica) (Fan et al., 2019) and in four parrot species (Van De Ven et al., 2016), which showed larger appendages in low-altitude populations compared to the high-altitude ones, likely an adaptation to heat stress. Indeed, larger vascularized surface areas will better dissipate heat in a hot environment; conversely, in cold regions, smaller surface areas appendages will help to minimize heat loss. Removing chicken appendages in temperate and cold regions is recommended as a management practice in the commercial breed (AL-Ramamneh et al., 2016).



Correlation between morphological and osteological traits

With larger bones required to hold bigger muscles and vice versa, a strong positive correlation between some morphological and osteological traits (Table 1) was expected. In particular, we detected a linear relationship between the body weight and humerus (R2 = 0.85) as well as the tarsometatarsus length (R2 = 0.81) (Supplementary Figure 6). Woldekiros et al. (2019) also reported a linear relationship between morphology and osteology in domestic chickens from Tigray. Concordantly, Thomas et al. (2016) highlighted that chicken morphology and bone size follow a similar pattern, with light chickens having smaller bone sizes. Our study and others, therefore, support the hypothesis that the measurement of osteological characters may inform chicken morphological traits, which is of particular interest to zooarchaeologists and other researchers interested in understanding the evolution of the morphology of indigenous chickens in relation to their value as a food commodity.

However, the presence of collinearities among the osteological variables (Supplementary Tables 12A, 13A) affects the estimated regression coefficients and tends to inflate the standard errors. Thus, we only selected humerus -Gl and tarsometatarsus -Gl (Supplementary Tables 12B, 13B) to predict the wingspan and shank length, respectively. These two selected bones are crucial in identifying and separating chicken bones from other Galliformes species in mixed avifauna remains. They are also recognized for their strength and may remain relatively intact over a long period without decomposition in the soil. The humerus is the largest and strongest forelimb bone (Tiwari et al., 2011; Mostafa et al., 2022) that conjugates the forelimb and the chicken body (Vistro et al., 2015). The tarsometatarsus is the site of spurs attachment, and its morphology helps to distinguish chickens from other avian species (MacDonald, 1992; Sasson and Arter, 2020), to differentiate sexes (Croft, 2005) and to determine age (Thomas et al., 2016). This bone has played a key role in the identification of chicken remains at Tel Lachish, Israel (Croft, 2005), and at Mezber (Tigray Region, Ethiopia) (Woldekiros et al., 2019). The accumulation of medullary bone in the hollow structures of the humerus and tarsometatarsus may also help to differentiate chicken sex and age (Neer et al., 2002).



Bergmann’s rule

The BMI variation in indigenous Tigrayan chickens was correlated with altitude and several climatic clines (Tables 2, 3), e.g., temperature (bio1, bio 4–7, and bio 10–11) and precipitation (bio12, bio15, and bio18–19) (Figure 6). This is in agreement with the expectation of Bergmann’s rule. Thus, our study provides strong support for this biological rule in indigenous chickens by incorporating relevant abiotic factors beyond altitude and annual temperature.

At high altitudes and hence colder geographic areas, we found that chickens have a smaller surface area-to-volume ratio (larger BMI), which helps to maintain their body temperature. On the contrary, at a lower altitude and warm environment, chickens tended to have a larger surface area-to-volume ratio (smaller BMI), facilitating heat dissipation (Figure 6). Therefore, the BMI patterns of the indigenous chickens in our study follow the ecogeographical rule proposed by Bergmann. Larger-sized animals benefit from a cold environment, as they can produce more heat to keep their body temperature warm (Delgado et al., 2019). Avian species tend to follow Bergmann’s rule, with larger species living at higher altitudes (Olson et al., 2009; McCollin et al., 2015; Salewski and Watt, 2017; Sun et al., 2017).



Allen’s rule

Our study clearly showed that indigenous chickens of both sexes had larger appendage sizes at lower altitudes (warmer areas) and smaller appendages at higher altitudes (colder areas) (Supplementary Table 9). Moreover, appendages (earlobe, wattle, and beak surface areas) in both sexes significantly correlated with altitude and climatic clines (Tables 4, 5), with the lowland chicken having larger appendages than their highland counterparts (Supplementary Figures 5A–D). Our results, therefore, support Allen’s rule. Comparable findings were reported in populations of several wild bird species: bill length in Oriental magpie (Fan et al., 2019), honeyeaters (Meliphagidae) (Friedman et al., 2017), parrots (Psittaciformes) (Campbell-Tennant et al., 2015) and elepaio (Chasiempis spp.) (VanderWerf, 2012); feet and wings in waterbirds (Scholander, 1955); wingspan in elepaio (VanderWerf, 2012), tree sparrow (Passer montanus) (Sun et al., 2017) and Oriental tit (Parus minor) (Fan et al., 2019); wing length in owls (Strigiformes) (Romano et al., 2021). In these taxa, appendage size tends to decrease as elevation increases to help maintain homeostasis. Smaller appendages were observed in the highland chicken, which will reduce heat loss, while the larger appendages in the lowland chickens will facilitate heat loss. Notably, larger appendages are key for endotherms to dissipate heat in hot environments (Symonds and Tattersall, 2010; Van De Ven et al., 2016). The absence of an association between the beak surface area with environment and altitude clines is not surprising, as the beak morphology is linked to feeding habits rather than climatic challenges (VanderWerf, 2012; Campbell-Tennant et al., 2015; Friedman et al., 2017; Fan et al., 2019).



Rensch’s rule in relation to morphological and osteological traits

To the best of our knowledge, this study is the first to assess the validity of Rensch’s rule in indigenous domestic chickens. Our results showed that both chicken morphology and osteology supported the presence of SSD, with larger male than female chickens (Figure 3 and Supplementary Tables 7, 10). SSD increments were associated with the environment (Figures 8, 9). We selected body weight, body length and shank length traits with weight-based measurements that were expected to show variation within the species (Dale et al., 2007; Piross et al., 2019). The variation of these morphological traits was in line with this biological rule (Figure 8). Importantly, besides natural selection, human and sexual selection for larger male chickens may also have played a role. However, we have no evidence for the studied population that these selection pressures may have acted differently across populations and altitudinal zones.

We selected traits associated not only with body weight but also with bone measurements (femur, tibiotarsus, humerus, and tarsometatarsus) to assess the validity of Rensch’s rule. These traits showed a high association with the live weight (Table 1). Likewise, the selected osteological trait measurements were in agreement with Rensch’s rule expectations. Traits such as the femur, tibiotarsus, humerus, and tarsometatarsus showed a significant slope increment with environmental clines (Figure 9). Furthermore, the SSDI for the osteological traits linearly increased (slope >1) with the average osteological size (Figure 9). These observations are in agreement with the findings reported in wild species (e.g., Dale et al., 2007; Remeš and Szekely, 2010; Blanckenhorn et al., 2011; Piross et al., 2019).




Conclusion

For the indigenous chickens of the Tigray Region of Ethiopia, we have shown that the variation of morphological and osteological traits across the agro-ecologies follows the expectation of the three main biological rules (Bergmann, Allen, and Rensch). Whether or not it is the case for chicken populations in other regions of Ethiopia, other countries or continents remains to be studied. An important next step will also be to assess to what extent the morphological and osteological trait differences are genetically determined or are a consequence of the phenotypic plasticity of the species. This study may also pave the way for similar studies in other livestock species. The model developed to predict chicken morphology from osteological measurements will also help to predict chicken morphology from zooarchaeological remains.
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variables
t-Value |Pr (>| t])  Sig t-Value | Pr (>| t|) Sig t-Value | Pr (>| t|) Sig
BMI Biol 2.30 1.6 1.43 0.17 ns 0.24 0.58 0.42 0.68 ns —0.09 0.88 —0.1 0.92 ns
Bio4 0.03 0.03 1.09 0.3 ns 0.02 0.01 2:1 0.05 4 0.02 0.01 1:5 0.15 ns
Bio5 0.67 0.71 0.95 0.36 ns —0.32 0.20 —1.59 0.13 ns —0.88 0.41 —2.14 0.05 *
Bio6 1.30 0.88 1.48 0.16 ns —0.01 0.22 —0.03 0.98 ns 0.27 0.37 0.72 0.48 ns
Biol0 —1.44 0.99 —1.45 0.17 ns —0.56 0.39 —1.44 0.16 ns 0.58 0.66 0.87 0.4 ns
Bioll —0.79 0.35 —2.29 0.04 ¥ 0.53 0.32 1.68 0.11 ns 031 0.4 0.76 0.46 ns
Biol2 0.06 0.04 1.46 0.17 ns —0.01 0.01 —0.82 0.42 ns 0.03 0.04 0.82 0.43 ns
Biol5 0.31 0.57 0.54 0.6 ns 0.04 0.12 0.3 0.76 ns —0.12 0.27 —0.45 0.66 ns
Biol8 0.05 0.02 2 0.07 . 0 0.01 —0.31 0.76 ns 0 0.01 —0.24 0.81 ns
Bio19 —0.74 0.68 —1.09 0.29 ns 0.05 0.14 0.35 0.73 ns 0 0 0.23 0.82 ns
Bioelevation 0.12 0.11 1:12 0.28 ns —0.01 0.02 —0.35 0.73 ns 0 0 —04 0.7 ns
Constant = —663.1, RZ = 0.05, RSE = 0.86, n = 26, Constant = 68.2, RZ = 0.001, RSE = 0.74, n = 35, Constant = 53.3, R? = 0.01, RSE = 0.88, n = 28, AIC = 151.9,
AIC =112.5,1logLik = —41.1, MI = —0.13, AIC =176.8, logLik = —73.4, MI = —0.28, logLik = —60.9, MI = —0.13, MI-P-value = 0.74
MI-P-value = 0.70 MI-P-value = 0.96

Sig, significant; BMI, body mass index; R?, multiple regression r square value; SE, standard error; Pr, probability value; RSE, residual standard error; n, number of observation; AIC, Akaike information criterion; logLik, log-likelihood; MI-P-value, Moran’s index
P-value; MI, Moran’s index; Biol, annual mean temperature; Bio4, temperature seasonality (standard deviation x 100); Bio5, maximum temperature of the warmest month; Bio6, minimum temperature of the coldest month; Biol0, mean temperature of the warmest
quarter; Bioll, mean temperature of the coldest quarter; Biol2, annual precipitation; Biol5, precipitation seasonality (coeflicient of variation); Biol8, precipitation of the warmest quarter; Biol9, precipitation of the coldest quarter; Bioelevation, elevation in meters
above sea level.

*Relationship is significant at P-value < 0.05.

‘Relationship is significant at P-value < 0.1.

™Not significant.
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Coracoid | Humerus Ulna Femur Tibiotarsus TMT Wingspan | Body length | Shank length
Scapula 1 0.32 —0.13 0.19 0.28 0.43* 0.63** 0.32 —0.26 0.02 0.66** 0.27
Coracoid 1 —0.22 0.42% 0.40% 0.49** 0.33* 0.35* 0.33* 0.02 0.73%%% 0.21
Humerus 1 —0.02 0.41% 0.56** —0.19 0.37* 0.35* 0.08 0.75%%* 0.34*
Ulna 1 0.49** 0.57+ —0.24 0.39* 0.34* —0.14 0.67% —0.18
Radius 1 0.37* —0.05 031" 0.61* 0.02 0.75%% 0.12
CMC 1 —0.15 0.24 —0.07 —0.07 0.73%%* 0.19
Femur 1 0.27 —0.23 —0.15 0.63** 0.49*
TMT 1 0.65* —0.1 0.61%* 0.45*
Tibiotarsus 1 —0.15 0.74%* 0.53**
Wingspan 1 0:93:%% 0.52**
Body length 1 0. 79882
Shank length 1
BW
Scapula: Constant = 5.08, RSE = 5.24, n = 36, AIC = 176.3, logLik = —72.2, MI = —0.04, MI-P-value = 0.53.

Coracoid: Constant = —1.1, RSE = 4.3, n = 36, AIC = 149.4, logLik = —59.7, MI = —0.32, MI-P-value = 0.98.

Humerus: Constant = 3.5, RSE = 5.9; n = 36; AIC = 143.3, logLik = —57.7, MI = —0.007, MI-P-value = 0.40.

Ulna: Constant = —2.8, RSE = 6.3, n = 36, AIC = 130.6, logLik = —52.3, MI = —0.11, MI-P-value = 0.72.

Radius: Constant = —8.9, RSE = 5.7; n = 36; AIC = 129.6, logLik = —52.8, MI = —0.01, MI-P-value = 0.44.

CMC: Constant = 8.3, RSE = 2.9, n = 36, AIC = 153.9, logLik = —65.9, MI = 0.18, MI-P-value = 0.07.

Femur: Constant = 5.6, RSE = 6.9, n = 36, AIC = 168.3, logLik = —74.1, MI = —0.16, MI-P-value = 0.82.

TMT: Constant = —7.9, RSE = 8.6, n = 36, AIC = 162.7; logLik = —72.4; MI = 0.05, MI-P-value = 0.29.

Tibiotarsus: Constant = 5.7; RSE = 10.4, n = 36, AIC = 188.9, logLik = —86.4, MI = —0.22, MI-P-value = 0.91.

Wingspan: Constant = 4.6, RSE = 3.5, n = 36, AIC = 157.6, logLik = —71.8, MI = 0.13, MI-P-value = 0.13.

Body length: Constant = 19.9, RSE = 2.6, n = 36, AIC = 132.4, logLik = —60.2, MI = 0.09, MI-P-value = 0.19.

Shank length: Constant = 74.6, RSE = 7.2, n = 36, AIC = 284.5, logLik = —119.3, MI = 0.40, MI-P-value = 0.33.

TMT, tarsometatarsus; CMC, carpometacarpus; BW, body weight; RSE, residual standard error; #, number of observations; AIC, Akaike information criterion; logLik, log-likelihood; MI-P- value, Moran’s index P-value; MI, Moran’s index.

‘Regression is significant at P-value < 0.05.
*Regression is significant at P-value < 0.01.
**Regression is significant at P-value < 0.001.
***Regression is significant at P-value < 0.0001.
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OPS/images/fevo-11-1032082-t003.jpg
Environmental Highland Midland Lowland

variables
t-Value |Pr (>| t])  Sig t-Value | Pr (>| t|) Sig t-Value | Pr (>| t|) Sig

BMI Biol 0.03 0.66 0.05 0.96 ns 0.39 0.28 1.41 0.16 ns —0.34 0.4 —0.84 0.41 ns
Bio4 —0.02 0.02 —1.06 0.3 ns 0 0.01 0.2 0.84 ns 0 0.01 0.17 0.87 ns
Bio5 0.05 0.47 0.1 0.92 ns 0.08 0.08 0.97 0.33 ns —0.16 0.15 —1.04 0.3 ns

Bio6 0.17 0.4 0.43 0.67 ns —0.21 0.09 —2.30 0.02 * 0.19 0.11 1.74 0.09
Biol0 0.41 0.56 0.73 0.47 ns —0.17 0.31 —0.54 0.59 ns 0.37 0.37 0.99 0.33 ns
Bioll —0.94 0.71 —1.32 0.19 ns 0.04 0.15 0.28 0.78 ns 0 0.19 —0.02 0.99 ns
Biol2 —0.04 0.05 —0.76 0.45 ns 0 0 0.56 0.58 ns 0 0.01 0.05 0.96 ns
Biol5 —0.18 0.23 —0.8 0.42 ns 0 0.02 0.15 0.88 ns 0.01 0.13 0.07 0.94 ns
Biol8 0.02 0.06 0.31 0.76 ns 0.01 0.01 0.98 0.33 ns 0 0.01 —0.17 0.86 ns
Biol9 0.02 0.03 0.48 0.63 ns 0 0 —1.25 0.21 ns 0 0 —0.32 0.75 ns
Bioelevation —0.02 0.05 —0.34 0.73 ns 0.01 0.01 2.05 0.04 * 0 0 1.39 0.17 ns

Constant = 157.6, R? = 0.03, RSE = 1.40, n = 63, Constant = —71.1, R> = 0.01, RSE = 0.51, n = 82, Constant = 18.9, R? = 0.007, RSE = 0.98, n = 63,

AIC = 284.2, logLik = —127.1, MI = —0.04, AIC = 318.5, logLik = —144.3, MI = —0.11, AIC = 270.5, logLik = —120.1, MI = —0.03,
MI-P-value = 0.59 MI-P-value = 0.86 MI-P-value = 0.57

The abbreviations are the same as those of Table 2.
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A = beak length; B = beak width; C = comb length; D = comb width; E = wattle length; F = wattle width, G = earlobe length; H =
earlobe width
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variables
t-Value |Pr (>| t|)| Sig t-Value | Pr(>|t])  Sig t-Value | Pr (>] t|)
Shank Biol 0.08 1.09 0.07 0.94 ns 0.07 0.88 0.08 0.94 ns 2.08 0.92 2.27 0.03 *
length
Bio4 —0.05 0.05 —1.02 0.31 ns 0.02 0.02 0.93 0.36 ns 0.06 0.02 327 0.001 el
Bio5 0.17 0.76 0.22 0.82 ns —0.11 0.24 —0.45 0.66 ns 0.16 0.35 0.46 0.65 ns
Bio6 —0.19 0.52 —0.38 0.71 ns 0.02 0.18 0.10 0.92 ns —0.39 0.23 —1.68 0.10
Biol0 0.11 1.41 0.08 0.94 ns —-1.13 1.36 —0.83 0.41 ns —2.63 0.96 —2.74 0.01 bl
Bioll —0.39 1.46 —0.27 0.79 ns 0.82 0.50 1.63 0.11 ns 0.55 0.55 0.99 0.33 ns
Bioelevation —0.02 0.03 —0.48 0.63 ns —0.02 0.02 —1.33 0.19 ns —0.02 0.01 —-3.14 0.001 bl
Constant = 161.6, R* = 0.004, RSE = 3.8, n = 63, AIC = 367.1, Constant = 203.6, R? = 0.03, RSE = 4.7, n = 82, AIC = 520.6, Constant = 52.1, R? = 0.007, RSE = 3.8, n = 63, AIC = 381.2,
logLik = —172.6, MI = —0.16, MI-P-value = 0.91 logLik = —249.3, MI = —0.14, MI-P-value = 0.94 logLik = —179.6, MI = —0.32, MI-P-value = 0.99
Wingspan Biol 0.21 0.49 0.43 0.67 ns —0.35 0.29 —1.2 0.23 ns 0.14 0.51 0.27 0.79 ns
Bio4 0.01 0.02 0.49 0.63 ns 0 0.01 0.56 0.58 ns 0.02 0.01 217 0.03 %
Bio5 —0.07 0.34 —0.21 0.83 ns —0.24 0.13 —-1.91 0.06 i —0.12 0.20 —0.59 0.55 ns
Bio6 —0.20 0.22 —0.89 0.38 ns —0.06 0.09 —0.7 0.48 ns 0.10 0.13 0.74 0.46 ns
Biol0 —0.98 0.62 —1.57 0.12 ns 0.47 0.45 1.05 0.30 ns —0.36 0.53 —0.67 0.50 ns
Bioll 0.62 0.65 0.95 0.35 ns 0.13 0.19 0.67 0.50 ns 0.21 0.31 0.68 0.50 ns
Bioelevation —0.03 0.01 —2.07 0.04 * 0 0.01 —0.55 0.59 ns 0 0 —1.41 0.16 ns
Constant = 179.4, R* = 0.02, RSE = 1.6, n = 63, AIC = 280.7, Constant = 65.7, R? = 0.05, RSE = 2.6, n = 82, AIC = 422, Constant = 52.7, R> = 0.007, RSE = 2.1, n = 63, AIC = 317.3,
logLik = —129.3, MI = —0.07, MI- P-value = 0.69 logLik = —199.8, MI = —0.01, MI-P-value = 0.49 logLik = —147.6, MI = —0.22, MI-P-value = 0.97
Comb Biol —9.97 20.9 —0.48 0.64 ns 16.2 21.7 0.75 0.46 ns —55.4 37.0 —1.50 0.1
surface area
Bio4 0.01 0.91 0.01 0.99 ns 0.94 0.52 1.80 0.08 ns 0.1 0.7 0.13 0.89 ns
Bio5 1.98 14.5 0.14 0.89 ns —295 7.19 —0.41 0.68 ns —5.09 14.8 —0.34 0.73 ns
Bio6 4.01 9.66 0.42 0.68 ns 1.67 517 0i32 0.75 ns 153 93 1.63 0.1
Biol0 12:9 26.8 0.48 0.63 ns —43.0 33.6 —1.28 0.20 ns 284 38.9 0.73 0.47 ns
Bioll —19.11 28.2 —0.68 0.50 ns 28.0 13.1 2.14 0.04 ¥ 194 223 0.87 0.39 ns
Bioelevation —0.63 0.59 —1.07 0.29 ns 0.09 0.49 0.19 0.85 ns 0.03 0.2 0.17 0.87 ns
Constant = 2924.3, R? = 0.008, RSE = 69.1, n = 63, AIC = 694.4, Constant = 525.2, R? = 0.07, RSE = 142.7, n = 82, AIC = 1020.5, Constant = 1311, R? = 0.05, RSE = 152.3, n = 63, AIC = 792.2,
logLik = —336.2, MI = —0.09, MI-P-value = 0.76 logLik = —499, MI = 0.06, MI-P-value = 0.21 logLik = —385.2, MI = —0.06, MI-P-value = 0.67
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Earlobe Biol -7.7 10.8 —0.71 0.48 ns 11.08 9:15 1.21 0.23 ns —24.8 14.2 —-1.74 0.09
surface area
Bio4 0 0.5 0.01 0.99 ns —0.01 0.22 —0.05 0.96 ns —-0.33 0.28 —-1.16 0:25 ns
Bio5 4.5 75 0.60 0.55 ns —2.83 2.34 —1.21 0.23 ns 0 572 0 1 ns
Bio6 1.1 5.0 0.22 0.83 ns —4.20 1.76 —2.39 0.02 ¥ 6.60 3.60 1.83 0.07
Biol0 —0.8 13.9 —0.06 0.96 ns 3.40 14.2 0.24 0.81 ns 245 14.9 1.63 0.10
Bioll —5.6 14.5 —0.38 0.70 ns —5.02 5.20 —0.96 0.34 ns —4.6 8.61 —0.53 0.60 ns
Bioelevation —05 0.3 —1.71 0.09 0.19 0.19 0.98 0.33 ns 0.13 0.08 1.63 0.13 ns
Constant = 2249.5, R> = 0.02, RSE = 35.8, n = 63, AIC = 622, Constant = —1043.6, R? = 0.014, RSE = 46.9, n = 82, Constant = 184.6, R? = 0.013, RSE = 58.6, n = 63, AIC = 687.4,
logLik = —300, MI = —0.22, MI-P-value = 0.97 AIC = 862.6, logLik = —420.3, MI = —0.07, MI-P-Value = 0.74 logLik = —332.7, MI = 0.097, MI-P-value = 0.14
Wattle Biol —595 13.7 —0.43 0.67 ns 11.2 16 0.70 0.49 ns —6.72 15:3 —0.44 0.66 ns
surface area
Bio4 —0.09 0.60 —0.14 0.89 ns 0.26 0.38 0.68 0.50 ns 0.53 0.30 1.74 0.09
Bio5 6.77 9.50 0.71 0.48 ns —7.83 4.05 —1.93 0.06 240 6.11 0.39 0.70 ns
Bio6 1.61 6.31 0.25 0.80 ns —347 3.03 —1.14 0.26 ns 6.41 3.89 1.65 0.11 ns
Biol0 —2.57 17.7 —0.15 0.89 ns —54 24.8 —0.22 0.83 ns —10.6 16.2 —0.66 0.51 ns
Bioll —5.31 18.6 —0.29 0.78 ns 559 9.11 0.61 0.54 ns 8.32 9.44 0.88 0.38 ns
Bioelevation —0.31 0.38 —0.81 0.42 ns —0.02 0.33 —0.05 0.96 ns —0.05 0.09 —0.64 0.53 ns
Constant = 1223.3, R? = 0.03, RSE = 45.1, n = 63, AIC = 284.2, Constant = 458.8, R? = 0.002, RSE = 81.9, n = 82, AIC = 945 4, Constant = 99.8, R? = 0.05, RSE = 63.7, n = 63, AIC = 693.8,
logLik = —127.1, MI = —0.05, MI-P-value = 0.63 logLik = —462, MI = 0.02, MI-P-value = 0.35 logLik = —335.9, MI = —0.04, MI-P-value = 0.60
Beak surface Biol 4.65 5.56 0.84 0.41 ns —7.01 4.14 —1.69 0.09 -1.73 6.91 —0.25 0.80 ns
area
Bio4 —0.21 0.24 —0.87 0.39 ns —0.14 0.10 —1.45 0.15 ns 0.14 0.14 1.0 0.32 ns
Bio5 3.86 3.86 1.0 0.32 ns —0.24 1.14 —0.21 0.84 ns 2.81 2.76 1.02 0.31 ns
Bio6 0.57 2.56 0.22 0.82 ns —1.06 0.86 —1.24 0.22 ns 0.03 1.75 0.02 0.98 ns
Biol0 —3.53 7.11 —0.50 0.62 ns 8.84 6.32 1.40 0.17 ns —5.52 7.27 —0.76 0.45 ns
Bioll —8.76 7.45 —1.18 0.24 ns —0.36 2.36 —0.15 0.88 ns 353 4.25 0.83 0.41 ns
Bioelevation —0.19 0.16 —1.22 0.23 ns 0.02 0.09 0.24 0.81 ns —0.04 0.04 —1.04 0.30 ns
Constant = 1006.7, R? = 0.0009, RSE = 18.3, n = 63, Constant = 50.7, R = 0.001, RSE = 22.9, n = 82, AIC = 752.6, Constant = 61.5, R = 0.05, RSE = 28.5, n = 63, AIC = 606.8,
AIC = 646.8, logLik = —312.4, MI = —0.21, MI-P-value = 0.97 logLik = —365.3, MI = —0.04, MI-P-value = 0.61 logLik = —292.4, MI = —0.08, MI-P-value = 0.73

The abbreviations are the same as those of Table 4.
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Earlobe Biol 81.8 67.7 1.21 0.24 ns 82.2 25.6 3.19 0.04 B —40.3 52 —0.78 0.45 ns
surface area

Bio4 —1.1 1.4 —0.74 0.47 ns 2.01 0.61 3.32 0.03 ¥ 0.11 1.35 0.08 0.93 ns
Bio5 30.4 3355 0.91 0.38 ns —-9.17 10.4 —0.89 0.38 ns —42.6 37.1 —-1.15 0.26 ns
Bio6 —10.7 30.2 —0.35 0.73 ns —5.67 10.9 —0.52 0.61 ns 18.3 16.8 1.09 0.29 ns
Biol0 —97.2 59.6 —1.63 0.12 ns —124 19.8 —6.29 0.001 x% 81.3 44.9 1.81 0.09
Bioll —376 349 —1.08 0.29 ns 51.1 19.1 2.68 0.01 b —7.24 259 —0.28 0.78 ns
Bioelevation —2.19 2.26 —0.97 0.34 ns —0.47 1.33 —0.35 0.73 ns 0.26 0.22 1.21 0.24 ns
Constant = 9,358, R> = 0.04, RSE = 76.6, n = 26, AIC = 267.9, Constant = 3,157.6, R? = 0.09, RSE = 121.1, n = 35, AIC = 404.7, Constant = 2,702.2, R? = 0.002, RSE = 106.3, n = 28, AIC = 313.2,
logLik = —122.9, MI = —0.40, MI-P-value = 0.98 logLik = —191.3, MI = —0.013, MI-P-value = 0.46 logLik = —145.6, MI = —0.28, MI-P-value = 0.94
Wattle Biol 6.6 176.9 0.04 0.97 ns 337 69.6 4.84 0.001 w0t 41 158 0.26 0.80 ns
surface area
Bio4 —7.40 377 —1.96 0.07 a 73 1.62 4.51 0.001 i 2:35 342 0.69 0.50 ns
Bio5 201.9 87.5 231 0.03 % —922 27.7 —3.33 0.001 bt —18 92 —0.19 0.85 ns
Bio6 —-21.0 79 —0.27 0.79 ns —19.3 27.9 —0.69 0.50 ns 23 48 0.48 0.64 ns
Biol0 —162 155:9 —1.04 0.31 ns —340 65 —5.23 0.001 L —88 143 —0.61 0.55 ns
Bioll —2534 91.1 —-2.79 0.01 cil 151 51 2.96 0.01 i 47 66 0.71 0.48 ns
Bioelevation —13.85 5.89 —2.35 0.03 % 2.8 3i5 0.79 0.44 ns 041 0.54 0.76 0.46 ns
Constant = 56,866, R? = 0.012, RSE = 200.3, n = 26, AIC = 302.5, Constant = —5,286, R> = 0.007, RSE = 306, n = 35, AIC = 455.6, Constant = 2,695.6, R> = 0.013, RSE = 263, n = 28, AIC = 350.8,
logLik = —140, MI = —0.09, MI-P-value = 0.61 logLik = —217, MI = 0.0006, MI-P-value = 0.42 logLik = —164.4, MI = —0.14, MI-P-value = 0.75
Beak surface Biol 44.2 24.1 1.84 0.28 ns 2.18 7=37 0.3 0.77 ns 14.5 26.1 0.55 0.59 ns
area
Bio4 0.28 0.51 0.55 0.59 ns —0.13 0.17 —-0.77 0.45 ns 0 0.61 0 1 ns
Bio5 —0.50 11.88 —0.04 0.97 ns 1.53 2.53 0.60 0.55 ns 55 16.6 0.33 0.75 ns
Bio6 —832 10.72 —0.78 0.45 ns —1.21 2.27 —0.53 0.6 ns —8.7 8.28 —1.05 0.31 ns
Biol0 —44 21.17 —2.08 0.15 ns —3.88 10.1 —0.38 0.7 ns —24 234 —1.02 0.32 ns
Bioll 3.76 12.37 0.30 0.77 ns —1.53 4.8 —0.32 0.75 ns 11 11.7 0.98 0.34 ns
Bioelevation —041 0.80 —0.51 0.61 ns —0.28 0.34 —0.83 0.41 ns 0.08 0.1 0.83 0.42 ns
Constant = 1,719, R* = 0.01, RSE = 27.2, n = 26, AIC = 230.6, Constant = 1,290, R? = 0.04, RSE = 24.5, n = 35, AIC = 323.4, Constant = —401.2, R> = 0.034, RSE = 47.5, n = 28, AIC = 281.5,
logLik = —104.3, MI = —0.26, MI-P-value = 0.90 logLik = —150, MI = —0.13, MI-P-value = 0.77 logLik = —129.7, MI = —0.16, MI-P-value = 0.79

Sig, significant; BMI, body mass index; R?, multiple regression r square value; RSE, residual standard error; #, number of observation; AIC, Akaike information criterion; logLik, log-likelihood; MI, Moran’ index value; MI-P-value, Moran’s index P-value; Biol, annual
mean temperature; Bio4, temperature seasonality (standard deviation x 100); Bio5, maximum temperature of the warmest month; Bio6, minimum temperature of the coldest month; Bio10, mean temperature of the warmest quarter; Bioll, mean temperature of the
coldest quarter; Bio12, annual precipitation; Biol5, precipitation seasonality (coefficient of variation); Bio18, precipitation of the warmest quarter; Biol9, precipitation of the coldest quarter; Bioelevation, elevation in meters above sea level.

***Relationship is significant at P-value < 0.001.

**Relationship is significant at P-value < 0.01.

*Relationship is significant at P-value < 0.05.

‘Relationship is significant at P-value < 0.1.

™Not significant.
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SE t-Value | Pr (> t|) i t-Value | Pr (>] t]) Sig t-Value | Pr (>] t|) Sig
Shank Biol —4.92 3.07 —1.60 0.13 ns 1.34 123 1.09 0.29 ns —0.19 3:32 —0.06 0.95 ns
length
Bio4 —0.26 0.07 —3.94 0.001 o208 0.03 0.03 1.14 0.26 ns 0.04 0.07 0.54 0.6 ns
Bio5 6.88 1.52 4.53 0.001 08 —0.47 0.42 —1.11 0.28 ns 1.02 2.02 0.51 0.62 ns
Bio6 151 1.37 111 0.284 ns 0.42 0.38 1.1 0.28 ns 0.05 1.04 0.05 0.96 ns
Biol0 —0.57 2.7 —0.21 0.836 ns -27 1.69 —1.6 0.12 ns —3.23 3 —1.08 0.29 ns
Bioll —495 1.58 —-3.13 0.006 b —0.48 0.80 —0.6 0.55 ns 224 1.43 1.57 0.13
Bioelevation —0.09 0.1 —0.84 0.41 ns -0.17 0.06 —2.98 0.01 b 0.01 0.01 0.55 0.59 ns
Constant = 300.7, R = 0.01; RSE = 3.5, n = 26, AIC = 156.5, Constant = 894.3, R? = 0.04, RSE = 4.1, n = 35, AIC = 226.9, Constant = 39.7, R2 = 0.001, RSE = 5.8, n = 28, AIC = 197.5,
logLik = —67.3, MI = —0.19, MI-P-value = 0.82 logLik = —102.4, MI = —0.07, MI-P-value = 0.61 logLik = —87.8, MI = —0.15, MI-P-value = 0.77
Wingspan Biol —1.78 2.15 —0.83 0.42 ns —0.15 0.57 —0.26 0.80 ns —1.07 1.17 —0.92 0.37 ns
Bio4 —0.07 0.04 —2.03 0.06 . 0.01 0.01 0.77 0.45 ns —0.01 0.03 —0.39 0.70 ns
Bio5 2.27 0.85 2.66 0.02 * —0.26 0.22 -1.19 0.25 ns 1.07 0.84 1.29 0.21 ns
Bio6 0.69 0.77 0.90 0.38 ns 0.13 0.21 0.65 0.52 ns —0.31 0.38 —0.81 0.43 ns
Biol0 —0.28 1.79 —0.16 0.88 ns —0.62 0.66 —0.93 0.36 ns —1.04 1.01 —1.03 0.32 ns
Bioll —1.33 1.00 —1.33 0.2 ns —0.04 0.4 —0.09 0.93 ns 1.18 0.58 2.02 0.06
Bioelevation —0.01 0.06 —0.17 0.87 ns —0.08 0.03 —2.94 0.01 bl 0 0 0.58 0.57 ns
Constant = 44.5, R* = 0.04, RSE = 1.9, n = 26, AIC = 136.5, Constant = 430.6, R> = 0.04, RSE = 2.2, n = 35, AIC = 192, Constant = —12.7, R* = 0.002, RSE = 2.4, n = 28, AIC = 161.5,
logLik = —57.2, MI = —0.39, MI- P-value = 0.98 logLik = —85; MI = —0.09, MI-P-value = 0.67 logLik = —69.7, MI = 0.13, MI-P-value = 0.15
Comb Biol —498. 205.2 —2.43 0.026 % 368 197 1.87 0.07 . —578 345 —1.68 0.10
surface area
Bio4 —159 4.4 —3.63 0.002 s 10 4 2.28 0.03 Ed 2.84 8.17 0:35 0.73 ns
Bio5 285.2 101.5 2.810 0.012 % —109 68 —1.61 0.12 ns —337 223 —1.51 0.15 ns
Bio6 —82.2 91.6 —0.90 0.381 ns —38 61 —0.62 0.54 ns 154 110 1.41 0.17 ns
Biol0 214.6 180.8 1.187 0.251 ns —498 268 —1.86 0.07 3 532 308 1.73 0.10
Bioll —121 105.7 —1.14 0.267 ns 273 128 2.12 0.04 £ 296 157 1.89 0.07
Bioelevation -99 6.8 —1.44 0.166 ns —04 9 —0.04 0.97 ns 0.92 1.3 0.71 0.49 ns
Constant = 33,646.9, R? = 0.02, RSE = 232.3, n = 26, AIC = 307.8, Constant = 10,530, R? = 0.03, RSE = 663.6, n = 35, AIC = 500.8, Constant = 29,881, R? = 0.01, RSE = 635.6, n = 28, AIC = 385.2,
logLik = —142.9, MI = —0.15, MI-P-value = 0.74 logLik = —239.4, MI = —0.29, MI- P-value = 0.96 logLik = —181.6, MI = 0.06, MI-P-value = 0.28






