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What causes that some species occur in small restricted areas while others are distributed
in the entire world? Environmental heterogeneity increases with the area as the number of
species does. Hence, a variety of biotic and abiotic conditions in species having large
range sizes should enforce adaptations which are often linked with the genome size and
the number of chromosomes. Therefore, there should be a positive association between
genome size and geographic range size. Alternatively, high cognitive abilities should be
favoured by natural selection to cope with the variety of conditions in organisms having
large geographic ranges. We tested these hypotheses in birds, the most mobile terrestrial
animals. Using phylogenetic partial least squares and phylogenetic path analyses we
demonstrated that range size in birds is positively associated with genome size but not
with the number of chromosomes. Moreover, brain mass had no effect on the range size
and body mass possibly had a weak negative effect. ..cwever, our models explained a low
proportion of variation in range size. Hence, selection indeed may impose larger genomes
in birds occurring in larger areas but other explanations are likely.
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Abstract

What causes that some species occur in small restricted areas while others are distributed in the
entire world? Environmental heterogeneity increases with the area as the number of species does.
Hence, a variety of biotic and abiotic conditions in species having large range sizes should
enforce adaptations which are often linked with the genome size and the number of
chromosomes. Therefore, there should be a positive association between genome size and
geographic range size. Alternatively, high cognitive abilities should be favoured by natural
selection to cope with the variety of conditions in organisms having large geographic ranges. We
tested these hypotheses in birds, the most mobile terrestrial animals. Using phylogenetic partial
least squares and phylogenetic path analyses we demonstrated that range size in birds is
positively associated with genome size but not with the number of chromosomes. Moreover,
brain mass had no effect on the range size and body mass possibly had a weak negative effect.
However, our models explained a low proportion of variation in range size. Hence, selection
indeed may impose larger genomes in birds occurring in larger areas but other explanations are

likely.
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Introduction

There is enormous variation in the sizes of species’ geographic ranges (Gaston 2003). Several
explanations of the variation exist with leading hypotheses invoking traits such as body size
(Cambefort 1994, Gaston & Blackburn 2000), dispersal ability (Lester et al. 2007, Laube et al.
2013) and niche breadth (Garcia-Barros & Romo Benito 2010). The increase in geographic range
covaries with the environmental variability (e.g. climate) which is considered as a major
selective force in the evolution (Lee-Yaw & Irwin 2012, Sayol et al. 2016, Liedtke et al. 2018).
This suggests that species should possess numerous traits to live in the variable environment
(Gaston & Blackburn 2000, Zamudio et al. 2016) and the traits should have strong heritable
component thus be linked with the number of genes (Zhang et al. 2014). Hence, genome size
may be an important predictor of the species range size but can also affect other features that are

likely subject to natural selection.

The genome size in eukaryotes may be defined as the C-value which is the amount of
DNA per haploid genome and number of chromosomes. There is a non-linear positive
relationship between the genome size and the number of genes (Hou & Lin 2009). The
eukaryotic genome is composed of a large amount of repetitive DNA, mobile elements,
deletions, protein-coding exons and noncoding introns (John & Miklos 1988). However, the
physical size of the genome has consequences for organismal fitness and may thus be subject to
selection (Petrov 2001). Several concepts postulate an adaptive function for this extra DNA
given that DNA abundance, rather than its information content, can have a direct and significant
effect on phenotype (Petrov 2001). For instance, a larger genome size could be adaptive because
it directly or indirectly increases nucleus and cell volumes (Cavalier-Smith 1978), body size
(Gregory 2005), may buffer fluctuations in the concentration of enzymes or protects coding
DNA from mutation (Hsu 1975, Janssen et al. 2018). Likewise, genome size correlates with cell
life cycle complexity (Gregory 2002, Yu et al. 2019) and basal metabolism (Vinogradov 1997),
tissue differentiation and developmental rates (Sessions & Larson 1987, Xia 1995, Wyngaard et

al. 2005).

Interestingly, in animals, the genome size (C-value) and the number of chromosomes are

weakly positively correlated with each other (Vinogradov 1988, Elliott & Gregory 2015). The
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number of chromosomes plays important functions in speciation, sex determination and
developmental modes (King 1995, Warchatowska-Sliwa et al. 2011, Blackmon et al. 2017,
Lucek 2018). Thus, it is possible that the number of chromosomes may also be positively

associated with the variation in geographic range size (Guo et al. 2003, Martinez et al. 2017).

Among different organisms birds are the unique and useful model group to test many
evolutionary hypotheses. They have constrained genome size compared to other vertebrates.
However, avian genomic diversity covaries with adaptations to different lifestyles and
convergent evolution of traits (Zhang et al. 2014). Most birds possess flight ability thus they are
not as constrained by physical barriers as other organisms. Thus, range size in birds often
correlates with dispersal abilities (Bohning-Gaese et al. 2006, Laube et al. 2013). A positive
relationship was found between genome size and nucleus/cell size, as well as between genome
size and wing loading index, which is interpreted as an indicator of adaptations for efficient
flight (Andrews et al. 2009). Hence, one may expect that genome size may be positively linked

with the geographic range size in birds.

The alternative (but not mutually exclusive) hypothesis .staat large geographic ranges
should favour enhanced cognitive skills enabling survival in varying conditions met across these
ranges. Cognitive skills are connected with large brains (Reader & Laland 2002, Sol et al. 2005,
Emery 2006) and considered to be linked with habitat generalism (Edmunds et al. 2016,
Navarrete et al. 2016). Larger brains are indeed more likely to occur in bird species exposed to
larger environmental variation throughout their geographic range (Sol et al. 2005, Sayol et al.
2016). Therefore, one may hypothesise that the geographic range size is positively correlated
with the brain size. Also, the brain size is strongly correlated with body size (Minias &
Podlaszczuk 2017). Thus, body size should always be considered as a covariate in studies on
range size and genomes because there is well documented paradigm of overall positive
association between body size and range size in animals (Gaston & Blackburn 2000, Newsome

etal. 2019)

In this paper, we test the hypothesis that genome size, number of chromosomes and brain
size as well as body size are positively associated with geographic range size in birds. Efficient
testing of the causality of such relationships on a broad taxonomic scale has proven difficult in

the past due to the inter-correlation of these biological traits and their phylogenetic non-
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independence. Thus, we used phylogenetic generalized least squares and path analyses to control

for phylogeny and account for multicollinearity of variables.

Methods
Data collection

Data of bird species ranges were collected from BirdLife International (2019)
(http://datazone.birdlife.org/species/requestdis). Data were manipulated in QGIS 3 Nosa. To
calculate the area of species ranges we used Bonne equal-area transformation (ESRI: 54024).
Only extant native ranges were used (Ravilious et al. 2015). The bird phylogenetic trees (Jetz et

al. 2012, 2014) were created in nexus format online (http://birdtree.org). Unfortunately,

birdtree.org did not provide any consensus tree of avian taxa. The sets of 1000 trees were

downloaded for three data subsets (see below).

Data on species genome size were compiled from the Animal Genome Size Database
(http://www.genomesize.com/search.php). This database contains data on both C-value and the
number of chromosomes (much less data). We gathered data on the C-value of 637 bird species.
To complete data on the number of chromosomes we also used data published by Kretschmer et
al. (2018). Data on body mass were taken from Wilman et al (2014). Data on bird brain mass
were compiled from three published sources (Fristoe et al. 2017, Minias & Podlaszczuk 2017,
Tsuboi et al. 2018). In total, data on 311 species with both brain size and genome size were
available. In total we had 65 species that have data on both genome size, chromosome number,

brain size and body size All data used in analyses are available in the Supplementary material 1.
Data analysis

We computed three single consensus trees by using strict consensus methods implemented in
PAUP* 4.0 (Swofford 2003) from the three sets of 1000 tree downloaded from the birdtree.org.
Strict consensus methods show the tree group sequences only if that grouping appears in all of
trees of the set. Three consensus trees were used in the subsequent statistical analyses. The

branch-lengths for this tree were generated from the fitted branch lengths for the 1000 input

Peer] reviewing PDF | (2020:07:50951:0:0:NEW 13 Jul 2020)



PeerJ

115
116

117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134

135
136
137
138
139
140
141
142
143
144

trees, using the ‘consensus.edges’, function of the phytools R package (Revell 2012). Tree are

visualized with Iroki software (Moore et al. 2020) and are in Figure 1 (2" tree not shown).

We used phylogenetic generalized least-squares (PGLS) models implemented in nlme
package (von Hardenberg & Gonzalez-Voyer 2013, Pinheiro et al. 2019). We used Brownian
motion correlation structure in model residuals to account for phylogenetic dependence among
species (Miinkemiiller et al. 2012). Brownian motion is a popular model in comparative biology
because it captures the way traits might evolve under a reasonably wide range of scenarios
(Miinkemiiller et al. 2012, Harmon 2019). The dependent variable was bird species ranges size
(in km?). Primary explanatory variables were genome size (C-value) and the number of
chromosomes. We also included covariates: body mass and brain mass (residuals form PGLS not
explained by the body mass) because they are well linked with environmental variability and
other species traits. Body and brain masses were logarithmically transformed. The number of
available data varied among explanatory variables, therefore we built three models explaining
range size variation in birds. The first model (637 species) had two explanatory variables:
genome size and body mass. The second model (311 species) had three explanatory variables:
genome size, body mass and relative brain mass. The third model (65 species) ..ud four
explanatory variables: genome size, the number of chromosomes, body mass, brain mass. Each
model was tested against the null model (model with the intercept only), by likelihood ratio test
and Nagelkerke pseudo-R square was a measure of model fit, calculated in companion R-

package (Mangiafico 2020).

We used phylogenetic confirmatory path analyses (von Hardenberg & Gonzalez-Voyer
2013) based on prespecified candidate path models to test for the effects of traits on range
variation in the R package ‘phylopath’(van der Bijl 2018). This approach allows comparing
causal hypotheses of the relationship among traits disentangling direct from indirect effects while
correcting for the non-independence of trait data due to common ancestry (Santini et al. 2019).
Also, this approach deals with multicollinearity (Fig. 2) better than multivariate linear models
because the variance in the response is partitioned among fewer predictors (Gonzalez-Voyer &
von Hardenberg 2014). To build paths we used data from model 3rd which contained all
explanatory variables. A total of 20 path model combinations were built with different

configurations of these variables. We used a set of hypotheses depicted by directed acyclic
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graphs (Fig. 3) to minimise the number of models to test (Gonzalez-Voyer et al. 2016). The first
set of models included the direct impact of each explanatory variable (Fig. 3). The second set of
models included also indirect effects. We assumed that the effect of genome size may be
mediated by the number of chromosomes, the effect of body mass may be mediated by genome
size and the effect of brain mass may be indirect via brain mass (Martin 1981). The third set of
models included more complex indirect associations (Fig. 3). Namely, we assumed that the effect
of body mass may be mediated by both genome size and the number of chromosomes. Also, we
expected that the effect of genome size may be mediated by the number of chromosomes.
Finally, these sets of models were tested against the null model. Sets of models were compared

using the C-statistic Information Criterion (CICc) corrected for small sample size
Results

The first PGLS model showed that genome size was positively associated with range size (Table
1, Fig. 4). Range size was negatively associated with body size (Table 1, Fig. 4). This model was
statistically different from the null model (> = 11.543, P = 0.003) and explained 4 % of
variation. The second PGLS model also revealed a positive association between range size and
genome size (Table 1), a negative association between the range and body mass and no impact of
residual brain mass (Table 1). This model also was statistically different from the null model (2
=11.249, P =0.010) and explained 5 % of variation. ' ae third PGLS model also showed that
range size was associated with genome size and body mass but not with the number of
chromosomes nor the residual brain mass (Table 1). This model was statistically different from
the null model (2> = 11.249, P = 0.010) and explained 17 % { ariation in range sizes.
Phylogenetic path analysis revealed that models with simple direct and indirect models had the
highest support (Table 2). These models had higher support than models with direct effect only
and more complex direct and indirect effects (Table 2). Estimated coefficients indicated that the
statistically significant independent effect size (confidence intervals not overlapping with zero)

had the genome size (Fig. 5).
Discussion

Large-scale patterns of spatial variation in species geographic range size are central to many

fundamental questions in macroecology. However, the global nature of these patterns has
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remained contentious. Our study confirms our hypothesis that in birds the genome size is weakly
positively related to geographic range size. Birds represent an example of a group in which
genome size is correlated with active speciation. The amount of DNA gained by transposable
element expansion is counteracted by DNA loss through large segmental deletions (Kapusta et
al. 2017, Zhang et al. 2014). " " s, these contrasting forces may be the reason why statistical
models explained a small proportion of variation in the range size. Also, there are other possible
explanations of the variation in range size in birds mostly linked with environmental constraints,
such as climate, geographic location and habitat (Orme et al. 2006, Laube et al. 2014, Zhang et
al. 2014, Sayol et al. 2016).

Interestingly, we found that body mass in the multivariate models and path analyses was
negatively correlated with the range size. It contradicts most of former findings that were
considered as a paradigm of macroecology (Cambefort 1994, Gaston & Blackburn 2000). This
finding should be investigated in more detail in other taxa because it may change our
understanding of the role of body size in shaping range sizes. Body size depends on genome size
(rather than the opposite) thus it may indicate that genetic factors are primary causative variables

and body mass may be in fact linked with species distribution indirectly.

We also did not find the effect of the relative brain mass on the range size despite former
study reported the positive association between the environmental variation and the brain size
(Sayol et al. 2016). Larger brains allow for increased intelligence (i.e. information processing
capacities) that is under strong selection (Reader & Laland 2002, Sol et al. 2005 ) The possible
explanation is that in the scale of geographic range the environmental variation may be too high
for cognitive skills to adjust bird behaviour. In that case, the adaptations for varying conditions

should evolve, which may be linked with the genome size.
Study limitations

Several issues should be taken into account when interpreting results. First, the explained
variation is low, thus statistical significance does not necessary mean biological meaning.
Moreover, our sample sizes in analyses were limited by the availability of data on chromosome
numbers. Used methods assume that relationships are linear, which is not necessary a good

assumption. On the other hand, non-linear methods do not include phylogenetic relations among
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species. Also, species ranges are not constant and used data on range have well known

limitations but not better options exist at that scale of study.
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Table 1l(on next page)
Phylogenetic generalized least squares models testing association among geographic

species ranges in birds and genome size, chromosome number, body mass and brain
mass.

Three models differed by available sample size for each explanatory variable. Statistically

significant effects have emboldened P-values.
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Table 1.
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Model 1st (N = 637 species)

Effect estimate SE

(Intercept) 5289443.1| 13829566.4 0.382 0.702
Genome size 11091038.8 | 3804045.0 2916 0.004
Body mass -1633966.4| 795215.3 -2.055 0.040
Model 2nd (N = 311)

Effect estimate SE

(Intercept) 1376343.2| 17699071.3 0.078 0.938
Genome size 16948814.5| 5833707.1 2.905 0.004
Body mass -2279812.5| 1122943.7 -2.030 0.043
Brain mass (residual) -907984.9| 5189134.3 -0.175 0.861
Model 3rd (N = 65)

Effect estimate SE

(Intercept) 24592890.8 | 31740891.8 0.775 0.441
Genome size 31354218.3|11017812.5 2.846 0.006
Chromosome number -345892.5| 279420.0 -1.238 0.221
Body mass -4052065.1| 1673309.7 -2.422 0.018
Brain mass (residual) 474102.4| 9059940.2 0.052 0.958
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Table 2(on next page)

The results of phylogenetic path analysis.

Different sets of models are compared (see Figure 3) Explanations: k - independence claims

made by the model, g - the number of parameters, C- the C statistic, P - p-value for C, CICc -
the C-statistic information criterion corrected for small sample sizes, ACICc - the difference in
CICc with the top model, - the associated relative likelihoods, w - CICc weights (w). A

significant p indicates that the available evidence rejects the model.
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1 Table 2.
Model k |qg |C p CICc ACICc / w
indirect simple 31 121 4.027| 0.673| 34.027 0.000| 1.000| 0.811
indirect complex | 1| 14| 0.537| 0.764| 36.937 2.910| 0.233| 0.189
direct 6| 9| 83.671| 0.000| 104.944 70.917| 0.000 | 0.000
null 10| 5| 102.454| 0.000| 113.471 79.444 | 0.000| 0.000
2
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Figure 1

Consensus phylogenetic trees that were used in the analyses.

Phylogenetic tree for all studied species (A) and a subset of 65 species (B) which had all

explanatory variables (bars). Colors are in agreement with bird orders.
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Figure 2

The associations among the explanatory variables revealed by phylogenetic generalized
least squares (fitted red line).

The size of dots is scaled according to geographic range size. Dots are transparent for better

visibility of overlapping data. Statistical significance is given together with sample size.
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Figure 3

Competing models testing the association among geographic range size in birds
(Range), and genome size, number of chromosomes (Chromosomes), body mass and

brain mass.
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Figure 4

The association among geographic range size in birds and (A) genome size, and (B)
body mass.

Fitted lines (red) are from the phylogenetic generalized least squares models. The effect of

body mass is depicted on residual range sizes (residuals not explained by the genome size).
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Figure 5

Results from the phylogenetic path analysis.

Test supporting causal model with the standardized path coefficients (A). The standardized

coefficients for explanatory variables with 95 % confidence intervals (Cl) associated with bird

geographic range (B).
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