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Abstract 12 

Birds display striking variation in chromosome number, defying the traditional view of highly 13 
conserved avian karyotypes. However, the evolutionary drivers of this variability remain unclear. 14 
To address this, we fit probabilistic models of chromosome number evolution across birds, 15 
enabling us to estimate rates of evolution for total chromosome number and the number of 16 
microchromosomes and macrochromosomes while simultaneously accounting for the impact of 17 
other evolving traits. Our analyses revealed higher rates of chromosome fusion than fission 18 
across all bird lineages. Notably, much of this signal was driven by Passeriformes, where 19 
migratory species showed a particularly strong bias towards fusions compared to sedentary 20 
counterparts. Furthermore, a robust correlation between the rearrangement rates of 21 
microchromosomes and macrochromosomes suggests that genome-wide processes drive rates 22 
of structural evolution. Additionally, we found that lineages with larger population sizes exhibited 23 
higher rates of both fusion and fission, indicating that positive selection plays a dominant role in 24 
driving divergence in chromosome number. Our findings illuminate the evolutionary dynamics of 25 
avian karyotypes and highlight that, while the fitness effects of random structural mutations are 26 
often deleterious, beneficial mutations may dominate karyotype divergence in some clades. 27 

 28 
  29 
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Introduction 30 
 31 
Historically, avian karyotypes have been characterized as highly conserved with few exceptions, 32 
as most birds have a diploid number around 80, consisting of both microchromosomes and 33 
macrochromosomes (Griffin et al. 2007; Ellegren 2010). Indeed, bird genomes have been 34 
shown to have strikingly fewer intrachromosomal rearrangements than is typical in other clades 35 
(e.g., mammals and insects) (Li et al. 2021; Alfieri et al. 2023). However, recent work challenges 36 
the view that avian karyotypes are largely static. Degrandi et al. (2020) reported a wide range of 37 
diploid counts, from as few as 40 to over 140 chromosomes (Figure 1), highlighting substantial 38 
variation in chromosome number. This diversity is potentially significant, as chromosome 39 
architecture can influence recombination frequency, genetic linkage, hybrid compatibility, sex-40 
determining mechanisms, and evolutionary rates (Stebbins 1958; White 1973; Britton-Davidian 41 
et al. 1990; Blackmon and Demuth 2015; Blackmon et al. 2015). Given the profound impacts 42 
that karyotype evolution can have and the vast dataset available (i.e., over 1,087 reported avian 43 
karyotypes), it is surprising that we have yet to determine whether chromosome number 44 
evolution in birds is primarily driven by natural selection or genetic drift and by extension 45 
whether extant variation in chromosome number has been generated through the fixation of 46 
deleterious, neutral, or beneficial mutations. 47 
 48 
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 49 
Figure 1. Haploid Chromosome Numbers Across Birds. Each branch on the phylogeny is 50 
painted to indicate chromosome number and the color ramp is on a log scale to ease 51 
visualization. The bands on the outside of the phylogeny indicate major orders. 52 
 53 
Theoretical investigations have played a crucial role in shaping our understanding of 54 
chromosome number evolution. Early models, such as those proposed by Lande (1979), 55 
explored the conditions under which chromosomal rearrangements could become fixed in 56 
populations. These models emphasized the role of genetic drift, particularly in small populations, 57 
where the fixation of deleterious chromosomal mutations might occur despite their initial fitness 58 
costs. However, these theoretical approaches also have significant weaknesses. The 59 
assumption that chromosomal mutations are largely underdominant (i.e., deleterious when 60 
heterozygous) limits the applicability of these models, particularly in cases where chromosomal 61 
changes may have neutral or even beneficial effects.  62 
 63 
Empirical studies have provided valuable, albeit limited, insights into the fitness effects of 64 
structural mutations. Radiation induced chromosomal mutations in both Drosophila 65 
melanogaster and Tribolium castaneum have allowed us to measure the fitness effect of a 66 
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range of structural mutations but it is unclear whether the fitness effects of induced mutations is 67 
similar to the fitness effects of naturally occurring mutations (Muller 1930; Sokoloff 1977). 68 
Similarly, controlled crosses between karyotypically distinct strains or species have provided 69 
additional measures of the fitness of individuals heterozygous for chromosomal mutations 70 
(Ratomponirina 1988; Britton-Davidian et al. 1990). However, these crosses typically also 71 
involve genic divergence between the strains or species being crossed making it at best difficult 72 
to isolate the effects of structural variation alone. Despite these limitations, a consensus 73 
emerged that most chromosomal mutations are likely deleterious, particularly in heterozygous 74 
individuals (King 1995). 75 
 76 
With this base assumption that most chromosomal mutations are deleterious, researchers 77 
began attempting to understand the characteristics that could lead to accelerated rates of 78 
chromosome number evolution in lineages. Although formal phylogenetic comparative methods 79 
were unavailable at the time, studies comparing evolutionary rates across placental mammals, 80 
other vertebrates, and mollusks (Wilson et al. 1975), among mammalian clades (Bush et al. 81 
1977), and among beetle families (Petitpierre 1987) all suggested that clades with smaller 82 
effective population sizes had higher rates of evolution. Recent advances in comparative 83 
phylogenetic methods have provided new opportunities to investigate the forces shaping 84 
chromosome number evolution and for statistical tests of a range of hypotheses (Mayrose et al. 85 
2010; Glick and Mayrose 2014; Zenil-Ferguson et al. 2017; Freyman and Höhna 2018; 86 
Blackmon et al. 2019). These tools allow researchers to explicitly test hypotheses while 87 
controlling for phylogenetic history. Empirical studies leveraging these comparative approaches 88 
have begun to reveal patterns across large clades that were not accessible in the past.  89 
 90 
Some clades (i.e., Carnivores and Coleoptera) show strong support for a pattern where lineages 91 
with reduced effective population size have increased rates of chromosome number evolution 92 
(Blackmon et al. 2024; Jonika et al. 2024). These results suggest that karyotype diversity in 93 
these lineages may be generated primarily through the fixation of deleterious mutations that are 94 
fixed by genetic drift. Outside of Carnivores most mammalian lineages show a pattern that is 95 
consistent with female meiotic drive as the primary driving force in generating karyotypic 96 
diversity (Blackmon et al. 2019). While probabilistic models of chromosome number evolution 97 
have not (to our knowledge) been applied to birds as a whole, some studies have looked at 98 
rates of structural evolution in subclades. For instance, the rate of inversions in island and 99 
mainland Estrildid finches was compared and demonstrated that inversions fix more frequently 100 
in mainland species suggesting that these inversion are fixed by natural selection (Hooper and 101 
Price 2015).  102 
 103 
Bird karyotypes are notable for their combination of macrochromosomes and 104 
microchromosomes. This bimodal structure has been largely conserved since the emergence of 105 
modern birds, with cytogenetic and comparative genomic evidence suggesting that the 106 
ancestral avian karyotype resembled that of present-day species, such as chickens (Griffin et al. 107 
2007; O’Connor et al. 2018; Zhang 2018). Microchromosomes differ from macrochromosomes 108 
in several key ways: they are much smaller (Pichugin et al. 2001), typically more gene-dense 109 
(Smith et al. 2000), and exhibit higher rates of recombination (Rodionov et al. 1992). These 110 
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characteristics lead to an expectation that microchromosomes should have higher evolutionary 111 
rates of rearrangements than macrochromosomes. However, microchromosomes show 112 
remarkable conservation in gene content and organization across extremely diverged avian 113 
species (Damas et al. 2018; Waters et al. 2021), suggesting that rates of microchromosomes 114 
and macrochromosomes are decoupled. This conservation suggests purifying selection against 115 
structural rearrangements in microchromosomes. In contrast, macrochromosomes exhibit 116 
greater variability, suggesting a higher rate of structural rearrangements, particularly in some 117 
specific lineages (O’Connor et al. 2019, 2024; Kretschmer et al. 2021). 118 
 119 
In this study, we aim to clarify whether chromosome number evolution in birds is primarily driven 120 
by genetic drift or natural selection and determine if the tempo and mode of evolution in 121 
microchromosomes and macrochromosomes is coupled or decoupled. By leveraging extensive 122 
comparative analyses of avian karyotypes, we demonstrate that species with larger population 123 
sizes have elevated rates of chromosome fission and fusions, suggesting natural selection as a 124 
key force in shaping karyotype dynamics. Additionally, our results indicate that 125 
microchromosomes and macrochromosomes have coupled evolutionary rates of fissions and 126 
fusions. These findings provide insights into the balance of adaptive and stochastic processes 127 
driving genomic features in birds. 128 
 129 
Methods 130 
 131 
Population Size 132 
 133 
We had two approaches for investigating the role of population size on chromosome number 134 
evolution. The first approach was to characterize orders (with greater than 20 species) into 135 
population size groups (small, medium, and large) based on three traits hypothesized to be 136 
associated with effective population size (Ne). The traits used were body mass; small body mass 137 
associated with lower Ne (Eo et al. 2011), range size; small range size associated with lower Ne 138 
(Gaston and Blackburn 1996), and trophic level; with expected Ne lowest in carnivores, 139 
intermediate in omnivores and highest in herbivores (Brüniche-Olsen et al. 2021). We obtained 140 
this trait data from Tobias et al. (2022). For each of these traits we separated species into the 141 
lowest quartile, the middle two quartiles, or the upper quartile. Each order was then assigned a 142 
value of -1, 0, or 1 respectively based on which of these quartiles most species fell into.  143 
 144 
For body mass, the lowest quartile of masses was less than 21.40 grams. The second group 145 
contained the middle two quartiles, and the third group contained the highest quartile of masses 146 
that were greater than 460 grams. For range size, the lowest quartile of range sizes was less 147 
than 1.5 million sq km. The second group contained the middle two quartiles, and the third 148 
group contained the highest quartile of range sizes greater than 10.35 million sq km. We 149 
classified the trophic levels of species into 3 groups (i.e., herbivores, omnivores, and 150 
carnivores). Similar to the previous two traits each order was assigned a value of -1, 0, or 1 151 
depending on which trophic level was most common in the order. These values were then 152 
summed for each order leading to population size indices that ranged from -1 to 2 (Table 1). We 153 
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treated orders as small Ne if their indices were 1 or 2. Orders with indices of 0 were considered 154 
medium Ne. Finally, orders with indices of -1 were treated as large Ne. 155 
 156 
Table 1. Effective population size scoring scheme. Positive values represent small 157 
population size species, while negative numbers represent large population size species. 158 
 Range Size Trophic Level Mass Total 
Accipitriformes 0 +1 +1 2 
Anseriformes -1 -1 +1 -1 
Charadriiformes 0 +1 0 1 
Columbiformes 0 -1 0 -1 
Galliformes +1 -1 +1 1 
Gruiformes 0 -1 +1 0 
Passeriformes 0 +1 -1 0 
Pelecaniformes -1 +1 +1 1 
Piciformes 0 +1 0 1 
Psittaciformes +1 -1 0 0 
Strigiformes 0 +1 0 1 
Strisores 0 +1 0 1 
 159 
We used the R package ChromePlus to construct Markov models of chromosome evolution 160 
allowing for two mechanisms of chromosome number change: fusions and fissions (Blackmon 161 
et al. 2019, 2023; R Core Team 2024). We fit a model for each order with more than 20 species. 162 
We used chromosome number data from the Bird Chromosome Database (Degrandi et al. 163 
2020). We used a recent phylogeny containing most bird species (McTavish et al. 2024). We fit 164 
the models in a Bayesian framework using R package diversitree (FitzJohn 2012). Each Markov 165 
Chain Monte Carlo (MCMC) run was initialized with parameter values drawn from a uniform 166 
distribution from 0 to 1 and uniform priors. MCMCs were run for 4000 generations. Although all 167 
MCMCs appeared to reach convergence at 1000 generations, we conservatively discarded the 168 
first 2000 generations as burn-in. All reported rates are lambda parameters for exponential 169 
distributions describing the expected waiting time for a transition to occur and are in units of 170 
millions of years. From these estimated rates, we tested for phylogenetic signal and performed 171 
a Spearman rank correlation analysis between the population size score and the mean rate of 172 
fissions and fusions (Revell 2012). 173 
 174 
Our second approach for investigating the impact of population size on rates of chromosome 175 
number evolution was to utilize global abundance estimates (species census population size) 176 
for every species in our dataset, regardless of order representation. We obtained global 177 
abundance estimates from Callaghan et al. (2021). Species in the lowest quartile of abundance 178 
estimates (< 1395806) were considered small population size species, while species in the 179 
highest quartile of abundance estimates (> 16082707) were considered large population size 180 
species. After subsetting for species in these quartiles, we incorporated the presence of this 181 
binary trait (population size) and transitions between states into our model of chromosome 182 
evolution (Blackmon et al. 2023). Each MCMC run was initialized with parameter values drawn 183 
from a uniform distribution from 0 to 1 and uniform priors. The MCMC was run for 10000 184 
generations. Although the MCMC appeared to reach convergence at 1000 generations, we 185 
conservatively discarded the first 2000 generations as burn-in. 186 
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 187 
Microchromosome vs. Macrochromosome Rates of Evolution 188 
 189 
We searched the literature compiled in the Bird Chromosome Database for instances where 190 
microchromosomes were differentiated from macrochromosomes (Degrandi et al. 2020). This 191 
involved searching 353 references containing 1,562 karyotype descriptions of 1086 species. We 192 
only included data in which the authors had explicitly provided the number of 193 
microchromosomes and macrochromosomes in the karyotype. Authors were not consistent in 194 
their definitions of microchromosomes or the heuristics they chose to use. Some authors 195 
defined microchromosomes with relative length cut-offs (Hassan 1998; Ebied et al. 2005), while 196 
others defined them using cytological and staining techniques (Kaul and Ansari 1978; de 197 
Oliveira Furo et al. 2017), and still others differentiate them based on a notable size difference 198 
(Goldschmidt et al. 1997). Despite these variations in definitions, the categorization into 199 
microchromosomes and macrochromosomes has been strongly supported by the genomics 200 
revolution. Specifically, microchromosomes have been shown to have a size distribution 201 
independent of macrochromosomes (Burt 2002; International Chicken Genome Sequencing 202 
Consortium 2004), elevated GC and gene content (International Chicken Genome Sequencing 203 
Consortium 2004; Ellegren 2010), elevated recombination rates (even after controlling for their 204 
small size) (Griffin et al. 2007; Skinner and Griffin 2012), and evolutionary conservation across 205 
broad lineages (Ellegren 2010; Romanov et al. 2014).   206 
 207 
We estimated the rates of fissions and fusions for microchromosomes and macrochromosomes 208 
separately. We ran models of chromosome evolution separately for orders with more than 10 209 
species with both microchromosome and macrochromosome counts (N = 8 orders). Each 210 
MCMC run was initialized with parameter values drawn from a uniform distribution from 0 to 1. 211 
Initial runs showed that the MCMC occasionally failed to mix well and instead explored regions 212 
of parameter space that were characterized by unrealistically high rates. To remedy this we 213 
used a weak broad exponential prior with a rate parameter of 0.1. We then ran each MCMC for 214 
4000 generations, and discarded the first 2000 as burn-in. We used R package phytools to test 215 
for phylogenetic signal (Revell 2012). We then performed a Spearman Rank Correlation test to 216 
determine if the mean rate of microchromosome evolution was correlated with the mean rate of 217 
macrochromosome evolution. 218 
 219 
Results 220 
 221 
We first estimated fission and fusion rates on all birds which had chromosome number and 222 
phylogenetic information (N=1027). We found that fusion rates were slightly higher than fission 223 
rates. The mean of the fission rate estimates was 0.12 (95% credible interval 0.09 to 0.15). The 224 
mean of the fusion rate estimates was 0.20 (95% credible interval 0.16 to 0.23). 225 
 226 
Population Size 227 
 228 
Our first approach to investigate the impact of population size on rates of evolution was to 229 
characterize orders (with greater than 20 species) into population size groups (small, medium, 230 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 4, 2024. ; https://doi.org/10.1101/2024.11.29.626112doi: bioRxiv preprint 

https://paperpile.com/c/IclwKJ/PF79
https://paperpile.com/c/IclwKJ/mgMU+zphP
https://paperpile.com/c/IclwKJ/bg2z+XolR
https://paperpile.com/c/IclwKJ/bg2z+XolR
https://paperpile.com/c/IclwKJ/mcmd
https://paperpile.com/c/IclwKJ/BtpL+w4pt
https://paperpile.com/c/IclwKJ/BtpL+w4pt
https://paperpile.com/c/IclwKJ/w4pt+qLfn
https://paperpile.com/c/IclwKJ/w4pt+qLfn
https://paperpile.com/c/IclwKJ/qYDU+h9Ga
https://paperpile.com/c/IclwKJ/qLfn+BUno
https://paperpile.com/c/IclwKJ/oY6m
https://doi.org/10.1101/2024.11.29.626112
http://creativecommons.org/licenses/by/4.0/


Page8 

and large) based on traits hypothesized to affect effective population size (body mass, range 231 
size, and trophic level). We had 12 orders with species counts greater than 20: Accipitriformes, 232 
Anseriformes, Charadriiformes, Columbiformes, Galliformes, Gruiformes, Passeriformes, 233 
Pelecaniformes, Piciformes, Psittaciformes, Strigiformes, and Strisores. In total, 892 species 234 
were included in these order-level models (Table 2; Figure 2; Supplemental 1). Our original 235 
models for Piciformes yielded extremely variable rates (mean rate = 2.43/MY, 95% Credible 236 
Interval: 0.71 - 6.21). It has been well documented that many comparative methods can be 237 
heavily influenced by extreme signals in a very small portion of the phylogeny (Rabosky and 238 
Goldberg 2015). To determine if this was the case, we used the tipRate function in the R 239 
package evobiR (Jonika et al. 2023) and found one species, Pteroglossus aracari, that exhibited 240 
recent, drastic reduction in chromosome number (Haploid chromosome number = 31) compared 241 
to its closest relative diverged 5.76 MYA, Pterroglossus castanotis (Haploid chromosome 242 
number = 43). To determine if this tip was leading to our elevated rate estimate in Piciformes, 243 
we removed this outlier and repeated our analysis. Even after removal of this taxa Piciformes 244 
still had the highest rates of fission and fusion across all examined orders. However, we found 245 
that removal of this species led to a 3-fold reduction in the mean rate estimate for this order. In 246 
an effort to focus on broadly supported rates of evolution we pruned this taxa from further 247 
analyses. 248 

Table 2. Order level rates of chromosome evolution. For each of 12 orders columns indicate 249 
the fission, fusion, and mean rates as well as credible intervals for each.  250 

 Fissions 
(MY) 

95% Credible 
Interval 

Fusions 
(MY) 

95% Credible 
Interval 

Mean (MY) 95% Credible 
Interval 

Accipitriformes 0.03 0.02 - 0.06 0.03 0.01 - 0.05 0.03 0.02 - 0.05 
Anseriformes 0.05 0.02 - 0.09 0.03 0.01 - 0.07 0.04 0.02 - 0.07 
Charadriiformes 0.16 0.05 - 0.29 0.22 0.08 - 0.33 0.19 0.12 - 0.28 
Columbiformes 0.09 0.00 - 0.19 0.09 0.00 - 0.20 0.09 0.03 - 0.15 
Galliformes 0.12 0.03 - 0.22 0.13 0.04 - 0.23 0.13 0.06 - 0.19 
Gruiformes 0.05 0.02 - 0.09 0.02 0.00 - 0.05 0.03 0.02 - 0.06 
Passeriformes 0.05 0.03 - 0.06 0.10 0.08 - 0.12 0.07 0.06 - 0.09 
Pelecaniformes 0.12 0.03 - 0.23 0.17 0.08 - 0.27 0.14 0.07 - 0.22 
Piciformes 0.84 0.33 - 1.46 0.84 0.03 - 1.53 0.84 0.34 - 1.43 
Psittaciformes 0.32 0.10 - 0.64 0.58 0.35 - 0.77 0.45 0.29 - 0.62 
Strigiformes 0.27 0.04 - 0.56 0.33 0.08 - 0.59 0.30 0.11 - 0.54 
Strisores 0.16 0.01 - 0.33 0.15 0.00 - 0.32 0.15 0.05 - 0.31 
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 251 
Figure 2. Mean rates of chromosome evolution across bird orders. Each clade displays 252 
2000 posterior samples of mean rate estimates. The posterior mean is marked with a black 253 
circle, and the 95% credible interval is shown with a vertical black line. Colors represent the Ne 254 
class for each clade. The orders are in order of decreasing population size score. 255 
 256 
We did not find any phylogenetic signal in the residuals of the relationship between mean rate 257 
and the Ne classification (K = 0.87, p = 0.767). There was no linear relationship between Ne 258 
classification and mean rate (p = 0.41), and there was no correlation (Spearman’s Rho = 0.39, S 259 
= 173.26, p = 0.205).  260 
 261 
Our second approach was to utilize global abundance estimates (species census population 262 
size) for every species in our dataset regardless of order. We had 480 birds in our analysis (240 263 
in the small population size state and 240 in the large population size state). Several small 264 
orders were monomorphic for population size, 10 orders were completely classified as small 265 
pop size (N = 29) while 6 orders were completely classified as large pop size (N = 8).  266 
 267 
The mean fission and fusion rates for large population size lineages was 0.36 and 0.35 268 
respectively (95% Credible Interval for both parameters was: 0.28 - 0.43). The mean fission and 269 
fusion rates for small population size lineages was 0.02 and 0.01 respectively (95% Credible 270 
Intervals of 0.01 - 0.03 and 0.002 - 0.03 respectively). We computed a mean rate difference 271 
statistic, denoted as ΔR𝛘, where 𝛘 is the model parameter of interest (fissions or fusions). For 272 
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each post-burnin sample, we calculated ΔR𝛘 as follows:  ΔR𝛘 = 𝛘small population - 𝛘large population. We 273 
then assessed the 95% credible interval for ΔR𝛘. If this interval is entirely below zero it provides 274 
strong evidence that the fission and/or fusion rates are higher in clades with large population 275 
sizes. Conversely, if the credible interval includes zero, it suggests little to no evidence for a 276 
difference in rates between clades with small and large population sizes. We estimated the 277 
mean ΔR for fissions to be -0.34 (95% Credible Interval: -0.41 to -0.26), and the mean ΔR for 278 
fusions to be -0.34 (95% Credible Interval: -0.42 to -0.26). As the credible intervals do not 279 
overlap zero, we infer that large population size species have higher rates of chromosomal 280 
fissions and fusions (Figure 3). 281 
 282 
 283 

 284 
Figure 3. Chromosome evolution in small population size and large population size 285 
lineages. Each curve shows the distribution of the rate difference in small population size and 286 
large population size lineages. The bars below the curve indicate the 95% credible interval for 287 
the rate differences.  288 
 289 
To assess whether our findings were disproportionately influenced by a few species with 290 
extreme chromosome counts, we conducted a secondary analysis. Following Jonika et al. 291 
(2024), we used the GetTipRates function in R package evobiR (Jonika et al. 2023) to calculate 292 
the difference between an extant species’ chromosome number and the most probable 293 
chromosome number of the immediate ancestor. Species with exceptionally high tip rates could 294 
reduce the generalizability of our results to broader clades. To address this, we repeated our 295 
analysis–rate estimation with MCMCs and ΔR𝛘 calculation–excluding species with tip rates 296 
greater than 0. This analysis revealed a similar pattern, with large population species exhibiting 297 
faster rates than small population species, although the magnitude of the difference was 298 
somewhat reduced (Supplemental 2). 299 
 300 
Post-hoc Analysis on Passeriformes Migratory Behavior 301 
 302 
We were surprised by how Passeriformes was the only bird order that had elevated rates of 303 
fusions relative to fissions. We hypothesized that this rate difference might ultimately be due to 304 
differences in migratory behavior among Passeriformes. Specifically, we reasoned that 305 
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migratory birds may more frequently be under selection for coadapted gene complexes 306 
important in adaptation to diverse environments (Stebbins 1971). To investigate this we 307 
performed a post-hoc analysis. We obtained migration data from Tobias et al. (2022). We 308 
incorporated the presence of this binary trait (migratory or sedentary) and transitions between 309 
states into our model of chromosome evolution (Blackmon et al. 2023). Each MCMC run was 310 
initialized with parameter values drawn from a uniform distribution from 0 to 1 and uniform 311 
priors. The MCMC was run for 10000 generations. Although the MCMC appeared to reach 312 
convergence at 1000 generations, we conservatively discarded the first 2000 generations as 313 
burn-in. We estimated ΔR statistics for fusion and fission rates by subtracting the rate inferred in 314 
migratory lineages from the rate inferred in sedentary lineages. The mean of the ΔRfusion statistic 315 
was -0.08 with a credible interval of -0.14 to -0.03. The mean of the ΔRfission statistic was -0.02 316 
with a credible interval of -0.07 to 0.02. These results suggest that migratory Passeriformes 317 
have higher rates of fusions than sedentary Passeriformes, but equal rates of fissions 318 
(Supplemental 3).  319 
 320 
Microchromosome vs. Macrochromosome Rates 321 
 322 
We had 345 species which had both phylogenetic and microchromosome information. These 323 
345 species represented 24 orders. Across these orders, we found a significant negative 324 
relationship between the number of microchromosomes and number of macrochromosomes 325 
(Figure 4). 326 
 327 
 328 

 329 
Figure 4. Haploid count of microchromosomes and macrochromosomes. The data plotted 330 
are all 339 species for which both microchromosome and macrochromosome counts have been 331 
reported. The points are slightly jittered to minimize complete overlaps, and colors represent the 332 
order in which the species belongs. The grey dashed diagonal indicates a sum of 40 which is 333 
the modal value for our dataset. 334 
 335 
We were interested in determining whether rates of microchromosomes and 336 
macrochromosomes evolution were coupled. For our analysis, we retained orders with more 337 
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than 10 species (N = 8): Accipitriformes, Anseriformes, Charadriiformes, Galliformes, 338 
Gruiformes, Passeriformes, Pelecaniformes, and Psittaciformes. For each order we fit a simple 339 
model of chromosome evolution where the chromosome number was the haploid count of 340 
macrochromosomes or microchromosomes. Each MCMC was initiated with parameter values 341 
drawn from a uniform distribution and run for 4000 generations with 2000 generations discarded 342 
as burnin.  We did not find a significant phylogenetic signal of the relationship between 343 
microchromosome and macrochromosome evolutionary rates across these orders (K = 0.859, p 344 
= 0.643). To determine whether rates for microchromosomes and macrochromosomes were 345 
coupled we calculated Spearman’s correlation coefficient for the mean rate of 346 
microchromosome and macrochromosome evolution across the eight included orders. This 347 
process was repeated for each of our 2000 samples from the posterior distribution of rate 348 
estimates. The credible interval of the correlation coefficient ranged from 0.02 to 0.88. This 349 
suggests that rates of microchromosome and macrochromosome evolution are coupled (Figure 350 
5). 351 
 352 
 353 

 354 
Figure 5. Rates of evolution in microchromosomes and macrochromosomes. The 355 
horizontal dimension indicates the mean of the fusion and fission rate in macrochromosomes 356 
while the vertical dimension indicates the mean of the fission and fusion rate in 357 
microchromosomes. Error bars indicate the 95% credible interval. All elements are colored to 358 
reflect the order. The plot is cropped for visualization purposes and fails to include 165 359 
(approximately 1%) of the sampled macrochromosome rates that are well beyond the credible 360 
interval. 361 
 362 
Discussion 363 
 364 
Selection vs Drift 365 
 366 
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A central goal of our study was to determine whether natural selection or genetic drift dominates 367 
the evolution of chromosome number in birds. By extension this also allows us to determine the 368 
average fitness effect of mutations that have led to divergence in chromosome number among 369 
birds (Mackintosh et al. 2023). Briefly, if lineages that have large Ne have higher rates of 370 
evolution than those with small Ne, we can infer that selection dominates chromosome number 371 
evolution and that these mutations must be on average beneficial (Qumsiyeh and Handal 2022). 372 
In contrast, if lineages that have small Ne have higher rates of evolution than those with large Ne 373 
we can infer that drift must dominate chromosome number evolution and that these mutations 374 
must be on average deleterious (Wilson et al. 1975; Bush et al. 1977). Finally, if we find no 375 
significant differences in the rates of evolution among small and large Ne lineages then we 376 
would infer that on average these mutations are effectively neutral. 377 
 378 
We did not find a significant relationship between population size–measured using the proxies 379 
body mass, range size, and trophic level–and chromosomal fission and fusion rates when 380 
categorizing entire orders into homogenous population size groups. This lack of a relationship 381 
could stem from several factors. First, our proxies may not accurately reflect effective population 382 
size. Additionally, characterizing an entire order as having uniformly “small” or “large” population 383 
sizes may oversimplify the substantial variation within orders. It is also possible that our dataset, 384 
comprising only 12 orders, lacks the statistical power to detect such a relationship. Finally, there 385 
may truly be no connection between population size and chromosomal rearrangement rates. Of 386 
these possibilities, the oversimplification of population size within orders seems the most likely 387 
explanation, as we observed strong, consistent patterns when accounting for finer-scale 388 
variation. 389 
 390 
We did find a significant relationship between population size and chromosomal fission and 391 
fusion rates when analyzing all bird species collectively. Specifically, we found that larger 392 
populations exhibited higher rates of fissions and fusions compared to smaller populations, 393 
suggesting that chromosomal fissions and fusions are significant evolutionary mechanisms that 394 
contribute to the adaptation of birds, and that selection is the dominant driver of chromosome 395 
number changes across birds. Our results align with findings by Hooper and Price (2015), who 396 
observed higher fixation rates of chromosomal inversions in genetically diverse, larger mainland 397 
Estrildid finches compared to smaller island populations, suggesting positive selection as the 398 
dominant mechanism driving fixation of intrachromosomal variants in birds. Our finding does 399 
conflict or add nuance to a previous hypothesis that natural selection acted primarily to maintain 400 
stasis in bird karyotypes (Zhang 2018). Instead, we would argue that while natural selection 401 
certainly does act as a sieve and limit the number and type of structural mutations that can fix in 402 
populations, it also serves as the primary force in driving disparification of chromosome number 403 
across birds. 404 
 405 
Fusions vs Fissions 406 
 407 
We found that in our analysis of all birds rates of fusions were higher than rates of fissions. This 408 
pattern appears to be strongly driven by the signal from Passeriformes. In our order level 409 
analyses we found that Passeriformes was the only order of birds to exhibit unequal rates of 410 
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chromosomal fissions and fusions, with significantly higher rates of fusions than fissions. Within 411 
passerines migratory lineages had higher fusion rates than sedentary lineages. This pattern 412 
may be explained by several factors. First, migratory species often maintain larger effective 413 
population sizes (Winker and Delmore 2023), which reduces the effects of drift. In such 414 
populations, chromosomal fusions that might otherwise be lost to drift in smaller, more isolated 415 
sedentary populations can persist, potentially accumulating over time. Second, selective 416 
pressures associated with long-distance navigation could favor chromosomal fusions if they 417 
enhance gene regulation or create co-adapted gene complexes that are advantageous in 418 
divergent environments (Stebbins 1971; Liu et al. 2022). Finally, fusions may confer energy 419 
efficiency by reducing the total number of chromosomes, which could lower the energetic costs 420 
of cellular processes, a potential advantage for species engaged in metabolically-intense 421 
activities like long-distance flight for migration (Waltari and Edwards 2002; Wright et al. 2014; 422 
Gregory 2018).  423 
 424 
Microchromosomes vs Macrochromosomes 425 
 426 
Our findings show that the number of microchromosomes is negatively correlated with the 427 
number of macrochromosomes (Figure 4). This suggests that to some extent chromosome 428 
number can stay constant with only the partitioning between microchromosomes and 429 
macrochromosomes changing. This difference in partitioning could be due to biological reality 430 
(e.g., size expansion of microchromosome to such an extent that cytogeneticists classify them 431 
as microchromosomes) or due to differences in the heuristics that cytogeneticists use to classify 432 
chromosomes as microchromosomes or macrochromosomes as discussed in the introduction. 433 
In contrast if we look at the species that occur off the primary diagonal in Figure 4, we see 434 
species where fusions or fissions have changed the count of one or both size classes of 435 
chromosomes.  436 
 437 
We observed a significant positive correlation between the evolutionary rates of 438 
microchromosomes and macrochromosomes across birds. This finding challenges the 439 
traditional view that microchromosomes evolve independently of macrochromosomes in birds 440 
(Damas et al. 2018; O’Connor et al. 2019). Instead, it suggests that shared mechanisms drive 441 
chromosomal rearrangements regardless of chromosome size. This could be mediated by the 442 
genomic architecture of evolutionary breakpoint regions (EBRs) that can span both 443 
microchromosomes and macrochromosomes (Claeys et al. 2023). 444 
 445 
Conclusion 446 
 447 
Our study has several important limitations that should be acknowledged. First, the distinction 448 
between germline-restricted chromosomes (GRCs) and standard chromosomes was not 449 
explicitly addressed. GRCs are unique chromosomes found in germline cells but absent in 450 
somatic cells. They are known to occur in all Passeriformes but not other birds (Torgasheva et 451 
al. 2019). Not accounting for this variation could influence our rate calculations in 452 
Passeriformes. Secondly, the definition of microchromosomes is not universally standardized, 453 
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and differences across studies biases among clades could lead to inaccuracies in our rate 454 
estimates. 455 
 456 
The part of the Wright-Fisher debate in evolutionary biology centers around the relative 457 
importance of genetic drift and natural selection in shaping genetic variation and evolutionary 458 
trajectories (Provine 1992). This debate can be extended to the evolution of chromosome 459 
number across different clades, where some groups exhibit patterns consistent with Wrightian 460 
dynamics, dominated by genetic drift, while others show Fisherian characteristics, where 461 
selection plays a predominant role. In clades such as Coleoptera and Carnivora chromosome 462 
number evolution appears to be dominated by genetic drift (Blackmon et al. 2019, 2024; Jonika 463 
et al. 2024). Conversely, in birds chromosome number evolution appears to be dominated by 464 
natural selection.  465 
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Supplemental Figure 1. Chromosome fission and fusion rates for 12 bird orders. Bars 683 
represent the 95% credible interval. 684 
 685 
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Supplemental Figure 2. Chromosome evolution in small population size and large 687 
population size lineages excluding high tip rate taxa. Each curve shows the distribution of 688 
the rate difference in small population size and large population size lineages. The bars below 689 
the curve indicate the 95% credible interval for the rate differences. 690 
 691 
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Supplemental Figure 3. Chromosome evolution in migratory and sedentary 693 
Passeriformes. Each curve shows the distribution of the rate difference in sedentary and 694 
migratory lineages within Passeriformes. The bars below the curve indicate the 95% credible 695 
interval for the rate differences. 696 
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