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Abstract 

Beak morphology is an ecologically important trait for birds. Beak size and shape are 

crucial for adapting to new niches and for optimal utilization of existing food sources. 

The adaptive potential of a species can be limited by the amount of standing genetic 

variation and by genetic and ontogenetic constraints. Organisms of mixed ancestry, 

however, can be hypothesized to have a particularly high adaptive potential due to more 

genetic variation and the breakup of genetic constraints. Here, I take advantage of the 

homoploid hybrid origin of the Italian sparrow (Passer italiae), which resulted from 

hybridization between the Spanish sparrow (P. hispaniolensis) and the house sparrow 

(P. domesticus), to study aspects of local adaptation in beak morphology. I investigate 

how beak shape differs from that of its parent species and which factors best explain 

beak shape variation in this species. 

I found significant differences in both beak size and shape between Passer sparrow 

populations within and between species. I also found that local diet, as estimated from 

stable isotopes, is a strong predictor of beak shape variation in the Italian sparrow, 

suggesting that the beak of the Italian sparrow readily adapts to local conditions. 

Further, comparing island and mainland populations of both Italian and Spanish 

sparrows, I found that insularity is another important factor affecting the size and shape 

of the beak in a parallel fashion in both species. Finally, I investigated possible effects 

of species interactions by comparing diet and beak morphology of Italian sparrows 

living sympatrically with Spanish sparrows with nearby allopatric ones. The beak of 

micro-allopatric Italian sparrows did not differ in size or shape from Spanish sparrows 

and they had greatly overlapping diets. In contrast, in sympatry Italian sparrows had a 

significantly different diet and beak shape supporting the hypothesis that sympatric 

Italian sparrows have adapted to a different niche to escape competition from its parent 

species (i.e. character displacement). In conclusion, the Italian sparrow appears to have 

a highly adaptable beak, and beak shape variation seems to be crucial for adaptation to 

novel niches and environments including niche shifts induced by a closely related 

competitor.  
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Introduction 

“Natural Selection almost inevitably causes much extinction of the less improved forms 

of life and induces what I have called divergence of character” (Darwin 1859 (2004) p. 

12).  

In 1859, Charles Darwin explained the principle of evolutionary divergence in On the 

Origin of Species, in which he postulates that the origin of species is the result of 

divergence of characters among plants and animals as a response to natural selection. 

More than a century later, speciation, defined as the emergence of reproductive barriers 

to gene flow between taxa (Coyne & Orr 2004), is still considered a major topic in 

evolutionary biology (Butlin et al. 2012). The role of ecological factors in the speciation 

process has received much attention in recent years. In birds, the most diverse terrestrial 

vertebrate group, one of the factors that has contributed to the diversity of niches they 

occupy is adaptive variation in beak morphology (Mallarino et al. 2012). Variation in 

beak size and shape has been shown to be important not only in husking food, but it also 

affects handling time (Benkman 1993; Benkman 2007). Beak shape can also affect song 

(Derryberry et al. 2012) and since song is subjected to sexual selection in many birds, 

beak morphology as a result be a target of sexual selection (Huber & Podos 2006). A 

classical example of beak morphology adaptation is the adaptive radiation of Darwin’s 

finches on the Galapagos Islands, where species differ dramatically in beak shapes and 

feeding niches. During his journey to the Galapagos Islands on the Beagle, Darwin 

noticed how a number of finch species exhibited variation in beak morphology, and 

later studies have shown that this variation results from adaptation to different diets 

(Grant 1965; Grant & Grant 2006). Furthermore, while there is natural selection for a 

hybrid form between Geospiza fortis and Geospiza scandens during wet years, there is 

selection against such hybrids during dry periods (Grant & Grant 1996; Hendry et al. 

2009).  

Whenever members of two genetically different populations or groups of populations 

interbreed, the result is a hybrid offspring (Harrison 1993). The potential role of 

hybridization in speciation and evolution has been much debated. Many botanists have 

held that hybridization can result in new recombinant species (Anderson 1948; Stebbins 
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1959), and it can facilitate adaptive evolution through increased standing genetic 

variation (Rieseberg 1997). Zoologists, on the other hand, have tended to view 

hybridization as an obstacle for divergence and speciation. They have argued that 

hybridization is nothing but a problem regarding taxonomy, hybrids have lower fitness 

than their parental species (Mallet 1986), and they are just transient forms that are either 

an obstacle for divergence, or they completely reverse adaptation and thus, speciation 

(Mayr 1942; Barton 2001; Abbott et al. 2013). However, a recent meta-analyses has 

shown that hybridization is more common in nature than previously thought with at 

least 25% of plants and 10% of animals hybridizing at the species level (Mallet 2005). 

For hybridization to result in lasting genetic contributions, reproductive barriers need to 

be relatively weak though (Abbott et al. 2013). 

Hybridization can contribute to new variation in different ways. Even infrequent 

hybridization events or cases with strong selection against hybrids can allow adaptive 

genetic variation to introgress across species boundaries (Mallet 1986; Teeter et al. 

2008). Hybridization can also result in the formation of new species. There are two 

different forms of hybrid speciation: polyploid hybrid speciation, which implies a 

doubling in chromosome number, and homoploid hybrid speciation, which occurs 

without an increase in chromosome number. Polyploid hybrid speciation is a common 

speciation mode in plants, whereas in animals it is infrequent (Leitch et al. 2004), 

although some examples have been found (e.g., Morgan 1925). Polyploidy is the result 

of doubling the chromosome number in the offspring, for instance due to fertilization 

between diploid gametes. A hybridization event between two different species can result 

in a polyploid form, an allopolyploid. Reproductive isolation between allopolyploid 

hybrids from their parentals occurs instantaneously due to chromosome number 

incompatibilities (Mallet 2007; Nolte & Tautz 2010). Homoploid hybrid speciation 

(HHS) occurs when the interbreeding between two lineages results in a hybrid lineage 

without any change in chromosome number and this lineage develops reproductive 

isolation (pre- and/or post-zygotic barriers) against its parental species (Mavárez & 

Linares 2008; Abbott et al. 2010; Schumer et al. 2014). 

For a hybrid species to establish, it needs to develop reproductive isolation against its 

parent species (Schumer et al. 2014; Trier et al. 2014). Reproductive isolation between 
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two taxa can arise either through spatial or temporal separation due to  the use of a 

different niche in comparison to its parent species (Rieseberg 1997; Rieseberg et al. 

1999), or from sorting of pre-existing incompatibilities isolating the parent species 

(Hermansen et al. 2014; Trier et al. 2014). Regardless of whether the ecological niche 

mediates reproductive isolation or not, a hybrid species also needs to either exploit an 

ecological niche that differs from those of the parent species (Mallet 1986; Mavárez & 

Linares 2008; Rieseberg et al. 1999), or outcompete the parent species through 

performing better in their niches (Ayres et al. 1999; Ellstrand & Schierenbeck 2006) to 

establish successfully. 

A classic example of hybrid speciation are the Helianthus sunflowers where three 

different hybrid species have extreme phenotypes that allow them to colonize new 

habitats where their parental species are not viable (Rieseberg 1997; Ungerer et al. 

1998; Rieseberg et al. 1999). This is possible due to transgression in traits like drought 

and saline resistance. Transgression, meaning that the hybrid phenotype lies outside of 

the range of both parent species, is one of the two different phenotypic outcomes that 

could be expected in individuals of mixed ancestry, depending on the genetic 

background of the study trait (Rieseberg et al. 1999). The other is intermediacy (Mallet 

2007). Whether transgressive trait values and niches are generally important for the 

establishment of hybrid species is not well understood. However, whether several 

different viable hybrid phenotypes can be formed by the same parent species, or 

whether hybrids are constrained to a certain phenotype has been poorly investigated. 

Hence, how hybridization allows for the development of different phenotypes and local 

adaptation is an interesting question. 

In this study, I investigate variation in beak morphology of Passer sparrows, with the 

main focus on the Italian sparrow (Passer italiae), to address how hybridization can 

allow for adaptation in beak morphology. The Italian sparrow is a homoploid hybrid 

species that originated from interbreeding between the Spanish sparrow (Passer 

hispaniolensis) and the house sparrow (Passer domesticus) (Hermansen et al. 2011; 

Trier et al. 2014; Hermansen et al. 2014). The house sparrow has been described as a 

human commensal species (Sætre et al. 2012), whereas Spanish sparrows prefer habitats 

that are less associated with human habitation (Summers-Smith 1988). Italian sparrows 
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resemble house sparrows in being human commensals. Previous studies have shown 

that commensal house sparrows have a more robust beak compared to non-commensal 

ones (Riyahi et al. 2013). I compared whether beak morphology vary between the 

parental species and the Italian sparrow, as well as the tree sparrow (Passer montanus), 

a more distantly related sparrow species which is less of a human commensal.  

The merging of two differentiated parental genomes can result in increased genetic 

variation in the hybrid descendant. Indeed, the nucleotide diversity appears to be higher 

in the Italian sparrow than in its parental species (Elgvin et al. 2011). Hybrid 

populations inherit sets of genes from both parental species, which could lead to novel 

phenotypes and allow hybrid species to occupy novel niches (Rieseberg et al. 2003; 

Bailey et al. 2013). An interesting question is whether this increase in available genetic 

variation and/or other aspects of a recombined genome can lead to increased 

morphological variation and a higher adaptive potential relative to the parental species. 

The Italian sparrow is found on mainland Italy as well as the three Mediterranean 

islands, Corsica, Crete and Sicily (Fig. 1). These populations differ in relative 

proportions of the genome inherited from the two parent species, and are likely to have 

originated from independent hybridization events (Runemark et al. in preparation). I 

used populations from these islands to address how variable beak shape is in the Italian 

sparrow and which factors drive beak size and shape variation. As diet (Grant & Grant 

1996) and climate (Eroukhmanoff et al. 2013) have been found to influence beak shape, 

I use a set of relevant climatic variables from Eroukhmanoff et al. (2013) and stable 

isotopes from feathers which reflect local diet, to investigate which factors may affect 

beak shape variation in the Italian sparrow.  

Morphological differences among animals from islands compared to their mainland 

conspecifics has been a topic of debate since Wallace (1881) described it in butterflies. 

For instance, Foster (1964) described the pattern that island populations of many species 

tend to evolve smaller body size, a phenomenon coined “the island rule” by van Valen 

(1973). Insular body size divergence has been found in some taxa to be an adaptation to 

a different diet (Aubret 2012; Runemark et al. in press). To address whether there are 

specific beak size and shape adaptations associated with insularity in Passer sparrows, 

and whether these differ between the hybrid species and one of its parents, I added 
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Materials and methods 
 

Members of the Oslo sparrow group and volunteers caught Italian sparrows using mist 

nets at three localities on the Gargano Peninsula (Italy) and on three Mediterranean 

islands (Corsica, Crete and Sicily). They sampled allopatric Spanish sparrows on Malta 

and Sardinia, and sympatric populations of both Italian and Spanish sparrows on the 

Gargano Peninsula. House sparrows were caught in France and Switzerland during 

spring 2014 (Figure 2; Table 1). They extracted blood samples by venipuncture of a 

brachial vein and used these for DNA analysis. Digital pictures of the right side of each 

specimen’s head were obtained using a high resolution camera (Nikon D500, 16.2 

megapixels). The birds were photographed on mm-scaled paper; the photographic setup 

is described in detail in Tesaker (2014). They also measured beak height, beak length 

and tarsus length with a dial caliper (to nearest 0.1 mm) and wing length with a ruler (to 

nearest 0.5 mm). They collected feather samples from each individual and used them for 

stable isotope analysis. Permissions for catching and measuring birds were acquired 

from the relevant authorities in each country. 

 

Figure 2. Geographic distribution of the studied Passer taxa. Hatched areas indicate regions where the 
house sparrow and Spanish sparrow (red-green) or Italian sparrow and Spanish sparrow (red-orange) 
distribution overlap. Black dots refer to sampled areas and numbers in parenthesis to the number of 
sampled populations.  
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I quantified the beak shape variation among male Italian, Spanish and house sparrows 

(n=321), and among Spanish and Italian sparrow females (n=238). I used tpsDig (Rohlf 

2013), Past (Hammer et al. 2001), MorphoJ (Klingenberg 2011) and R (R Core Team 

2013: all statistical analyses were performed within this platform, unless otherwise 

reported) to perform two-dimensional landmark-based geometric morphometrics 

analysis. Morphometrics is defined as “the quantitative study of biological shape, shape 

variation, and covariation of shape with other biotic or abiotic variables or factors” 

(Webster & Sheets 2010). Several studies on beak shape variation have used geometric 

morphometrics approaches (Marugán-Lobón & Buscalioni 2006; Foster et al. 2008; 

Campàs et al. 2010; Riyahi et al. 2013) as geometric morphometrics captures the 

geometry of the study structure well (Adams et al. 2004; Adams & Otárola-Castillo 

2013). Following Moksnes (2014), I used tpsDig for digitizing 5 homologous landmarks 

and Past to estimate the relative warps and centroid size. I placed landmarks both on the 

upper- and lower- jaw, and I drew an outline with 7 equidistant points, i.e. 

semilandmarks (Fig. S1).   

Relative warps are commonly described as principal components of form and are used 

to represent shape (Zelditch et al. 2004). I extracted the relative warps (n=32) and 

centroid size using Past, and I imported them into R for further statistical analyses. The 

relative warp array was corrected for size by taking the residuals from a regression of 

shape onto centroid size, thus getting the portion of shape that does not covary with 

size. 

 

Beak morphology differences among Passer sparrows 

To investigate whether beak size and shape varies between species, I conducted a 

morphological comparison among four different taxa of the Passer genus; the house 

sparrow, Spanish sparrow, Italian sparrow and the tree sparrow (Dataset 1, see Table 1). 

A total of 24 adult males (n=6 per species) were used in this analysis. The low number 

of individuals included was due to a limited number of available tree sparrows and that 

some components of this comparative analysis require balanced data sets. I investigated 
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if there were differences in size with a generalized linear model (GLM) with centroid 

size as the dependent variable and species as the explanatory factor. I used a 

multivariate analysis of variance (MANOVA) to test for beak shape differences, using 

the 32 relative warps as dependent variables and species as factor. Then, I performed a 

Canonical Variate Analysis (CVA) using MorphoJ, to find the axes along which species 

were best discriminated, by maximizing the variance between taxa. I also estimated 

Euclidean distances among individuals by using the R package geomorph (Adams & 

Otárola-Castillo 2013), and I applied a resampling script to correct for  

pseudoreplication due to the pair-wise nature of the data. Euclidean distances give a 

pair-wise univariate measure reflecting multiple dimensions based on the whole set of 

relative warps, and this allows for including information from all warps in univariate 

models that can include e.g., random factors. I performed a GLM, where Euclidean 

distance in beak shape was the dependent variable and species the factor. To assess 

consistency on the different approaches, I compared the outcomes of the models with 

multiple response variables (MANOVAs) to these reflecting multivariate pair-wise 

distances, which included random factors (GLMs of Euclidean distances). 

 

Factors explaining beak morphology in a hybrid species 

To test whether there are beak shape- and size differences variation among Italian 

Sparrow populations, and which factor or set of factors that influence this variation, I 

selected the best model based on Akaike Information Criterion (AIC) (Akaike 1974). 

Hence, this constituted a test of which factor or combination of factors that best explain 

beak shape variation. The AIC scores reflect the explanatory power of the models with 

low scores indicating better fits. If models are within two points of one another they are 

considered equivalent. Hence, when the difference was lower than two, I present all 

models that did not differ significantly from the best one, but when the difference is 

higher than two I present only the best model.  

Since Italian sparrows are human commensals (Summers-Smith 1988), environmental 

factors that affect agricultural practices could influence the size and shape of the beak. I 
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gathered data on climate from Worldclim database (Hijmans et al. 2005) and extracted it 

using the R packages raster (Hijmans 2014), rgdal (Bivand et al. 2014) and foreach 

(Weston 2014). Eroukhmanoff et al. (2013) found that four environmental variables 

were strongly associated with beak size in the Italian sparrow. These were mean annual 

precipitation, mean annual temperature, precipitation seasonality and temperature 

seasonality. I therefore investigated whether these variables influenced beak shape. A 

more direct factor that has been shown to influence beak shape is diet (Benkman 1993, 

2007). To explore the local diet and its potential influence on beak shape I analyzed the 

stable isotope composition (δC13 and δN15) of 198 sparrow feathers. The isotopic 

content of the feathers (1 mg +/- 0.2 mg samples in tin capsules (article no. D1008, 

Elemental Microanalysis, Devon, UK)) was analyzed at UC Davis Stable Isotope 

Facility (Davis, California, USA).  

To investigate which factors are important for molding beak shape in the Italian 

sparrow, I used a set of allopatric Italian sparrows from the Mediterranean islands 

Corsica, Crete and Sicily (dataset 2, Table 1; n=299). To explore variation in beak size 

and shape, I performed mixed models by using the R package nlme (Pinheiro et al. 

2013). Centroid size, the first relative warp (which represents the axis of most 

variation), and Euclidean distances, were dependent variables in three different models. 

Sex, island, population, population mean of δC13 and δN15, the four climate variables, 

and the interactions sex × island were used as explanatory factors for all models. 

Population was included as a random effect. To be able to incorporate all shape 

variables in the same analysis I used MANOVAs with the 32 relative warps as 

dependent variables. MANOVAs produce separate significance tests of the all 

dependent variables. I present the MANOVA results for the first four relative warps, as 

these explain most of the variation. The factors and interactions mentioned above were 

used as described in the MANOVA, although here all response variables were included 

simultaneously. Random effects could, however, not be included in this type of model. 

The different approaches hence complement each other.  
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Effects of insularity on beak morphology 

I also addressed the question whether insularity affects beak size and shape. I used 

Italian and Spanish male sparrows from both island (78 Italian sparrows from Corsica, 

Crete and Sicily, and 29 Spanish sparrows from Malta and Sardinia; dataset 3, Table 1) 

and mainland locations (39 Italian sparrows and 17 Spanish sparrows from the Gargano 

Peninsula; dataset 3, Table 1). In order to have balanced models, one population per 

each of the island inhabited by Italian sparrows was selected (total n=163). I ran GLMs 

where the dependent variables were centroid size, the first relative warp and Euclidean 

distances, respectively, and species, land (island or mainland), population mean of δC13 

and δN15, and the interactions δC13 × species, δN15 × species, δC13 × land and δN15 

× land predictors. Then, I performed MANOVAs with the relative warps array as 

dependent variable and the factors and interactions previously mentioned as predictors.  

 

 

Interactions between the hybrid species and one of its parental species 

I investigated if beak morphology differed between allopatric and sympatric Italian 

sparrow populations and how they differed in relation to the parental species they live in 

sympatry with, namely Spanish sparrows. I used populations from the Gargano 

Peninsula, which has recently become a secondary contact zone between Spanish and 

Italian sparrows. Spanish sparrows colonized this region only some 20 years ago. The 

two species are isolated by post-zygotic incompatibilities (Trier et al. 2014; Hermansen 

et al. 2014) as well as by temporal displacement of reproduction (Hermansen et al. 

unpublished data). Genetic studies have shown that after 20 years of coexistence, the 

rate of hybridization between these two species is less than 3% (Hermansen et al. 

submitted).  To test if co-existence with Spanish sparrows affected beak morphology of 

Italian sparrows I used 39 allopatric Italian sparrows, 9 sympatric Italian sparrows and 

17 sympatric Spanish sparrows. I investigated if they differed significantly in size using 

a GLM with centroid size as the dependent variable and ecology (sympatric or allopatric 

ecology) as factor. I also performed MANOVAs, with the 32 relative warps as 

dependent variables and ecology as factor, to test for beak shape differences. I 
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performed a CVA to identify the axes along which the species were best discriminated. 

Finally, I estimated Euclidean distances between individuals and used them as 

dependent variables in a GLM where ecology (sympatry/allopatry) was the explanatory 

factor. 
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Results 

Beak morphology differences among Passer sparrows 

Beak size differs significantly between the four different taxa of Passer sparrows (F3,20 

= 35.59, P < 0.001, Table 2). Tree sparrows, which are more distantly related to the 

other species, have the smallest beaks. These are significantly smaller than those of all 

other species (all P’s < 0.001; Fig. 3A). Beak size also differs significantly between 

house sparrows and Spanish sparrows (P < 0.001) and house sparrows and Italian 

sparrows (P < 0.001), but not between Spanish and Italian sparrows (P = 0.17; Table 

S1).   

Beak shape also differs significantly between groups for the first three relative warps 

(F3,20 = 4.23, P < 0.001; Table 2). Relative warp 1 (RW1) represents the axis of largest 

variation and explains 70.8% of the total shape variation (Appendix 2, Table S2). House 

sparrows, Italian sparrows and Spanish sparrows have similar values of RW1, whereas 

the tree sparrow is the most diverged with respect to RW1. The difference between the 

tree sparrow and the Italian sparrow is almost significant (Fig. 3B; P = 0.06, Table S1). 

When the analysis is repeated on size corrected data, i.e. the residuals from a regression 

of the relative warps array onto centroid size, the differences between groups along the 

first relative warp are no longer significant (Figure S2; F3,20 = 0.1, P = 0.95, Table S3). 

Differences between groups in the second relative warp (RW2), which explains 14.02% 

of the total variation, remain significant when using size corrected data. RW2 separates 

house sparrows from the other three taxa (all P’s < 0.03; Table S4). The RW2 values 

reflect that house sparrows have a narrower lower jaw and a more robust upper jaw, 

with an overall pointed beak compared to the other three taxa. The third relative warp, 

which explains 5.98% of the total variation, is also still significant when corrected for 

size. Potentially due to the small sample size, all post-hoc comparisons here are non-

significant, even if some have relatively low p-values (e.g., Italian sparrow – house 

sparrow, P = 0.12; Appendix 2, Table S3). 

I also used a canonical variate analysis to investigate which of the axes of variation in 

shape best separates the species. The first component of shape, CV1, explains 56.9% of 
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the total variation of shape while 29.7% is explained by CV2 (Table S2). Along the 

CV1 axis, beak shape changes go from robust and thick lower jaw, to a narrow, large 

and acute lower jaw at higher values for CV1. CV2 reflects a transformation from a 

curved beak with a thick lower jaw and small upper jaw, to a pointed beak with a 

slightly thinner lower jaw and large upper jaw at lower values. Tree sparrows, house 

sparrows, Italian sparrows and Spanish sparrows all differ significantly from each other 

(Fig. 3C; CV1: F3,20 = 110.1, P < 0.001; CV2: F3,20 = 55.6, P < 0.001; CV3: F3,20 = 25.9, 

P < 0.001; Table 2). Spanish sparrows have a more robust, thicker and shorter lower 

jaw, as reflected in the low CV1 component, and intermediate CV2 values. House 

sparrows have a curved beak with a narrower and larger lower jaw, reflected in high 

values of both CV1 and CV2. Italian sparrows have a curved beak with an intermediate 

lower jaw compared to its parental species, with an intermediate CV1 value and a high 

CV2 value. Tree sparrows have pointed and acute beaks with a large lower jaw, as 

indicated by the intermediate CV1 values, and the low CV2 component. 

The GLM on Euclidean distances reveals significant pair-wise shape differences (F9,266 

= 6.37 P < 0.001, Table 2; post-hoc tests in Appendix 2, Table S5). It reveals 

significantly higher divergence between the species combinations of house – tree, house 

– Spanish, house – Italian, Italian – tree and tree- Spanish (all P’s < 0.04, Table S5); 

than within house sparrows and Spanish sparrows. Italian sparrows also tend to have 

higher within species variation than the parent species. Tree sparrows have a 

significantly higher within species variation than house and Spanish sparrows. 

Supplementary figure S3 illustrates variation in Euclidean distances within and between 

species. Taken together the results from the different approaches consistently show that 

there are beak shape differences between species.  
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Figure 3. A) Mean and 95% confidence intervals of size for house sparrow, Italian sparrow, Spanish 
sparrow and tree sparrow. B) Mean and 95% confidence intervals of RW 1 for house, Italian, Spanish and 
tree sparrow. C) CVA scatter plot of beak shape based on canonical variate scores.  
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Factors explaining beak morphology in a hybrid species 
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s exploring the first component of shape variation within Italian sparrows
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The model which best explains beak shape variation based on MANOVAs of all the 32 

relative warps, reflecting overall shape, includes the predictors sex, island, population 

mean of δC13, population mean of δN15 and annual precipitation (AIC = -55714.4, 

Table 5). The AIC differs by more than two units from the second best model. The 

MANOVA reveals that the first relative warp is significantly affected by island (F2,292 = 

6.06, P = 0.003) and δC13 (F1,292 = 10.33, P = 0.001). RW2, which explains 16.26% of 

total variation, differs significantly based on island (F2.292 = 6.5, P = 0.002) and annual 

precipitation (F1,292 = 7.29, P = 0.007). Relative warp 3 and 4, which explain 7.14% and 

6.58% of total variation respectively, differ significantly both between sexes (RW3: 

F1,292 = 10.65, P = 0.001; RW4: F1,292 = 4.18 P = 0.04) and islands (RW3: F2,292 = 44.73, 

P < 0.001; RW4: F2,292 = 3.71, P = 0.03).  The Pillai’s trace for the model shows that 

means for both sex and island differ significantly between islands (Fsex = 5.03, Psex < 

0.001; Fisland = 4.59, Pisland < 0.001) whereas δC13, δN15 and annual precipitation are 

not significantly different (PδC13 = 0.14, PδN15 = 0.96, PAnnualPrec. = 0.43; Table 4).  

The results from the GLMs evaluating pair-wise shape differences in multidimensional 

space (Euclidean distances) show that several factors influence beak shape within the 

Italian sparrow (Table 6). A model including sex, island and the interaction between 

these factors with population as a random effect has lowest AIC value (AIC = -

105893.7). However, a model including only population is a simpler model and it 

differs by less than two units from the best AIC value (AICpopulation = -105892.1, effect 

of population F35,39135 = 30.82, P < 0.001). Due to a preference for simpler models at 

similar AIC values, I deem the model including only population to best explain data. 

To illustrate population differences in shape, I plotted matrices of population mean 

differences in Euclidean distances (Figure 6). Male sparrows from Sicily are most 

diverged of those from Crete (Fig. 6A). Male sparrows from Crete and Corsica are also 

more diverged than are Sicily and Corsica (Table S8). For females, on the other hand, 

Corsica and Crete are most diverged, followed by Crete and Sicily (Fig. 6B). Finally, 

differences in sexual dimorphism are greatest between Corsica and Crete, and the 

smallest differences in sexual dimorphism are these between Sicily and Corsica (Fig. 

6C, Table S8). 
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Figure 6. A) Pair-wise differences of shape matrix, among male Italian sparrows from the three 
allopatric islands Sicily (Cos, Enna and Naxos), Corsica (Muratello, Pianiccia and Tiuccia) and Crete 
(Istro, Mithimna Camping, Perama). B) Pair-wise differences of shape matrix, among female Italian 
sparrows. C) Pair-wise differences of shape matrix illustrating sexual dimorphism in allopatric Italian 
sparrows. White triangles in A and B are scaled to illustrate mean differentiation between each island, 
with longer distances corresponding to larger differentiation. 
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Effects of insularity on beak morphology  

I investigated which factors that best explained beak size and shape differences between 

mainland and island populations of both Italian and Spanish sparrows. A model 

including species, mean values of δC13, insularity and the interaction between δC13 

and insularity best explain size differences between populations (Table 7). The second 

best model has an AIC which is more than two units higher, and is hence regarded as a 

significantly worse fit (AIC = -189.1; Table 7). Island populations of both species have 

larger beaks than their mainland conspecifics (PItalian < 0.001, PSpanish = 0.02; Table S9). 

Interestingly, island populations of Italian sparrows have bigger beaks than island 

populations of Spanish sparrows (P < 0.001), but there are no species differences in 

beak size between mainland populations (P = 0.99; Table S9, Fig. 7A). 

Mixed models on RW1 (which explains 66.26% of variation; Table S10), reveal that a 

model including species, the population mean values of δC13, insularity and the 

interaction between δC13 and insularity, has the lowest AIC value (AIC = -475.5; Table 

8). Both Italian and Spanish insular sparrows have significantly different beak shapes 

compared to their mainland conspecifics (Fig. 7B). δC13 is an important factor, which 

significantly affects beak shape (F1,158 = 2.92, P = 0.09; Table 8). Unfortunately, due to 

the lower number of pictures available and low sample size for stable isotope data for 

mainland locations, I cannot investigate how mainland populations’ beak shape varies 

with δC13. Italian sparrows and Spanish sparrows from mainland populations have 

similar diets, whereas island populations shift their diet in opposite directions in Italian 

sparrows and Spanish sparrows (Fig. 8). Moreover, Italian sparrows from island have a 

less robust beak with a thinner and elongated lower jaw than Italian sparrows from 

mainland populations (P < 0.001; Table S11, Fig. 9A). Spanish sparrows from island 

populations have beak shapes which are similar to those of island population of Italian 

sparrows (P = 0.93), but significantly different shapes than Spanish sparrow individuals 

from mainland locations which have a more elongated and acute beak shape (P = 0.002; 

Table S11, Fig. 9B).  

Although climate data is not significantly affecting beak morphology, there are climatic 

differences between island and mainland populations. Island populations have similar 
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values of precipitations to mainland populations, but islands have higher values of 

precipitation seasonality, meaning that they experience from drier seasons compared to 

mainland populations. Mean temperature values are also higher on the islands than 

compared to the Italian Peninsula (Table S12). 

Results from MANOVAs of all the 32 components of the shape array are consistent 

with these for size and the first component of shape. A model including species, mean 

population values of δC13, insularity and the interaction of δC13 and insularity, best 

explains shape variation (AIC = -31789.1; Table 9). In that model, differences in the 

first relative warp are significant for δC13 (F1,158 = 2.92, P = 0.009), insularity (F1,158 = 

31.81, P < 0.001), species (F1,158 = 17.66, P < 0.001) and δC13 × insularity (F1,158 = 8.3, 

P = 0.005). The second component of shape, which explains 13.98% of the total 

variation, differs significantly between insular populations and mainland populations 

(F1.158 = 12.38, P < 0.001) and δC13 × insularity (F1,158 = 8.3, P = 0.005). Relative warp 

3 (5.69%) is significant different for δC13 (F1,158 = 25.15, P < 0.001) whereas relative 

warp 4 (4.18%) is only significantly affected by δC13 × insularity (F1,158 = 1.17, P < 

0.001). The Pillai’s trace for the results shows significant differences in means for all 

the factors (Table 9).  

Pair-wise Euclidean distances of shape are best explained by a model which includes 

δN15 × land + species (P < 0.001, AIC = -38959.4; Table 10). According to the pair-

wise distances, there is significantly higher variation within Italian sparrows than within 

Spanish sparrows (Appendix 1, Fig. S4A), and island sparrows are significantly more 

variable than mainland sparrows (Appendix 1, Fig. S4B). 



 

Figure 7. A) Mean and 95% confidence intervals of size for Spanish and Italian sparrow populations 
grouped into island and mainland categories
component of shape for Spanish and Italian sparrow populations 
categories. 

 

 

Figure 8. Mean and 95% confidence intervals of 
mainland Spanish sparrow (red); island Italian sparrow (light purple) and island Spanish sparrow 
(orange). 

 

22 

Mean and 95% confidence intervals of size for Spanish and Italian sparrow populations 
grouped into island and mainland categories. B) Mean and 95% confidence intervals of the first 
component of shape for Spanish and Italian sparrow populations grouped into island and mainland 

Mean and 95% confidence intervals of δ13 C for mainland Italian sparrow (dark purple) and
; island Italian sparrow (light purple) and island Spanish sparrow 

 

Mean and 95% confidence intervals of size for Spanish and Italian sparrow populations 
Mean and 95% confidence intervals of the first 

island and mainland 

Italian sparrow (dark purple) and 
; island Italian sparrow (light purple) and island Spanish sparrow 



23 

 

 

 

 

Figure 9. A) Shape variation among Italian sparrows from island and mainland locations. B) Shape 
variation among Spanish sparrows from island and mainland locations.   
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Interactions between the hybrid species and one of its parental species 

I investigated how beak size and shape variation of allopatric and sympatric Italian 

sparrows differed in relation to the presence/absence of the Spanish sparrow; the 

parental species Italian sparrows lives in sympatry with. Beak size differed almost 

significantly between the three groups (F2,62 = 2.99, P = 0.058, Table 12). Sympatric 

Italian sparrows have almost significantly bigger beaks than both its allopatric 

conspecifics and Spanish sparrows (Psym-allo = 0.06, Psym-spa = 0.07; Fig. S5). Spanish 

sparrow and allopatric Italian sparrows do not differ with respect to beak size (P = 0.97, 

Appendix 1, Table S12). 

 

The value along the main axis of variation in beak shape, RW1, differs significantly 

between the three groups (F1,46 = 4.63, P = 0.013). RW1 explains 48.9% of the total 

shape variation (Table S13). Sympatric Italian sparrows differ significantly from 

allopatric Italian sparrows in RW1 (P = 0.005). Sympatric Italian sparrows have a less 

elongated beak with a more robust upper jaw compared to individuals in allopatry (Fig. 

10A). Allopatric Italian sparrows have beak shapes that are similar to those of Spanish 

sparrows (P = 0.42), but Spanish sparrow shape is almost significantly different from 

that of sympatric Italian sparrows (P = 0.09, Table S12; Fig. 10B). RW2, RW3 RW4, 

which explain 20.98%, 12.29% and 5.64% of the total variation respectively, do not 

differ significantly between the groups (all P’s > 0.18; Table 11). 

 

I also used a model in order to investigate whether δ13C affected the first component of 

beak shape, and found a significant correlation (P = 0.0017, Table 12). While allopatric 

Italian sparrows and Spanish sparrows have similar values of δ13C, sympatric Italian 

sparrows have switched their diets to be less alike these of the co-existing Spanish 

sparrows (Fig. 11). I used a CVA to investigate which axes of variation in shape best 

discriminated the three groups (F2,62 = 55.95, P < 0.001; Table 11). CV1 explains 

72.63% of total variation (Table S14). Along the CV1 axis, beak shape goes from 

pointed beaks in allopatric Italian sparrows, to strong and more curved beaks in 

sympatric Italian sparrows.  
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The GLM on pair-wise Euclidean distances also reveal significant differences between 

the different groups (F5,2074 = 29.06, P < 0.001; Table 11). The difference between 

allopatric Italian sparrows and Spanish sparrows is lower than the difference between 

allopatric Italian sparrows and sympatric Italian sparrows. There is significantly higher 

variation within allopatric Italian sparrows and sympatric Italian sparrows, than within 

Spanish sparrows (Fig. S6). The results from the different approaches consistently show 

that beak shape differs between ecologies among Italian sparrows.  

 

  

 

 Figure 10. A) Shape variation between allopatric Italian sparrows and sympatric Italian sparrows from 
the Gargano Peninsula (Italy) B) Mean and 95% confidence intervals of Warp 1 for both allopatric and 
sympatric Italian sparrow (light and dark purple) and Spanish sparrow (red). 

 

 

Figure 11. Mean and 95% confidence intervals of δ13 C for both allopatric and sympatric Italian 
sparrow (light and dark purple) and Spanish sparrow (red). 
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Discussion 

There are strong and significant differences in both size and shape between Passer 

sparrow populations within and between species. The Italian sparrow can apparently 

readily evolve locally adapted beaks, as the beak shape is strongly correlated with local 

diet. Interestingly, diet has a relatively stronger influence on beak shape compared to 

beak size in the Italian sparrow. Size, on the other hand, is best explained by population. 

I further found that insularity plays an important role in molding beak morphology, with 

parallel changes occurring in Italian and Spanish island sparrows. Finally, I found 

evidence for character displacement in beak morphology, as well as a shift in diet in the 

Italian sparrow, most likely as a response to secondary contact with the Spanish 

sparrow. Taken together, this shows that the beaks are molded by local ecological 

selection pressures at a small geographical scale and over short time periods in the 

Italian sparrow. 

As a hybrid species has inherited genetic material from two divergent species, it can 

have higher variability and thereby a higher potential to respond to selection, especially 

if there are numerous loci fixed for different alleles in each parent. Transgressive 

phenotypes are expected to appear whenever parental species are under stabilizing 

selection (Rieseberg et al. 1999; Bailey et al. 2013), particularly when parents are 

diverged (Stelkens & Seehausen 2009). Transgressive traits may allow hybrids to 

increase the potential to colonize new ecological niches in which the parent species are 

unfit (Rieseberg et al. 2003). I find some evidence for transgression in beak size in 

Italian sparrows. The individuals with the largest beaks are Italian sparrows, meaning 

that these are transgressive. Although the Italian sparrow has larger beaks than house 

sparrows, the beak size difference between Italian and Spanish sparrows is not 

significant, and hence, beak size mean is not transgressive in Italian sparrows. 

Transgression can be caused by complementary gene action (Vega & Frey 1980) but it 

has also been associated with hybrid-superiority, heterosis or epistasis (Rieseberg et al. 

1999; Vilà & D’Antonio 1998). The strong correlation between local diet and beak 

shape is consistent with a high adaptive potential, as is the rapid displacement in size 

and shape in response to sympatry with the Spanish sparrow. Taken together, having a 
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highly adaptable beak morphology and the presence of transgressive individuals may 

have aided Italian sparrows in taking advantage of a different diet and thus outcompete 

or co-exist alongside its parent species.   

Although I can disentangle the ecological factors selecting for divergence with my study 

setup, I cannot resolve whether the observed differences in beak size and shape are 

mainly governed by genetic changes or are a result of phenotypic plasticity with my 

data. Phenotypic plasticity is the ability of a genotype to produce different phenotypes 

when exposed to different environments (Pigliucci 2001; West-Eberhard 2003), and has 

been shown to be important for the development of foraging structure in some cases. In 

cichlids, different diets have been shown to trigger the development of divergent 

foraging structures (Greenwood 1965), but whether this is the case for beaks is not 

known. There is, however, evidence for a simple genetic basis with only a couple of 

genes controlling beak dimensions in Darwin’s finches (Abzhanov et al. 2004; Campàs 

et al. 2010; Knief et al. 2012) and both beak size and beak shape have been found to be 

heritable (Grant & Grant 2002), also in house sparrows (Jensen et al. 2003). Therefore, 

although the beak morphology varies on small spatial scales and shows rapid 

adaptation, the observed changes are likely to at least partly reflect genetic changes in 

response to selection. 

 

Beak morphology differences among Passer sparrows 

Beak size and shape are directly associated with diet and foraging (Grant 1965; 

Anthony Herrel et al. 2005) and are hence predicted to reflect niche similarity. 

Commensal house sparrows, which are specialized in cereals and other harder seeds that 

are provided by agriculture, have bigger and more robust beaks than non-commensal 

house sparrows (Riyahi et al. 2013). The beak size of the Italian sparrow is similar to 

that of the Spanish sparrow and significantly different to that of the house sparrow. This 

is unexpected since the Italian sparrow is a seed-eating sparrow associated with humans 

(Summers-Smith 1988), and hence has a niche which appears more similar to that of the 

house sparrow than to that of the less human-associated Spanish sparrow (Summers-
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Smith 1988). This could imply that size is less important than shape for adaptation to 

commensal diets. While beak length is related to food manipulation (Price et al. 1984), 

other dimensions are closely related to seed cracking. Deep, wide and larger beaks are 

associated with stronger bite forces, and hence, are better adapted for hard seeds (Herrel 

et al. 2005a; Herrel et al. 2005b). Size differences between the Italian sparrow and the 

house sparrow are, however, expected as Moksnes (2014) found significant size 

differences between the Italian and house sparrows on each side of the contact zone in 

the Alps. The three focal species differ significantly in size from the more distantly 

related tree sparrows which lives in cultivated areas of low human density regions, 

small villages, forest habitats or suburbs where house sparrows are absent (Summers-

Smith 1988). However, the tree sparrow also has a smaller body size than the other 

three species and is thus expected to have a smaller beak. 

The major species difference in shape is that between the tree sparrow and the other 

three taxa, although this difference does not remain significant when size-corrected data 

is used. An allometric relationship between beak size and beak shape could potentially 

explain this absence of differences in shape for size-corrected data as tree sparrows, 

with the most divergent shape, also have significantly smaller beaks. In commensal 

house sparrows, there is an allometric relationship between skull size and shape (Riyahi 

et al. 2013), and this could potentially also hold true across species boundaries. House 

sparrows are diverged along the second shape component, as they have narrower lower 

jaws, wider upper jaws and more pointed beaks than the other three taxa. This pattern is 

consistent with that described for commensal house sparrows (Riyahi et al. 2013) and 

with the pattern found for house sparrows in the Alps (Moksnes 2014). Pair-wise 

distances suggest higher variation in beak shape between species than within species, 

although tree sparrows have strong variation within species. Italian sparrows also have 

high within-species variation, consistent with the prediction that hybrid species can be 

more adaptable (Rieseberg et al. 1999; Bailey et al. 2013). Unfortunately, the sample 

size is small due to the limited number of tree sparrows available. Hence, while some of 

the trends observed may be biologically relevant differences, I do not have the statistical 

power to detect and describe them. Studies with larger sample sizes should be 
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performed in order to clarify how niche divergence translates into beak morphology 

divergence among species of Passer sparrows.  

 

Factors explaining beak morphology in a hybrid species 

Beak size differences in the Italian sparrow are best explained by population affiliation. 

While Corsican sparrows have smaller beaks, Sicilian sparrows have overall bigger 

beaks, and Cretan sparrows have intermediate beak sizes, but there are also significant 

differences within islands which makes population a better explanation for the data. 

This beak size variation between populations within islands could reflect that island 

contingencies and genetic composition (Runemark et al. in preparation), are less 

important for beak size than local ecology and diet. Selection from external factors 

rather than intrinsic contingencies are hence probably driving the strong differences 

between populations of the Italian sparrow. This pattern is consistent with predictions of 

high adaptive potential and evolvability in hybrids (Abbott et al. 2013). 

A previous study found that beak size is correlated with climate variables 

(Eroukhmanoff et al. 2013). Climate is likely to affect local agricultural practice and 

which plants that are cultivated, and may therefore indirectly affect selection on beak 

morphology. I found no significant association beween local diet and beak size, and 

climate variables explained variation in beak size less well than population affiliaton. 

The study by Eroukhmanoff et al. (2014) used field measurements of beak height and 

length to estimate size, whereas I used geometric morphometrics. The latter is likely to 

estimate size more accurately (Zelditch et al. 2004). Furthermore, beak height and 

length may be more strongly correlated with geometrical morphological shape than size. 

Importantly, stable isotopes, which were not investigated in the previous study, are 

better predictors of local diet than climate variables. 

In contrast to size, which was not significantly correlated with any of the measures of 

diet, beak shape in the Italian sparrow is strongly correlated with the amount of δC13, 

i.e. the carbon composition of the diet. The carbon isotopic signature for plants can pass 

through the food chain, and hence isotope analysis of animal tissues can provide 
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insights into diets (Peterson & Fry 1987). The ratio of C13 in C3 plants (grain, fruit, 

vegetables) goes from -33 to -24‰, in crassulacean acid metabolic (CAM) plants from -

20 to -10‰ and in C4 plants (corn, millet) from -16 to -10‰ (Hobson & Clark 1992; 

Hobson 1999). The Italian sparrow is an oportunistic human commensal species which 

usually feeds in fields, on seeds and on food provided to domestic animals. In urban 

areas they also feed on scraps and waste from human food. The populations I have 

studied are found in environments ranging from farmlands to riverbeds and more urban 

areas. A different set of cultivated plants are found in the area of each sampling 

location. For instance, some populations were situated near organic farms where there 

were cultivations of fruits and vegetables and domestic birds, others in wineyard areas, 

or at farms where sheep or cows were held (A.R, F.E, G.P.S personal observations). The 

diverstity of environments may create huge differences in the types of available food, 

and selection pressures on beak size may hence vary between sites. Furthermore, the 

diversity of resources available to the birds makes it likely that a mix of C3 and C4 

plants in the diet explains the intermediate values of δC13, rather than a pure CAM 

plant diet. The differences in beak shapes are correlated with a measure of local diet and 

are hence likely to be adaptations for efficienct foraging in divergent selective regimes. 

This is consistent with results from other bird species, i.e. crossbills (Benkman 1993) 

and Darwin finches (Grant & Grant 1996).  

I also found sexual dimorphism in beak shape. This is consistent with Selander’s rule 

(1966) which suggests that ecological niche divergence between the sexes could 

generate sexual dimorphism including differences of trophic structures such as the beak. 

Previous studies have suggested that males of sexually dimorphic species are less 

involved in the nesting process (Frayer & Wolpoff 1985). In sparrows, males normally 

feed the young with insects when they are small. When the nestlings get older, the role 

is reversed and females feed their young mostly with vegetables and grass (MacMillan 

& Pollock 1985; Hegner & Wingfield 1987). Sexual dimorphism in beak shape has also 

been found in studies on other birds, e.g., woodpeckers (Ligon 1968) and penguins 

(Warham 1972). These differences in parental care may be part of the explanation to the 

sexual dimorphism in beak shape, and local ecology and diet may explain variation 
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across populations. Further investigations, not only of diet but also of parental care 

should be performed to clarify what factors influence sex specific beak morphology. 

 

Effects of insularity on beak morphology 

For Italian and Spanish sparrows from island and mainland localities, respectively, a 

combination of factors, including diet, biogeography and species, best explains variation 

in beak morphology. I found strong parallelism across species, both in beak size and the 

first component of shape in response to insularity. Island sparrows of both species have 

bigger beaks than their conspecifics on the mainland. This is consistent with other 

studies which have found that Passerine birds have larger beaks on islands (Grant 

1965), and in other constrained environments (Luther & Greenberg 2011). The 

convergent beak size and shape of insular Italian and Spanish sparrows could 

potentially be explained by the “island syndrome”, i.e. it reflects an expansion of the 

ecological niche due to low levels of predation and interspecific competition but high 

population densities (Adler & Levins 1994). The first component of shape also changes 

in parallel in the two species, resulting in island beaks with a stronger upper mandible 

for island sparrows compared to mainland conspecifics. Hence, insularity may drive 

beaks to diverge along the same axis in both species. Pair-wise Euclidean distances 

suggest that there is a higher variation in beak shape within island individuals than 

within mainland individuals. Moreover, consistent with my previous results, Italian 

sparrows have a higher variation within species than Spanish sparrows. A closer 

examination of beak shape using a CVA based on all 32 components of shape reveals 

that Spanish and Italian beak shape converges for mainland populations but diverges for 

island populations. The raw shape data has 32 components, and even though RW1 

reflects the axis of most variation, the other 31 components may also be important in 

explaining some of the shape differences among island and mainland populations. This 

probably explains the discrepancy in results between the first relative warp only and the 

multivariate CVA, and suggests that while there are some adaptations in response to 

insularity that are common for both species, but that there are species-specific 

adaptations as well.  



33 

 

I found no strong association between beak size and diet for this data set. Although 

insular Spanish and Italian sparrows have different diets based on stable isotopes, both 

beak size and shape are similar in insular populations of both species. Nevertheless, the 

convergence in shape between insular populations of the two species could potentially 

be explained by the presence of harder seeds on the islands. Islands have drier seasons 

compared to continental populations (Table S7), which could result in harder seeds. 

Insular populations may be selected to handle a larger spectrum of seed sizes than their 

continental conspecifics as islands are expected to have a lower number of seed plant 

species than continental locations (MacArthur & Wilson 1967). Italian sparrow 

continental populations are micro-allopatric populations and Spanish sparrow 

continental populations are sympatric populations due to lack of data from allopatric 

continental populations. Therefore it cannot be stated that the pattern I observe is 

completely driven by a mainland/island effect or by sympatric interactions. I suggest 

that future research on diet, bite force and handling times for different types of seeds 

should be performed and should include a larger variety of allopatric mainland 

populations in order to disentangle whether or not hardness in seeds might be driving 

the observed divergence between island and mainland populations of these two sparrow 

species.  

 

Character displacement in parental sympatry 

Interestingly, I found evidence for displacement both in diet and beak morphology in 

Italian sparrow populations living in sympatry with Spanish sparrows in comparison to 

microallopatric Italian sparrow populations. Moreover, while beak morphology and diet 

in microallopatric Italian sparrows does not differ from that of the Spanish sparrows, 

sympatric Italian sparrows switch diet and have a displaced beak size and beak shape. 

One previous study did not reported beak morphology displacement in sympatry, but 

found evidence of reduced beak integration in sympatry (Eroukhmanoff et al. 2014). As 

that study did not use geometric morphometrics but only beak height and length 

(Eroukhmanoff et al. 2014), the discrepancy between my results and the earlier study is 
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likely a result of geometric morphometrics being a more accurate technique with more 

power to detect both size and shape differences than crude field measurements.   

Character displacement can be a way to strengthen reproductive isolation between two 

species (Lande 1982). Differences in beak shape between the Italian sparrow flocks that 

co-occur with Spanish sparrows might also act as a pre-zygotic barrier, as displacement 

in diet might mean less interaction on the feeding grounds and hence greater 

opportunity for hybridization. However, as the two species sometimes nest in the same 

stork nest or electricity pole in sympatry, this may not have any big impacts. Potentially, 

Spanish sparrows may outcompete Italian sparrows making it a better strategy for the 

latter to use less preferred food sources to escape competition. For instance, studies on 

flycatchers have shown how competition between the collard flycatcher and the pied 

flycatcher has forced the latter to occupy less appropriate breeding territories (Sætre et 

al. 1999; Veen et al. 2010).  

Pair-wise Euclidean distances show that the Italian sparrow beak morphology is more 

variable than that of the Spanish sparrow, both in microallopatric and sympatric 

populations. Hybrid species have higher rates of phenotypic evolution under some 

environmental regimes (e.g., Bone & Farres 2001). This result is consistent with hybrid 

species being more capable to avoid competition due to occupation of novel niches 

(Rieseberg et al. 1999) and with hybrid species being highly adaptable and able to 

respond rapidly to changing conditions (Rieseberg et al. 2003; Bailey et al. 2013), and 

under certain scenarios even more rapidly than non-hybrid populations (Campbell et al. 

2009). 

How traits respond to selection depends on their genetic background (Bailey et al. 2013; 

Rieseberg et al. 1999), and hence, knowing the genetic background of traits is crucial 

for understanding their evolutionary potential. Candidate gene approaches (Abzhanov et 

al. 2004; Campàs et al. 2010; Knief et al. 2012) to identify the genes governing beak 

morphology variation would be an interesting avenue for future studies in this system. 

Focusing on genes that regulate beak size in Darwin’s finches, including BMP4 and 

Calmodulin (Abzhanov et al. 2004; Knief et al. 2012), sequencing them and looking for 

a correlation with beak morphology is a promising avenue. This could shed light on 
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how selection has acted on a genotypic level, and how this has molded the phenotypes. 

Looking for parallel genetic and phenotypic changes in island populations of Italian and 

Spanish sparrows to investigate what drives convergence in size and shape in insular 

environments would also be interesting. Furthermore, studies on seed handling time and 

on bite force would complement this data and give more accurate answers as to whether 

diet and hardness in seeds affect beak morphology. Three-dimensional data of beak 

shape would also improve our understanding of how beak shape diverges on more 

components, and may provide information that is lost in analysis of lateral shape only. 

 

In conclusion, both beak size and shape differs between the four species of Passer 

sparrows investigated in this study, and house sparrows have beak shapes that reflect 

their commensal ecology. Local diet strongly affects beak shape within the Italian 

sparrow. Hence, local selection pressures rather than genomic island contingencies 

appear to mold beak shape in this hybrid species. Furthermore, I find that insularity 

induces parallel changes in beak size and shape in Italian and Spanish sparrows. Hence, 

beak shape seems to be an easily adaptable trait, which responds similarly to similar 

selection pressures across species boundaries. Finally, I find evidence for character 

displacement and diet shifts in response to sympatry with Spanish sparrows after only 

about 20 years of coexistence. Sympatric Italian sparrows have displaced beak 

morphology and a different diet whereas allopatric Italian sparrows do not differ from 

Spanish sparrows, either in size, shape or diet. Taken together, beak shape seems to be a 

highly adaptable trait in the Italian sparrow and responds rapidly to changing selection 

pressures. 
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Tables 

Table 1. Datasets1 and information of samples 

 

Dataset Location Population Insularity Ecology Species Male Female C N Climate 

data 

  Fontana Rosa Mainland  Sympatry P. italiae 6 - 5 5 X 

     P.hispaniolensis 17 - 15 15 X  

     P. montanus 4 - - - X  

1, 3, 4 Gargano Peninsula Lago Salso Mainland Allopatry P. italiae 39 - 9 9 X 

     P. montanus 1 - - - X 

  Mustazzo Mainland Allopatry P. italiae 3 - 3 3 X 

     P. montanus 1 - - - X 

3 Malta - Island Allopatry P. hispaniolensis 15 10 11 11 X 

3 Sardinia Oniferi Island Allopatry P. hispaniolensis 14 14 14 14 X 

  Perama    10 21 15 15 X 

  C. Mithimna    17 11 10 10 X 

2, 3 Crete Istro Island Allopatry P. italiae 15 12 10 10 X 

  Chania Hosp.    8 8 - - X 

  Petra Beach    5 6 - - X 

  Muratello    38 19 36 36 X 

2, 3 Corsica Pianiccia Island Allopatry P. italiae 12 11 12 12 X 

  Tiuccia    13 12 12 12 X 

  Enna    14 8 14 14 X 

2, 3 Sicily Cos Island Allopatry P. italiae 22 21 18 18 X 

  Naxos    23 20 14 14 X 

1 France Sales Mainland Allopatry P. domesticus 23 - - - X 

  Tempetay    9 - - - X 

1 Switzerland Lignieres Mainland Allopatry P. domesticus 11 - - - X 

 

 

  

                                                           

1
  The different datasets used in this thesis are described as it follows: 

1) Species comparison dataset; consisting of 6 individuals from four different taxa (house 
sparrow, Spanish sparrow, Italian sparrow and tree sparrow). 

2) Allopatric island dataset: consisting on Italian sparrows from three Mediterranean 
islands (Corsica, Crete and Sicily). 

3) Island-mainland dataset: consisting on both Spanish and Italian sparrows from different 
island and mainland populations. 

4) Gargano dataset: allopatric and sympatric populations of Italian sparrows, and 
sympatric Spanish sparrows from the Italian peninsula of Gargano.   
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Table 2. Summary of ANOVAs and MANOVAs evaluating difference in size 
(Centroid Size) and shape (relative warps, canonival variates and pair-wise differences 
in multidimensional space (Euclidean distances)) among house sparrow (P. domesticus), 
Italian sparrow (P. italiae), Spanish sparrow (P. hispaniolensis) and tree sparrow (P. 
montanus) 

 

 

Method     Df F-value Pr(>F) 
Size Centroid Size  3 32.59 6.8E-8 
    Residuals 20     
Shape Relative Warps Warp 1 3 2.6 0.08 

  Warp 2 3 10.42 0.0002 

  Warp 3 3 3.43 0.04 

  Warp 4 3 1.5 0.25 

  Pillai’s trace 3 4.23 9.49E-05 

  Residuals  20 

 Canonical Variates CV1 3 110.07 1.2E-12 

   CV2 3 55.56 5.1E-10 

   CV3 3 25.93 4.3E-07 

   Pillai's trace 3 48.06  <2.2E-16  

  Residuals 20    

Euclidean distances  9 6.37 3.5E-08 
 Residuals 266     
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Table 3. Summary of general linear models evaluating differences in size among 

Italian sparrow from the allopatric islands Corsica, Sicily and Crete 
 
 

Model  Df F-value Pr(>F) AIC  
Population  8 52.97 2.2E-16 -330.2 
 Residuals 290    
Worst explained models      
Sex + island + C + N + Prec. Seas.     -294.8 
Sex + island + sex × island|population     -294.4 
Sex + island + C + N + Ann. Prec.     -293.2 
Sex + island + C + N + Temp. Seas.     -292.7 
Temperature Seasonality     -222.5 
Sex + island + C + N + Ann. Temp.     -200.4 
Sex + island + N     -192 
Sex + island + C + N      -191.7 
Sex + island + sex × island     -149.5 
Sex + island     -147.6 
Sex + island + C     -145.9 
Island     -140.2 
Annual Temperature     -122.9 
Annual Precipitation     -121.8 
N     -104 
Precipitation Seasonality     -94.2 
Sex     -86 
C     -75.9 
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Table 4. Summary of ANOVAs evaluating differences in Warp 1 (corrected for 
size) among Italian sparrow from the allopatric islands Corsica, Sicily and Crete 

 

 

Model  Df F-value Pr(>F) AIC  
C  1 18.6 2.2E-5 -719.1 
 Residuals 296    
Population   8 3.33 0.001 -718.1 
 Residuals  290    
Sex + island + C Sex 1 3.93 0.05 -718.3 
 Island 2 5.28 0.006  
 C 1 9.89 0.002  
 Residuals 293    
Sex + island + C + N + Ann. Prec. Sex 1 3.96 0.05 -718.9 
 Island 2 3.52 0.005  
 C 1 9.97 0.002  
 N 1 2.66 0.1  
 Ann. Prec. 1 0.57 0.5  
 Residuals 291    
Sex + island + C + N + Temp. Seas. Sex 1 3.96 0.05 -718.9 
 Island 2 3.52 0.005  
 C 1 9.97 0.002  
 N 1 2.6 0.1  
 Tem. Seas. 1 0.57 0.5  
 Residuals 291    
Sex + island + C + N  Sex 1 3.92 0.05 -717.1 
 Island 2 5.27 0.006  
 C 1 9.88 0.002  
 N 1 2.64 0.11  
 Residuals 292    
Worst explained models      
Temperature Seasonality     -716.9 
Sex + island + C + N + Prec. Seas.     -716.7 
Sex + island + C + N + Ann. Temp.     -715.6 
Island     -709.8 
Sex + island     -710 
Sex + island + N     -708 
Sex + island + sex × island     -706.4 
Sex     -702.4 
Annual Temperature     -702.2 
Precipitation Seasonality     -701.8 
Annual Precipitation     -700.4 
N     -699.9 
Sex + island + sex  × island|population     -661.7 
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Table 5. Summary of MANOVAs evaluating differences in shape components among 
Italian sparrow from the allopatric islands Corsica, Sicily and Crete 

 

Model   Df F-
value 

Pr(>F) AIC 

Sex + island + C + N + Ann. Prec. Warp1 Sex 1 2.6 0.11 -55714.4 
  

 
 
 

Island 
C 
N 
Annual 
Precipitation 

2 
1 
1 
1 

6.06 
10.33 
0.93 
2.61 

0.003 
0.001 
0.33 
0.11 

 

 Warp2  Sex 1 2.59 0.11  
  Island 2 6.5 0.002  
  C 1 0.1 0.76  
  N 1 0.06 0.8  
  Annual 

Precipitation 
1 7.29 0.007  

 Warp3 Sex 1 10.65 0.001  
  Island 2 44.73 <2.2E-16  
  C 1 0.03 0.85  
  N 1 0 0.95  
  Annual 

Precipitation 
1 1.39 0.24  

 Warp4 Sex 1 4.18 0.04  
  Island 2 3.71 0.03  
  C 1 0.84 0.36  
  N 1 0.71 0.4  
  Annual 

Precipitation 
1 0.02 0.9  

 Pillai’s trace Sex 1 5.03 3.7E-14  
  Island 2 4.59 <2.2E-16  
  C 1 1.30 0.14  
  N 1 0.59 0.96  
  Annual 

Precipitation 
1 1.03 0.43  

 Residuals  292    
Worst explaining models       
Sex + island + C + N + Tem. Seas.      -55708.3 
Population      -55686.1 
Sex + island + C + N + Prec. Seas.      -55674 
Sex + island + C + N + Ann. Temp.      -55634 
Sex + island + C + N      -55623.4 
Sex + island + sex × island      -55621.3 
Sex + island + C      -55608.1 
Sex + island + N      -55486.6 
Sex + island      -55479.5 
Island      -55355.6 
C      -55041 
Temperature Seasonality      -55040.4 
Annual Precipitation      -54871.1 
Sex      -54808.8 
Annual Temperature      -54741 
Precipitation Seasonality      -54739.3 
N      -54692.3 
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Table 6. Summary of ANOVAs evaluating pair-wise differences in multidimensional 
space (Euclidean distances) of shape among Italian sparrow from the allopatric islands 
Corsica, Crete and Sicily 

 

 

Model  Df F-value Pr(>F) AIC  
Population   35 30.82 <2.2E-16 -105892.1 
 Residuals  391

35 
   

Sex + island + sex × 
island |population 

Sex 2 133.05 <2.2E-16 -105893.7 

 Island 5 8.68 <0.0001  
 Sex : Island 10 1.31 0.22  
 Residuals  391

53 
   

Worst explaining models      
Sex + island + C + N + 
Ann. Prec. 

    -105860.9 

Sex + island + C + N + 
Tem. Seas. 

    -105847.8 

Sex + island + C + N     -105822.6 
Sex + island + C + N + 
Prec. Seas. 

    -105822.3 

Sex + island + C + N + 
Ann. Prec. 

    -105821.1 

Sex + island + N     -105795 
Sex + island + C     -105752.3 
Sex + island     -105731.1 
Sex + island + sex × 
island 

    -105725.2 

Island     -105479.8 
Sex     -105190.5 
N     -105141.9 
Annual Precipitation     -105063.8 
Precipitation Seasonality     -104935.8 
C     -104920.2 
Temperature Seasonality     -104910.2 
Annual Temperature     -104902.4 
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Table 7. Summary of ANOVAs evaluating differences in centroid size among Italian 
and Spanish sparrow from different island and mainland locations 

 

 

Model  Df F-
value 

Pr(<F) AIC  

C + Insularity + C × Insularity + 
species 

C 1 0.04 0.83 -189.1 

 Insularity 1 152.26 <2.2E-16  
 Species 1 56.88 3.4E-12  
 C : Insularity 1 71.23 1.9E-14  
 Residuals  158    
Worst explaining models       
C + species + C × species + 
Insularity 

    -178.5 

N + insularity + N × Insularity + 
species 

    -125.9 

C + N     -113.4 
N + species + N × species + 
Insularity 

    -111.8 

N + Insularity     -103.4 
N      -100.2 
N + Insularity + N × Insularity     -101.6 
Insularity     -98.2 
N + species     -98.4 
N + species + N × species     -97.3 
C + Insularity     -96.3 
C + Insularity + C × Insularity     -94.4 
C + species     -49.9 
C + species + C × species     -48.3 
Species     -41.5 
C     -28.7 
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Table 8. Summary of ANOVAs evaluating differences in Warp 1 among Italian and 
Spanish sparrow from different island and mainland locations 

 

 

Model  Df F-value Pr(>F) AIC 
C + Insularity + C × Insularity + species C 1 2.92 0.09 -475.5 
 Insularity 1 31.81 7.6E-8  
 Species 1 17.66 4.4E-5  
 C : Insularity 1 8.3 0.005  
 Residuals 158    
Worst explaining models       
C + species + C × species + Insularity     -471.4 
C  + species + C × species     -463.6 
Insularity      -454.8 
N + Insularity     -455.8 
C + Insularity     -454.7 
N + Insularity + N × Insularity     -454.6 
C + Insularity + C × Insularity     -454.4 
N + Species + N × species + Insularity     -455 
N + species     -452.6 
N + species + N × species     -454.6 
N + Insularity + N × Insularity + species     -452.9 
N     -441.4 
C + N     -439.4 
Species     -434.2 
C     -430.7 
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Table 9. Summary of MANOVAs evaluating differences in shape components 
between Italian and Spanish sparrow from different island and mainland locations 

 

 

Model   Df F-
value 

Pr(>F) AIC 

C + Insularity + C × Insularity + 
species 

Warp1 C 1 2.92 0.09 -31789.1 

  Insularity 1 31.81 7.6E-8  
  Species 1 17.66 4.4E-5  
  C : Insularity 1 8.3 0.005  
 Warp2 C 1 1.17 0.28  
  Insularity 1 12.38 0.0006  
  Species 1 0.08 0.78  
  C : Insularity 1 2.96 0.08  
 Warp3  C 1 25.15 1.4E-6  
  Insularity 1 0.23 0.63  
  Species 1 0.46 0.5  
  C : Insularity  1 0.44 0.14  
 Warp4 C 1 2.18 0.79  
  Insularity 1 0.07 0.92  
  Species 1 0.01 0.28  
  C : Insularity 1 11.17 1.4E-5  
 Pillai’s 

trace 
C 1 2.89 1.2E-8  

  Insularity 1 4.01 0.04  
  Species 1 1.58 0.001  
  C : Insularity 1 2.19 0.001  
 Residuals       
Worst explaining models       
C + Species + C × Species + 
Insularity 

     -31778.8 

C + Species + C × Species      -31658 
N + Insularity + N × Insularity  + 
species 

     -31615.1 

N + Species + N × Species + 
Insularity 

     -31613.7 

N + Insularity + N × Insularity      -31549.8 
C + Insularity + C × Insularity      -31547.3 
N + Insularity      -31535.9 
N + Species + N × Species      -31515.9 
N + Species      -31495.9 
C + N      -31376 
Insularity      -31323.4 
C + Species      -31279.1 
N      -31244.3 
C      -31130 
Species      -31065.9 
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Table 10. Summary of ANOVAs evaluating differences in Euclidean distances of 
shape among Italian and Spanish sparrow from different island and mainland locations 

 

 

Model   Df F-
value 

Pr(>F) AIC  

N + insularity + N × 
Insularity  + species  

N 1 343.9 <2.2E-16 -38959.4 

 Insularity 2 118.92 <2.2E-16  
 Species 2 78.69 <2.2E-16  
 N : Insularity 2 89.75 <2.2E-16  
 Residuals 13195    
Worst explaining models      
N + species + N × Species + 
Insularity 

    -38792.1 

C + Species + C × Species + 
Insularity 

    -38788.2 

C + Insularity + C × 
Insularity + Species 

    -38781.2 

N + Insularity + N × 
Insularity 

    -38690.9 

N + Insularity     -38634.6 
C + Insularity + C × 
Insularity 

    -38627.3 

Insularity     -38618.4 
C + Insularity     -38618.8 
N + Species + N × Species     -38585.9 
N + Species     -38580.7 
C + N     -38429.3 
N     -38408.5 
C + Species     -38349.8 
C + Species + C × Species     -38348.5 
Species     -38228.1 
C     -38154.7 
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Table 11. Summary of ANOVAs and MANOVAs evaluating difference in size and 
among Italian sparrow (allopatric and sympatric populations) and Spanish sparrow, 
living in sympatry on the Gargano Peninsula (Italy) 

 

 

Method    Df F-value Pr(>F) 

Size Centroid 
Size 

 2 2.99 0.06 

   Residuals 62     

Shape Relative 
Warps 

Warp 1 

Warp 2 

2 

2 

4.63 

1.8 

0.013 

0.18 

 Warp 3 

Warp 4 

Residual 

2 

2 

62 

0.30 

0.03 

 

0.74 

0.97 

 

Canonival 
Variates 

CV1 2 94.17 2.2E-16 

   CV2 

Pillai’s 

trace 

2 

2 

35.49 

55.95 

4.7E-11 

2E-16 

  
 

 Residuals 62     

Euclidean 
distances 

 5 29.06 2.2E-16 

   Residuals 2074 
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Table 12. ANOVA evaluating the effect of δ13 C in Warp 1 between Italian sparrow 
(allopatric and sympatric populations) and Spanish sparrow, living in sympatry on the 
Gargano Peninsula (Italy) 

 

 

Method  Df F-value Pr(>F) 
Warp1 C 1 10.75 0.0017 
  63   
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Appendix  

Figures 
 

Figure S1. Five homologous landmarks placement (thick and numbered red dots), 
outlines on the upper- and lower- jaw (blue lines) and 7 equidistant semilandmarks 
(small red dots) 

 

  



 

Figure S2. Mean and 95% confidence intervals of Warp 1 corrected for size, for 
house, Italian, Spanish and tree sparrow
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Mean and 95% confidence intervals of Warp 1 corrected for size, for 
alian, Spanish and tree sparrow 

 

Mean and 95% confidence intervals of Warp 1 corrected for size, for 



 

Figure S3. Mean and 95% confidence intervals of Euclidean distances 
within house sparrow, Italian sparrow, S
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Mean and 95% confidence intervals of Euclidean distances 
within house sparrow, Italian sparrow, Spanish sparrow and tree sparrow

 

Mean and 95% confidence intervals of Euclidean distances between and 
panish sparrow and tree sparrow 



 

Figure S4. Mean and 95% confidence intervals 

Italian and Spanish sparrows 
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Mean and 95% confidence intervals pair-wise Euclidean distances for 

Italian and Spanish sparrows from island and mainland populations 

 

wise Euclidean distances for 
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Figure S5. Mean and 95% confidence intervals of centroid size, for both allopatric 

and sympatric Italian sparrow (light and dark purple) and Spanish sparrow (red) 

 

 



 

Figure S6. Mean and 95% confidence intervals pair
allopatric and sympatric Italian sparrows and Spanish sparrows from Gargano 
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Mean and 95% confidence intervals pair-wise Euclidean distances for 
allopatric and sympatric Italian sparrows and Spanish sparrows from Gargano 

 

wise Euclidean distances for 
allopatric and sympatric Italian sparrows and Spanish sparrows from Gargano Peninsula 
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Tables 
 
 

Table S1. Post-hoc test (Tukey’s) for relative warps, canonical variates and centroid 

size among house sparrow, Italian sparrow, Spanish sparrow and tree sparrow 
 
 

  t-value Pr(>|t|)   t-value Pr(>|t|)   t-value Pr(>|t|) 

Warp 1 it-ho -1.19 0.64 CV1 it-ho -9.65 0.0001 Csize it-ho 24.13 <0.001 

 mo-ho 1.56 0.42  mo-ho -5479.00 0.0002  mo-ho 14.16 <0.001 

 sp-ho -0.24 0.99  sp-ho -17.60 0.0001  sp-ho 21.98 <0.001 

 mo-it 0.39 0.06  mo-it 4.17 0.002  mo-it -9.38 <0.001 

 sp-it 0.95 0.77  sp-it -7.95 0.0001  sp-it -2.15 0.17 

 sp-mo -1.8 0.3  sp-mo -12.12 0.0001  sp-mo 7.82 <0.001 
         Warp 2 it-ho 3.52 0.01 CV2 it-ho -0.14 0.99    

 mo-ho 4.18 0.002  mo-ho -11.43 0.001     

 sp-ho 5.28 <0.001  sp-ho -3.26 0.019     

 mo-it 0.66 0.91  mo-it -11.29 0.001     

 sp-it 1.76 0.32  sp-it -3.12 0.026     

 sp-mo 1.1 0.7  sp-mo 8.17 0.001     

Warp 3 it-ho 2.13 0.18 CV3 it-ho 7.47 0.001 

 mo-ho 2.02 0.21  mo-ho 3.44 0.013     

 sp-ho -0.36 0.98  sp-ho -0.18 0.99     

 mo-it -0.11 0.99  mo-it 0.40 0.003     

 sp-it -2.49 0.09  sp-it -7.65 0.001     

 sp-mo -2.37 0.11  sp-mo -3.62 0.008     
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Table S2. Table explaining variation among different the four Passer taxa on CVA 
and Relative Warps, with eigenvalues and percentage of variance explained by each of 
the axis of variation 

 

 

Relative 
Warps 

Eigenvalues %Variance Canonical 
Variates 

Eigenvalues %Variance 

Warp 1 0.05 70.84 CV1 16.51 56.87 
Warp 2 0.001 14.02 CV2 8.63 29.74 
Warp 3 0.0007 5.98 CV3 3.89 13.39 
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Table S3. Summary of a MANOVA evaluating difference in shape (relative warps 
corrected for size) among four Passer taxa 

 

 

Method  Df F-value Pr(>F) 

Corrected Relative Warps  Warp 1 3 0.11 0.95 

 Warp 2 3 10.4 0.0002 

 Warp 3 3 3.31 0.04 

Warp 4 3 1.4 0.27 

Residuals  20 
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Table S4.  Post-hoc test (Tukey’s) for relative warps corrected for size, among the 
four Passer sparrows. 
 
 

  t-value Pr(>|t|) 
Warp 1 it-ho -0.09 1 
 mo-ho 0.24 0.99 
 sp-ho 0.1 1 
 mo-it 0.33 0.99 
 sp-it 0.19 0.99 
 sp-mo -0.14 0.99 
    Warp 2 it-ho -3 0.03 
 mo-ho -3.53 0.01 
 sp-ho -4.72 <0.001 
 mo-it -0.53 0.95 
 sp-it -1.73 0.34 
 sp-mo -1.2 0.63 
Warp 3 it-ho 2.36 0.12 
 mo-ho 2.23 0.15 
 sp-ho 0.16 0.99 
 mo-it -0.14 0.99 
 sp-it -2.21 0.16 
 sp-mo -2.07 0.19 
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Table S5. Post-hoc test (Tukey’s) for Euclidean distances across Passer sparrows 

Pair-wise species combination p-value 
House-house – house-Italian 0.48 
House-house – house-tree 
House-house – house-Spanish 
House-house – Italian-Italian 

0.01 
0.74 
0.98 

House-house – Italian-tree 0.01 
House-house – Italian-Spanish 1 
House-house – tree-tree 0.02 
House-house – tree-Spanish 0.36 
House-house – Spanish-Spanish  0.9 
House-Italian – house-tree 0.62 
House-Italian – house-Spanish 0.99 
House-Italian – Italian-Italian 0.99 
House-Italian – Italian-tree 0.62 
House-Italian – Italian-Spanish 0.71 
House-Italian – tree-tree 0.66 
House-Italian – tree-Spanish 1 
House-Italian – Spanish-Spanish 0.004 
House-tree – house-Spanish 
House-tree – Italian-Italian 
House-tree – Italian-tree 
House-tree – Italian-Spanish 
House-tree – tree-tree 
House-tree – tree-Spanish 
House-tree – Spanish-Spanish 

0.28 
0.38 

1 
0.007 
0.99 
0.77 

<0.001 
House-Spanish – Italian-Italian 1 
House-Spanish – Italian-tree 0.28 
House-Spanish – Italian-Spanish 0.95 
House-Spanish – tree-tree 
House-Spanish – tree-Spanish 
House-Spanish – Spanish-Spanish 

0.39 
1 

0.01 
Italian-Italian – Italian-tree 
Italian-Italian – Italian-Spanish 
Italian-Italian – tree-tree 
Italian-Italian – tree-Spanish 
Italian-Italian – Spanish-Spanish 

0.38 
1 

0.4 
1 

0.21 
Italian-tree – Italian-Spanish 
Italian-tree – tree-tree 
Italian-tree – tree-Spanish 
Italian-tree – Spanish-Spanish 

0.007 
1 

0.77 
<0.001 

Italian-Spanish – tree-tree 
Italian-Spanish – tree-Spanish 
Italian-Spanish – Spanish-Spanish 

0.04 
0.55 
0.25 

Tree-tree – tree-Spanish 
Tree-tree – Spanish-Spanish 

0.78 
<0.001 

Tree-Spanish – Spanish-Spanish 0.002 
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Table S6. Post-hoc test (Tukey’s) for centroid size among Italian sparrow populations 
in the Mediterranean islands Corsica, Crete and Sicily  

 

 

Combination of populations p-value 
Muratello - Pianiccia 0.88 
Muratello – Tiuccia 0.99 
Muratello – Istro  0.75 
Muratello – Mithimna Camping <0.001 
Muratello – Perama <0.001 
Muratello – Cos  0.61 
Muratello – Enna <0.001 
Muratello – Naxos  <0.001 
Pianiccia – Tiuccia  0.69 
Pianiccia – Istro 0.17 
Pianiccia – Mithimna Camping <0.001 
Pianiccia – Perama  <0.001 
Pianiccia – Cos 1 
Pianiccia – Enna  <0.001 
Pianiccia - Naxos <0.0001 
Tiuccia – Istro 0.99 
Tiuccia – Mithimna Camping  <0.001 
Tiuccia – Perama  <0.001 
Tiuccia – Cos  0.44 
Tiuccia – Enna  <0.001 
Tiuccia – Naxos  <0.001 
Istro – Mithimna Camping <0.001 
Istro – Perama 0.34 
Istro – Cos 0.04 
Istro – Enna <0.001 
Istro – Naxos <0.001 
Mithimna Camping – Perama 0.34 
Mithimna Camping – Cos <0.001 
Mithimna Camping – Enna 0.06 
Mithimna Camping – Naxos <0.001 
Perama – Cos <0.001 
Perama – Enna 0.99 
Perama – Naxos 0.47 
Cos – Enna <0.001 
Cos – Naxos <0.001 
Enna – Naxos  0.99 
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Table S7. Table explaining variation among Italian Sparrows from the Mediterranean 
islands Crete, Corsica and Sicily, on Relative Warps, with eigenvalues and percentage 
of variance explained by each of the axis of variation 

 

 

Relative Warps Eigenvalues %Variance 
Warp 1 0.04 58.48 
Warp 2 0.012 16.26 
Warp 3 0.005 7.14 
Warp 4 0.005 6.58 
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Table S8. Matrix of Euclidean distances from each Island for both males and females, 
and sexual dimorphism 

 

 

  

Males Sicily Corsica Crete Females Sicily Corsica Crete Sexual 
dimorphism 

Sicily Corsica Crete 

Sicily 0 - - Sicily 0 - - Sicily 0 - - 
Corsica 0.044 0 - Corsica 0.051 0 - Corsica 0.019 0 - 
Crete 0.066 0.054 0 Crete 0.060 0.064 0 Crete 0.020 0.021 0 
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Table S9. Post-hoc test (Tukey’s) for centroid size among Italian and Spanish sparrow 
populations from island and mainland locations 

 

Insularity combination p-value 
Italian island – Spanish island <0.001 
Italian island – Italian mainland <0.001 
Italian island – Spanish mainland <0.001 
Spanish island – Italian mainland 0.007 
Spanish island – Spanish mainland 0.02 
Italian mainland – Spanish mainland 0.99 

 

  



72 

 

Table S10. Table explaining variation among Italian and Spanish sparrows from both 
island and mailand populations, on Relative Warps, with eigenvalues and percentage of 
variance explained by each of the axis of variation 

 

 

Relative Warps Eigenvalues %Variance 
Warp 1 0.05 66.27 
Warp 2 0.01 13.98 
Warp 3 0.004 5.69 
Warp 4 0.003 4.18 
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Table S11. Post-hoc test (Tukey’s) for Relative Warp 1 among Italian and Spanish 
sparrow populations from island and mainland locations 

 

 

Insularity combination p-value 
Italian island – Spanish island 0.93 
Italian island – Italian mainland <0.001 
Italian island – Spanish mainland 0.002 
Spanish island – Italian mainland <0.001 
Spanish island – Spanish mainland 0.002 
Italian mainland – Spanish mainland  0.63 
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Table S12. Climate information for mainland populations (Gargano) and Island 

populations  

 

 

 

  

Location Population Annual 
Temperature 

Annual 
Precipitation 

Temperature 
Seasonality 

Precipitaiton 
Seasonality 

Gargano  15.9 482 61.81 27 
Malta  18.4 527 50.52 82 
Sardinia  14.8 687 55.96 54 
Crete Perama 19 595 51.55 86 
 Camping 

Mithima 
18.9 782 51.25 83 

 Istro 19.2 501 48.9 86 
Sicily Cos 16.5 427 50.61 68 
 Enna 15.1 466 56.59 57 
 Naxos 18.1 648 54.2 61 
Corsica Muratello 15.5 562 48.45 50 
 Pianiccia 15.5 593 49.82 46 
 Tiuccia 15.1 664 50.12 49 
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Table S13. Post-hoc test (Tukey’s) for centroid size, relative warp 1, CVA and 
Euclidean distances between allopatric and sympatric Italian sparrows, and Spanish 
sparrows from the Gargano Peninsula  

 

 

 

 

 

  

Categories Size  
p-value 

Warp 1  
p-value 

CV1 
p-value 

CV2 
 p-value 

Eu. distances p-value  

Spanish – Allopatric I. 0.97 0.42 <0.001 <0.001 Allo-Allo – Allo-Spa  <0.001 
Sympatric I. – Allopatric 0.06 0.005 <0.001 <0.001 Allo-Allo – Allo-Sym 0.008 
Sympatric I. - Spanish 0.07 0.09 0.03 <0.001 Allo-Allo – Spa-Spa 

Allo-Allo – Spa-Sym 
Allo-Allo – Sym-Sym 
Allo-Spa – Allo-Sym 
Allo-Spa – Spa-Spa 
Allo-Spa – Spa-Sym 
Allo-Spa – Sym-Sym 
Allo-Sym – Spa-Spa  
Allo-Sym – Spa-Sym 
Allo-Sym – Sym-Sym 
Spa-Spa – Spa-Sym 
Spa-Spa – Sym-Sym 
Spa-Sym – Sym-Sym 

<0.001 
0.004 
0.98 

<0.001 
<0.001 

0.99 
0.94 

<0.001 
<0.001 

0.41 
0.003 
0.02 
0.94 
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Table S14. Table explaining variation among sympatric and allopatric Italian 
sparrows and Spanish sparrows from the Gargano Peninsula, on Relative Warps and 
Canonical Variates, with eigenvalues and percentage of variance explained by each of 
the axis of variation 

 

Relative Warps Eigenvalues %Variance Canonical Variates Eigenvalues %Variance 
Warp 1 0.02 48.9 CV1 2.99 72.63 
Warp 2 0.007 20.98 CV2 1.13 27.37 
Warp 3 0.004 12.29    
Warp 4 0.002 5.64    

 

 


