Decoupled morphological and biomechanical evolution and diversification of the wing in bats
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Abstract
Bats use their forelimbs in different ways, flight being the most notable example of morphological adaptation. However, different behavioural specializations beyond flight have also been described in several bat lineages. Understanding the postcranial evolution during the locomotory and behavioural diversification of bats is fundamental to understanding bat evolution. We investigate whether different functional demands influenced the evolutionary trajectories of humeral cross-sectional shape and biomechanics. We found a strong ecological signal and no phylogenetic structuring in the morphological and biomechanical variation in humerus phenotypes. Decoupled modes of shape and biomechanical variation were consistently found, with size and diet explaining variation in shape and biomechanics respectively. We tested both hypothesis- and data-driven multivariate evolutionary models, revealing decoupled pathways of evolution across different sections of the humerus diaphysis. We found evidence for a complex evolutionary landscape where flight might have acted as an evolutionary constraint, while size- and diet-based ecological opportunities facilitated diversification. We also found shifts in adaptive regimes independent from the evolution of flight (i.e. terrestrial locomotion and upstand roosting). Our results suggest that complex and multiple evolutionary pathways interplay in the postcranium, leading to the independent evolution of different features and regions of skeletal elements optimised for different functional demands.
Introduction
Animal locomotion is a key component of the ecological interactions that shape ecosystem functioning (Denzinger and Schnitzler 2013; da Silva et al. 2014). From foraging to reproduction, locomotory strategy has an important role in the evolvability and adaptability of taxa (Witton 2015; Dececchi et al. 2016) by shaping biological traits both at a micro- and macroscale (Patel et al. 2013; Martin-Serra et al. 2014; Verde Arregoitia et al. 2017; Medina et al. 2018; Luo et al. 2019). Locomotion has also been a major evolutionary driver in animals, enabling occupation of novel ecological niches in some cases (Simmons et al. 2008; Sallan and Friedman 2012) and an evolutionary constraint limiting adaptability in other cases (McInroe et al. 2016; Gutarra et al. 2019). Phenotypic specialisations have evolved (e.g. increased bone density and higher metabolic rates), fulfilling the functional demands associated with locomotory strategies (Hand et al. 2009; Voigt et al. 2012; Carter and Adams 2016; Dececchi et al. 2016). Moreover, phenotypic adaptations for locomotion also have a phylogenetic component, reflecting evolutionary relationships among taxa (Fabre et al. 2015). Nevertheless, the link between phylogeny, ecology and morphology in studies of bat locomotion has proven to be variable and sometimes inconsistent with predictions based on various ecomorphological hypotheses (Diogo 2017). 
Vertebrate self-powered flight evolved independently in three speciose groups: pterosaurs (ca. 200 species), birds (ca. 10000 species) and bats (ca. 1400 species). Flight was a key innovation that provided a major ecological opportunity for these groups, enabling them to diversify into a vast range of previously empty niches (Stroud and Losos 2016). The convergent evolution of vertebrate flight was asynchronous, with pterosaurs evolving flight first (≈240 Mya), followed by birds (≈140 Mya), and bats (≈60 Mya) (Organ and Shedlock 2009). Throughout their evolution, flying vertebrates have been extremely successful at colonising and partitioning a variety of previously unexploited niches while avoiding competitive exclusion (McGowan and Dyke 2007). All flying vertebrates show some extreme postcranial morphological adaptations for flight, including highly modified forelimbs as wings (Rayner 1988; Norberg 1990; McGowan and Dyke 2007). Reduction of cortical bone thickness (Cubo and Casinos 1998), increased bone density of other bones (Dumont 2010), morphological changes in the pectoral girdle (Currey and Alexander 1985), and elongation of forelimb bones are some of the adaptations that these groups share (Lee and Simons 2015).
The relatively abundant fossil record of pterosaurs and birds has facilitated the study of the evolution of flight in these groups (Sato et al. 2009; Henderson 2010; Witton and Habib 2010; Dececchi et al. 2016). Bat flight evolution, on the other hand, has been relatively more difficult to study due to the incompleteness of the fossil record (Eiting and Gunnell 2009; Brown et al. 2019). Onychonycteris finneyi, known from one of the oldest bat skeletons, displays all the morphological characteristics needed to generate self-powered flight, indicating that flight evolved early in the history of this group (Simmons et al. 2008). Moreover, no transitional skeletal form between true flying bats and their non-flying ancestor have been found, leaving a significant gap in the known evolutionary history of bat flight. Nonetheless, a transition from an ancestral shrew-like arboreal insectivore to an Onychonycteris-like bat ancestor has been proposed as the most plausible scenario (Simmons et al. 2008; Gunnell et al. 2014; Hand et al. 2015b; Hand and Sigé 2018).
Recent studies have provided insights into flight evolution in bats based on analyses of both fossil and modern taxa (Amador et al. 2018; Amador et al. 2019a; Amador et al. 2019b). Aerofoil reconstruction of O. finneyi derived from aerodynamic modelling indicates that it had a primitive locomotor apparatus,  and that the rapid evolution of the handwing was a key innovation during flight evolution (Amador et al. 2019b). The presence and diversity of sesamoid elements in the postcranium has also been associated with evolutionary pathways that led to modern ecological and locomotory variability in bats (Amador et al. 2018). A phylogenetic interpretation of traditional aerodynamic variables suggests an Oligo-Miocene aerial diversification in bats was associated with dietary specialisations, loss of echolocation in one lineage and optimal adaptation to environmental change (Amador et al. 2019a). Anatomical descriptions and phylogenetic analyses of the ankle in bats have provided evidence for the functional and evolutionary role that the calcar could have had during the evolution of flight manoeuvrability (Stanchak and Santana 2018; Stanchak et al. 2019). Evolutionary interpretations of developmental trajectories in bats have shown a shift from the general mammalian developmental plan in the development of flight-related bones, showing similarities with avian development (López-Aguirre et al. 2019a). Bat postcranial development has also been found to be highly variable across taxa, evidencing a phylogenetic structuring in its variability that corresponds to cladogenesis of the two main lineages (i.e. Yangochiroptera and Yinpterochiroptera) López-Aguirre et al. (2019b).
Bats evolved different flight strategies varying mainly in manoeuvrability (i.e. understory to open-air foragers) and speed (i.e. hovering to fast-flying) (Canals et al. 2011; Marinello and Bernard 2014). Hovering and slow, highly-manoeuvrable flight enabled the evolution of nectarivory and frugivory in New World bats, whereas fast flight is associated with the evolution of hawking and trawling (Canals et al. 2011). The interaction between aspect ratio and wing loading has been widely used to describe the range of wing morphology in bats and its interaction with flying behaviours (Riskin et al. 2010; Iriarte-Diaz et al. 2012; Marinello and Bernard 2014; Hedenstrom and Johansson 2015). These variables integrate the length, width and weight of the wing to characterise the overall structure of the wing and describe ecomorphological aerial guilds (Norberg and Rayner 1987; Norberg 1990; Marinello and Bernard 2014; Hedenstrom and Johansson 2015). 
Although the forelimb skeleton of bats is adapted primarily to facilitate flight, bats display a wide range of locomotor and ecological behaviours aside from flying and these represent novel forelimb motion strategies (Dickinson 2008). Terrestrial locomotion and upstand roosting are rare behaviours that represent a different use of the bat forelimb (Riskin et al. 2005; Riskin et al. 2006; Hand et al. 2009; Fenton 2010; Schliemann and Goodman 2011). The polyphyly of bat nectarivory is widely accepted, suggesting that hovering flight might have also evolved more than once in bats (Datzmann et al. 2010), although this hypothesis has not yet been explicitly tested. 
Terrestrial locomotion evolved independently in vampire bats (Desmodontinae), some molossid species (e.g. Cheiromeles) and species of the family Mystacinidae (Riskin et al. 2005). Terrestrial locomotion in vampire bats has been suggested to provide an evolutionary advantage, enabling them to chase prey that flees during a feeding event at the lowest energetic cost possible (Riskin et al. 2005; Riskin et al. 2006; Hand et al. 2009). Terrestrial locomotion in Mystacinidae was initially considered a result of insular flightlessness (Riskin et al. 2005; Riskin et al. 2006). However, analysis of fossil mystacinid species from Australia revealed that mystacinid terrestrial locomotion evolved before geographic isolation in New Zealand, positing a new hypothesis driven by selective advantage or energetic benefit (Hand et al. 2009; Hand et al. 2013; Hand et al. 2015a; Hand et al. 2018). 
Upstand roosting also evolved twice in the bat families Thyropteridae, from South and Central America, and Myzopodidae, from Africa and Madagascar (Fenton 2010). Each family developed a unique set of adhering structures on their wrists that enable upstand roosting (Riskin et al. 2005; Schliemann and Goodman 2011; Davalos et al. 2014). This novelty allowed these species to exploit new roosts, such as the inside of furled leaves (Riskin et al. 2005; Schliemann and Goodman 2011; Davalos et al. 2014). 
Despite study of the evolutionary drivers of modern ecomorphological diversity  in bats (Rossoni et al. 2017; Thiagavel et al. 2018; Arbour et al. 2019; Hedrick et al. 2019; Rossoni et al. 2019), the relationship between the evolution of ecological traits (e.g. diet and echolocation) and locomotory-related adaptations remains unclear. The advent of three-dimensional imaging techniques has allowed for the development of new methods to study the morpho-biomechanical properties of bones, providing new insights into the evolution and ecology of functional performance (Simons et al. 2011; Patel et al. 2013; Pratt et al. 2018; Voeten et al. 2018). Here we use 3D morphometric analysis to investigate the connection between postcranial morpho-biomechanical variability and ecological diversity in modern bats, from a macroevolutionary perspective. We focus on the cross-sectional geometry and biomechanical properties of the humerus, a bone specialised in bats to withstand high mechanical loading (Swartz et al. 1992; Watts et al. 2001). In order to detect differences in functional specialisations across the bone (e.g. loading resistance in the shaft), cross-sections were extracted from the diaphysis and the proximal and distal metaphyses (Kilbourne and Hutchinson 2019). We recreate the macroevolutionary patterns of humeral morpho-biomechanical diversification by testing competing evolutionary models. Given the close interaction between feeding and locomotion in bats, we hypothesise that diet represents an adaptive opportunity that promoted phenotypic diversification in the humeri of bats.
Materials and methods
Sample description and digitisation
55 adult specimens were analysed in this study, covering a wide phylogenetic (37 species, 20 families and both bat suborders), dietary (five of seven broad dietary categories recognised in bats) and body size range (10-fold range in body mass) (Fig. 1). Alcohol-preserved specimens were sourced from the Western Australian Museum and research collections at the University of New South Wales and City University of Hong Kong (Appendix Table 1). The specimens were scanned at Musashino Art University using a microCT system (inspeXio SMX-90CT Plus, Shimadzu) with 90kv source voltage and 100mA source current at a resolution of 15μm, and a U-CT (Milabs, Utrecht) at UNSW Sydney with 55kV and 0.17 mA, ultrafocused setting at a resolution of 35-50 μm. Additional species were sampled from whole-body scans sourced from Digimorph (Appendix Table 1). Segmentation of humeri was performed using the thresholding tool in MIMICS v. 20 software (Materialise NV, Leuven, Belgium). To control the unwanted effect of bilateral asymmetry, only left humeri were sampled. 
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Figure 1. Phylogenetic reconstruction of the evolutionary relationships between the sampled species (top), based on Shi and Rabosky (2015). Colours of branches represent different dietary categories. Subordinal clades are marked in the phylogeny. Lineage through time plot (bottom) showing temporal accumulation of lineages in our sample.
Extraction of landmark and biomechanical data
3D humeri models were imported into Rhinoceros 5.0 (Robert McNeel & Associates, Seattle, WA). To remove non-shape effects of translation, rotation and size, all bone models were aligned to a standard position in 3D space, following a protocol for long-bone cross-sectional geometry, equivalent to a Procrustes superimposition (Wilson and Humphrey 2015). To quantify differences in morpho-biomechanical properties along the bone, cross-sections of the humeri were extracted at 25%, 50% and 75% of the length of the bone in Rhinoceros 5.0. These locations are widely used as the most informative when analysing differences on biomechanical properties along long bones (Cubo and Casinos 1998; Simons et al. 2011; Patel et al. 2013). A total of 165 cross sections were then aligned based on the position of the centroid of the cross-sections in the world coordinate system. A set of 16, equiangular landmarks were semi-automatically placed along the periosteal surface of the model to describe the cross-sectional shape of the humerus (Fig. 2), following the method described in Wilson and Humphrey (2015). 
For our biomechanical dataset we extracted four cross-sectional properties of the humerus usually used to describe aerial guilds in flying vertebrates (Wolf et al. 2010; Simons et al. 2011; Voeten et al. 2018): polar moment of inertia of an area (J), ratio of maximum to minimum second moments of area (Imax/Imin), ratio of second moments of area about the x and y axes (Ix/Iy), and circularity (CircMaxR). J is a measure of resistance against torsional forces (Voeten et al. 2018). Imax/Imin measures relative maximum bending strength of the bone at that cross-section, whereas Ix/Iy measures the bending strength in the anterior-posterior plane relative to the medial-lateral plane (Ruff 1987). CircMaxR is a ratio between the maximum to actual circumference of a cross section, measuring the overall robusticity of a long bone, based on how circular the cross section is (Wilson and Humphrey 2015). All biomechanical properties were quantified using outputs from the AreaMoments command in Rhinoceros 5.0 (Wilson and Humphrey 2015). 
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Figure 2. Three-dimensional virtual reconstruction of the humerus of Austronomus australis, showing a schematic representation of the cross-sectioning and landmarking protocol used in this study. Landmarks were collected at the intersection of equiangular radii and the periosteal contour of the cross section.
Ecological and phylogenetic characterisation of species 
We compiled taxonomic arrangement, body size, diet and sex data for all species. These parameters were assessed in relation to morpho-biomechanical properties of the humerus. Taxonomic arrangement was registered at subordinal level (i.e. Yangochiroptera or Yinpterochiroptera). Centroid size (CS) of species based on the 16 cross-sectional landmarks was categorised as either small, medium or large, using an equal-width interval discretisation, implemented in the “discretize” function in the arules R package (Hahsler et al. 2011). Based on the correlation between body size and humeral cross-sectional diameter, we used the CS of the midshaft cross-section as a proxy for body size (Gunnell et al. 2009). Dietary categories comprised frugivory, insectivory, carnivory, piscivory and omnivory, and followed broad dietary classifications used in previous studies (Santana et al. 2012; Arbour et al. 2019).
Statistical analyses
In order to assess whether the macroevolutionary patterns of shape and biomechanics were divergent, each dataset was analysed independently. Generalised Procrustes analysis was used to retrieve the CS of all cross-sections using the “gpagen” function in the Geomorph R package (Adams et al. 2013; Adams et al. 2017). Log-transformed CS was then used to test the effect of size on cross-sectional shape and biomechanics, evaluating the presence of evolutionary allometry, using a Procrustes regression with the “procD.lm” function in Geomorph (Adams et al. 2013; Adams et al. 2017). Given the strong statistical significance of evolutionary allometry in shape and J, the residuals of each regression were used as size-corrected shape and biomechanical data (raw values of Imax/Imin, Ix/Iy CircMaxR were kept for further analyses) in all subsequent analyses. Species with multiple individuals were analysed based on the mean shape of the specimens using the “mshape” function in Geomorph for R.
We found no statistical significance for the effect of sex in morpho-biomechanics in our datasets. Phylogenetic ANOVAs (PGLS) were used to test differences in morpho-biomechanical properties of the humerus, while accounting for the inter-dependence in phenotypic variability due to evolutionary relatedness (Adams and Collyer 2018). Shi and Rabosky (2015)’s species-level bat super-tree was used as the phylogenetic hypothesis of evolutionary kinship in our sample; PGLS was implemented using the “procD.pgls” function in Geomorph (Adams et al. 2013; Adams et al. 2017). Morpho-biomechanical differences were tested across species, families, suborders, diet and size categories. Using a Principal Component Analysis (PCA) to visualise and summarise the dimensionality in our data, we reconstructed the spaces of morphometric and biomechanical variation (hereafter, morphospace and mechanospace, respectively), using the “plotTangentSpace” function in Geomorph. This was repeated for each section of the bone independently. Given the lack of a phylogenetic signal and a concentration of most of the variation (> 80%) in our datasets in the first PC two axes, we did not implement a phylogenetic correction for the PCA (Uyeda et al. 2015). 
To estimate the level of association between the morpho- and mechanospaces along the bone, we first constructed pairwise Euclidian distance matrices between species based on the PC scores of the first two PC axes of each space (>80% of variance explained). Next, we implemented two different regimes of pairwise Mantel tests of the distance matrices: one testing the correlation between morphospace and mechanospace at each cross-section of the bone, and another testing the integration of each space across the different sections of the bone (Sherratt et al. 2017; Vidal-García and Scott Keogh 2017). This approach was implemented using the “dist” and “mantel” functions of the stats and vegan R packages (Dixon 2003). We used the Kmult (K−) statistic of the “physignal” function in Geomorph (Adams 2014) to test whether morpho-biomechanical differences between taxa had a phylogenetic structure reflecting evolutionary relatedness. We estimated differences in the amount of morphological and biomechanical disparity between dietary, size and subordinal categories, using the “morphol.disparity” function in Geomorph for R (Adams et al. 2017). Lastly, in order to test whether the evolutionary dynamics of morpho-biomechanical change differ based on ecological traits, we compared the net rates of evolution assuming a BM model of phenotypic evolution, using the “compare.evol.rates” in Geomorph (Adams et al. 2017).      
Evolutionary trajectories of trait diversification
Disparity through time (DTT) analyses were used to assess the temporal dynamics of variability in morpho- and mechanospaces, as implemented in the “dtt” function in the R package geiger (Pennell et al. 2014). Using PC1-3 (which accounted for > 80% of phenotypic variation) scores from each dataset as input, we compared observed trait disparity to that expected under brownian motion (BM; constant-rate, random walk process) by simulating morphometric and biomechanical evolution 10,000 times across the tree, using the morphological disparity index (MDI) (Slater et al. 2010). This approach quantifies the relative subclade disparity at each internal node of the tree. It is anticipated that in adaptive radiations disparity would be highly partitioned among early-divergent clades, with more recent clades explaining smaller portions of total disparity (significant negative MDI values are expected) (Slater et al. 2010).
To recreate the evolutionary processes of morpho-biomechanical diversification we fitted five models of evolution (using PC1-3 scores from each dataset), based on different evolutionary scenarios: single-rate BM, single-peak early burst (EB), single-peak Ornstein-Uhlenbek (OU1), a three-peak OU model where each CS category had a separate optimum (OU-SIZE), and a five-peak OU model where each dietary category had a separate optimum (OU-DIET). BM models assume trait variance increasing linearly across time, proportional to lineage accumulation (Felsenstein 1973). Early burst (EB) assumes a decreasing temporal trend of trait variance after an early rapid diversification driven by ecological opportunity, consistent with an adaptive radiation (Harmon et al. 2010). Ornstein-Uhlenbeck (OU) processes incorporate stabilising selection, constraining trait variance through time towards adaptive optima (Hansen 1997). All multivariate models were fitted using the mvMORPH R package (Clavel et al. 2015), and model comparison was based on the sample-size corrected Akaike Information Criterion (AICc). Lastly, we identified evolutionary shifts in adaptive peaks across the phylogeny for each dataset (PC1-3 scores) using a data-driven approach developed in the PhylogeneticEM R package (Bastide et al. 2018). Contrary to the evolutionary models described above that rely on a priori hypotheses, this method can test evolutionary hypotheses of trait diversification informed by specific features of a given taxa. We identified shifts (set at a maximum of 10) in morpho- and mechanospace separately, using the scalar OU model in PhylogeneticEM that builds the full evolutionary rate matrix while accounting for multivariate correlations (Bastide et al. 2018).
Results
Evolutionary allometry 
Procrustes regression analyses showed a significant effect of allometry on shape and biomechanics across all sections of the humerus (Table 1). In order to test allometry-corrected patterns of trait variability, all posterior analyses on shape were performed on the residuals of the shape~CS regression model. In-depth tests of allometry on biomechanics revealed that only J is highly size-dependent, driving the overall allometry found in biomechanics. Therefore, residuals of J ~CS regression model were used as J values in further analyses. Procrustes ANOVAs did not reject the null hypothesis of equal patterns of trait variation between sexes, refuting the presence of sexual dimorphism in our datasets (Appendix Table 2). A total of 30 PGLS were implemented to test differences in morpho-biomechanical variance based on taxonomic arrangement (at species, family and subordinal levels), diet and CS categories at each cross-section of the bone (25%, 50% and 75%). We found consistent patterns between our morphometric and biomechanical datasets, with size and diet being the most statistically significant variables across all cross-sections (Appendix Table 3). Size-dependent differences were significant for both datasets and diet-dependent differences were significant for our shape data only. On average, 27.36% of the variation in our datasets was explained by diet (34.59% and 20.14% in shape and biomechanics, respectively). Size explained 31.25%, with a marked difference in the explained variance of shape and biomechanics (52.45% and 10.05%, respectively).
Table 1. Individual multivariate linear regressions for the test of evolutionary allometry, based on an isometric null hypothesis.
	 
	Df
	SS
	MS
	Rsq
	F
	Z
	P

	Shape
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	25%
	1
	64.295
	64.295
	0.40548
	36.148
	3.3548
	<0.001

	50%
	1
	66.537
	66.537
	0.61392
	85.866
	3.3358
	<0.001

	75%
	1
	47.723
	47.723
	0.35183
	29.311
	2.8373
	<0.001

	
	
	
	
	
	
	
	

	Biomechanics
	
	
	
	
	
	
	

	25%
	1
	873.27
	873.27
	0.53067
	59.927
	2.4167
	<0.001

	50%
	1
	355.51
	355.51
	0.46212
	46.394
	2.3625
	<0.001

	75%
	1
	655.41
	655.41
	0.35005
	29.084
	2.2697
	<0.001


Ecological differences in morpho- and mechanospaces
Based on the PCAs performed for each dataset at each cross-section, the first two principal components of the morpho- and mechanospaces explained an average of 96.81% of the variance in our data (93.66% and 99.95% for morpho- and mechanospace, respectively). For both datasets and across cross-sections, PC1 primarily divides species of different CS categories, with some overlap between small and medium-sized species (Fig. 3). Dispersion of small and medium-sized species across the PC1 of morphospace showed a greater separation between all size categories (Fig. 3a, c and e), with smaller species concentrating in the negative axis of PC1, and medium-sized to large species distributed along the positive axis. Mechanospaces showed secondary clustering between species of similar diets, with animalivorous diets showing complete overlap in their subspaces (Fig. 3b, d, and f). PC1 of mechanospace (explaining >90% of variation) was mostly influenced by changes in J.
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Figure 3. Morphospace (top) and mechanospace (bottom) of humerus cross-sectional shape and biomechanical data from the first two PCs. Morpho- and mechanospaces were constructed separately for cross-sections of the humerus extracted at 25%, 50% and 75% of bone length. Data points are colour-coded by dietary category, whereas convex hulls represent centroid size (CS) categories.
Tests for differences in morphological disparity revealed significant size-dependent differences in mechanospace, whereas morphospace showed significant diet-dependent differences (Fig. 4). Shape disparity was consistently higher in sanguivore and omnivore species, the former being significantly different from the rest. An inter-cross-sectional pattern of biomechanical disparity was evident, disparity increasing with size, and being significantly different in large species, compared to the rest. Based on non-significant K- statistics, we rejected the presence of a phylogenetic signal in our datasets for any of the cross-sections studied (Appendix Table 4).
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Figure 4. Phenotypic disparity based on trait variance for shape (left) and biomechanics (right), across the 25% (bottom), 50% (middle) and 75% (top) cross-sections. Shape disparity was deconstructed based on centroid size (CS) categories, and biomechanical disparity based on dietary categories. Letters on top of bars represent statistically significant differences from small (S), medium-sized (M), large (L), frugivore (F) and omnivore (O) species.
Morpho-biomechanical integration
Mantel tests of inter-cross-sectional covariation in the dispersion of taxa in morpho- and mechanospace showed that variance in each dataset was significantly correlated across cross-sections (more in shape than in biomechanics), indicating high integration along the bone (Table 2). Moreover, Mantel tests of correlation in the dispersion of taxa between morpho- and mechanospace showed similar patterns of variation between datasets in all of the cross-sections (25%). 



Table 2. Mantel-based comparisons of covariation in the dispersion of taxa across morpho- and mechanospace based on pairwise Euclidian distance matrices. Comparisons between cross-sections were used to test the level of integration in shape (above the diagonal) and biomechanics (below the diagonal). Comparisons within cross-sections were used to test the level of association between both datasets (diagonal). 
	
	 
	25%
	50%
	75%

	Mantel R statistic
	25%
	0.4502
	0.6633
	0.845

	
	50%
	0.6707
	0.4497
	0.6465

	
	75%
	0.7074
	0.7282
	0.5246

	
	
	
	
	

	P values
	25%
	0.002
	0.001
	0.001

	
	50%
	0.001
	0.001
	0.001

	 
	75%
	0.001
	0.001
	0.001


Values in bold represent statistical significance at P < 0.05.
Evolutionary model testing
Comparison of net evolutionary rates showed significant differences for both datasets based on diet and size (Appendix Table 5). DTT analyses indicated that each dataset had consistent temporal trajectories of disparity between cross-sections (Fig. 5). MDI values could not reject the null hypothesis of evolution under BM (most values were consistently positive and all were non-significant), rejecting an early morpho-biomechanical diversification under an EB model of evolution in disparity (Appendix Table 6). Evolution model comparisons revealed that each dataset reflects a distinctive evolutionary trajectory that was common across cross-sections (Table 3). Diet-informed (OU-DIET) OU evolutionary models were best supported for shape, whereas biomechanical evolution was better explained by size-informed (OE-SIZE) OU evolutionary models. 
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Figure 5. Disparity through time analysis of temporal patterns of phenotypic disparity in shape (a) and biomechanics (b) for each cross-section. Solid lines show the relative average disparity of subclades compared with the complete clade. Dashed lines represent the median expectation under a Brownian motion (BM) model of evolution based on 10000 simulations. Shaded areas represented 95% confidence intervals from each simulation.
Evolutionary shifts in adaptive peaks were found for both datasets and for all cross-sections, shape data showing a maximum of 11 shifts and biomechanics a maximum of eight shifts (Fig. 6). Shifts in shape evolution were found in taxa with highly modified metaphyses (Fig. 6A), whereas shifts in biomechanical evolution were generally found in taxa with extremely high J (Fig. 6B). Phylogenetic placement of these shifts showed that 78.94% occurred in Yangochiroptera (81% and 75% for shape and biomechanics, respectively), and that 47.36% occurred at family level (37.5% and 54.54% for biomechanics and shape, respectively). Shifts in adaptive peaks were found in families Craseonycteridae, Molossidae, Mormoopidae, Mystacinidae, Noctilionidae, Nycteridae, Phyllostomidae, Pteropodidae, Rhinonycteridae and Thyropteridae. Across datasets, the 25% cross-section showed the highest number of shifts. Shifts in shape exclusive to a single cross-section were found only for 25%, whereas exclusive shifts in biomechanics were found for every cross-section. 



Table 3. Evolutionary model testing for cross-sectional shape and biomechanical data in three different sections of the humerus (at 25%, 50% and 75% bone length).
	 
	Cross-section
	Model
	LogLik
	AICc
	dAICc

	Shape
	
	
	
	
	

	
	25%
	BM
	-86.9838
	184.8768
	116.4147

	
	
	OU1
	-81.1673
	185.9412
	117.4791

	
	
	EB
	-86.9838
	187.26
	118.7979

	
	
	OU-DIET
	-5.9957
	68.4621
	0

	
	
	OU-SIZE
	-66.8736
	169.1155
	100.6534

	
	50%
	BM
	-76.5014
	163.8851
	47.609

	
	
	OU1
	-71.4035
	166.299
	50.0229

	
	
	EB
	-76.5013
	166.2564
	49.9803

	
	
	OU-DIET
	-28.5302
	116.2761
	0

	
	
	OU-SIZE
	-55.7582
	146.6351
	25.2285

	
	75%
	BM
	-76.8312
	164.5448
	29.389

	
	
	OU1
	-71.5611
	163.1221
	27.9663

	
	
	EB
	-76.8312
	166.9161
	31.7603

	
	
	OU-DIET
	-39.6534
	135.1558
	0

	
	
	OU-SIZE
	-56.1968
	147.5122
	12.3564

	Biomechanics
	
	
	
	
	

	
	25%
	BM
	-120.096
	251.1016
	14.9109

	
	
	OU1
	-116.121
	255.8494
	19.6587

	
	
	EB
	-120.096
	253.4848
	17.2941

	
	
	OU-DIET
	-103.744
	263.9593
	27.7686

	
	
	OU-SIZE
	-100.411
	236.1907
	0

	
	50%
	BM
	-94.2151
	199.3125
	26.3343

	
	
	OU1
	-90.8788
	205.2496
	32.2714

	
	
	EB
	-94.2151
	201.6838
	28.7056

	
	
	OU-DIET
	-82.0203
	219.8896
	46.9114

	
	
	OU-SIZE
	-68.9298
	172.9782
	0

	
	75%
	BM
	-106.79
	224.4627
	27.8105

	
	
	OU1
	-102.621
	228.7333
	32.0811

	
	
	EB
	-106.79
	226.8341
	30.1819

	
	
	OU-DIET
	-91.5648
	238.9787
	42.3265

	 
	 
	OU-SIZE
	-80.7668
	196.6522
	0


Log-likelihood (LogLik), sample-size corrected Akaike information criterion (AICc), and relative fit (dAICc) are shown. See Methods section for details on the Ornstein-Uhlenbek (OU) models.
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Figure 6. Evolutionary tests of shifts in adaptive peaks across the phylogeny represented in our sample for shape (a) and biomechanical data (b). Shifts are depicted as branches of different colours. Colours within each circle represent the cross-section at which each shift was found: 25% (green), 50% (red) and 75% (blue). Deformation grids show the greatest shape differences between taxa in which a shift was found and the average shape for all species. Barplots show PC scores in PC1 of mechanospace for 25% (left), 50% (middle) and 75% (right) cross-sections.
Discussion
Combining three-dimensional comparative morphology and phylogenetic comparative methods, this study represents a novel approach to understand the correspondence between the evolutionary pathways shaping the humeral variation, by decomposing its biomechanical and morphological components. Our results showed a strong link between phenotypic variation and ecological differences between taxa at a macroevolutionary scale, corresponding with previous studies both in bats (Arbour et al. 2019) and a wide variety of vertebrates (Esquerré et al. 2017; Maestri et al. 2017; Stange et al. 2018; Arbour et al. 2019; Pimiento et al. 2019; Stanchak et al. 2019). However, we also found a marked decoupling between the processes affecting the evolution of humeral morphological and biomechanical disparity, where diet and size were highly associated with differences in shape and biomechanics, respectively. A strong correlation between biomechanical properties, size and ecological traits has been suggested to have influenced the morphological evolution of  many vertebrate taxa (McElroy et al. 2008; Houssaye et al. 2016; Muñoz et al. 2018). Nevertheless, the scale of the biomechanics-form-ecology interaction on macroevolutionary trajectories requires further study.
Our results reflect the evolutionary role that size had on vertebrate morphological diversification as a most-parsimonious evolutionary pathway (Marroig and Cheverud 2005; Friedman et al. 2019). Diet was also shown to explain a significant portion of trait variability, following similar trends found for the morphological evolution of the chiropteran skull (Arbour et al. 2019; Rossoni et al. 2019). Contrasting patterns of diet- and size-dependent differences between shape and biomechanical disparity suggest a greater importance of size for the evolution of biomechanics, and of diet for the evolution of shape. Femoral morphological diversity in bats has been described as size-dependent, linking biomechanical aspects of long bones (i.e. increase in robusticity) with increases in body mass (Louzada et al. 2019). Our results strongly support this finding, as size was highly associated with biomechanical properties (J being the most descriptive), whereas shape was more closely associated with dietary adaptations. Body size evolution in bats is thought to have been constrained mainly by echolocation and flight (Jones 1999; Norberg and Norberg 2012; Moyers Arévalo et al. 2018). Echolocation appears to have imposed the strongest constraint, greatly limiting size increases in insectivorous bats, whereas non-echolocating bats (e.g. frugivorous pteropodids) evolved larger body sizes (Moyers Arévalo et al. 2018). Flight acted as a posteriori secondary constraint, limiting maximum body size in larger-than-average non-echolocating bats (e.g. pteropodids). This pattern can be found in our sample, where larger species were either frugivorous or omnivorous, and animalivorous species were smaller. Nevertheless, ecological opportunity fostered adaptive radiation and morphological diversification in bats, leading to the colonisation of highly specialised niches, including the convergent evolution of larger size in carnivorous bats (Santana and Cheung 2016). 
Diet-related morphological differences have been found both in closely-related mammal taxa as well as in sympatric taxa, indicating that these differences can have ecological and evolutionary drivers (Adams and Rohlf 2000; Marcé-Nogué et al. 2017). Dietary diversification is thought to have been a major driver of cladogenesis and morphological specialisation in bats, resulting in multiple cases of convergent evolution of cranial phenotypes (Datzmann et al. 2010; Santana et al. 2010; Santana et al. 2012). Correspondence between previous results of cranial morphological disparity and ours of humeral shape disparity suggests that diet may have shaped evolution of the cranium and postcranium along similar adaptive pathways. 
Morphospace across different cross-sections showed common general patterns of species grouping based on size, whereas only mechanospace showed a separation of subspaces between animalivorous and plant-visiting species. The similarity of morpho- and mechanospace in our results indicates interaction between different ecological (i.e. diet) and biological (i.e. size) traits that reflects humeral phenotypic variability. New approaches to comparative analyses of multidimensional phenotypic data have found support for more complex evolutionary hypotheses in mammals than traditional models based on a priori assumptions (Maestri et al. 2017; Thiagavel et al. 2018; Arbour et al. 2019; Rossoni et al. 2019). Moreover, in our study morpho-spaces showed a differentiation of species with rare behavioural ecologies, such as terrestrial locomotion in vampire bats and mystacinids and upstand roosting in thyropterids, providing evidence for humeral adaptations not associated with flight. Similar to our PGLS results, phenotypic disparity showed dissimilarity between morpho- and mechanospaces. Differences in shape disparity based on diet underscore the importance of foraging strategies in the morphological diversity of bat humeri. 
Mineralisation of the wing bones in bats shows a decreasing trend along the proximo-distal axis, with the humerus showing the highest levels of mineralisation (Watts et al. 2001). That pattern corresponds to the characterization of the armwing as the aerodynamic powerhouse of the wing, whereas the handwing conferred higher manoeuvrability during bat flight evolution (Swartz et al. 1992; Amador et al. 2019a). Considering that flight can potentially limit body size evolvability in bats, increased biomechanical disparity with size in the humerus suggests that higher kinematic demands in larger-bodied species could promote biomechanical diversification, optimising functional performance (Marroig and Cheverud 2005). Significant correlation in the dispersion of species in mechanospace across different cross-sections suggests that biomechanical variation is homogeneous along the bone, indicating highly similar patterns of cross-sectional variation in J across species (Cubo and Casinos 1998).
In contrast, diet-based differences in shape disparity suggest that non-animalivorous diets might facilitate variability and that animalivorous diets constrain it. Less manoeuvrable flight (long, thin wings and restricted movement around elbow and shoulder) is generally correlated with fast flying aerial insectivory (Norberg and Rayner 1987), whereas more manoeuvrable flight (short, wide wings, greater movement in elbow and shoulder joints) is associated with gleaning insectivory and non-insectivory (e.g. frugivory, carnivory, sanguivory) (Norberg and Rayner 1987). As such, we hypothesise that aerial insectivory may constrain shape disparity in optimising foraging performance, whereas other foraging modes including frugivory and carnivory involve less functional constraint, facilitating variability. Furthermore, size- and diet-based differences in evolutionary rates both in morpho- and mechanospace supports our interpretation of decoupling variation in the morphological and biomechanical dimensions of humeral morphology, with shape responding to diet-related constraints and J responding to mechanical-related pressures. Our results provide evidence for the decoupled evolution of different phenotypic features of a single element and emphasises the need to test not only multivariate and ecologically-informed evolutionary models, but also to test them for different attributes (e.g. morphology and biomechanics) (Kilbourne and Hutchinson 2019). 
Temporal patterns of phenotypic evolution found in our study showed that most of the shape and biomechanical disparity remained relatively stable through time, rejecting the hypothesis of a single adaptive radiation - under an EB model - in humeral morphology during bat evolution. Evidence for early bursts of phenotypic diversification in mammals is scarce, which has been associated with limitations in experimental design (Slater and Friscia 2019). An exception is bat morphological evolution which went through early bursts of phenotypic diversification in both cranial and postcranial structures of functional importance for different ecological traits (Arbour et al. 2019; Stanchak et al. 2019). A lack of support in our results for an early burst of radiation in both of our datasets, compared with previous studies, indicates a complex evolutionary scenario where multiple evolutionary pathways (e.g. diet, flight and body size) could have interacted, producing the temporal trajectories of phenotypic diversification across different traits (Kilbourne and Hutchinson 2019). Three major peaks in phenotypic disparity found across cross-sections and datasets suggest a common temporal trajectory of humeral diversification. The timing of the peaks suggests three bursts in phenotypic disparity during the early, mid and late evolutionary history of Chiroptera. Temporal patterns in disparity peaks coincide with previous evidence for an early adaptive radiation in bat evolution, possibly associated with the acquisition of flight, followed by relative stasis (Simmons et al. 2008; Amador et al. 2019a).  A second peak could be associated with a diversification of aerodynamic morphotypes coinciding with the cladogenesis of modern families (Simmons et al. 2008; Hand et al. 2009; Amador et al. 2019a). The last peak could represent rapid phenotypic diversification due to adaptive radiation associated with novel ecological opportunities to fill a range of aerial and dietary niches in the Miocene, especially in noctilionoids (i.e. frugivory, nectarivory and carnivory) (Simmons et al. 2008; Amador et al. 2019a).
Support for different evolutionary models between shape and biomechanics suggests that, within a single structure, individual features can evolve under divergent adaptive trajectories (Kilbourne and Hutchinson 2019). The axial skeleton in flying vertebrates represents the centre of mass during wingbeat, concentrating a greater proportion of mechanical stress in the armwing (Swartz et al. 1992; Iriarte-Diaz et al. 2011). As a result, the proximal diaphysis (25% cross-section) of the humerus in bats withstands higher mechanical load during flight (Watts et al. 2001; Iriarte-Diaz et al. 2011). Support for the OU-DIET evolutionary model in humeral morphology suggests the influence of diet on the evolution of flight-dependent mechanical adaptive regimes, reflecting the diet-locomotion macroevolutionary interplay (Moyers Arévalo et al. 2018). Differences in mobility of the shoulder joint could also have an effect on proximal diaphysis evolvability, as wing flexion during upstroke significantly reduces the inertial cost of flight (Riskin et al. 2012; Panyutina et al. 2015). However, macroevolutionary reconstructions of the diversification of flying behaviours are still lacking. An ecology-informed OU-DIET model of evolution for the distal epiphysis (75% cross-section) reflects the importance of manoeuvrability for wing phenotypic diversification. Palaeoenviromental changes during the Eocene-Oligocene transition has been linked to opening of foraging-based ecological opportunities that triggered shifts in aerodynamic optima in bats (Simmons et al. 2008; Amador et al. 2019a). Unique anatomical features in bat elbows have been associated with reduced energetics during wingbeat, as well as manoeuvrability during landing (Bergou et al. 2015; Konow et al. 2015). Combined, our results show multiple evolutionary trajectories shaping morphological and biomechanical components of phenotypic variability differently in the humerus. OU-SIZE as the best-supported evolution model for our biomechanical dataset corroborates our results showing that humeral resistance to torsion has comparably low variability. It also shows the role of evolutionary allometry on the biomechanical evolution of the humerus, possibly relating to specific evolutionary pressures that skewed disparity towards different adaptive optima. Amador et al. (2019b) suggest that flight manoeuvrability was a major evolutionary novelty during the aerodynamic diversification of bats, whereas mechanical performance was relatively static once self-powered flight was achieved in early bats. In contrast, our results show that biomechanical performance remained a significant driver of evolvability during the subsequent diversification of modern bats.
Novel modelling techniques (independent of a priori assumptions) to estimate otherwise unexplored evolutionary shifts further inform the mode and tempo of phenotypic evolution of the humerus in bats. Evolutionary shifts in shape and biomechanics could have relaxed ecological pressures constraining diversification, leading to the evolution of novel dietary-foraging strategies and large body size (Law 2019), between geographically isolated taxa (López-Aguirre et al. 2018). The distribution of evolutionary shifts found in the proximal diaphysis shows adaptive shifts towards higher J (i.e. resistance to torsional deformation) values in families Craseonycteridae, Pteropodidae, Nycteridae, Phyllostomidae and Molossidae, possibly in a scenario where larger body sizes and novel dietary strategies are interacting. Large-bodied omnivores, piscivores, and frugivores evolved as evolutionary novelties in their humeral shape and biomechanics, mirroring evolutionary patterns in cranial evolution (Arbour et al. 2019; Rossoni et al. 2019). Larger body size in piscivore species could have increased the mechanical loading on the bone, exerting a selective pressure for higher resistance to torsional bending (Swartz et al. 1992). A remarkable finding in our results were the shifts in the evolution of shape and biomechanics in mystacinids, vampire bats (Desmodontinae) and thyropterids, taxa that show behaviours with unique forelimb performance (i.e. terrestrial lomocotion and upstand roosting). More detailed analyses of the ecomorphological and biomechanical requirements of these behaviours could help better elucidate their role in the morphological evolution of the wing beyond flight. Shifts in cross-sectional shape and biomechanical evolution of the metaphyses exclusive to Molossidae and Nycteridae were found only in large-bodied species, each representing a different dietary adaptation (insectivory and carnivory, respectively). Within a general evolutionary scenario of diet- and size-dependent evolution (i.e. support for the OU-DIET and OU-SIZE models above), larger body size could represent unique selective regimes, leading to the shifts in adaptive peaks observed. The occurrence of most of the shifts at the generic level indicates low phylogenetic structuring, and high adaptability based on novel ecological opportunities during bat evolution. 
Conclusions
This study analyses the tempo and mode of evolution in cross-sectional geometry of the humerus in bats, providing novel information about the evolution of locomotion in Chiroptera. We provide evidence for the decoupled evolution of humeral cross-sectional shape and resistance to torsion in bats, as well as divergent evolutionary pathways of the mid-diaphysis and the proximal and distal diaphyses. This pattern does not reflect phylogenetic structuring, but rather an ecological signature associated mainly with the evolution of novel foraging behaviours and larger body size. Our results suggest a correspondence between the evolutionary trajectories in cranial phenotypic diversification shown in previous studies (Arbour et al. 2019; Rossoni et al. 2019), and the evolutionary trajectories found in humeral phenotypic diversification in our study. We found shifts in adaptive regimes associated with functional demands that locomotory and roosting behaviours may have imposed on the wing of bats, shaping the evolution of bat humeri beyond the evolution of flight. 
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