What factors shape rates of phenotypic evolution? A comparative study of cranial morphology of four mammalian clades. 
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Abstract
Understanding why rates of morphological evolution vary is a major goal in evolutionary biology. Classical work suggests that body size, interspecific competition, geographic range size and specialisation may all be important, and each may increase or decrease rates of evolution. Here we investigate correlates of proportional evolutionary rates in phalangeriform possums, phyllostomid bats, platyrrhine monkeys and marmotine squirrels, using phylogenetic comparative methods. We find that the most important correlate is body size. Large species evolve fastest in all four clades, and there is a non-linear relationship in platyrrhines and phalangeriforms, with slowest evolution in species of intermediate size. We also find significant increases in rate with high environmental temperature in phyllostomids, and low mass-specific metabolic rate in marmotine squirrels. The mechanisms underlying these correlations are uncertain and appear to be size-specific. We conclude that there is significant variation in rates of evolution, but that its meaning is not yet clear.
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Introduction
“It is abundantly evident that rates of evolution vary. They vary greatly from group to group, and even among closely related lineages there may be strikingly different rates. Differences in rates of evolution […] are among the reasons for the great diversity of organisms on the earth.”

Simpson (1953)

Rates of morphological evolution vary at all taxonomic levels: mammals have evolved faster than molluscs (Stanley, 1973); within mammals, carnivores have evolved faster than primates (rates of body-mass evolution; Mattila & Bokma, 2008); and within primates, Strepsirrhines have evolved faster than Platyrrhines (rates of body-mass evolution; Purvis et al., 2003). Much work has focussed on quantifying rates of evolution (Roopnarine, 2003), but our understanding of why rates vary is far from complete. There are many longstanding hypotheses regarding the causes of rate variation, including life history variables (e.g. body size), interactions with other species (e.g. competition), and environmental factors (Darwin, 1859; Simpson, 1953; Stanley, 1973; 1979). However, these hypotheses were generally based on observational data and most have yet to be investigated in a modern quantitative framework. Here we aim to test some of these classical predictions about rate variation, and the interconnections between the variables involved, in order to improve our understanding of evolutionary rates. 
Fig. 1 shows a summary of factors predicted to affect rates of evolution. Some of these predictions have a recent origin, but most are well-established. In the classical evolutionary literature there are four main hypothesised correlates of morphological evolution: body size, interspecific competition, geographic range size and ecological specialisation (Fig. 1). Note that where we refer to the “rate of morphological evolution”, we mean the rate of proportional change in morphology i.e. the rate of change in logged values. Body size is expected to affect rates of evolution because it correlates with almost every aspect of a species’ biology (Calder, 1984; Fig. 1). However the direction of this relationship is disputed: Stanley (1979) and Simpson (1953) argued that large species evolve more quickly, possibly because their low population sizes and low fecundity restrict gene flow (Stanley, 1979). However, smaller species tend to have faster life-histories, i.e. shorter generation times and shorter lifespans, which are predicted to increase the rate of evolution (Simpson 1953), although he notes that the correlations between evolutionary rates and generation time are often unpredictable. 

Each of the other three variables may also, theoretically, either increase or decrease rates of evolution. Interspecific competition can either cause increased evolution away from the morphology and niche space of a competitor (i.e. character displacement; Dayan & Simberloff, 2005), or inhibit the rate of evolution by the increased packing of niche space (de Mazancourt et al., 2008). Stanley (1979) believed species with large geographic ranges would show low rates of evolution, as the opposing forces of gene flow and local selection pressures would cancel each other out. Darwin (1859), on the other hand, suggested that evolutionary rates would be higher in widespread species since they would experience differing selection pressures across their range. Finally, ecological specialisation may increase rates of evolution into specialised niches (e.g. in adaptive radiations; Schluter, 2000) whereas broadly adapted species may evolve more slowly due to selection for a more generalised morphology (Simpson, 1953). 

All of these variables may interact with one another, and may be jointly influenced by other variables (not shown on Fig. 1 for clarity). For example, body size is influenced by competitive interactions, predation, sexual selection and environmental variables such as temperature (e.g. Peters, 1983; Rodríguez et al., 2008). Body size itself is a surrogate for, or perhaps a result of, traits which have been hypothesised to influence evolutionary rates e.g. population density, metabolic rate and speed of life-history (Charnov, 1993; Kozlowski & Weiner, 1997). Some of these variables are also affected by factors which influence body size e.g. environmental temperature (Gillooly et al., 2001). Geographic range size is influenced by body size, competition and the ecological flexibility of the species involved (Gaston & Blackburn, 2000). Species with larger geographic ranges are likely to share their range with more competitors and predators, and are more likely to be habitat (and dietary) generalists, whereas specialists tend to have restricted ranges (Brown, 1995). This complexity needs to be considered in analyses of evolutionary rates. In addition to these factors, speciation may also increase rates of morphological evolution if it occurs in a punctuated, rather than a gradual, manner (Eldredge & Gould, 1972). However, it is difficult to distinguish evolutionary mode using present-day data (Bokma, 2002), so we do not investigate speciation here.

Recently there has been a growing body of literature on correlates of rates of molecular evolution. Rates of molecular evolution are also known to vary among lineages (Welch et al., 2008), the most famous examples being “slow” primates (especially hominoids) and “fast” rodents (Li et al., 1996). Many explanations for this rate heterogeneity have been proposed (see Fig. 1 for a summary), and these overlap with the morphological rate correlates discussed above, although the predictions are not always the same (see below and Fig. 1). Again small body size is predicted to increase rates of evolution, since smaller species have shorter generation times, higher mass-specific metabolic rates (BMR), and shorter lifespans. Each of these factors is thought to increase mutation rates and hence evolutionary rates (Martin & Palumbi, 1993; Bromham et al., 1996; Li et al., 1996; Nabholz et al., 2008). In the molecular literature, high environmental temperatures are also expected to increase rates of molecular evolution since they may (though not necessarily in endotherms) increase individual growth rates, shorten generation times and increase BMR (Gillooly et al., 2001; Bromham & Cardillo, 2003; Wright et al., 2006). Rates of molecular evolution are also correlated with rates of diversification (Barraclough & Savolainen, 2001). Since all morphological traits must have some genetic underpinning, it follows that there must be some, albeit very complex, connection between rates of morphological and molecular evolution (even though molecular and morphological rates are rarely directly correlated; Bromham et al., 2002; Davies & Savolainen, 2006). Therefore, we can test hypotheses in this study of rates of morphological evolution from both the recent molecular and classical morphological literature.

Here we hope to disentangle some of these predictions about why rates of morphological evolution vary, and to investigate how the factors discussed above and shown in Fig. 1 are interconnected. We investigate whether body size (and, where the data are available, the variables which are predicted to explain the effects of body size e.g. BMR, population density, generation time and longevity), ecological generalisation, competition, geographic range size, and environmental temperature, are correlated with rates of morphological evolution in mammals. We analyse each predictor’s effect individually, and in multiple regressions with the other variables, using phylogenetic generalised linear models (PGLM; Freckleton et al., 2002) to control for the effects of phylogeny. Mammals are an ideal clade on which to test these hypotheses because we have life-history, ecological and geographic range data for many extant species (Jones et al., in press), and an almost complete species-level phylogeny (Bininda-Emonds et al., 2007; 2008). In addition, most of the literature discussed above used mammals as a study group. This kind of analysis requires a well-resolved phylogeny and high quality, specimen-level morphometric data on species’ morphological traits with dense taxon-sampling. We therefore focus on four clades within mammals that meet these criteria: one marsupial group, Australasian possums (Phalangeriformes), and three placental groups, New World leaf-nosed bats (Phyllostomidae), New World monkeys (Platyrrhini) and ground squirrels (Marmotini). We find that the only variable to correlate with rates of evolution in all four clades is body size, with high rates always associated with the largest species, and also with the smallest species in platyrrhine monkeys and phalangeriform possums. This supports both longstanding and more recent predictions and suggests that the factors which influence rates of evolution may depend on the size of the species.

Methods

DATA

Morphological traits

One of us (N.C.) took morphometric measurements to the nearest 0.1 mm using 150 mm digital calipers (Mitutoyo™), from adult, female specimens only. Only females were used to remove any differences caused by sexual selection or sexual dimorphism. The measurements we took were (see Fig. 2): (1) condylobasal length (CBL); (2) maximum zygomatic width (MZW); (3) tooth row length (excluding canines) (TR); (4) incisor row length (IR); (5) canine height (except Marmotini) (CH); (6) canine diameter (except Marmotini) (CD); (7) coronoid process height (CP); (8) mandibular condyle height (MC); (9) P1 (premolar one) height (Phalangeriformes only) (P1); (10) P3 height (Phalangeriformes only) (P3); (11) diastema length (Marmotini only) (DL). We chose to measure cranial rather than postcranial characters because museum mammal collections contain far more skulls than postcranial material. This allowed us to collect data for more species, and more specimens per species. We checked our specimen data using novel error-checking procedures, to remove typographical, measurement and potential curation errors (see Appendix 1 for details). This removed anomalous specimens and thus increased the reliability of our rate estimates. After error-checking we were left with 725 phyllostomid bat specimens from 104 species (69% of the total number of phyllostomids; Wilson & Reeder, 1993), 607 platyrrhine monkeys from 73 species (87% of the total number of Platyrrhines; Wilson & Reeder, 1993), 335 phalangeriform possums from 36 species (60% of the total number of Phalangeriformes; Wilson & Reeder, 1993), and 647 marmotine squirrels from 78 species (85% of the total number of Marmotini; Wilson & Reeder, 1993). Museum accession numbers are available on request from N.C. Species mean values for each trait were then calculated and natural-log transformed to normalise their distributions and to fit with the idea that growth is multiplicative. The null model used throughout is the Brownian motion model of character evolution, fitted to log-transformed data; this model is also referred to as “log-Brownian”.

Phylogeny

The Platyrrhini, Phalangeriformes, and Marmotini phylogenies are based on the supertree of Bininda-Emonds et al., (2007; 2008). They are available from the electronic supplementary material of Cooper et al. (2008) and described there in more detail. In the supertree (Bininda-Emonds et al., 2007) the relationship between the marmotine genera Cynomys, Marmota and Spermophilus is unresolved, so we created three new phylogenies for each resolution of the polytomy and dated them using the same methods as Bininda-Emonds et al. (2007; 2008). We then analysed each of the three possible topologies in turn. The topology used had very little qualitative influence on the results (see Results), so we only report results for the tree in which Cynomys forms the outgroup to the clade containing Spermophilus and Marmota. 
The Phyllostomidae topology of the Bininda-Emonds et al. (2007) supertree was compiled in 2000 and originally published in Jones et al. (2002), so we created a new supertree incorporating phylogenies published between 2000 and 2007. We collected all phylogenies within Jones et al. (2002) and all phylogenies published between 2000 and March 2007. We then subjected all the trees to the supertree protocols of Bininda-Emonds et al. (2004), selecting only trees which represented valid analyses, with high data quality and independent taxon and character sets. Once we had selected the source trees, we first standardised the taxonomy of the terminal taxa using Wilson and Reeder (1993). Next, we converted each tree into a MRP (matrix representation using parsimony) matrix using perl scripts written by Olaf Bininda-Emonds (O.B.E.), and then combined the MRP matrices for each tree make a “super matrix”. We then performed a heuristic search on this super-MRP matrix using the parsimony ratchet in PAUP*4.0 (Swofford, 2002), again using perl scripts written by O.B.E. Our final supertree was a strict consensus tree of all the most parsimonious trees found during these searches. Finally the phylogeny was dated by O.B.E. using the same protocols as Bininda-Emonds et al. (2007) with Canis lupus and Homo sapiens as outgroup taxa. More details of the methods can be found in Bininda-Emonds et al. (2004; 2007). Source tree references and the phylogeny are available in Appendices 3 and 5. 
Polytomies can affect estimates of evolutionary rates (Webster & Purvis, 2002) so, to resolve each polytomy, we removed the species represented by the fewest specimens before the analyses so each phylogeny used was completely resolved (Phyllostomidae: 15 species, Phalangeriformes: three species, Marmotini: five species). 
Relative rates of morphological evolution
We created Euclidean distance matrices for each clade using the species means of all the traits. These matrices were then used to provide morphological branch lengths for the phylogenies described above, by setting the phylogenetic topology as a constraint tree and optimising the distance matrix along it using minimum evolution in PAUP*4.0 (Swofford, 2002). This resulted in a non-ultrametric tree for each study clade. We define the relative rate of morphological evolution for a particular species within a clade as the root-to-tip distance for that species using these optimised phylogenies. The morphological distance between two species is the result of the time they have been evolving, and differences in their rate of evolution. Since all the species within a study clade are extant and share a common ancestor, they have all had the same amount of time to evolve. Therefore, time is a constant in these analyses, and any differences between the root-to-tip distances of the species within a clade represent differences in the rate of change in morphology of the species.
Other traits
Adult body-mass (g), mass-specific metabolic rate (mLO2hr-1g-1), gestation length (days), maximum longevity (months), population density (individuals per km2), geographic range size (km2) and mean annual temperature across the geographic range (ºC) were taken from PanTHERIA (Jones et al., in press). We filled gaps using some other sources (Appendix 2). As a proxy for the intensity of competition, we calculated the mean number of potential competitors (defined as species within the same clade and the same macroniche; Eisenberg, 1981) per 1º grid cell across the species’ geographic range. We only considered species within the same clade to be competitors since close relatives should compete most strongly because they require similar resources and have similar traits (Harvey & Pagel, 1991). We also created an index of ecological generalisation/specialisation, defined as the habitat breadth of the species multiplied by its diet breadth. Habitat breadth was the number of WWF biomes (Olson et al., 2001) within which the species occurred, and diet breadth was the number of different food types eaten (from vertebrates/invertebrates /fruit/flowers, nectar and pollen/seeds/grass/leaves, branches and bark/roots and tubers: Jones et al., in press). An increase in either value represents increasing generalisation. Unfortunately data on every variable were not available for each clade. Table 1 shows the number of species with values for each variable within the four clades and all data used can be found in Appendix 3.

ANALYSES

All analyses were carried out in R v.2.6.2 (R Development Core Team, 2008). Most variables were natural-log transformed to normalise their distributions and improve model diagnostics, with the following exceptions where we used the following transformations: inverse transformed: relative rate of evolution (Phyllostomidae and Phalangeriformes), inverse transformed: gestation length (Phyllostomidae), inverse transformed: longevity (Phyllostomidae and Platyrrhini), square root transformed: geographic range size (Phyllostomidae), square root transformed: number of competitors (Phyllostomidae and Phalangeriformes), untransformed: number of competitors (Platyrrhini and Marmotini), square root transformed: generalisation index (Marmotini). 

Correlates of rates of evolution
We performed all analyses using phylogenetic generalised linear models (PGLM; Freckleton et al., 2002) using the R package CAIC (available at https://r-forge.r-project.org/projects/caic) to account for the non-independence introduced because close relatives tend to be similar due to shared common ancestry (Harvey & Pagel, 1991). The PGLM method is equivalent to the phylogenetic generalised least-squares (PGLS) approach and is based on the usual generalised least-squares (GLS) model except that the phylogenetic dependence of the data is incorporated into structure of the error term (Pagel, 1999; Rohlf, 2001; Freckleton et al., 2002). This error term consists of a matrix of expected trait covariances calculated using the maximum-likelihood (ML) estimate of λ. λ is a multiplier of the off-diagonal elements of a phylogenetic variance covariance matrix that best fits the data, and varies between λ = 1, where the data are structured according to a Brownian motion model of trait evolution, and λ = 0, where the data have no phylogenetic structure (Pagel, 1999). For each regression, the ML estimate of λ is calculated along with the other regression parameters, thus the regressions are carried out whilst controlling for the actual degree of phylogenetic non-independence that is present (rather than assuming complete phylogenetic dependence, as in independent contrasts, or independence, as in non-phylogenetic regressions).

We first used bivariate PGLM regressions to investigate the effects of body-mass, gestation length, metabolic rate, longevity, geographic range size, environmental temperature, degree of generalisation and number of competitors on the relative rate of morphological evolution. We also looked for non-linear relationships by including the square of each variable. We only carried out regressions where we had 10 or more degrees of freedom (see Table 1). 
PGLM is a generalisation of the independent contrasts method (Rohlf, 2006), and its performance is therefore likely to be reduced if the pattern of trait variation among species departs strongly from the assumed random-walk model. This can result in points with very high leverage that could affect the parameter estimates and increase the error rates of the regressions. To avoid this heteroscedasticity (Diaz-Uriarte & Garland, 1996), we therefore repeated our regressions after removing any highly influential points (i.e. those with a studentised residual exceeding ±3; Jones & Purvis, 1997). Deletion of points did not make a qualitative difference to any of our results, so we only report results after deletion to improve the clarity of the tables.

Before building multivariate models we checked the predictors for collinearity (following the method of Belsey et al., 1980) because it can lead to unreliable model parameter estimates. In Phyllostomidae, environmental temperature was collinear with geographic range size; in Phalangeriformes, environmental temperature, geographic range size, and generalisation were all collinear with one another, and in Platyrrhini, body-mass was collinear with mass-specific metabolic rate. These combinations of variables were therefore not entered into the best model analyses (see below). All other combinations of variables had variance inflation factors below three and condition indices below nine.

Since we had too few degrees of freedom (see Table 1) to fit minimum adequate models we instead fit every possible model for each clade given the following rules: (1) none of the variables could be collinear, (2) there were at least ten data points per parameter and (3) any influential observations (see above) were removed. The most complex models contained three variables and all possible interaction terms. Since missing values prevented the use of AIC values in model selection, we instead defined the best model as the model with the highest adjusted r2, where all predictors and interaction terms were significant (p < 0.05). 
Node density effect

The node density effect (NDE) is an artefact of the way trees are constructed which can lead to greater root-to-tip lengths in clades with more terminal taxa (Fitch & Bruschi, 1987; Venditti et al., 2006). This may affect our analyses since we use root-to-tip distances to calculate the relative rate of morphological evolution. If the NDE is problematic in this study, there will be a significant positive curvilinear relationship between the number of nodes crossed and the root-to-tip length. We tested each of our trees for such a curvilinear relationship using the “delta” test of Venditti et al. (2006), as implemented online at www.evolution.reading.ac.uk (Venditti et al., 2008). The NDE is indicated if the strength of the relationship (β) is significantly greater than 0, and the curvature of the relationship (δ) is significantly greater than unity.
Results

Differences in the relative rates of evolution (i.e. root-to-tip distances) among the subgroups within each clade are shown in Appendix 4: Fig. S1. There appears to be marked variation within the groups. 

Results of bivariate phylogenetic generalised linear models (PGLM) predicting differences in rates of evolution are shown in Appendix 4: Tables S1-S6. All four clades showed significant correlations between rate and body-mass either linearly, such that large species evolved fastest (Phyllostomidae: r2 = 0.087; Marmotini: r2 = 0.211), or non-linearly, such that small and large species evolved fastest (Phyllostomidae: r2 = 0.270; Platyrrhini: r2 = 0.440; Phalangeriformes: r2 = 0.451). Rates in both Phyllostomidae and Marmotini were also correlated with BMR (Phyllostomidae: non-linearly with high rates at low and high BMR: r2 = 0.248; Marmotini: negatively, r2= 0.379; and non-linearly with high rates at low and high BMR, r2= 0.509). Other variables were significant predictors in only one clade e.g. environmental temperature (Phyllostomidae; non-linearly with highest rates at mid-range temperatures, r2 = 0.095); number of competitors (Platyrrhini; non-linearly with highest rates for with either many or few competitors, r2 = 0.078), geographic range size (Platyrrhini; positively, r2 = 0.217), and gestation length (Marmotini; non-linearly with highest rates at mid-range gestation lengths, r2 = 0.087). The Marmotini phylogeny used made very slight qualitative or quantitative difference to the results (Appendix 4: Tables S4-S6).
The best models for predicting each clade’s relative rate of evolution are shown in Table 2 (best models for the other Marmotini topologies are shown in Appendix 4: Table S7). Body size is a significant correlate in each clade, either linearly (Marmotini: positive correlation, r2 = 0.467) or non-linearly (Phyllostomidae: positive correlation, r2 = 0.341; Platyrrhini and Phalangeriformes: highest rates in the smallest and largest species, r2 = 0.440 and r2 = 0.451). In Phyllostomidae, high relative rates of evolution are also associated with high environmental temperatures and there is a significant negative interaction between body-mass and environmental temperature. In Marmotini, high rates were also correlated with low BMR. The Marmotini phylogeny used made no qualitative, and very little quantitative, difference to the results (Appendix 4: Table S7). The value of λ for the four best models varied between 0.495 in Phyllostomidae and 0.768 in Phalangeriformes, to λ > 0.950 in Platyrrhini and Marmotini.

There was no evidence of the node density effect in any of our four study clades (all clades: β significantly < 0; all clades: δ significantly < 1.000) 

Discussion

Rates of morphological evolution vary within our four clades, even within the more taxonomically-restricted marmotine squirrels. For each clade, 34-47% of the variation in rate can be explained by just a few predictors, one of which is always body size. High environmental temperatures in phyllostomid bats, and low mass-specific basal metabolic rates (BMR) in marmotine squirrels, are also associated with high rates of morphological evolution in our best models.

Body size is the most commonly-hypothesised correlate of rate variation in the literature, but the proposed direction of this relationship differs between morphological (positive) and molecular (negative) studies, e.g. Simpson (1953) vs. Bromham et al. (1996). Our results suggest that both may be correct: in our best models, two of our clades (Platyrrhini and Phalangeriformes) show a strong non-linear relationship between the rate of morphological evolution and body size, with the highest rates in large and small species. The other two clades show faster morphological evolution in larger species (Phyllostomidae and Marmotini). The different patterns in the four clades are not due to differences in the body-mass range of each clade since, although the Phyllostomidae are smaller than the other three clades, the Marmotini have a similar body-mass range to that of the Platyrrhini and Phalangeriformes which show a non-linear relationship between body-mass and rate. This indicates that body size, or one of its correlates, is very important in determining rates of morphological evolution, but that the mechanism behind the relationship between body-mass and the rate of morphological evolution is probably different for the different clades. 
Large body size is predicted to increase rates of morphological evolution because large species should have low population densities and hence reduced gene flow compared to smaller species (Stanley, 1979). In Marmotini, the large species also live in burrows and are highly philopatric (Solomon, 2003) which may further reduce gene flow (see below). However, population density was not a significant correlate of rate in any clade, though present-day abundance may be a very poor reflection of abundance through evolutionary history. In addition, although larger species have lower population sizes, they are also better dispersers (Van Vuren, 1998) which could ameliorate any reduction in gene flow caused by low abundance. Furthermore, although smaller populations are traditionally thought to evolve more quickly due to enhanced rates of fixation, in reality these rates are not much higher than those of large populations, and since large populations will have more mutations, evolution should actually be faster in large, not small, populations (Price et al., 2009). If we do not accept the explanation of restricted gene flow (except perhaps in Marmotini; see below), why do large species evolve faster in our clades? Since body size correlates with most species’ traits (Calder, 1984), its significance in the models may represent some other variable, either an ecological trait for which we had too little data, or variables we did not include. One possibility is that large species have larger home ranges than smaller species (Eisenberg, 1981) which could result in individuals of larger species encountering more varied selection pressures (in terms of the environment, predators, competitors etc.) than those of smaller species. Such individual-based variation in selection pressures would not necessarily be picked up by our geographic range variable. Alternatively, this result may be related to speciation rates (if most morphological evolution occurs at speciation events, i.e. is punctuated rather than gradual), since large mammals may have slightly higher origination rates than small mammals (Liow et al., 2008), though this effect would be weak. 
Understanding the mechanisms behind the correlation between rate and small body size is equally complex. Small species are predicted to evolve faster than large species because they have a faster speed of life-history, which increases the number of opportunities for mutation and selection (Bromham et al., 1996). However, apart from in Marmotini, none of the life-history speed variables (BMR, longevity, gestation length) appeared in the best models. This could be because the small number of species in some models reduced the power of the analyses, or perhaps reflects a missing variable, for example, small species are worse dispersers than large species (Van Vuren, 1998), and have smaller home ranges (Eisenberg, 1981), which may restrict their gene flow enough to increase rates of morphological evolution. 

Interestingly, the lowest rates of morphological evolution in each clade occur round the median body-mass for that clade. This suggests that there may be some kind of buffering effect of species diversity in all four clades (de Mazancourt et al., 2008). If we assume that the body-mass of a species is a good indicator of its niche, this would mean that species close to the modal body-mass are unable to evolve a very different body-mass/niche because their niche space is restricted by competition with the many other species with similar body-masses/niches. Larger species (and also smaller species in Platyrrhini and Phalangeriformes) may be less restricted as there are fewer species with the same body size to restrict their diversification, which would explain their higher rates of morphological evolution.
The Phyllostomidae model supports another prediction of the molecular literature: high rates of evolution are correlated with high environmental temperatures. There was also a negative interaction between environmental temperature and body size in the best Phyllostomidae model, such that, for a given environmental temperature, smaller phyllostomids evolve faster than larger ones. External temperatures are probably particularly important to bats, as the high metabolic costs of flight mean that thermoregulation is difficult. This result may also reflect the fact that at high latitudes bats tend to hibernate which slows their already slow life-history, and slow life-history characteristics are predicted to reduce rates of molecular evolution (Welch et al., 2008). In addition, increasing environmental temperature is predicted to increase rates of molecular evolution by shortening generation-times and increasing BMR, even within endotherms (Gillooly et al., 2001). Since high BMR was quite strongly associated with high rates of evolution (r2 = 0.248) in the single predictor Phyllostomidae PGLM, this is a likely mechanism. However, this relationship was non-linear; low BMR was also correlated with high rates, perhaps because large species have low BMR.

In Marmotini, the best model for predicting the rate of morphological evolution indicated that large species with low mass-specific BMR have the highest rates of morphological evolution. Most previous studies have found a positive correlation between BMR and rate (e.g. Martin & Palumbi, 1993), so this negative correlation in Marmotini is interesting. It seems likely that some feature of the ecology of large, low BMR Marmotini, i.e. marmots and prairie dogs, results in faster rates of morphological evolution. One candidate feature is that all of these species live in burrow systems. The transition to a burrowing lifestyle is thought to have resulted in adaptive radiations of several clades (Nevo, 1979), and these burrowing Marmotini tend to be highly philopatric (Solomon, 2003) which will reduce dispersal and hence gene flow, perhaps enough to increase the rate of morphological evolution. 

Even in our “best” models, over 50% of the variation in rates of morphological evolution in all clades remained unexplained. This may have been due to missing variables. The variation in λ for the best models provides some suggestions as to the kind of variables we may have missed: in Platyrrhini and Marmotini, λ was close to unity, indicating that a much of the lack-of-fit had a phylogenetic basis. This could be a missing life-history variable, or some aspect of the species’ biogeography. The phyllostomid and phalangeriform models, on the other hand, had lower λ values suggesting that there may be missing ecological variables. Additionally, our power to detect relationships may have been low due the small number of species in some models, or perhaps correlates of morphological rates are highly idiosyncratic. This is likely since, in theory, all of the major correlates can both negatively and positively affect rates of morphological evolution. If these variations operate at the species-level then it is not surprising that we do not find many group-wide correlations. Another problem is our measure of rate, which reduces morphological differences in size and shape to one number. If size and shape have different evolutionary drivers we would find it hard to detect correlates with this method. Additionally, in studies of molecular rates, the significant correlates often depend on the gene used (Bromham et al., 1996); likewise in morphological studies the correlates may depend on the traits used. Mammalian cranial characters are thought to generally be under stabilising selection (Lynch, 1990) and phylogenetically conserved due to their functional complexity (Caumul & Polly, 2005), which could account for the low number of correlations between our predictors and rate. However, we found significant differences in the rates of skull evolution among our four clades. Furthermore, other factors such as dietary adaptations are known to influence skull shape and size in Marmotini and Platyrrhini (Marroig & Cheverud, 2001; Caumul & Polly, 2005), suggesting that there is meaningful rate variation and it may be predictable, but we would need more predictors and/or data to understand it. More careful identification of the factors which shape morphological evolution in each group may provide a clearer understanding of why these rates vary. Finally, as in nearly all comparative analyses, we have used species’ mean values for all our traits and thus ignored intraspecific variation. This was unavoidable due to data limitations and because it is difficult to handle such variation within the same framework. It is likely that neglecting this variation reduces the chance of detecting significant effects, especially of variables with high intraspecific variance such as population density. However, this only makes the method more conservative, so does not reduce our confidence in the significant correlations we discovered.

Body size appears to be the most important correlate of morphological evolution in our four mammalian clades. This supports both classical and more recent predictions since the relationship is non-linear in both Platyrrhini and Phalangeriformes, with highest rates in small and large species. However, understanding the underlying mechanisms for these correlations is difficult, because variables predicted to underpin these body size correlations (e.g. low population density, fast speed of life-history) were not directly correlated with the rate of morphological evolution. In addition, it seems likely that the mechanisms behind rate variation may depend on the size of the species involved. We conclude therefore, that whilst there is significant variation in rates of morphological evolution, we do not yet know what it means. More study, and data, are needed to untangle the complex interactions among rates of morphological evolution, species’ traits, ecology, interspecific interactions and the environment.
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Tables

Table 1: Number of species with records for given variables for each clade. bats = Phyllostomidae; monkeys = Platyrrhini; possums = Phalangeriformes; squirrels = Marmotini. BMR = mass-specific basal metabolic rate; Temperature = environmental temperature; Competition = average number of competitors per grid cell across the specie’s range; Generalisation = habitat breadth*diet breadth. 
	
	bats
	monkeys
	possums
	squirrels

	Total clade size
	88
	72
	30
	73

	Body-mass
	88
	71
	28
	65

	BMR
	25
	8
	8
	23

	Population density
	0
	51
	12
	32

	Gestation length
	15
	42
	4
	46

	Longevity
	11
	49
	12
	24

	Temperature
	85
	69
	29
	64

	Geographic range size
	87
	69
	29
	73

	Competition
	87
	69
	29
	73

	Generalisation
	87
	69
	29
	73


Table 2: Best models from a set of all possible models (see text) predicting the relative rate of morphological evolution in four clades. bats = Phyllostomidae; monkeys =Platyrrhini; possums = Phalangeriformes; squirrels =Marmotini (using a phylogeny with the genus Cynomys as the outgroup to the genera Marmota and Spermophilus). BM = natural-log transformed body-mass (g); BMR = natural-log transformed mass-specific basal metabolic rate (mLO2hr-1g-1); Temp = natural-log transformed environmental temperature (ºC).

	
	bats
	monkeys
	possums
	squirrels

	
	d.f.
	80
	
	d.f.
	69
	
	d.f.
	25
	
	d.f.
	20
	

	
	λ
	0.495
	
	λ
	0.968
	
	λ
	0.768
	
	λ
	1.000
	

	
	adjusted r2
	0.341
	
	adjusted r2
	0.440
	
	adjusted r2
	0.451
	
	adjusted r2
	0.467
	

	
	log likelihood
	7.736
	
	log likelihood
	27.00
	
	log likelihood
	-3.157
	
	log likelihood
	-16.29
	

	predictor
	slope ± se
	t
	p
	slope ± se
	t
	p
	slope ± se
	t
	p
	slope ± se
	t
	p

	BM
	7.367 ± 3.173
	2.322
	0.023
	-2.546 ± 0.359
	-7.097
	<0.001
	-1.118 ± 0.267
	-4.182
	<0.001
	0.265 ± 0.112
	2.369
	0.028

	BM2
	0.192 ± 0.039
	4.964
	<0.001
	0.182 ± 0.025
	7.264
	<0.001
	0.084 ± 0.022
	3.858
	<0.001
	-
	-
	-

	BMR
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-0.817 ± 0.300
	-2.723
	0.013

	Temp
	4.239 ± 1.749
	2.423
	0.018
	-
	-
	-
	-
	-
	-
	-
	-
	-

	BM:Temp
	-1.552 ± 0.582 
	-2.668
	0.009
	-
	-
	-
	-
	-
	-
	-
	-
	-
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Figure legends

Figure 1: Diagram showing the variables which are hypothesised to affect rates of morphological and/or molecular evolution along with selected references for the hypotheses. + = hypothesised positive relationship between the variable and evolutionary rate; - = hypothesised negative relationship between the variable and evolutionary rate. Note that these variables are themselves often interconnected, directly or indirectly, but the relationships between them have been omitted to increase clarity.

Figure 2: Ventral view (a) of a phalangeriform possum skull and (b) side view of a marmotine squirrel mandible showing morphometric measurements taken. 1 = condylobasal length (CBL), 2 = maximum zygomatic width (MZW), 3 = tooth row length (TR), 4 = incisor row length (IR), 5 = canine height (except Marmotini) (CH), 6 = canine diameter (except Marmotini) (CD), 7 = coronoid process height (CP), 8 = mandibular condyle height (MC), 9 = P1 height (Phalangeriformes only) (P1), 10 = P3 height (Phalangeriformes only) (P3), 11 = diastema length (Marmotini only) (DL).[image: image1.emf] 
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