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Summary

1. Ecological convergence in morphology among taxa of distinct evolutionary histories is a

common illustration of the efficacy of natural selection. Ecological convergence is often

enabled by functional redundancy of complex morphological structures, such that modification

of existing morphologies in response to similar functional requirements can lead to the devel-

opment and evolution of morphological diversity. Thus, studies of the mechanisms that enable

the development of similar adaptations in taxa with distinct morphologies provide important

insights into both the evolution of past adaptations and patterns of future evolutionary diver-

gence.

2. Here, we examine mechanisms that have enabled ecological convergence in foraging

morphology among four geographically isolated and morphologically distinct populations of

shrews: south-eastern Arizona and north-central New Mexico populations of the montane

shrews (Sorex monticolus) and northern California and north-central Montana populations of

the vagrant shrew (S. vagrans).

3. We show that despite overlap in diet, populations had distinct skeletal and muscular morpho-

logies of the mandible. This association between ecological convergence and morphological

uniqueness among populations was enabled by versatility of foraging morphologies that gener-

ated similar functional outputs.

4. In addition, we found that populations exhibited unique skeletal and muscular correlations

with diet suggesting that distinct muscular and morphological components of the complex forag-

ing apparatus can be used for a particular resource. This result corroborates a previous finding

that extensive modularity in mandibular development allows diverse morphologies to generate

equivalent functions and utilize similar resources across taxa.

5. Synthesis. We conclude that the observed functional and ecological convergences resulted

from population-specific musculoskeletal interactions, and suggest that the differences in skeletal

and muscular morphologies observed among these populations reflect evolved differences in

plasticity of the skeletal and muscular components of the mandible.
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Introduction

The distinct evolutionary histories and developmental prop-

erties of taxa affect responses of morphological traits to

convergent selection. Because of the versatility of develop-

mental variation in complex phenotypes, convergent selec-

tion can result in distinct adaptive morphologies (Gould

1989; Losos et al. 1998; Langerhans & DeWitt 2004). Spe-

cifically, the complexity of morphological traits can allow

changes in different components of a composite structure to

produce similar functions (e.g. see Alfaro, Bolnick & Wain-

wright 2005; Young, Haselkorn & Badyaev 2007) enabling

versatility in response to selection (Vermeij 1973). Although

empirical evidence for the commonality of morphological

versatility enabling diversification among taxa utilizing sim-

ilar resources continues to grow (Wainwright et al. 2005),

it remains unclear how morphological adaptations get
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partitioned to distinct components of a composite trait in

different populations and taxa.

Variation in skeletal traits is primarily generated through

changes in the rate and timing of growth and differentiation

(Atchley 1993; Atchley & Hall 1991; Smith & Hall 1990;

Skerry 2000) under the influence of internal and external

stresses (Frost 1987; Herring 1993; Huiskes 2000; Skerry

2000; Moore 2003). Modification in use of a skeletal trait

often requires adjustments of the musculature (e.g. resulting

in increased strength output or muscle firing speed; Liem

1978; Flück 2006). These modifications in the musculature

or in muscle activity can subsequently induce morphologi-

cal variation through skeletal plasticity – as muscle stimula-

tion influences bone growth, development and remodelling

(Enlow 1963; Lanyon 1984; Frost 1987; Lanyon 1993).

Populations may differ in sensitivity to muscle stimulation

as the evolution of phenotypic plasticity depends on both

the within-generation reliability and across-generation

predictability of the environment (Levins 1968; Moran

1992; Padilla & Adolph 1996; Young & Badyaev 2007).

Thus, across populations and species, selection on trait

function over time can result in evolved differences in reac-

tion norms (Scheiner 1993; Schlichting & Pigliucci 1998;

West-Eberhard 2003; Badyaev 2005) and subsequently the

development of distinct morphological adaptations. Indeed,

the intensity, duration and frequency of muscle stimulation

required to induce a plastic response in skeletal traits (e.g. a

change in growth or induction of remodelling) often differ

across populations (e.g. see Duncan & Turner 1995; Heaney

1995; Parfitt 1997).

In this study, we characterized musculoskeletal morphol-

ogy and function (i.e. bite force) of the foraging apparatus in

four populations and two species of shrews (Sorex monticolus

Merriam, 1890: 43 and Sorex vagrans Baird, 1857:15) that

have similar diets. In shrews, similarities among taxa in ecol-

ogy and function are not indicative of similarities in mandible

morphology as distinct mandible morphologies can generate

equivalent functions (Young, Haselkorn & Badyaev 2007). In

addition, development of the shrew mandible is highly sensi-

tive to environmental stressors such as interspecific competi-

tion (Foresman & Badyaev 2005) and environmental

disturbances (Zakharov et al. 1991; Pankakoski, Koivisto &

Hyvrinen 1992; Badyaev, Foresman & Fernandes 2000).

Specifically, plastic response of the mandible to muscle stimu-

lation is an important mechanism of local adaptation in this

system (Badyaev, Foresman & Young 2005; R.L. Young &

A.V. Badyaev, unpublished). Thus, differences inmorpholog-

ical adaptation to a common diet may be driven by evolved

differences among populations in skeletal response to muscle

stress.

Here, we show that despite similarity in diet and overlap

in the estimated bite force, species and populations differ in

mandible muscular and skeletal morphology. We examined

correlations among the mandible and the major jaw

muscles (Musculus temporalis Edgeworth 1935, Musculus

masseter Gaughran 1954 and Musculus digastricus Sharma

1958) and show that functional equivalence of distinct

morphologies among populations is enabled by population-

specific patterns of muscular and musculoskeletal interac-

tions. Finally, we suggest that the population-specific mor-

phology likely reflects evolved differences in plasticity that

generates distinct skeletal responses to muscle stress among

species and populations.

Materials and methods

D A T A C O L L E C T I O N

Diet assessment

In accordance with the standards of animal care and use (IACUC

No. 04-090), 40 shrews (S. monticolus and S. vagrans) were captured

in four geographically isolated populations in south-eastern

Arizona, north-eastern California, north-central Montana and

north-central New Mexico. Upon capture, individuals were sacri-

ficed and fixed in 10% buffered formalin overnight and stored in

70% ethanol. After fixation, we removed contents from both the

stomach and intestine and separated the insect cuticle pieces (hard

contents) from the remaining contents (soft contents). Using these

materials, three characteristics of individual diet were assessed.

First, we documented the relative amount of hard insect parts con-

sumed by measuring the proportion of dry mass of insect cuticle to

the remaining contents of the stomach and intestine. Second, we

characterized hardness of an individual’s diet by measuring mean

thickness of the cuticle present in the stomach and intestines. Thick-

ness of the cuticle is an indicator of strength, stiffness and toughness

of the insect (Evans & Sanson 2005), and thus might represent how

difficult an insect is to process as a prey item. A sample of 10 cuticle

pieces from each individual was used for the thickness measure-

ments. Several individuals (n = 11) had <10 total cuticle pieces,

for these individuals all cuticle pieces were measured. Cuticle thick-

ness was measured using a digital point micrometre (Fowler Inc.,

Newton, MA, USA) by placing the cuticle on the point of the mi-

crometre and measuring thickness of the flattest plane of the cuticle

piece (after Evans & Sanson 2005). Variation in diet hardness was

the variance of the sample of 10 cuticle thickness measurements. In

addition to these individual measures, overall diet was defined as

the first principal component of the proportion of cuticle, mean

cuticle thickness and cuticle thickness variance. Stomach and intes-

tine data were available for only four S. vagrans shrews from north-

central Montana. Thus, the Montana population was not included

in analyses involving diet; however, data from these individuals sug-

gest that the Montana population shares these characteristics of diet

(proportion of insect cuticle = 0Æ12; mean cuticle thick-

ness = 0Æ002; variance in cuticle thickness = 1Æ9E-5, see below)

with the Arizona, California and New Mexico populations.

Mandible muscular and skeletal morphology

Wemeasuredmass, fibre length and attachment location for theM.di-

gastricus, M. masseter and M. temporalis, three muscles with known

importance for prey capture and processing (Fig. 1; Dötsch 1985,

1994; R.L. Young & A.V. Badyaev, unpublished). Muscles were dis-

sected off of both the left and right mandibles, weighed (with 0Æ01 mg

resolution) using aMettler Toledo AB135-S ⁄FACT balance (Colum-

bus, OH, USA), immersed in 40% nitric acid (HNO3) until muscle

fibres separated (24–30 h) and stored in a 50% aqueous glycerol solu-

tion.Muscle fibres were photographed under 10–12Æ5·magnifications
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using a Leica DC 300 (Bannockburn, IL, USA), sizes were

standardized using a ruler photographed along with the fibres. Fibre

length of each muscle was estimated as the mean length of 20 unique

fibres. We calculated the physiological cross-section area (cm2) of

each muscle as the quotient of muscle mass (g) and mean fibre length

(cm) (after Herrel, Aerts &DeVree 1998). Physiological cross-section

areas of the right and leftmandibles were averaged. The average phys-

iological cross-section areas were used for all analyses and for our

estimation of bite force (see below). Because physiological cross-

section area responds to changes in physical activity (Narici et al.

1989) and is a metric of the maximum muscle tension (Close 1972), it

can be used to examine changes in the muscle that may be important

for biting or prey processing, and it provides ameasure of the stimula-

tion experienced by the attached skeletal trait.

Shrew mandibles were cleaned and photographed under 10· mag-

nifications using a Leica DC 300 (Bannockburn, IL, USA), image

sizes were standardized using a ruler photographed along with the

mandibles. From mandible images, we obtained x and y coordinates

of 19 homologous morphological landmarks distributed across the

mandible (Fig 1; Badyaev & Foresman 2000; R.L. Young & A.V.

Badyaev, unpublished). Each mandible image was measured twice

and the landmarks were averaged to improve measurement errors.

All data were collected using tpsDig2 (Rohlf 2005). To separate varia-

tion due to mandible size and shape, all specimens were scaled to unit

centroid size and landmark configurations were aligned from all land-

marks, species, and individuals using a single Procrustes superimposi-

tion (generalized orthogonal least-squares fit, Rohlf & Slice 1990;

Badyaev & Foresman 2000). Finally, a principal component analysis

of landmark configurations (Procrustes coordinates) was used to

summarize themajor axes ofmandible shape variation.

Estimation of bite force

To assess mandible function, we estimated potential bite force for all

individuals using a lever model (after Thomason 1991). Bite force

(BF) was estimated as:

BF ¼ 2� ðTpsca � iT þMpsca � iMÞ=obp;

where Tpsca and Mpsca are the physiological cross-section areas

of the M. temporalis and M. masseter respectively (Fig. 1b,c),

multiplied by a force conversion factor (C = 25N, after Herzog

1994). iT and iM are the in-force arm lengths, measured as the dis-

tance from the mandible joint to the centre of the M. temporalis

and M. masseter mandible attachment sites (Fig. 1c). The in-force

(numerator) was multiplied by two to account for simultaneous

firing of the left and right musculature. Because the in-force arms

were measured to the centre of the muscle attachment sites, the

vectors of muscle in-force were assumed to act perpendicularly

(Fig. 1c, arrows). obp is the out-force arm length, measured as the

distance from the mandible joint to the bite point (Molar 1,

Fig. 1c). This metric of function provides an estimate of bite force

when both muscles are firing at their maximum tension and thus

provides an estimate of maximum bite force.

D A T A A N A LY S I S

Variation in diet, morphology, musculature and function

among populations

To examine the within and among species concordance of diet, man-

dible morphology and musculature, we first used canonical discrimi-

nant analysis to summarize variation in diet, morphology and

musculature within each population.Mahalanobis distances were cal-

culated between all populations for each variable. To illustrate differ-

ences in mandible morphology we plotted the distribution of

mandible sizes (centroid size) and shapes (PC1 and PC2) for each spe-

cies. We tested for both intra- and interspecific divergence in the three

diet characteristics (i.e. proportion of cuticle, mean cuticle thickness

and cuticle thickness variance), mandible morphology, musculature

and estimated bite force using ANOVA, and significance for individual

population comparisons was assessed using Tukey’s test for multiple

comparisons. Diet, muscular and bite force data were arcsine or log-

transformed to achieve normal distribution.

Relationships among diet, function and musculoskeletal

morphology

To examine the relationships between mandible function, musculo-

skeletal morphology and diet, we first assessed the correlations

between diet and mandible morphology as well as diet and mandi-

ble musculature using multiple regression, where diet was the

(a) (b)

(c)

Fig. 1. Skeletal (a), muscular (b) features of

the shrew-foraging apparatus. (a) Nineteen

landmarks were used to characterize mandi-

ble form (i.e. size and shape). (b) Three mus-

cles critically important for prey capture and

prey processing, Musculus temporalis (T),

Musculus masseter (M) and Musculus digas-

tricus (D) were used to describe the muscula-

ture of the foraging apparatus. Letters

identifying each muscle overlay the general

area of muscle attachment on the mandible.

(c) Components of the lever model include

two in-force arms (iT and iM), their associated

muscular forces (Tpcsa and Mpcsa), and an

out-force arm (obp). Arrows indicate the

direction of force input (muscle forces) or

output (bite force). See Materials and meth-

ods for additional description of bite force

estimation.
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independent variable and mandible form (i.e. centroid size, PC1 of

mandible shape and PC2 of mandible shape) or physiological cross-

section area of each muscle were the dependent variables. To assess

the relationship between diet and the combined musculature, we per-

formed a regression of the PC1 of the physiological cross-section

areas of all three muscles on diet. Next, we examined the correlation

between diet and estimated bite force using multiple regression, where

each characteristic of diet (i.e. proportion of insect cuticle, cuticle

thickness and variation in cuticle thickness) was the dependent vari-

able and estimated bite force was the independent variable. In addi-

tion, we regressed the overall diet (i.e. PC1 of diet) on estimated bite

force. Finally, to assess differences among populations in muscular

and musculoskeletal interactions, we first described muscle interac-

tions in each population by comparing the physiological cross-section

areas of all three muscles using regression analysis. Second, we

characterized musculoskeletal interactions in each population using

multiple regression, where morphological traits (centroid size, PC1 or

PC2 of shape) were the dependent variables and physiological cross-

section areas of all muscles were the independent variables.

Results

I N T ER - A N D I N T R A S P E C I F I C C H A R A C T E R I ST I C S

O F D I E T , M U S C U L OS K E LE T A L M O R P H O LO G Y A N D

F U N C T I O N

Both species and populations overlapped in the aspects of diet

measured in this study (Fig. 2a). There were no significant

differences in the relative amount of hard-bodied insects con-

sumed – measured as the proportion of insect cuticle in the

stomach and intestine, the mean thickness of insect cuticle, or

the variance in insect cuticle thickness among populations

(Fig. 3a–c) or species – proportion of cuticle in the diet:

F = 1Æ8, P = 0Æ2; mean thickness of cuticle: F = 0Æ4,
P = 0Æ5; variance in cuticle thickness: F = 0Æ2, P = 0Æ7.
Moreover, overall diet – PC1 of the three characteristics of

diet describing 45Æ8% of diet variation – did not differ among

populations (Table 1; Fig. 2a).

We found significant overlap in estimated bite force both

within and between species (Fig. 4a). Mean estimated bite

force differed among all the populations (F = 7Æ56,
P < 0Æ01; Fig. 4b); however, only the California population

of S. vagrans and the Arizona population of S. monticolus

differed significantly in estimated bite force (Fig. 4b).

Although all populations and both species consumed simi-

lar proportions of hard-bodied insects, had similar hardness

of diet and most populations overlapped in bite force, they

differed significantly in mandible muscular and skeletal mor-

phology (Fig. 2b,c). We found significant interspecific, but

not intraspecific, differences in the musculature (Table 1;

Figs 2b and 3d–f). The Arizona and California populations

ofS.monticolus andS. vagrans respectively differed in physio-

logical cross-section areas of theM. digastricus (Fig. 3d), and

physiological cross-section area of M. temporalis differed in

all interspecific population comparisons (Fig. 3f). Overall

mandible musculature, measured as PC1 of the physiological

(a) (b) (c)

(f)(e)(d)

Fig. 2. Canonical discriminant analysis of diet (a), mandible morphology (b) and musculature (c) among populations. Abscissa is the first

canonical axis; ordinate is the second canonical axis. Shown are themeans ± 1 standard deviation for each population for the first two canonical

axes. Black diamonds and dark grey triangles show the Arizona andNewMexico populations of Sorex monticolus respectively.White circles and

light-grey squares show the California andMontana populations of Sorex vagrans. (d–f) Characteristics ofmandible form across four geographi-

cally isolated populations of two species of soricid shrews (S. monticolus and S. vagrans in black and grey bars, respectively).
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cross-section areas of all three mandible muscles, was similar

between populations of the same species, but differed between

species (Table 1; Fig. 2c). Skeletal morphology, described as

mandible size (centroid size) and mandible shape (the first

two principal components of the Procrustes shape coordi-

nates), differed between species, but not among populations

(Table 1; Fig. 2b). This intraspecific similarity in mandible

formwas a result of similarities inmandible size among popu-

lations of the same species. In S. monticolus, populations did

not differ in mandible size (Fig. 3g); however, they differed in

mandible shape as described by the first two principal compo-

nents (52Æ5% of mandible shape variation; Fig. 3h,i). Simi-

larly, in S. vagrans, populations did not differ in mandible

size (Fig. 3g), but differed in the aspects of mandible shape

described by PC2 (16Æ6% of mandible shape variation;

Fig. 3i). The patterns of mandible shape variation due to PC1

and PC2 were complex; however, in general, mandible shape

variation due to PC1 was associated with a shortening of the

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 3. Comparisons of diet (a–c),musculature (d–f) andmandible form (g–i) across populations. Plotted are populationmeans for each variable,

error bars indicate ± 1 standard deviation. Differences among populations in each variable (at a £ 0Æ05) are indicated by differences in the

associated letter.

Table 1. Morphological differences despite use of similar resources

in two populations of Sorex monticolus – south-eastern Arizona (AZ)

and north-central New Mexico (NM) – and two populations of

S. vagrans – northern California (CA) and north-central Montana

(MT)

Variable

Intraspecific

comparisons

Interspecific

comparisons

AZ-NM CA-MT AZ-CA AZ-MT CA-NM NM-MT

Form 4Æ58** 2Æ15* 44Æ9** 29Æ4** 30Æ5** 20Æ3**
Musculature 0Æ92 0Æ58 7Æ62** 4Æ37** 9Æ45** 5Æ43**

Diet 0Æ91 . 0Æ07 . 1Æ1 .

Shown are the Mahalanobis distances between populations in the

first canonical axes of mandible form (size and shape combined),

musculature and diet. Populations exhibiting significant differences

are highlighted in bold.

*Significant at a = 0Æ05.
**Significance at a = 0Æ01.
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mandible body as well as an increase in the angle between the

coronoid process and the mandible body. Shape variation

due to PC2 was associated with a shortening of the ramus and

the coronoid process.

P O PU L A T I O N - SP E C I F I C R EL A T I O N S H I P S B ET W E E N

D I E T , M U S C U L O S K E L E T AL M OR P H O L O GY

A N D F U N C T I ON

The relationship between diet and morphology differed

among all populations (Tables 2 and 3). We found that PC1

of the physiological cross-section areas of all muscles (56Æ3%
of the variation) was correlated with diet in New Mexico’s

population of S. monticolus and physiological cross-section

area ofM. masseter correlated with diet in California’s popu-

lation of S. vagrans (Table 2); however, in the Arizona popu-

lation of S. monticolus, there were no significant correlations

between musculature and diet. For mandible form, only one

population exhibited a significant correlation with diet. In

New Mexico’s population of S. monticolus, we found that

PC1 of mandible shape (35Æ9%of the variation) and diet were

correlated suggesting a diet-specific adaption of skeletal mor-

phology in this population.

The relationship between estimated bite force and diet dif-

fered among all populations (Table 4). Estimated bite force

correlated with PC1 of diet (45Æ8% of the variation in diet) in

the NewMexico population and with the proportion of insect

cuticle found in the stomach and intestine in the California

population. There were no significant correlations between

diet andmandible function in the Arizona population.

Population-specific musculoskeletal interactions

To examine population differences in muscle stress and the

correlation between muscle stress and mandible morphology,

we compared the pairwise relationships between the physio-

logical cross-section areas of all three muscles (Fig. 5) and the

relationship between the physiological cross-section areas of

(a) (b)
Fig. 4. Comparison of mandible function

across species (a) and populations (b). (a)

Shown is the distribution of bite forces in

Sorex monticolus (black bars) and Sorex

vagrans (grey bars). (b) Plotted are the popu-

lation means for estimated bite force, error

bars indicate ± 1 standard deviation. Differ-

ences among populations (at a £ 0Æ05) are

indicated by differences in the associated

letter.

Table 2. The correlations between diet and mandible musculature

across populations of Sorex monticolus and Sorex vagrans

Physiological

cross-section area (cm2)

Sorex monticolus Sorex vagrans

AZ NM CA

Musculus digastricus )0Æ01 )0Æ77 )0Æ33
Musculus masseter 0Æ34 )0Æ41 0Æ84*
Musculus temporalis 0Æ31 )0Æ67 )0Æ17
PC1 of muscle 0Æ36 )0Æ91* )0Æ35

Shown are the partial regression coefficients of the multiple

regression of the physiological cross-section area of each muscle

(Musculus digastricus, Musculus masseter and Musculus temporar-

lis) on diet. The bolded value indicates a non-significant trend at

a = 0Æ06. Regression of the first principal component of the

physiological cross-section areas of all three muscles on diet was

performed independently.

*Significance at a = 0Æ05.

Table 4. The relationship betweenmandible function and diet across

populations

Diet

Sorex

monticolus

Sorex

vagrans

AZ NM CA

Proportion of insect cuticle )0Æ20 )0Æ62 )0Æ79*
Thickness of insect cuticle 0Æ29 0Æ1 0Æ11
Variation in cuticle thickness 0Æ22 0Æ62 0Æ12
PC1 of diet )0Æ05 )0Æ9* 0Æ03

Shown are the partial regression coefficients of a multiple

regression of each characteristic of diet assessed (proportion of

insect cuticle in the stomach and intestine contents, thickness of

insect cuticle and variation in insect cuticle thickness) on estimated

bite force. Regression of the first principal component of the three

diet characteristics on estimated bite force was performed

independently. Populations exhibiting significant differences are

highlighted in bold.

*Significance at a = 0Æ05.

Table 3. The relationship between diet and mandible morphology

across populations

Morphology

Sorex monticolus Sorex vagrans

AZ NM CA

Centroid size 0Æ01 0Æ11 0Æ21
Shape PC1 )0Æ1 )0Æ76* 0Æ19
Shape PC2 )0Æ18 )0Æ12 )0Æ19

Shown are the partial regression coefficients of a multiple

regression of mandible form (i.e. size and shape) on diet. Popula-

tions exhibiting significant differences are highlighted in bold.

*Significance at a = 0Æ05.
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all three muscles and mandible size and shape (Table 5).

Populations differed in muscle–muscle correlations suggest-

ing that across populations jaw function favours the use of

different muscle combinations. In S. monticolus, we found

that an increase in physiological cross-section area of the M.

masseter was correlated with an increase in the physiological

cross-section area of M. temporalis in Arizona’s population

(Fig. 5), and in New Mexico’s population, we found that a

larger M. digastricus was correlated with a larger M. tempo-

ralis (Fig. 5). In S. vagrans, the physiological cross-section

areas of the M. digastricus and M temporalis were correlated

in the California population (Fig. 5), but not the Montana

population.

Populations differed in musculoskeletal interactions; in

Arizona’s population of S. monticolus, both mandible size

and shape correlated with morphology of several muscles

(Table 5). Mandible size was correlated with PC1 of all three

muscle physiological cross-section areas and variation in

shape was correlated with the physiological cross-section

areas of theM. temporalis,M. digastricus and PC1 of all three

muscles (Table 5). In the New Mexico population of S. mon-

ticolus, small adjustments of mandible shape (described by

PC2 of mandible shape variation) were correlated with PC1

of the physiological cross-section areas of all three muscles

(Table 5). In the California population of S. vagrans, mandi-

ble shape variation, but not mandible size, was correlated

with the physiological cross-section area of the M. diagastri-

cus andM. temporalismuscles (Table 5). InMontana’s popu-

lation of S. vagrans, mandible muscular and skeletal

morphologies did not correlate (Table 5).

Discussion

Convergent use of resources commonly results in develop-

ment of morphological similarities among taxa (Simpson

1953; Mayr 1963). However, for composite traits, flexibility

in development combined with functional redundancy of dis-

tinct morphologies allows for diverse responses to similar

selection that can produce morphological diversity among

taxa exploiting similar resources. In this study, geographically

isolated shrew populations varied in both mandible form and

musculature (Figs 2 and 3; Table 1). Despite their morpho-

logical differences, shrews in these populations consumed

similar diets of insects with hard exoskeletons (Fig. 2a and

Fig. 5. Population-specific muscular inter-

actions for Sorex monticolus (left column)

and Sorex vagrans (right column). Black

diamonds and dark grey triangles show the

Arizona and New Mexico populations

respectively. White circles and light grey

squares show the California and Montana

populations. Regression lines indicate signifi-

cant correlations (at a £ 0Æ05).
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Table 1) and had similar estimated bite forces (Fig. 4). The

ability of distinct morphologies to generate similar functions

and utilize similar resources requires that components of the

complex shrew-foraging apparatus vary independently. In

fact, morphological diversification across populations and

taxa utilizing similar resources is thought to be a consequence

of modularity – or semi-independence of components of a

complex trait (Vermeij 1973; Alfaro, Bolnick & Wainwright

2004) – allowing different features of a trait (e.g. distinct skel-

etal or muscular elements) to adapt to similar conditions

across groups (Alfaro, Bolnick & Wainwright 2005; Young,

Haselkorn & Badyaev 2007). Our results indicate that each

population exhibited a unique combination of skeletal and

muscular characteristics (Figs 2 and 3). These distinct muscu-

loskeletal morphologies may reflect population-specific solu-

tions to common functional requirements of the jaw. For

example, despite the size differences between the species (e.g.

centroid size; Fig. 3g), species had similar physiological

cross-section areas of the M. masseters (Fig. 3e) – a primary

muscle generating both biting force (Fig. 1c; R.L. Young &

A.V. Badyaev, unpublished) and jaw action associated with

prey grinding in shrews (Dötsch 1994). The increase in the

physiological cross-section area of the M. masseter in the

smaller S. monticolus jaw allows these distinct mandible

morphologies to generate bite forces similar to the larger

S. vagrans (Fig. 4) and thus utilize equivalent food resources

(Figs 2 and 3). Moreover, we found that populations differed

in their muscular and skeletal correlations with diet (Tables 2

and 3) suggesting that there are multiple distinct components

of the shrew-foraging apparatus that can adapt for use of a

particular resource. For example, both the California and

New Mexico populations exhibited correlations between

musculature and diet (Table 2); however, the role of each

muscle in this correlation differed between the populations

(Table 2). Overall, these results corroborate findings that

modularity of the shrew-foraging apparatus enables versatil-

ity of distinct morphologies to generate equivalent functions

(Young, Haselkorn &Badyaev 2007).

Although the population-specific morphologies character-

ized in this study are expected to generate equivalent func-

tions (based on estimated bite forces), one population – the

Arizona population of S. monticolus – exhibited a reduced

bite force (Fig. 4b) despite its overlap in diet with the other

populations (Figs 2a and 3a–c). Interestingly, unlike the

other populations, in Arizona, there were no significant corre-

lations between bite force and the aspects of diet assessed in

this study (Table 4) or between diet and musculoskeletal

characteristics of the mandible (Tables 2 and 3). Despite a

lack of correlations found between diet and musculoskeletal

morphology, the Arizona population exhibited several

muscular and musculoskeletal interactions (Fig. 4; Table 5).

These interactions suggest that the mandible may be adapted

for some other functional requirement or that muscle stress

associated with other mandible functions may influence man-

dible morphology in this population (e.g. jaw openning,

defence or echolocation, Gould, Negus &Novick 1964).

Consistent with previous findings, our results indicate that

similar functional requirements can be achieved by distinct

morphologies; however, the developmental mechanisms that

result in channelling of developmental variation to different

components of a complex trait even among closely related

populations remain unclear. Because of the high sensitivity of

shrew mandible morphology to environmental inputs

(Zakharov et al. 1991; Pankakoski, Koivisto & Hyvrinen

1992; Badyaev & Foresman 2000), especially those mediated

by muscle-bone interactions (Badyaev, Foresman & Young

2005; R.L. Young & A.V. Badyaev, unpublished), we pre-

dicted that the morphological differences among populations

could result from systematic difference in skeletal plasticity in

response to stress of the mandible musculature. We found

that populations differed in both muscle–muscle (Fig. 5) and

musculoskeletal interactions (Table 5). Such differences may

reflect distinct patterns of phenotypic plasticity among popu-

lations. Interestingly, we found no evidence of musculoskele-

tal interactions in the Montana population (Table 5).

Because the effects of muscle stress on bone growth, develop-

ment and remodelling are well-established (Enlow 1963; Lan-

yon 1984; Frost 1987), the absence of musculoskeletal

interactions in this population is puzzling. This finding may

reflect a delay in accommodation of the bone to changes in

muscle stress, and further suggests that this population is less

plastic (e.g. requiring greater intensity or duration in muscle

stimulation to induce bone remodelling). Alternatively, this

may reflect limitations of the methodology used to measure

muscle stress (i.e. physiological cross-section area) as other

features of the musculature (e.g. the pennation angle of the

muscle fibres) influence both strength and speed of muscle

Table 5. Differences among populations in musculoskeletal

interactions

Morphology

Physiological

cross-section

area (cm2)

Sorex

monticolus

Sorex

vagrans

AZ NM CA MT

Centroid size M. digastricus 0Æ41 )0Æ49 0Æ24 0Æ27
M. masseter 0Æ29 )0Æ11 )0Æ12 0Æ82
M. temporalis 0Æ04 0Æ06 )0Æ47 0Æ05
PC1 of all muscles 0Æ55 )0Æ49 )0Æ16 0Æ23

Shape PC1 M. digastricus 0Æ28 )0Æ07 )1Æ01** )0Æ4
M. masseter 0Æ21 )0Æ1 0Æ19 )0Æ85
M. temporalis )0Æ63 0Æ68 1Æ17* 0Æ04
PC1 of all muscles 0Æ05 0Æ32 0Æ21 )0Æ25

Shape PC2 M. digastricus )0Æ46* 0Æ1 1Æ14* 0Æ12
M. masseter )0Æ21 )0Æ47 0Æ06 0Æ68
M. temporalis )0Æ24 )0Æ4 )1Æ07* )0Æ3
PC1 of all muscles )0Æ58* )0Æ62 0Æ04 )0Æ2

Shown are the partial regression coefficients of a multiple regres-

sion of physiological cross-section area of all muscles (Musculus

digastricus, Musculus masseter and Musculus temporalis) on mandi-

ble size (centroid size) and shape (PC1 and PC2). The bolded values

indicate a non-significant trend at a = 0Æ06. Regression of the first

principal component of muscle physiological cross-section area on

diet was performed independently.

*Significance at a £ 0Æ05.
**Significance at a £ 0Æ01.
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stress. For example, observations of foraging activities in sev-

eral shrew species (S. cinereus, S. monticolus and S. vagrans)

in Montana revealed that shrews primarily consumed the

large muscular components of the insect (e.g. the flight mus-

cles of dragonflies) leaving the remainder of the body intact

(A. Badyaev, pers. observation). Capturing and processing

prey in this manner may require large gape angles and rapid

muscle action rather than a modulation of biting forces or

grinding action of the jaw.

Differences in the type and magnitude of muscle–muscle

and muscle–bone interactions associated with similar

resource use and similar mandible functions across popula-

tions raise questions about the mechanisms underlying differ-

ences in plasticity. What mechanisms mediate differences in

response to muscle stress across populations? How do these

differences in plasticity evolve? Differences in the consistency

of resource use over an individual’s lifetime may influence the

skeletal response to muscle stress (Robling, Castillo & Turner

2006), because the magnitude of skeletal response depends on

the strength, duration, frequency and rate of muscle stimula-

tion (Duncan & Turner 1995). Thus, populations that have

diverse diets due to fluctuations in insect populations or high

levels of resource competition should experience variation in

muscle stress. This variation is expected to inhibit the evolu-

tion skeletal plasticity. Consistent with this expectation, we

found that the population exhibiting the most variable diet –

and thus potentially experiencing the most variation in mus-

cle stress – also had the fewest significant musculoskeletal

interactions (New Mexico population: Fig. 3a–c and

Table 5). Beyond difference in the strength, duration or fre-

quency of muscle stress required to induce a plastic response,

ontogenetic timing can influence skeletal responses to muscle

stress. Althoughmuscle actions throughout an organism’s life

can influence skeletal phenotypes (especially under heavy

muscle stimulation, Ryan et al. 1994; Firth 2006), the magni-

tude of skeletal response decreases with age (Parfitt 1997;

Power et al. 2002; Ruff 2003). In shrews, variation in the tim-

ing of development across regions of the mandible determines

the contribution of the mandibular region to adaptive plastic-

ity (R.L. Young&A.V. Badyaev, unpublished) and thus pop-

ulation-specific skeletal plasticity may result from evolved

differences in initiation, rate or duration of bone maturation

(Young&Badyaev 2007).

Overall, our study shows that ecological convergence can

lead to the development and evolution of phenotypic diversity

even among closely related populations, and provides sup-

port for the hypothesis that diversification in response to simi-

lar natural selection is facilitated by the complexity and

versatility ofmorphological traits and their development.
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