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Abstract Phenotypic integration can influence evolu-

tionary rate and direction by channeling variation into few

dimensions. The extent to which that channeling serves as

a constraint over macroevolutionary timescales is deter-

mined in part by the evolutionary lability of phenotypic

integration. Evolutionary change in patterns of pleiotropy,

potentially reducing that constraint, is thought to be more

readily achieved when pleiotropy is structured by variation

arising in parallel along different developmental pathways

rather than by variation arising from direct interactions

within and between those pathways. Herein we test two

predictions that follow from that hypothesis: (1) that clades

undergoing dramatic diversification are characterized by

integration that is weakly influenced by direct interactions;

and (2) that the structure of integration arising from direct

interactions is more conservative than that arising from

parallel variation. We examine integration of the cranidium

of two Cambrian ptychoparioid trilobites, Crassifimbra

walcotti and Eokochaspis nodosa, comparing them to each

other and to a previously studied species, C.? metalaspis.

Shape variation is decomposed into components repre-

senting variation among individuals and variation due to

direct interactions. In all three species, variation among

individuals was only weakly influenced by direct interac-

tions, suggesting that integration was unlikely to have been

a long-term constraint on the Cambrian diversification of

ptychoparioids. Phenotypic integration of E. nodosa is no

more similar than expected by chance to either Crassifim-

bra species, but the component due to direct interactions is

more similar than expected by chance to that of C.? met-

alaspis. Conversely, the two Crassifimbra species are

generally similar (although not identical) in phenotypic

integration, but markedly differ in their structure of direct

interactions. Integration arising from direct interactions

was therefore not immune to restructuring over even short

evolutionary timescales, and was not always more con-

servative than that arising from parallel variation.
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Introduction

Phenotypic integration refers to interdependencies among

morphological traits that arise from functional and/or

developmental coupling between them—couplings that are

expected to promote the evolution of correlations (Olson and

Miller 1958; Riedl 1978; Cheverud 1982, 1984; Schlosser

and Wagner 2004). Understanding the structure of integra-

tion is important because that structure can impose a con-

straint on patterns of diversification that can either impede or

enhance the rate of evolution depending on the topography

of the adaptive landscape (Simpson 1944; Burger 1986;

Wagner 1988; Wagner and Altenberg 1996; Schluter 1996;

Marroig and Cheverud 2005; Renaud et al. 2006; Sniegowski

and Murphy 2006; Hunt 2007). Integration may be most

likely to impede rapid diversification in diverse directions,

the hallmark of an adaptive radiation, by restricting change

to one or a few dimensions. In this evolutionary context,

modularity (approximately the converse of integration) may

enable rapid diversification because modularity allows
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individual parts to evolve independently without interfer-

ence from others (Wagner and Altenberg 1996). As a result,

the evolutionary relationships among parts can differ along

phylogenetic branches, leading to changes in diverse direc-

tions. But the extent to which macroevolutionary diversifi-

cation is constrained by phenotypic integration over the long

term depends, in part, on the lability of the structure of

integration: if this itself evolves rapidly, the directions of

‘‘least resistance’’ reorient, making the restriction of change

along those particular directions unlikely to constrain

diversification over the long term.

The lability of integration may be influenced by its

developmental and functional origins. It is clear that

developmental interactions must have a strong impact on

phenotypic integration because developmental interactions

are the proximate cause of phenotypic correlations. It is

less clear that functional coupling has a strong impact on

phenotypic integration even though numerous studies have

shown that integration can be predicted from theories of

function (e.g., Cheverud 1982; Kingsolver and Wiernasz

1987; Zelditch and Carmichael 1989; Jernigan et al. 1994;

Goswami 2006a, b): the generality of that explanation has

not been broadly assessed. Indeed, among arthropods,

phenotypic correlations are structured by the develop-

mental origins of body plan traits (Cowley and Atchley

1990), and a recent study has shown that functional inte-

gration is a poor predictor of phenotypic integration in

cricket wings (Klingenberg et al. 2010). If phenotypic

integration is due largely to development, especially to

highly conserved processes, it may be unable to adapt to

changes in the adaptive topography when function evolves.

That adaptability may depend on the developmental ori-

gin of the correlation. Two distinct classes of developmental

causes of integration have been identified according to their

origin—classes hypothesized to differ in their evolutionary

flexibility. One is parallel variation, whereby the same

source of variation (genetic or environmental) acts inde-

pendently in two or more developmental modules. For

example, variation in a gene that is expressed in two or more

modules induces a correlation between traits originating

within those different modules. The other is direct interac-

tions, whereby variation is transmitted within and between

developmental pathways that directly connect to each other

(e.g., Klingenberg and Zaklan 2000; Klingenberg et al.

2001, 2003; Klingenberg 2004, 2005, 2008). For example,

any variation in a gene expressed upstream in a develop-

mental pathway induces integration among downstream

traits. This distinction between classes of developmental

causes of integration matters because integration arising

from parallel variation is arguably more easily modified than

that arising from direct interactions. That is because parallel

variation can be modified by selection for favorable patterns

of pleiotropy, whereas altering the network of direct

interactions may require a fundamental restructuring of

developmental pathways (Klingenberg 2004, 2005, 2008).

This hypothesis about the relative lability of the two

classes of developmental causes of integration leads to two

predictions: (1) clades undergoing dramatic diversification

should be characterized by phenotypic integration that is

only weakly influenced by direct interactions; and (2) the

structure of integration arising from direct interactions

should be more conservative than that arising from parallel

variation. Few studies have assessed the impact of direct

interactions on phenotypic integration, making it difficult to

predict whether direct interactions are likely to have a strong

influence in any particular case. Several studies have

examined that impact on extant insect wings (Klingenberg

and McIntyre 1998; Klingenberg and Zaklan 2000; Klin-

genberg et al. 2001; Breuker et al. 2006; Debat et al. 2006),

mammalian skulls (Debat et al. 2000; Hallgrı́msson et al.

2004; Drake and Klingenberg 2010) and mandibles (Klin-

genberg et al. 2003; Badyaev and Foresman 2004; Young

and Badyaev 2006; Zelditch et al. 2008, 2009), cichlid jaws

(Klingenberg et al. 2002), and an extinct trilobite cranidium

(Webster and Zelditch 2011). The diversity of conclusions is

difficult to interpret owing to the varied analytical methods,

which also make it difficult to generalize across studies

(Klingenberg 2008, p. 124; Drake and Klingenberg 2010,

p. 299). Moreover, and perhaps more importantly, most

studies analyze just one species so data that are capable of

testing the hypothesis that integration due to direct interac-

tions is more conserved than that due to parallel variation are

sparse. That lack of data regarding the relative conservatism

of integration due to direct interactions also makes it difficult

to discern any causal relationship between the origin of

integration and rates of diversification. One of the few

studies that examined the relative conservatism of integra-

tion due to direct interactions, and that also examined their

impact on diversification, involves a classic case of rapid

diversification, that of domestic dogs (Drake and Klingen-

berg 2010). Drake and Klingenberg concluded that pheno-

typic integration is less influenced by direct interactions in

the domestic dog than in the wolf, as would be anticipated if

integration due to direct interactions limits diversification,

and that, while the two species are generally similar in the

structure of both phenotypic integration and direct interac-

tions, they are considerably more similar in direct interac-

tions, as would be anticipated if direct interactions are

conserved. Similarly, macaque and mouse skulls were found

to be more similar in their structure of direct interactions

than in their structure of phenotypic integration (Hall-

grı́msson et al. 2004). In terms of mandibular integration, the

structure of both phenotypic integration and that due spe-

cifically to direct interactions is generally conserved across

nine species of soricid shrews (Young and Badyaev 2006),

and the mandibles of two distantly related rodents (a
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sciuromorph [fox squirrel] and a myomorph [prairie deer

mouse]) are no more similar in the structure of integration

due to direct interactions than in the overall structure of

phenotypic integration (Zelditch et al. 2009).

Here we investigate the structure of phenotypic inte-

gration in the trilobite cranidium, assessing the contribution

of direct interactions to integration in two early ptycho-

parioid trilobite species: Crassifimbra walcotti (Resser

1937) and Eokochaspis nodosa Sundberg and McCollum

2000 (Fig. 1a–d). We compare their correlation structures,

both their overall pattern of phenotypic integration (due to

variation among individuals) and that due to direct inter-

actions. We compare both species to another Cambrian pty-

choparioid trilobite, Crassifimbra? metalaspis (Sundberg

and McCollum 2000) (Fig. 1e, f), the subject of our early

study (Webster and Zelditch 2011). In that study, we found

that phenotypic integration was only weakly influenced by

direct interactions; this was anticipated in that early pty-

choparioids are thought to be the ancestral stock from which

more derived trilobite clades arose during the Cambrian

(Fortey in Whittington et al. 1997, p. 296; Fortey 2001,

p. 1148). Crassifimbra walcotti is very closely related to

and stratigraphically coeval with C.? metalaspis, whereas

E. nodosa shares less recent common ancestry with the two

Crassifimbra species and occurs in slightly younger strata

(Webster 2011; ‘‘Appendix’’). We again focus on the cra-

nidium (Figs. 1, 2), a morphologically complex cephalic

sclerite well suited for analysis of shape using landmarks

and semilandmarks. A variety of structures are incorporated

into the cranidium, associated with different functions

(Whittington et al. 1997; below). A modular arrangement of

parts within such a multi-function sclerite might therefore

be expected. Diversification of cranidial shape was a major

component of trilobite evolution (Foote 1989, 1990, 1991,

1993a, b; Fortey and Owens in Whittington et al. 1997).

The paper is structured as follows. We first test the

hypothesis that functional integration predicts the structure

of correlations. We restrict that analysis to function because

the functional attributes of trilobite cranidial regions are

relatively well understood but their developmental and

genetic regulators are not. Given that we have only one

hypothesis for cranidial integration (one that we show to fit

poorly), we also examine the structure of integration in

C. walcotti and E. nodosa using exploratory methods. We

then statistically assess the contribution of direct interac-

tions to phenotypic integration in both species and compare

the structure of overall phenotypic integration to that arising

from direct interactions. Finally, we compare C. walcotti,

C.? metalaspis, and E. nodosa to determine whether direct

interactions are historically conserved, as expected.

Functional Integration of the Cranidium

The function of the various structures incorporated into the

cranidium is relatively well established (Whittington et al.

1997): the glabella covered the stomach and anterior

Fig. 1 Representative silicified cranidia of Crassifimbra walcotti
(a,b from collection ICS-1029), Eokochaspis nodosa (c,d from collec-

tion ICS-1192), and C.? metalaspis (e,f from collection ICS-10124)

in dorsal view. a FMNH PE58242, 912. b FMNH PE58247, 911.

c FMNH PE58291, 99. d FMNH PE58294, 99. e FMNH PE58271, 99.

f FMNH PE58273, 99
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portion of the digestive tract, and was also the site of

attachment for cephalic appendages; the palpebral lobes

were associated with the eye; the facial sutures were

associated with ecdysis; and the posterior cranidial margin

was associated with articulation between the cranidium and

anterior most thoracic segment. Following Webster and

Zelditch (2011), we develop a simple model for the pre-

dicted functional integration of the cranidium. The gla-

bella, the palpebral lobes, the facial sutures, and the

posterior cranidial margin are expected to represent distinct

modules, based on their differing functions (associated

with digestion/appendage attachment, the visual field,

ecdysial mechanics, and cephalon-trunk articulation

mechanics, respectively). The anterior cranidial margin is

assigned to the ecdysial functional module given its close

association with the rostral suture, which lies subparallel

and immediately interior to the anterior margin on the

ventral surface.

To assess the fit of the functional model to the data, we

divide the cranidium into nine partitions and represent the

expected correlations among those partitions (Fig. 2c) by

edges between nodes of a graph. In specifying the model,

correlations between edges within a module are free

parameters, estimated by maximum-likelihood, whereas

edges between modules are fixed because modules are

expected to be conditionally independent. The fit of the

model to the data is then assessed by the deviance between

them, which is a function of deviation between the model

and data and sample size. The null hypothesis is that the

model does fit the data, thus a low P value (\0.05) indi-

cates that the deviance between the model and data is

significantly greater than expected by chance. Because

models with few fixed parameters are likely to fit well,

judged solely by their v2-values relative to their degrees of

freedom, we also use the Akaike Information Criterion

(AIC) to determine whether the hypothesis of func-

tional integration improves upon the null model of com-

plete integration (i.e., the saturated model). The AIC is

2k – 2 ln(L), where k is the number of parameters and L is

the maximized value of the likelihood function (Akaike

1974); the model with the lower AIC is therefore preferred.

We also assess the fit of the functional model by another

Fig. 2 a Landmark and semilandmark selection on the cranidium of

Eokochaspis nodosa. Landmarks (large circles, numbered): 1,

Anterior cranidial margin on sagittal axis; 2, anterior of glabella on

sagittal axis; 3, posterior margin of occipital ring on sagittal axis; 4,5,

intersection of occipital ring and posterior cranidial margin in dorsal

view; 6,7, intersection of SO with axial furrow; 8,9, anterior tip of

palpebral lobe; 10,11, posterior tip of palpebral lobe; 12,13,

intersection of posterior facial suture with distal margin of palpebral

lobe in dorsal view; 14,15; distal tip of posterior wing of fixigena.

Semilandmarks (small circles, not numbered) summarize curvature of

anterior cranidial margin and anterior branch of the facial suture (19

points each side between landmarks 1 and 8/9), distal margin of

palpebral lobe (9 points each side between landmarks 8/9 and 10/11),

posterior branch of the facial suture (14 points each side between

landmarks 10/11 and 14/15), posterior cranidial margin (19 points

each side between landmarks 4/5 and 14/15), and glabella anterior to

SO (24 points each side between landmarks 2 and 6/7). b The nine

partitions of cranidial morphology analyzed herein: anterior glabella

(blue); posterior glabella (yellow); anterior portion of the palpebral

lobe (purple); posterior portion of the palpebral lobe (green);

proximal posterior margin (pale blue); distal posterior margin (black);

anterior margin (white); anterior branch of the facial suture (gray);

and posterior branch of the facial suture (red). c Predicted modules in

the cranidium based on the a priori functional hypothesis. Modules

are associated with digestion/appendage attachment (glabella; yel-
low), the visual field (palpebral lobes; blue), ecdysis (facial sutures

and anterior margin; white), and articulation between the cephalon

and trunk (posterior margin; black)

c
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approach: the correlation between the expected and

observed among-partition correlation matrices. To con-

struct the expected correlation matrix, we assign a corre-

lation of 1.0 to partitions hypothesized to belong to the

same functional module, and a correlation of zero to par-

titions hypothesized to belong to different modules. The fit

of this model is tested for its statistical significance using

the permutation-based Mantel test, which randomly per-

mutes rows and columns in one matrix and computes the

correlation between matrices, producing a distribution of

correlation coefficients under the null hypothesis that the

two matrices are randomly related (Mantel 1967; Dietz

1983).

Materials and Methods

Material

Silicified sclerites of C. walcotti (Fig. 1a, b) and E. nodosa

(Fig. 1c, d) were recovered from the Pioche Formation,

east-central Nevada (Webster 2011). For each species, the

material analyzed herein was extracted from a single, well-

constrained horizon at a single locality: C. walcotti from

collection ICS-1029 (sampled from carbonate nodules 11

meters below the top of the Combined Metals Member,

uppermost Dyeran [traditional ‘‘Lower Cambrian’’ of

Laurentia], Oak Spring Summit section); and E. nodosa

from collection ICS-1192 (sampled from the ribbon car-

bonate marking the base of the Comet Shale Member,

lowermost Delamaran [traditional ‘‘Middle Cambrian’’ of

Laurentia], Ruin Wash section). The bed in the Oak Spring

Summit section from which collection ICS-1029 was made

is approximately coeval with the bed at the Log Cabin

Mine section from which the previously studied silicified

material of C.? metalaspis was recovered (collection

ICS-10124; Webster 2011; Webster and Zelditch 2011).

(Phylogenetic relationships among these three species and

tentative divergence times are discussed in the ‘‘Appen-

dix’’.) Taphonomic and stratigraphic data indicate that

these three beds represent comparable, minimally time-

averaged accumulations (Webster 2011). The carbonates

were dissolved in weak acetic acid and silicified sclerites

were picked from the insoluble residue. Cranidia were

cleaned, blackened with dilute Indian ink, whitened with

ammonium chloride, and mounted for photography using

the standard orientation of Shaw (1957), with the dorsal

surface of the palpebral lobes being positioned horizontally

below a vertically mounted digital camera. Each cranidium

was whitened, mounted, and photographed twice; approx-

imately 2 weeks separated repeated imaging of each

specimen.

Cranidia of C. walcotti included in the analyses pre-

sented herein range from 0.99 to 4.37 mm in sagittal length

(n = 35); those for E. nodosa range from 1.68 to 4.21 mm

in sagittal length (n = 35). These size ranges are compa-

rable to those from the previously studied sample of C.?

metalaspis (1.71–5.43 mm in sagittal length, n = 72;

Webster and Zelditch 2011). Specimens are housed in the

Field Museum of Natural History, Chicago (FMNH) and

the Institute for Cambrian Studies, University of Chicago

(ICS).

Quantifying Cranidial Shape

Landmark-based geometric morphometrics methods were

used to analyze the structure of integration within the

cranidium of each species. The x- and y-coordinates of 15

landmarks and 170 semilandmarks (along 10 curves) were

digitized on cranidia of each species (Fig. 2a). These rep-

resent the same sampling of cranidial shape used in the

previous study of C.? metalaspis (Webster and Zelditch

2011). Coordinate data were restricted to two dimensions

because the cranidia are small in absolute size (making

error associated with digitizing in the z-plane relatively

large) and are of relatively low relief. It is assumed that

exclusion of the third dimension does not markedly affect

the conclusions. Landmark and outline coordinates were

digitized using tpsDig2 (Rohlf 2009). Coordinates of slid-

ing semilandmarks were calculated from the curve data by

minimizing the Procrustes distance between each individ-

ual’s curve and the reference curve; sliding was done by

SemiLand6 (Sheets 2009).

Ontogenetic allometry can be a cause of covariances,

but one that is due to the age-heterogeneity of the sample

rather than to variation among individuals at any one

developmental stage. Allometry is a weak but significant

contributor to cranidial shape variation in both C. walcotti

and E. nodosa, as assessed by the regression of shape on

size (estimated by the natural logarithm of centroid size

[ln CS]). In both species, the null hypothesis of isometric

growth is rejected (for C. walcotti, 48% of variance

explained by the regression, P \ 0.001; for E. nodosa,

only 7% of variance explained by the regression, but

P = 0.041). The shape variation associated with size was

removed by adding the residuals from the regression to the

shape expected at ln CS of 3.7, equivalent to a sagittal

cranidial length of approximately 4.3 mm for C. walcotti

and of approximately 3.8 mm for E. nodosa. This is close

to the maximum size (but within the size range) of sampled

specimens for each species, and therefore does not involve

extrapolating beyond the observed portion of ontogeny.

This size-standardization was performed using Standard6

(Sheets 2001).
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Isolating Integration Resulting from Direct Interactions

Among Developmental Pathways

We use correlations of (signed) deviations from bilateral

asymmetry (i.e., correlations of fluctuating asymmetry, FA)

to infer regions that are integrated through direct interac-

tions (Klingenberg and Zaklan 2000; Klingenberg et al.

2001, 2003; Klingenberg 2005; Zelditch et al. 2008, 2009;

Webster and Zelditch 2011). FA provides information

about direct interactions by holding the causes of parallel

variation constant, i.e., the genetic and environmental

factors that generate the (co)variances in two or more

otherwise independent modules (e.g., Klingenberg and

Zaklan 2000; Klingenberg et al. 2001, 2003; Klingenberg

2005). Because both genotype and environment are con-

stant across sides, these two potential causes of integration

cannot explain correlated random deviations from sym-

metry. Instead, these correlations are caused by the

mechanisms that transmit variation within and between

developmental pathways.

The FA component of variation is tested for its statis-

tical significance using the standard two-factor mixed-

model analysis of variance (ANOVA), with the two main

effects being ‘‘Individuals’’ and ‘‘Sides’’ (Leamy 1984;

Palmer and Strobeck 1986). The Individuals component

quantifies the variation among individuals after correction

for asymmetry; the Sides effect quantifies the directional

asymmetry between left and right sides of the organism;

and FA is quantified by the interaction between these two

components. The statistical significance of FA is assessed

by the F ratio between the interaction mean square and

measurement error mean square (Leamy 1984; Palmer and

Strobeck 1986). That approach has been adapted to Pro-

crustes-based methods of shape analysis (Auffray et al.

1996; Klingenberg and McIntyre 1998; Klingenberg et al.

2002). A permutation test is used to determine the signif-

icance of the FA term. The analysis of FA was conducted

in SAGE (Márquez 2007a), which generates shape coor-

dinates for the Individuals and FA components used in

subsequent analyses.

Estimating Correlation Matrices

To estimate the correlations between the shape of cranidial

regions we divided it into nine partitions (Fig. 2b): (1)

anterior glabella; (2) posterior glabella; (3) anterior portion

of the palpebral lobe; (4) posterior portion of the palpebral

lobe; (5) proximal portion of the posterior cranidial margin

(including a landmark at the midline of the posterior margin

of the occipital ring); (6) distal portion of the posterior

cranidial margin; (7) anterior cranidial margin; (8) anterior

branch of the facial suture; and (9) posterior branch of the

facial suture. The boundary between partitions (1) and (2)

corresponds to the transition from the region of the glabella

that proportionally narrows during ontogeny versus the

region that proportionally widens during ontogeny (Webster

2011). The boundary between partitions (3) and (4) corre-

sponds to a break in curvature on the distal margin of the

palpebral lobe seen on some specimens, but is otherwise

arbitrary. The boundary between partitions (5) and (6) cor-

responds to the location of the fulcrum (distal to which the

cranidial margin is oriented more strongly posterolaterally

and ventrally). The boundary between partitions (7) and (8)

approximately corresponds to the contact between the

anterior cranidial margin and the anterior branch of the facial

suture, although this transition is often not marked by a

distinct break in curvature.

Following Monteiro et al. (2005), we examined corre-

lations between shapes of partitions to estimate integration.

Partitions (1), (2), and (7) are bilaterally symmetric so their

shapes are described by landmarks on both sides of the

sagittal axis (Fig. 2b). The other partitions display match-

ing symmetry and are described by landmarks on one side

of the cranidium (Fig. 2b). Each partition was subsequently

treated as a separate multidimensional trait, and landmark

configurations for each partition were superimposed sepa-

rately. The pairwise Procrustes distances between all

individuals were then calculated for each partition and the

matrix correlation between distance matrices of partitions

was calculated, yielding a matrix of correlations between

shapes of the partitions. The correlation matrix was cal-

culated for both the Individuals and FA components of

shape, permitting inference of the structure of variation

among individuals (which is due to both parallel variation

and direct interactions) and the integration due to direct

interactions. Distance matrices and correlations between

them were computed in CORIANDIS (Márquez 2007b).

The resultant correlation matrix was then assessed for its fit

to the a priori model (above) and subjected to a series of

exploratory analyses.

Exploratory Analyses

Reticulate Network Analysis

Preliminary analysis by hierarchical clustering methods

produced a poor fit between the resultant dendrograms and

the data (cophenetic correlations \0.85). We therefore use

an alternative method that is additive rather than ultra-

metric, relaxing the constraints on trait distances within

and among clusters (Sattath and Tversky 1977), and that

allows traits to belong to more than cluster (Makarenkov

and Legendre 2004; Makarenkov et al. 2004; Zelditch et al.

2008, 2009; Webster and Zelditch 2011). Reticulations

are added if they significantly improve the additive den-

drogram, based on an optimization between fit to the
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original distances and the number of linkages on the

dendogram. Reticulate network analysis was conducted on

the among-partition correlation matrices using T-REX

(Makarenkov 2000), employing the conservative Q1 opti-

mization criterion for addition of reticulations (as sum-

marized by Zelditch et al. 2008, 2009).

Graphical Modeling

Graphical modeling is another useful method for exploring

the structure of integration (Magwene 2001; Young 2004;

Young and Hallgrı́msson 2005; Polanski and Franciscus

2006; Allen 2008; Lawler 2008; Zelditch et al. 2009;

Webster and Zelditch 2011; but see criticisms by Mitter-

oecker and Bookstein 2007, 2009; reply by Magwene

2009). The analysis is done by analyzing correlations

among pairs of variables, conditional on all others. When

used in an exploratory fashion, a heuristic search can be

done to find a model that best reconstructs the observed

associations among variables with as few edges as possible.

Heuristic searches were done in a stepwise fashion, using

the options for a headlong search (i.e., edges inspected in

random order), a bidirectional search (i.e., both adding and

deleting edges), and an unrestricted search (i.e., allowing

edges that were removed in a prior iteration to be recon-

sidered); for more details see the summary by Zelditch

et al. (2009). An F test was used to determine the signifi-

cance of the edges given our relatively small sample size.

The edge strength between partitions (Eij) provides a

measure of the information that the traits provide about

each other, conditional on all other traits, and is calculated

as Eij = -0.5 9 ln(1 - (pij.k
2 )) where pij.k is the partial

correlation between partitions i and j. An edge strength

[0.025 is deemed strong (Lawler 2008, p. 208). Graphical

modeling was done in MIM 3.2.0.7 (Edwards 2008).

Assessing the Contribution of Direct Interactions

to Phenotypic Integration

To test the hypothesis that integration due to direct inter-

actions is weak in clades undergoing dramatic diversifica-

tion (such as early ptychoparioids), we estimated the

contribution of direct interactions to phenotypic integration

in each species. This was done by comparing the correlation

matrices based on the variation among individuals and the

(signed) FAs (e.g., Klingenberg and Zaklan 2000; Klin-

genberg et al. 2003; Klingenberg 2005; Zelditch et al. 2008,

2009; Webster and Zelditch 2011). The comparison was

made by estimating the matrix correlation between the two

correlation matrices. The statistical significance of this

correlation was then assessed by two approaches that differ

in their null hypotheses. The first uses a conventional Mantel

test, with the null hypothesis being that the two matrices are

no more similar than expected by chance. A statistically

significant correlation means that the structure of phenotypic

integration is more similar to that of direct interactions than

expected by chance, implying that direct interactions make a

significant contribution to phenotypic integration. The

alternative approach tests the null hypothesis that the two

matrices are no more different than expected by chance; i.e.,

that the samples are drawn from a single population with a

single correlation structure and therefore that any deviation

from a matrix correlation of 1.0 is due to chance. Testing this

null hypothesis has previously been done using common

principal components analysis (Cheverud and Marroig

2007; Hunt 2007) or random skewers (Cheverud and Mar-

roig 2007), or by comparison of an observed matrix corre-

lation to either (1) the repeatability of a matrix with itself

(Hallgrı́msson et al. 2006), or (2) the distribution of dis-

similarities between simulated random samples drawn from

a pooled similarity matrix (Hunt 2007). Given our small

sample sizes, and our use of correlation rather than covari-

ance matrices, we test this null hypothesis using a novel

bootstrapping procedure broadly analogous to the methods

employed by Hallgrı́msson et al. (2006) and Hunt (2007).

According to this procedure, a correlation matrix with

dimensions n 9 p (where n = sample size for that correla-

tion matrix and p = number of traits) is generated by

drawing numbers randomly from a multivariate normal

distribution and then imposing the structure of the observed

correlation on the random matrix. This procedure is repeated

1,000 times, and the matrix correlations are estimated

between the simulated matrices, generating a distribution of

matrix correlations between matrices that differ only by

random, normally distributed noise. The matrix correlation

between the hypothesized and target matrix, or between two

observed correlation matrices, can then be compared to the

distribution obtained from the simulated matrices. The

probability of obtaining a matrix correlation as low as the

one between observed samples when the matrices differ by

no more than expected by chance is given by the proportion

of bootstrapped distributions that have a lower matrix cor-

relation (Haber, unpublished; R code available at http://

www.geosci-people.uchicago.edu/profiles/mwebster).

Comparing the Structure of Integration Among Species

In order to test the second hypothesis—that the structure of

integration arising from direct interactions is phylogeneti-

cally more conservative than that arising from parallel

variation—we compared the correlation structure of the

Individuals component, and that of the (signed) FA com-

ponent, between species. Similarity of the correlation

matrices was quantified using matrix correlation. The sig-

nificance of the matrix correlation was tested using the two

approaches outlined above.
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Results

Isolating Integration Resulting from Direct Interactions

Among Developmental Pathways

Variation among individuals (the Individuals component in

Tables 1, 2) accounts for the vast majority of variation in

both C. walcotti and E. nodosa. As expected for the

bilaterally symmetrical cranidium, very little of the varia-

tion is explained by the difference between the left and

right sides. FA accounts for approximately 10% of the total

shape variation in both species, and it is statistically highly

significant. Measurement error in the C. walcotti sample

accounts for almost as much of the total shape variance

(8%) as does the FA term (Table 1), perhaps due to the

smaller average size of cranidia (1.88 mm sagittal length)

in this sample relative to that of E. nodosa (2.65 mm) and

the associated greater difficulty in consistent mounting of

specimens for photography. Nevertheless, the mean square

of the FA term is almost three times that of the measure-

ment error term, and the FA term in the C. walcotti sample

is therefore deemed biologically interpretable (albeit

cautiously).

Correlation Matrices

Crassifimbra walcotti

The correlation matrix for the Individuals component of

variation is shown in Table 3 (lower triangle). The anterior

glabella is significantly correlated with the proximal

posterior margin and the anterior branch of the facial

suture. The proximal posterior margin is also significantly

correlated with the posterior glabella and the anterior

margin partitions. The anterior and posterior portions of the

palpebral lobe are not significantly correlated with each

other; indeed, the former is not significantly correlated with

any other partition although it does show a relatively strong

correlation with the anterior branch of the facial suture.

The posterior palpebral lobe partition is significantly cor-

related with the distal posterior margin and anterior branch

of the facial suture. The posterior palpebral lobe also shows

a high but non-significant correlation with the posterior

branch of the facial suture. The posterior branch of the

facial suture is significantly correlated only with the

neighboring distal posterior margin, although its correla-

tion with the anterior glabella is strong if not statistically

significant. The strongest correlations are between the

distal posterior margin and the posterior branch of the

facial suture, and between the proximal posterior margin

and the posterior glabella. None of the significant pairwise

correlations between partitions were predicted by the

functional hypothesis (Fig. 2c).

The correlation matrix for the FA component of varia-

tion in this species is shown in Table 3 (upper triangle).

Relatively few partitions are significantly correlated: the

anterior glabella partition is significantly correlated with

the posterior glabella and the distal posterior margin par-

titions; the anterior margin significantly correlates with the

proximal posterior margin; and the posterior palpebral lobe

significantly correlates with the anterior branch of the

facial suture. Only the last two of these associations were

Table 1 Results of the modified two-way ANOVA of size-standardized shape data for Crassifimbra walcotti

Effect SS df MS F value P value % Variance explained

Individuals 0.05587 6,222 0.0000090 7.9025 \0.001 78.306

Sides 0.00291 183 0.0000159 13.9973 \0.001 4.079

Individuals 9 sides 0.00707 6,222 0.0000011 2.6475 \0.001 9.909

Measurement error 0.00550 12,810 0.0000004 – – 7.706

Total 0.07135 100.000

SS Sum of squares, df degrees of freedom, MS mean square

Table 2 Results of the modified two-way ANOVA of size-standardized shape data for Eokochaspis nodosa

Effect SS df MS F value P value % Variance explained

Individuals 0.07833 6,222 0.0000126 7.487 \0.001 83.376

Sides 0.00091 183 0.0000049 2.942 \0.001 0.964

Individuals 9 sides 0.01046 6,222 0.0000017 5.0667 \0.001 11.136

Measurement error 0.00425 12,810 0.0000003 – – 4.525

Total 0.09395 100.000

SS Sum of squares, df degrees of freedom, MS mean square
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also significant in the Individuals component (above). Only

the significant association between the anterior and pos-

terior glabella partitions was predicted by the functional

hypothesis (Fig. 2c).

Eokochaspis nodosa

The correlation matrix for the Individuals component of

variation is shown in Table 4 (lower triangle). The anterior

glabella partition is significantly correlated with the pos-

terior glabella, the posterior portion of the palpebral lobe,

the posterior branch of the facial suture, and the proximal

posterior margin partitions. The proximal posterior margin

is also significantly correlated with the posterior glabella

and posterior palpebral lobe partitions. The distal posterior

margin is significantly correlated with the both facial suture

partitions, which are also significantly correlated with each

other. Neither the anterior margin nor the anterior portion

of the palpebral lobe partitions is significantly correlated

with any other partitions. The strongest correlations are

found between the distal posterior margin and both bran-

ches of the facial suture, and between the proximal pos-

terior margin and the posterior glabella. Of the significant

pairwise correlations between partitions, only those

between the anterior and posterior glabella partitions and

between the anterior branch of the facial suture and pos-

terior branch of the facial suture were predicted by the

functional hypothesis (Fig. 2c). Only the significant cor-

relations between the anterior glabella and proximal pos-

terior margin partitions, the posterior glabella and proximal

Table 4 Correlation matrix for among-individual variation (derived

from shape data of Individuals component of variation; lower

triangle) and for direct interactions among developmental pathways

(derived from shape data of FA component of variation; upper

triangle) for Eokochaspis nodosa

Ant Glab Post Glab Ant Palp Post Palp Prox PM Dist PM Ant Marg Ant Fac Post Fac

Ant Glab 0.429 0.108 0.163 0.144 0.652 0.406 0.158 0.348

Post Glab 0.353 0.104 0.357 0.342 0.467 0.523 0.209 0.193

Ant Palp 0.098 0.199 0.224 0.167 0.012 0.414 0.028 0.065

Post Palp 0.287 0.229 -0.009 0.238 0.357 0.424 0.195 0.214

Prox PM 0.247 0.409 0.195 0.278 0.200 0.327 0.051 0.058

Dist PM 0.230 0.197 0.031 0.077 0.049 0.416 0.345 0.586

Ant Marg 0.043 0.136 0.082 0.179 0.111 0.122 0.134 0.251

Ant Fac 0.118 0.230 0.106 0.134 0.111 0.422 0.116 0.597

Post Fac 0.365 0.190 0.057 0.155 0.259 0.440 0.189 0.321

Correlations significant at 95% confidence (based on 1,000 permutations) are italics. Partition abbreviations as for Table 3. For partition locations

see Fig. 2b

Table 3 Correlation matrix for among-individual variation (derived

from shape data of Individuals component of variation; lower

triangle) and for direct interactions among developmental pathways

(derived from shape data of FA component of variation; upper

triangle) for Crassifimbra walcotti

Ant Glab Post Glab Ant Palp Post Palp Prox PM Dist PM Ant Marg Ant Fac Post Fac

Ant Glab 0.474 0.196 0.203 0.316 0.324 0.189 0.296 0.093

Post Glab 0.134 0.239 0.071 0.265 0.250 0.230 0.229 0.012

Ant Palp 0.197 0.213 0.097 0.077 0.164 0.139 0.293 0.123

Post Palp -0.007 0.047 0.034 0.106 0.165 0.094 0.411 0.071

Prox PM 0.299 0.329 0.040 -0.011 0.251 0.406 0.129 0.052

Dist PM 0.165 0.168 0.050 0.253 0.173 0.137 0.284 0.235

Ant Marg 0.094 0.108 0.065 0.024 0.288 0.115 0.274 0.003

Ant Fac 0.293 0.168 0.261 -0.076 0.324 0.037 0.150 -0.006

Post Fac 0.268 0.122 0.196 0.224 0.121 0.375 0.064 0.156

Correlations significant at 95% confidence (based on 1,000 permutations) are italics

Partition abbreviations: Ant Glab anterior glabella, Post Glab posterior glabella, Ant Palp anterior portion of palpebral lobe, Post Palp posterior

portion of palpebral lobe, Prox PM proximal portion of posterior margin, Dist PM distal portion of posterior margin, Ant Marg anterior margin,

Ant Fac anterior branch of facial suture, Post Fac posterior branch of facial suture. For partition locations see Fig. 2b
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posterior margin partitions, and the distal posterior margin

and posterior branch of the facial suture partitions are also

significant in the Individuals component of C. walcotti.

In stark contrast, the analysis of the FA component of

E. nodosa reveals significant correlations between the

anterior margin and all others except for the two branches of

the facial suture (Table 4, upper triangle). The anterior

glabella is also significantly correlated with the posterior

glabella and distal posterior margin partitions, and the

posterior glabella is significantly correlated with the pos-

terior palpebral lobe plus both posterior margin partitions.

The posterior palpebral lobe is also correlated with the

distal posterior margin, which is also significantly corre-

lated with both branches of the facial suture, which are

significantly correlated with each other. Of these significant

pairwise correlations, five were also significant in the

Individuals component (i.e., those between the anterior and

posterior glabella, the posterior glabella and proximal

posterior margin, the distal posterior margin and anterior

branch of the facial suture, the distal posterior margin and

posterior branch of the facial suture, and the anterior branch

of the facial suture and posterior branch of the facial suture).

The strongest correlations are found between the anterior

glabella and distal posterior margin, between the two

branches of the facial suture, and between the posterior

branch of the facial suture and the distal posterior margin.

Of the significant pairwise correlations between partitions,

only those between the anterior and posterior glabella, and

between the anterior branch of the facial suture and the

posterior branch of the facial suture were predicted by the

functional hypothesis (Fig. 2c). Only the significant corre-

lations between the anterior and posterior glabella, between

the anterior glabella and distal posterior margin, and

between the anterior margin and proximal posterior margin

are also significant in the FA component of C. walcotti.

Fitting a Functional Model to Observed Correlations

The functional hypothesis fits the Individuals component of

phenotypic integration moderately well in analyses based

on maximum-likelihood in that the data do not deviate

significantly from expectations of the functional model

(Table 5). The DAIC values for both species are negative,

indicating a better fit of the functional model than a fully

saturated model to the data. However, the matrix correla-

tion between expected and observed correlation matrices

is not statistically significant, indicating that the two

matrices are no more similar than expected by chance (for

C. walcotti, RM = -0.136, P = 0.79; for E. nodosa, RM =

-0.070, P = 0.64). The functional hypothesis also fits the

FA component of phenotypic variation very poorly; the

data deviate significantly from expectations of the model

for E. nodosa (although not for C. walcotti; Table 5) and

the matrix correlation between the expected and observed

correlation matrices is no greater than expected by chance

(for C. walcotti, RM = -0.036, P = 0.55; for E. nodosa,

RM = 0.082, P = 0.27). The DAIC values reveal that the

functional model shows a worse fit to the data than does the

fully saturated model for E. nodosa. The poor fit of the

functional model to the data as quantified by matrix cor-

relation is not surprising, given that none or very few of the

significant pairwise correlations between partitions were

predicted by the functional hypothesis (above). The func-

tional model also shows exceptionally poor fit to the

data for both components of variation in C.? metalaspis

(Webster and Zelditch 2011; summarized in Table 5).

Exploratory Analyses

The reticulogram for the Individuals component of Cras-

sifimbra walcotti reveals three clusters, all comprising three

partitions, as well as one reticulation between two parti-

tions that belong to different clusters (Fig. 3a). The clusters

comprise the (1) posterior palpebral lobe plus distal pos-

terior margin, both associated with the posterior branch of

the facial suture; (2) anterior glabella plus anterior branch

of the facial suture, both associated with the anterior pal-

pebral lobe; and (3) anterior margin plus proximal posterior

margin, both associated with the posterior glabella. The

reticulation is between the anterior branch of the facial

suture and the proximal posterior margin. The reticulogram

for the FA component of this species also reveals three

clusters and one reticulation between two partitions that

belong to different clusters (Fig. 3b), but the relationships

among partitions differ markedly from those revealed by

analysis of the Individuals component. The clusters for the

FA component comprise the (1) anterior glabella plus

posterior glabella, both associated with the anterior margin

plus proximal posterior margin; (2) anterior branch of the

facial suture plus posterior palpebral lobe, both weakly

associated with the anterior palpebral lobe; and (3)

Table 5 Goodness-of-fit between the observed data and the a priori

hypothesis of functional integration for both the Individuals and FA

components of variation, as found through graphical modeling

Observed Component Deviance df v2 P value DAIC

C. walcotti Individuals 31.685 30 0.382 -28.315

E. nodosa Individuals 36.127 30 0.204 -23.873

C.? metalaspis Individuals 98.107 30 \0.001 38.107

C. walcotti FA 32.802 30 0.331 -27.198

E. nodosa FA 72.673 30 \0.001 12.673

C.? metalaspis FA 128.947 30 \0.001 68.569

v2 P values indicate the significance of the deviance between the

observed data and the model. df, degrees of freedom. DAIC values

indicate the difference in AIC relative to the fully saturated model
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posterior branch of the facial suture plus distal posterior

margin. The reticulation is between the anterior margin and

the anterior branch of the facial suture partitions.

The reticulogram for the Individuals component of

E. nodosa reveals three clusters plus one partition that

is not associated with any others, and no reticulations

(Fig. 4a). The clusters comprise the (1) anterior branch of

the facial suture plus distal posterior margin, both associ-

ated with the posterior branch of the facial suture, and all

three associated with the anterior glabella; (2) posterior

glabella plus proximal posterior margin; and (3) the ante-

rior margin plus posterior palpebral lobe. The anterior

palpebral lobe is not associated with any other partition.

The reticulogram for the FA component of E. nodosa

reveals two clusters plus two partitions that are not asso-

ciated with any others (Fig. 4b). The relationships among

partitions do not match those revealed by analysis of the

Individuals component. The clusters for the FA component

comprise the (1) two branches of the facial suture, which

are tightly clustered and both are associated with the

anterior glabella plus distal posterior margin; those four

regions are all weakly associated with the posterior gla-

bella; and (2) anterior margin and anterior palpebral lobe.

Within the first cluster, there is one reticulation: between

the posterior branch of the facial suture and the distal

posterior margin partitions. Neither the posterior palpebral

lobe nor the proximal posterior margin is associated with

any other partition.

Graphical modeling reveals a structure in the Individuals

component of C. walcotti that is congruent with several

elements of the corresponding reticulogram (Fig. 5a).

There is an edge connecting the posterior branch of the

facial suture to the distal posterior margin, and edges

connect the proximal posterior margin to both the posterior

glabella and anterior branch of the facial suture, although

these last two partitions are not connected to each other.

The graphical model for the FA component of C. walcotti

(Fig. 5b) also shows some congruence with the corre-

sponding reticulogram. Edges connect the anterior glabella

and posterior glabella partitions, the anterior margin and

proximal posterior margin partitions, and the posterior

palpebral lobe to the anterior branch of the facial suture

partitions. There is also an edge between the anterior gla-

bella and distal posterior margin partitions, but it is weak.

The graphical model for the Individuals component

of E. nodosa (Fig. 5c) again reveals a pattern largely

Fig. 3 Reticulograms

depicting relationships among

partitions for the a Individuals

and b FA components of

variation in Crassifimbra
walcotti. Partitions shown

in Fig. 2b
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congruent with that seen in the corresponding reticulo-

gram. An edge connects the posterior glabella to the

proximal posterior margin partition, and edges also con-

nect the distal posterior margin to each branch of the

facial suture, although these two facial suture partitions

are not connected to each other. Edges connect the ante-

rior glabella to both the posterior glabella and posterior

branch of the facial suture, although these last two par-

titions are not connected to each other. Also consistent

with the results of the reticulate network analysis, the

anterior palpebral lobe is not connected to any other

partition. The graphical model for the FA component of

E. nodosa (Fig. 5d) also reveals a pattern largely con-

gruent with that seen in the corresponding reticulogram.

The two branches of the facial suture are connected, as is

the distal posterior margin partition to the posterior branch

of the facial suture and to both anterior and posterior

glabella partitions (that are not connected to each other).

Consistent with the reticulogram, the anterior margin is

connected to the anterior palpebral lobe; however, edges

also connect the anterior margin to the posterior glabella

and the posterior palpebral lobe and these relationships

are not evident in the reticulogram. A weak edge connects

the posterior glabella to the proximal posterior margin.

The anterior margin partition is also connected to both

palpebral lobe partitions, although those are not connected

to each other and the edge between the anterior margin

and posterior palpebral lobe is weak.

Assessing the Contribution of Direct Interactions

to Phenotypic Integration

The matrix correlation between the correlation matrices of

the Individuals and FA components for C. walcotti is weak

(RM = 0.211); the matrices are no more similar than

expected by chance (P = 0.12) and, not surprisingly, the

null hypothesis that the matrices are identical is rejected

(Table 6). This indicates that direct interactions did not

significantly influence the structure of phenotypic integra-

tion in this species. In the case of E. nodosa, the

Fig. 4 Reticulograms

depicting relationships among

partitions for the a Individuals

and b FA components of

variation in Eokochaspis
nodosa. Partitions shown

in Fig. 2b
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moderately weak but statistically significant matrix corre-

lation between the Individuals and FA components

(RM = 0.386, P = 0.02) indicates that direct interactions

did contribute to the structure of phenotypic integration.

However, the two matrices are statistically significantly

more different than expected by chance (Table 6), as was

Fig. 5 Graphical models depicting empirical associations between

partitions based on analysis of a Individuals and b FA components of

variation in Crassifimbra walcotti, and c Individuals and d FA

components of variation in Eokochaspis nodosa. Dotted lines indicate

relatively weak edges, as indicated by edge strengths adjacent to

links. Partitions shown in Fig. 2b. Model statistics: a deviance =

21.946; df = 33; P = 0.929; AIC = 924.729; b deviance = 21.486;

df = 32; P = 0.920; AIC = 914.358; c deviance = 15.636; df = 31;

P = 0.990; AIC = 911.491; d deviance = 13.596; df = 28; P =

0.990; AIC = 860.794

Table 6 Matrix correlation between correlation matrices derived from the Individuals and FA components of variation for C. walcotti,
E. nodosa, and C.? metalaspis

Species Observed matrix

correlation

Repeatability Probability of matrices being identical

Individuals component FA component Individuals component FA component

C. walcotti 0.211 0.564 0.600 0.253 0.183

E. nodosa 0.386 0.590 0.765 0.563 0.074

C.? metalaspis 0.448 0.849 0.822 0.005 0.030

Repeatability of each correlation matrix is assessed by 2,000 bootstraps. Probability of the matrices being identical is assessed by 1,000

bootstraps, using method described in text
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also found in the case of C.? metalaspis (Webster and

Zelditch 2011; summarized in Table 6).

Comparing the Structure of Integration Among Species

Individuals Component

The correlation matrices of the Individuals component of

C. walcotti and E. nodosa are no more similar than

expected by chance (RM = 0.148, P = 0.191), and those of

E. nodosa and C.? metalaspis are only very weakly similar

(RM = 0.271, P = 0.072). The correlation matrices of the

Individuals component of C. walcotti and C.? metalaspis

exhibit the strongest (albeit still weak) association and are

more similar than expected by chance (RM = 0.334,

P = 0.031). Given these weak correlations, it is not sur-

prising that the correlation matrices of the Individuals

components of these three species differ by more than

expected by chance (Table 7). Based on description and

exploratory analyses of the correlation matrices (Tables 3,

4; Figs. 3, 4, 5; see Webster and Zelditch 2011 for equiv-

alents for C.? metalaspis), what appears to be common to

all three species is the integration between two pairs of

adjacent partitions: (1) the posterior glabella and proximal

posterior margin, and (2) the distal posterior margin and

posterior branch of the facial suture.

FA Component of Variation

The correlation matrices of the FA component of C. walcotti

and E. nodosa are no more similar than expected by chance

(RM = 0.073; P = 0.345), and so are those of C. walcotti

and C.? metalaspis (RM = 0.144; P = 0.235). However, the

correlation matrices of E. nodosa and C.? metalaspis are

statistically significantly similar, and quite strongly associ-

ated (RM = 0.665; P = 0.001). Despite that relatively high

degree of similarity between two of the species, E. nodosa

and C.? metalaspis, all three differ in the structure of the

FA component by more than expected by chance (Table 7).

Based on description and exploratory analyses of the corre-

lation matrices (Tables 3, 4; Figs. 3, 4, 5; see Webster and

Zelditch 2011 for equivalents for C.? metalaspis), what

appears to be common to all three species is the integration

between two pairs of partitions: (1) the anterior glabella and

distal posterior margin, and (2) the anterior margin and

proximal posterior margin (although support for the latter is

rather weak in E. nodosa). In contrast to the pattern seen in

the Individuals component, the pairs of integrated partitions

are not spatially adjacent. No associations other than these

are shared by C. walcotti and E. nodosa. In both Crassifimbra

species, one other feature is similar: the anterior glabella is

also integrated with the posterior glabella. As might be

expected from the relatively high correlation between their

correlation matrices, E. nodosa and C.? metalaspis have

other features in common. One is a broader cluster that

contains not only the anterior glabella and distal posterior

margin but also the anterior and posterior branches of the

facial suture, and another is a broader cluster that contains

not only the anterior margin and proximal posterior margin

but also the anterior and posterior portions of the palpebral

lobes.

Discussion

The three species analyzed herein were extant during the

dramatic Cambrian diversification of ptychoparioid trilo-

bites. For that reason, we expected to find that the structure

of phenotypic integration would have been either unusually

labile, or that direct interactions would have been relatively

inconsequential in their impact on phenotypic integration.

Those expectations were grounded in the premise that

either the lability of integration or inconsequential direct

interactions would have imposed only weak constraints on

diversification at the base of the radiation. We also antic-

ipated that functional integration would have had only a

Table 7 Pairwise interspecific comparisons of structures of correlation matrices (derived from the Individuals or FA components of variation)

using matrix correlation

Species 1 Species 2 Component Observed matrix

correlation

Repeatability Probability of matrices being identical

Species 1 Species 2 Species 1 Species 2

C. walcotti E. nodosa Individuals 0.148 0.559 0.592 0.149 0.118

C.? metalaspis E. nodosa Individuals 0.271 0.848 0.592 0 0.284

C.? metalaspis C. walcotti Individuals 0.334 0.849 0.559 0 0.535

C. walcotti E. nodosa FA 0.072 0.597 0.761 0.045 0

C.? metalaspis E. nodosa FA 0.665 0.826 0.765 0.417 0.72

C.? metalaspis C. walcotti FA 0.144 0.824 0.595 0 0.098

Repeatability of each correlation matrix is assessed by 2,000 bootstraps. Probability of the matrices being identical is assessed by 1,000

bootstraps, using method described in text
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weak impact on phenotypic integration because long-term

stabilizing selection should have conserved function-

dependent integration (provided that function itself was

conserved). As anticipated, we find that phenotypic inte-

gration diverged to a striking extent between these closely

related species, as evident from the very low correlations

between correlation matrices, ranging from just 0.148 to

0.334. Even the higher correlation, found between the two

congeneric species, is lower than that found in a compar-

ison of mandibular integration in rodents from two differ-

ent suborders, the sole study that used comparable methods

to examine the impact of direct interactions on phenotypic

integration (Zelditch et al. 2009). Also as anticipated,

direct interactions made only a modest contribution to the

structure of phenotypic integration: the correlation between

the matrices of these two components ranges from just

0.211 to 0.448. Even the higher of these is lower than that

found in the comparison between fox squirrel and deer

mouse, which found a moderate value of 0.554 (Zelditch

et al. 2009). Additionally, as expected, we find that func-

tional integration (as encoded by our functional model)

does not predict the structure of phenotypic integration,

consistent with conclusions drawn in our prior study of

C.? metalaspis (Webster and Zelditch 2011). Such a mis-

match between functional and phenotypic integration is not

unprecedented: a similar mismatch was recently found in a

study of cricket wings (Klingenberg et al. 2010) and other

studies have found that function is either a poor predictor

of integration or that developmental theory is a better one

(Lawler 2008; Armbruster et al. 1999; Herrera et al. 2002).

In contrast to these largely anticipated results, a highly

unexpected one is the strikingly different pattern of evo-

lutionary change in the structure of phenotypic integration

and direct interactions. Rather than the two congeneric

species being most similar, but only weakly so, as they are

in the structure of phenotypic integration, the interspecific

correlations for integration due to direct interactions range

from a very low value of 0.072 to a high of 0.665, with

E. nodosa and C.? metalaspis being the most similar.

Evidently, the strong similarity between E. nodosa and

C.? metalaspis in the structure of direct interactions did not

constrain the divergence of phenotypic integration, perhaps

because direct interactions made only a modest contribu-

tion to phenotypic integration.

A greater similarity between species, and also between

components of integration, is found when comparisons are

based on the covariances of landmarks rather than corre-

lations between shapes. That greater similarity would be

expected when integration is due, in part, to the relative

sizes of parts and their positioning within the whole, nei-

ther of which contributes to the integration between shapes

of the parts (Klingenberg 2009). Comparisons of pheno-

typic integration between these trilobite species based

covariance matrices of landmarks show a moderate to high

degree of similarity in their structure of phenotypic inte-

gration in that all correlations exceed 0.63. These values

are comparable to those found between covariance matri-

ces of murid rodent cranial landmarks (Jamniczky and

Hallgrı́msson 2009), although the timescales of divergence

are obviously not comparable between the studies. Direct

interactions made only a modest contribution to phenotypic

integration in these trilobites when assessed by the covar-

iances among landmarks, just as they did in analyses based

on correlations between parts: these correlations for land-

mark covariance matrices yield values ranging from just

0.22 to 0.38. These are not the lowest values reported to

date—far lower values of this measure or of others used to

compare the covariance matrices are given for studies of

mammalian crania (Debat et al. 2000; Willmore et al.

2005), and a comparable value is found for the house

mouse mandible in one study (Klingenberg et al. 2003).

However, a greater impact of direct interactions on phe-

notypic integration is reported in other studies of mam-

malian mandibles (Badyaev and Foresman 2000; Young

and Badyaev 2006; Zelditch et al. 2008, 2009) and a far

greater impact of direct interactions is typically found in

studies of insect wings (Klingenberg and McIntyre 1998;

Klingenberg and Zaklan 2000; Klingenberg et al. 2001,

2010; Breuker et al. 2007; although see Santos et al. 2005;

Debat et al. 2006 for exceptions). The covariance structure

of direct interactions indicates moderate to high similarity

between species, with correlations ranging from 0.53 to

0.85, with the greatest similarity again found between

E. nodosa and C.? metalaspis. That higher value is high

relative to the one found between direct interactions of

wolf crania compared to domestic dogs (Drake and Klin-

genberg 2010), but the range of values found in the present

study suggests that direct interactions need not be highly

conserved. The findings from the analyses of landmark

covariances thus largely concur with those based correla-

tions between shapes: (1) phenotypic integration was

hardly conserved over the approximately 1 million years

during which these species diverged; (2) direct interactions

made only a modest contribution to phenotypic integration;

(3) direct interactions can be, but need not be, highly

conserved; and, more surprisingly, (4) the conservation of

direct interactions had little impact on the evolutionary

dynamics of phenotypic integration in these early ptycho-

parioids. Species that were most similar in the structure of

integration due to direct interactions were not the ones

that were most similar in the structure of phenotypic

integration.

Three caveats should be noted. First, our conclusions

regarding the structure of direct interactions in C. walcotti

must be treated with caution because of the relatively weak

signal of the FA component of variation in that species.
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Second, and perhaps more importantly, our analyses are

based on the a priori division of the cranidium into the nine

partitions, which are taken out of context of the whole. This

a priori partitioning places a premium on the recognition

and biological significance of partition boundaries, and

taking the shapes out of context of the whole ignores

integration due to position and relative size of the parti-

tions. Although boundaries between these partitions can be

defended on biological grounds, future studies could

employ methods that do not depend on such a priori par-

titioning (Márquez 2008; Klingenberg 2009). Third, func-

tional integration may have played a larger role than was

detected herein, because our model of functional integra-

tion is simple and could be refined. For example, one

refinement would be to permit integration between some

functional modules (e.g., those involving the visual field

and ecdysial mechanics, because the distal margin of the

palpebral lobes is also defined by an ecdysial suture). Such

refinements may show better fit to the observed data.

Nevertheless, our conclusions strongly suggest that crani-

dial integration was primarily governed by factors other

than function. Alternative models based on other factors

should therefore be explored. Cranidial form must have

been jointly determined by the various morphogenetic

processes that shaped the underlying epidermal tissue, and

by the factors regulating the spatial patterning of calcifi-

cation and thus the location of ecdysial sutures.

The inability to directly study and experimentally

manipulate processes involved in trilobite cranidial devel-

opment places obvious limits on our ability to formulate

a priori developmental models. Nevertheless, we are opti-

mistic that such models can be reasonably developed in the

not too distant future. For example, Hox genes play a

critical role in regulating development of segment-specific

structures and organs, and models of Hox gene expression

domains have been proposed for the axial region of trilo-

bites (Sundberg 2000; Hughes 2003a, b). A hypothesis for

integration based on Hox expression domains cannot be

applied to the whole cranidium because we presently lack

complete knowledge of the lateral course of segments away

from the glabella. However, ongoing study of the ontogeny

of olenelloid trilobites, that retain some traces of segmen-

tation in the abaxial portion of the cephalon during early

ontogeny, may help resolve this issue (e.g., Webster 2007).

Similarly, understanding of the controls over cuticle cal-

cification in arthropods is improving (e.g., Priester et al.

2005; Shafer et al. 2006; Inoue et al. 2008). If models for

regulation of ecdysial suture location and form are ulti-

mately developed for modern arthropods, the possibility of

extending those models to trilobites should be explored.

The exploratory analyses presented herein reveal that many

instances of phenotypic integration among cranidial

regions (including both that are common to all three

species) involve neighboring partitions. These aspects of

integration may have arisen from localized morphogenetic

controls. Analogous ‘‘neighborhood effects’’ in integration

have been noted in several studies of extant taxa (Chernoff

and Magwene 1999; Klingenberg and Zaklan 2000; Klin-

genberg et al. 2001, and references therein; Zelditch et al.

2009). However, many other instances of integration

detected here (including both instances of direct interac-

tions that are common to all three species) do not involve

spatially adjacent partitions. Of course, given the com-

plexity of the sclerite, trilobite cranidial integration may

have been governed by more than one underlying factor.

We anticipated that these trilobites would be relatively

unconstrained in their potential for morphological diversi-

fication because they are at the base of a major diversifi-

cation. The obvious question is whether these early

trilobites are any less constrained than later (post-radiation)

ones. The hypothesis that integration influences evolv-

ability over short evolutionary timescales is well supported

by theory and empirical data (e.g., Simpson 1944; Burger

1986; Wagner 1988; Wagner and Altenberg 1996; Schluter

1996; Marroig and Cheverud 2005; Renaud et al. 2006;

Sniegowski and Murphy 2006; Hunt 2007). The extent to

which the structure of integration is conserved through

deep time can be inferred from comparison over a broad

sampling of extant taxa (e.g., Goswami 2006a, b, 2007),

but the fossil record offers a more direct documentation of

phylogenetic conservatism and this has yet to be exploited.

Our analysis represents a step in this direction, but it bears

only on the expectation that intrinsic constraints are both

weak and labile at the base of a radiation. We cannot yet

say whether intrinsic constraints in these three ptycho-

parioids were weak for trilobites in general, because these

are the only trilobites yet studied. Another outstanding

question is whether the structures of phenotypic and

functional integration become increasingly similar through

time, making it more likely that stabilizing selection would

then conserve the structure of phenotypic integration. We

would not expect that particular selective constraint on

integration to have been in place during the initial radiation

of ptychoparioids because, to the extent that our simple

model of functional integration is realistic, we find no such

match in the species studied herein. Fortunately, the

exquisite preservational mode represented by these early

ptychoparioids was not unique to this time interval, and

future comparative analyses can reveal whether intrinsic

constraints are either more severe or more conservative in

younger trilobites.
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Appendix

Phylogenetic Relatedness of the Species

Crassifimbra walcotti is very closely related to Crassifim-

bra? metalaspis (see comments in Webster 2011), and their

coeval stratigraphic occurrence in the uppermost Dyeran

suggests very recent common ancestry. (The provisional

assignment of the latter species to Crassifimbra [and hence

the use of the ‘‘?’’ in the name] reflects the needs for a full

systematic revision of that genus and other poorly diag-

nosed antagmine ptychoparioid genera, as discussed by

Webster 2011.) Eokochaspis nodosa occurs in slightly

younger sediments (basal bed of the Delamaran). Phylo-

genetic analysis places E. nodosa as a member of a

kochaspid clade separated from the two species of Cras-

sifimbra by nine internal nodes, although branch lengths

were very short (Sundberg 2004; Webster 2011; unpub-

lished data). A new species representing the oldest

kochaspid (to be described elsewhere) occurs at very low

abundance in collections with C.? metalaspis. Phylogenetic

analyses and stratigraphic data therefore suggest that

E. nodosa shared a last common ancestor with Crassifim-

bra in the late Dyeran.

Assigning absolute time to these phylogenetic branches

is necessarily speculative because the strata sampled here

are inappropriate for radiometric dating and there are very

few radiometric dates compiled worldwide for strata of this

age interval. However, the base of the Delamaran is

approximately 510 million years old, and beds from New

Brunswick dated as 511 ±1 million years old approximately

correlate to the upper Dyeran (Landing et al. 1998; Shergold

and Cooper in Gradstein et al. 2004). Given that the oldest

known occurrences of C. walcotti, C.? metalaspis, and the

kochaspid clade are stratigraphically coeval in the upper-

most Dyeran, we infer that (1) there is on the order of just a

few tens of thousands to hundreds of thousands of years

between the sampled occurrence of the two Crassifimbra

species and their last common ancestor; (2) branch length

between the last common ancestor of the two Crassifimbra

species and the last common ancestor of [Crassifim-

bra ? the kochaspid clade] is also on the order of just a few

tens of thousands to hundreds of thousands of years; and (3)

there is &1 million years separating E. nodosa from its last

common ancestor with Crassifimbra. Such estimates are

consistent with available phylogenetic and stratigraphic

data (Sundberg 2004; Webster 2011; unpublished data), and

apply minimal insult to the fidelity of the trilobite fossil

record.
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