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The interplay between evolutionary rates and modularity influences the evolution of organismal body plans by both promoting

and constraining the magnitude and direction of trait response to ecological conditions. However, few studies have examined

whether the best-fit hypothesis of modularity is the same as the shape subset with the greatest difference in evolutionary rate.

Here, we develop a new phylogenetic comparative method for comparing evolutionary rates among high-dimensional traits, and

apply this method to analyze body shape evolution in bioluminescent lanternfishes. We frame the study of evolutionary rates

and modularity through analysis of three hypotheses derived from the literature on fish development, biomechanics, and biolu-

minescent communication. We show that a development-informed partitioning of shape exhibits the greatest evolutionary rate

differences among modules, but that a hydrodynamically informed partitioning is the best-fit modularity hypothesis. Furthermore,

we show that bioluminescent lateral photophores evolve at a similar rate as, and are strongly integrated with, body shape in

lanternfishes. These results suggest that overlapping life-history constraints on development and movement define axes of body

shape evolution in lanternfishes, and that the positions of their lateral photophore complexes are likely a passive outcome of the

interaction of these ecological pressures.
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The study of how anatomy changes through time unifies disparate

areas of evolutionary biology (Darwin 1859; Simpson 1944),

from quantitative genetics to paleontology. A concept that has

emerged from this multifaceted study of anatomical change is

that anatomy exhibits modular structure—that different character

groups exhibit tight integration within clusters, and lower integra-

tion among clusters. Yet although evolutionary change is gener-

ally recognized to produce such patterns of modular organization

through the interaction of function, development, and ecology

(Wagner 1996; Wagner and Altenberg 1996; Klingenberg 2008),

the macroevolutionary implications of modular organization are

only beginning to be understood through studies combining hy-

pothesis tests of modularity with inferred rates of morphological

evolution (Goswami 2006; Wagner et al. 2007; Márquez 2008;
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Table 1. Hypotheses of modularity examined in this study, with landmark designations for each hypothesis and the predictions of each

hypothesis with respect to relative rates, covariation, and modularity.

Predictions

Hypothesis Landmarks in set Rates Covariation Modularity

Growth gradients (H1) M1: 1–9, 14, 18–23 σ2
M1 > σ2

M2 – H1
M2: 10–13, 15–17

Maneuverability/acceleration (H2) M1: 1–9 σ2
M1 � σ2

M2 – H2
M2: 10–23

Information 1 (H3a) M1: 1–4, 8–10, 12–14, 21–23 σ2
M1 < σ2

M2 Strong H3
M2: 5–7, 11, 15–20

Information 2 (H3b) σ2
M1 = σ2

M2 Weak or none No prediction
Information 3 (H3c) σ2

M1 = σ2
M2 Strong H1 or H2

Sanger et al. 2012; Claverie and Patek 2013; Goswami et al. 2014).

Evolutionary rates and modularity provide insight into evolution-

ary processes. Rates of morphological evolution provide insight

into function and ecology. For example, shifts in rates may af-

fect both diversity and disparity in traits (Foote 1997; Harmon

et al. 2003; Sidlauskas 2008), and differences in rates may reflect

both changes in ecological niche (Simpson 1944; Harmon et al.

2010; Mahler et al. 2010) and differences or changes in trait func-

tional groups (Price et al. 2010, 2013; Holzman et al. 2012; Collar

et al. 2014). Moreover, such differences have been hypothesized

to alter the selective regimes favoring different modules (Wagner

et al. 2007; Clune et al. 2013), suggesting that novel trait functions

can alter modularity at macroevolutionary scales. Yet in studies

combining rates and modularity, such interactions have been tra-

ditionally downplayed; modules are normally treated as fixed,

a priori hypotheses (e.g., Klingenberg 2009). Trait boundaries

are defined by these modularity hypotheses, and the evolution-

ary rates of these traits are then estimated. However, the greatest

morphological evolutionary rate differences across a shape may

not align with a priori hypotheses of modularity because of the

temporal disconnect between ecological response and the under-

lying architecture, and understanding how these patterns align or

not can provide fundamental information about competing de-

mands on organismal structure and potential macroevolutionary

change. We therefore ask a fundamental question linking evolu-

tionary rates and modularity—do body regions with the maxi-

mal difference in evolutionary rates agree with the body regions

identified as the optimal hypothesis of modularity? This ques-

tion addresses the traditional assumption that functional modules

shape patterns of evolutionary rates (Wagner et al. 2007; Drake

and Klingenberg 2010). To address this question, we develop

a new phylogenetic comparative method for analyzing rates of

multiple high-dimensional traits such as shape, and apply the

method to compare the congruence of evolutionary rate regimes

and modularity of three alternative hypotheses from the litera-

ture related to development, movement, and communication in

midwater lanternfishes (Table 1).

For this study of rates and modules, we examine lanternfishes

in the sister tribes Myctophini and Gonichthyini sensu Paxton,

1972. The midwater (mesopelagic) and upper bathypelagic envi-

ronment imposes competing demands on organismal structure and

function, including balancing demands on visual signal detection

and production with increased crypsis, and decreased metabolic

rate and increased locomotory capacity (Drazen and Seibel 2007).

Because this region is populated by organisms with disparate body

plans (Pietsch and Orr 2007) that suggest high degrees of modu-

larity and/or high evolutionary rates of shape, these organisms are

especially suited for analysis of the interplay between rates and

modularity, and are particularly promising for understanding the

assembly of morphological variation in the open ocean.

Among midwater organisms, lanternfishes (family Myc-

tophidae) are an excellent example of the potential interplay

between modularity and rates. Lanternfish body shapes span

much of the morphospace occupation commonly seen in fishes

(Claverie and Wainwright 2014), from dorsoventrally compressed

and caudally elongated “slendertails,” to lobate, “pumpkinseed”

body shapes. In addition to exhibiting diverse body shapes,

lanternfishes possess nine discrete postcranial bioluminescent

photophore complexes, arranged in both outward facing (lateral)

and downward facing (ventral) groups. Previous studies have hy-

pothesized that such bioluminescent structures and mechanisms

in midwater marine taxa function as key innovations (Van Valen

1971) or cohesion mechanisms in a region of the marine envi-

ronment with limited allopatric boundaries (Haddock et al. 2010;

Widder 2010; Davis et al. 2014). However, previous studies have

failed to account for body shape as a covariate with biolumi-

nescent structures in considering the role of bioluminescence in

diversification processes (Davis et al. 2014), and so the nature

of interaction between body shape and bioluminescent structures

remains unknown. Changes in body shape, trophic characters,
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or other biomechanical traits or ecological opportunity, shown

to promote speciation in other taxa (Nosil 2012; Wagner et al.

2012), may instead be the predominant factors in midwater diver-

sification, especially considering that bioluminescent structures

may mature long after the developmental positioning of other

metabolism- and locomotion-related traits (Moser and Ahlstrom

1970; Moser et al. 1984) that influence vagility or trophic dis-

placement have constrained the final placement of such luminous

organs. The configurations of bioluminescent structures such as

those in lanternfishes may thus instead reflect the signature of in-

teractions between evolutionary rate regimes and modularity. The

wealth of character data for lanternfishes (Clarke 1973; Hartmann

and Clarke 1975; Hulley and Krefft 1985; de Busserolles et al.

2013a,b, 2014; Poulsen et al. 2013; Denton 2014) allows explicit

hypotheses regarding the interactions between body shape modu-

larity, evolutionary rate regimes, and bioluminescent organs to be

tested.

Hypotheses of Modules
We tested three alternative modularity hypotheses from the lit-

erature on teleost development and ecology, and lanternfish

evolution: a growth-gradients hypothesis (H1), a maneuverabil-

ity/acceleration hypothesis (H2), and an information hypothesis

(H3). The growth-gradients hypothesis (Fuiman 1983) is a hy-

pothesis of developmental modularity sensu Klingenberg (2008)

derived from the observation that in some marine and freshwa-

ter larval fishes cranial and caudal morphology develop more

rapidly than trunk morphology before transformation to the ju-

venile stage. This pattern is suggested to be driven by pressures

promoting effective swimming (caudal elongation) and metabolic

efficiency (gill arch and cranial development) during matura-

tion. Lanternfish larvae comprise a large proportion of the mixed

marine ichthyoplankton (Ahlstrom and Moser 1976; Loeb et al.

1993), but they descend out of it for larval transformation (Sassa

et al. 2007). Therefore, different evolutionary rates in the cra-

nial and caudal regions of different lanternfish species may re-

flect selection for temporal partitioning of larvae to mature at

different times, resulting in separation of potential competitors,

and in ecological differentiation across these fishes. In short, the

growth-gradients hypothesis assumes that the greatest differences

in evolutionary rates of shape align with developmental modules,

and predicts that the functionally coupled cranial and caudal re-

gions should evolve more rapidly than the body midsection. This

hypothesis therefore assumes that metabolic and locomotory con-

siderations, not bioluminescence, are the major determinants of

evolutionary rates in lanternfish body shape, and that biolumines-

cent photophore patterns are established along axes defined by

these constraints. This hypothesis is supported by the observa-

tion that all postcranial photophores in the lanternfishes studied

here develop after larval transformation is complete (Moser and

Ahlstrom 1970).

By contrast, the maneuverability/acceleration hypothesis

(Webb 1984) is a hypothesis of functional modularity sensu

Klingenberg (2008), and describes the scenario in which anterior

morphology (cranium, oral jaws, and pectoral fin region) evolves

at a different rate than posterior morphology (dorsal fin, trunk,

anal fin, caudal fin, and peduncle), as might be predicted

based on the hydrodynamics and theoretical modeling of adult

swimming form and performance in fishes (Lauder and Tytell

2005). In fishes, the location, orientation, and size of the pectoral

fins influences fine control features of swimming kinematics,

including stationary rotation and rapid directional changes

during forward movement. Similarly, the length and depth of the

caudal peduncle and fin influences performance and metabolic

efficiency of both continuous and burst/glide patterns of forward

movement (Weihs 1974; Webb 1984; Blake 2004). These func-

tional constraints on locomotory capacity are a general feature of

fish body shape evolution, and may be prevalent in lanternfishes

given the predation pressures faced by these fishes from both

above and below. The maneuverability/acceleration hypothesis

assumes that the greatest differences in the evolutionary rates

of shape align with functional modules, but makes no specific

prediction about which module should evolve more rapidly.

Like the growth-gradients hypothesis, this hypothesis assumes

that energetic and locomotory constraints, not bioluminescence,

shape evolutionary rates of lanternfish body form.

Finally, the information hypothesis is a hypothesis of

evolutionary modularity that predicts lateral body photophores

evolve at a different rate than overall body shape. Previous

studies have suggested the information hypothesis applies to

lateral photophores, by noting lateral photophores are taxonom-

ically informative at the generic and sometimes species level

(Fraser-Brunner 1949; Paxton 1972), and by inferring a link

between species richness and patterns of morphospace disparity

by a subset of lateral photophores (Davis et al. 2014). However,

these studies either did not include body shape as a covariate

for photophore shape disparity (Davis et al. 2014), or considered

only relative photophore positions without quantifying shape as a

high-dimensional trait. Quantifying both body shape and lateral

photophores together in such a way is crucial for accurately testing

the information hypothesis because there is some support for both

an informational and functional role for lateral photophores. For

example, during feeding, many lanternfishes assort into species-

and size-specific shoals (Tsarin 1999), and some lanternfish

species exhibit modified lentiform scale coverings over lateral

photophores (Lawry Jr. 1973) suggestive of adaptations for fo-

cusing the source of light output. Similarly, optic specializations

in the retinas and photoreceptors of many lanternfish species,

especially those in the tribes studied here, exhibit significant
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modifications for detecting bioluminescent wavelengths (Turner

et al. 2009; de Busserolles et al. 2013a,b, 2015). Specializations

in both signal transmission and signal detection support an

informational role for photophores in lanternfishes. By contrast,

observational studies of lanternfish bioluminescence have noted

that both the ventral (downward-facing) and lateral photophores

light together (Barnes and Case 1974) when these fishes modulate

their bioluminescent output for counterillumination, relative to

ambient light conditions (Lawry Jr. 1974; Case et al. 1977),

suggesting that lateral photophore luminescence may be induced

by ambient light cues as much as by informational cues.

To distinguish between functional and informational roles of

the interplay of photophores and body shape, we further subdivide

the information hypothesis into three formulations by relating

predictions of evolutionary rates with the direction of covariation

implied by each formulation.

In the first formulation of the information hypothesis (H3a),

photophores may evolve more rapidly than body shape, exist as

distinct modules, and exhibit strong signal in a single axis of co-

variation relating changes in body shape to changes in photophore

configuration. This pattern may be observed if lateral photophores

inform on body shape and size, and if photophores are under dis-

ruptive selection to separate species of a given adult size class and

ecological niche. This formulation of the information hypothesis

assumes photophores and visual/recognition considerations drive

shape evolution in lanternfishes.

In the second formulation of the information hypothesis

(H3b), photophores may evolve at a rate similar to body shape,

but possess no signal of covariation with body shape. This pattern

may be observed if lateral photophores possess a purely func-

tional role, such as for prey detection and startling, or predator

evasion (Haddock et al. 2010), rather than an informational role

(Davis et al. 2014). In this case, the lateral position of photophores

only functions to project light outward from the body, and hence

the specific configuration of the organs is irrelevant. This for-

mulation of the information hypothesis assumes no link between

photophores and body shape.

In the third formulation of the information hypothesis (H3c),

photophores evolve at a rate similar to body shape, but also possess

a strong axis of covariation with body shape. This pattern may

be observed if lateral photophore position informs on body shape

and size, but the position of lateral photophores is a function of

factors related to body shape.

To test the predictions of these hypotheses, both high-

dimensional data and high-dimensional methods are necessary.

We therefore develop and implement a new comparative method

for quantifying and assessing statistical significance of evolution-

ary rates in multiple high-dimensional traits, and use the method

to estimate evolutionary rate differences for the three hypotheses

of body form evolution in lanternfishes. We also estimate clade-

specific evolutionary rates for the hypothesis with maximal rate

difference in subsets. To assess congruence in modularity patterns

and rate differences, we compare the maximal rate difference sub-

set to the estimated best-fit hypothesis of modularity.

Methods
SPECIMENS AND MORPHOLOGICAL DATA

We characterized body shape from 33 species of lanternfish from

the nominal tribes Myctophini and Gonichthyini sensu Paxton

(1972). A total of 741 adult specimens were photographed,

with an average of 22 individuals per species. Body shape

was quantified using landmark-based geometric morphometric

methods (Bookstein 1991; Mitteroecker and Gunz 2009; Adams

et al. 2013). These methods quantify the shape of anatomical

objects from the coordinates of landmark locations, after the

effects of nonshape variation (position, orientation, and scale)

have been mathematically held constant. Images of the left-lateral

side of each specimen were obtained using a Nikon D3000 digital

SLR camera with an AF-S Micro Nikkor 60mm 1:2.8 G ED lens,

storing uncompressed NEF images at 4928 × 3264 pixels and

exported as 16bit TIFF. The positions of 23 two-dimensional

landmarks, representing a combination of overall body shape

and photophore position, were digitized in tpsDig2 (Rohlf 2010).

Sampled points were selected to capture variation among features

related to body shape, caudal peduncle morphology, and medial

fin positions (Fig. 1), which are known to be related to locomotion

and maneuverability (Webb 1984). Points were also selected to

capture features of the lateral luminous organs, which have been

suggested to be related to visual detectability and species-specific

cohesion (Davis et al. 2014). Specimens were aligned using

generalized Procrustes superimposition (Rohlf and Slice 1990),

and Procrustes tangent coordinates were treated as a set of shape

variables for each specimen. The mean shape for each specimen

was also calculated for the phylogenetic analyses below.

TIME-CALIBRATED PHYLOGENY

We generated a time-calibrated molecular phylogeny of tribes

Myctophini and Gonichthyini sensu Paxton (Paxton 1972) based

on six nuclear protein-coding genes (histone H3, glyt, myh6,

bmp4, tbr1, and zic1) derived from a comprehensive study of myc-

tophiform phylogeny (Denton 2014), with seven outgroup taxa

from within the order Myctophiformes. Sampling of the ingroup

was greater than 50% complete, with the species-level coverage

among clade groupings, as defined in Denton (2014), as follows:

Benthosema + Diogenichthys (87.5%), Myctophum sensu stricto

(100%), Hygophum (44%), Symbolophorus (50%), Loweina +
Tarletonbeania + M. phengodes (50%), Centrobranchus + Go-

nichthys (50%), and Myctophum sensu Dasyscopelus (70%).
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Figure 1. Landmark designations in this study, exemplified on Myctophum punctatum (MCZ105667), with anatomical elements of

numbered landmarks as follows: (1) junction of frontal with orbit, (2) posterior of neurocranium, (3) anterior cusp of premaxilla, (4)

posteriormost base of the dentary, (5) subpectoral (PVO) photophore 1, (6) PVO photophore 2, (7) suprapectoral (PLO) photophore, (8)

anterodorsal insertion of pectoral fin, (9) posteroventral insertion of pectoral fin, (10) anterior insertion of dorsal fin, (11) supraventral

(VLO) photophore, (12) anterior insertion of pelvic fin, (13) anteriormost insertion of anal fin, (14) anteriormost insertion of adipose fin,

(15) supra-anal (SAO) photophore 1, (16) SAO photophore 2, (17) SAO photophore 3, (18) posterolateral (Pol) photophore, (19) precaudal

(Prc) photophore 1, (20) Prc photophore 2, (21) anterodorsal insertion of procurrent caudal rays, (22) base of hypural plate, junction of

dorsal and ventral hypurals, (23) anteroposterior insertion of ventral procurrent caudal rays.

Optimal data partitioning in PartitionFinder (Lanfear et al.

2012) using the BIC (Schwarz 1978) with unlinked branch lengths

selected a (1, 2) + (3) codon position partitioning scheme, with

HKY85 + � and K3Puf + � models, respectively. Divergence

time estimation was conducted in BEAST version 1.8.1 (Drum-

mond et al. 2012) using separate random local clocks (Drummond

and Suchard 2010) and lognormal priors on three node fossil

calibrations (†Oligophus moravicus, Gregorová 2004: μ = 1.5,

σ = 0.5, offset = 30; †Myctophum columnae, Sauvage 1873:

μ = 1.5, σ = 0.5, offset = 5.0; †Eomyctophum sp., Giusberti

et al. 2014: μ = 1.4, σ = 0.6, offset = 46). The continuous-time

Markov chain (CTMC) rate reference (Ferreira and Suchard 2008)

was used as the prior for clock rates. A birth-death process with

incomplete sampling correction (Gerhard 2008) was used as the

tree prior. Analysis was run for 75 million generations, and was

examined in Tracer version 1.6 for postburnin parameter effective

sample size (ESS) values >200 to support convergence of the

chain. A maximum clade credibility tree with node 95% highest

posterior density (HPD) intervals was generated in TreeAnnotator

version 1.8.1 (Fig. 2). The final tree was pruned to include only

taxa for which morphological data were available.

COMPARING RATES AMONG PARTITIONS OF A

HIGH-DIMENSIONAL TRAIT

The past decade has seen rapid developments in conceptual and

analytical tools aimed at understanding both the covariation pat-

terns within shape that underlie modularity (Magwene 2001;

Márquez 2008; Klingenberg 2009), and the tempo and mode of

morphological evolution in the context of evolutionary history

(O’Meara et al. 2006; Felsenstein 2012; FitzJohn 2012; Adams

2013; Revell 2013; Adams 2014c; Rabosky 2014). Studies have

combined analyses of modularity and rates by assessing modular-

ity hypotheses and then evolving the major principal components

of shape under Brownian motion (Sanger et al. 2012), or by cal-

culating σ2 using the Procrustes distances of species values from

overall shape configurations (Claverie and Patek 2013). How-

ever, characterization of evolutionary rates for high-dimensional

traits like modules requires a multidimensional perspective that

accounts for both differences in trait dimension and phylogenetic

history (Adams 2014c). To date, few studies have integrated anal-

ysis of evolutionary rates of shape and analysis of shape modu-

larity using a multidimensional framework that characterizes trait

variances, covariances, and multidimensional evolutionary rates.

Below, we describe such a framework.

Recently, several approaches have been developed for com-

paring evolutionary rates among univariate traits in a phylogenetic

context (Adams 2013), as well as for estimating and compar-

ing phylogenetic evolutionary rates for high-dimensional traits

among clades (Adams 2014c). Here, we combine the underlying

logic of these two approaches and extend the multivariate method

(Adams 2014c) for the comparison of phylogenetic evolutionary

rates between multiple high-dimensional phenotypic traits. Such

multivariate traits may represent distinct phenotypic components

(e.g., body shape and head shape), or may be biological parti-

tions or modules (sensu Olson and Miller 1958; Wagner 1996;
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Figure 2. Time-calibrated phylogeny of Myctophini and Gonichthyini sensu Paxton. Blue bars indicate 95% HPD intervals. Black dots

indicate locations of fossil node calibrations (see main text for details). Taxa in bold are those with corresponding morphometric data.

Specimen images represent the diversity in body shapes within the tribes and are, from top to bottom, Benthosema glaciale (MCZ125909),

Hygophum hygomii (MCZ115714), Myctophum aurolaternatum (SIO61-57-25A), Symbolophorus veranyi (MCZ111606), Centrobranchus

andreae (MCZ146602), Myctophum selenops (FMNH64619), and Loweina rara (MCZ102762). Group numberings mark clade designations

in this study.

Klingenberg 2009) within a single high-dimensional dataset. As

with previous methods, the multivariate rate for each trait (σ2
mult)

is found under the assumption of evolution by Brownian motion

(Felsenstein 1973, 2004).

To obtain an estimate of the evolutionary rate for a high-

dimensional trait, we first obtain an N x p phenotypic trait matrix

(Y), where each row contains the multivariate phenotypic mean

for each of the N species. Next, the phylogenetic covariance matrix

(C) is decomposed into its eigenvectors (U) and eigenvalues (W),

and the phylogenetic transformation matrix P (following Adams

and Collyer 2015) is constructed as: P = (UW1/2Ut)-1 (Garland

Jr. and Ives 2000; Adams 2014b,c). Using this matrix, the mul-

tivariate phenotypic data are then transformed by the phylogeny

as:

UY = (Y − E(Y))P, (1)

where Y is the matrix of phenotypic traits for all species and

E(Y) is an N x p matrix of the multivariate phylogenetic mean at

the root of the phylogeny. From the phylogenetically transformed

data, the Euclidean distance of each species relative to the origin

is obtained, and these are assembled into an N x 1 vector (PDU,0).

Finally, the net evolutionary rate for the multidimensional trait is

calculated as:

σ2
mult = PDt

U,0PDU,0

N p
. (2)

To compare evolutionary rates among two or more subunits,

Y is first divided into submatrices (YK), where K matrices rep-

resent the phenotypic data for each of the a priori anatomical

subunits. The evolutionary rate for each subunit (σ2
pi ) is then

found using equation (2), and the evolutionary rate ratio among

subsets is then calculated as

R = max(σ2
pi ∈ σ2

K )

min(σ2
pi ∈ σ2

K )
, (3)

where σ2
K is the set of evolutionary rates for each of the K sub-

units. To assess the statistical significance of this rate ratio, a

simulation is performed under the null hypothesis of no rate dif-

ference between groups (i.e., under the hypothesis that a single
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evolutionary rate is present for all subunits). To obtain values un-

der this hypothesis, we first obtain the evolutionary rate for all

traits (σ2
all ), as well as the evolutionary rate matrix (R) for the

combined data. We then generate a common rate matrix for all

traits, using (σ2
all ) along the diagonal of R (if required, this new

matrix is adjusted slightly to conform to the properties of a valid

covariance matrix). We then use this single rate model to simulate

data along the phylogeny. For each simulated dataset, the rate ra-

tio (Rrand) is then obtained, and the proportion of simulated ratios

greater or equal to the observed is treated as the significance level

of the observed value (Adams 2014c). We evaluated the statistical

performance of the method proposed here using computer simu-

lations under a Brownian motion model of evolution. From these

simulations we confirmed that the approach has appropriate type

I error rates and high statistical power, and is thus a valid pro-

cedure for evaluating rate differences among high-dimensional

traits (see Supplementary Material). Additionally, the method is

insensitive to increasing levels of trait covariation within mod-

ules, and is also insensitive to misspecification of landmarks to

modules (Supplementary Material).

There is one additional consideration when using the pro-

cedure above to compare evolutionary rates among subsets of

geometric morphometric data: whether the traits examined are

derived from a single structure or multiple structures. If the traits

are derived from a single trait (i.e., they represent subsets of

landmarks from the same configuration), then a single Procrustes

superimposition is first performed on all landmarks, followed by

landmark partitioning and subsequent analysis. In this case, the

procedure described above is used without alteration. However, if

the shapes are derived from different structures each of which is

superimposed separately, then differences in the number of land-

marks in each structure must be taken into account because these

can have a substantial effect on the resulting evolutionary rates

and their comparison. In this case, the denominator of equation (2)

is replaced by N, rather than N x p (see Supplementary Material).

For the empirical dataset examined here, all landmarks were

subjected to a single Procrustes superimposition, so the pro-

tocol was implemented as described above. Then, for each of

the three hypotheses, landmarks were partitioned into modules

(Table 1, Fig. 3A–C), and the evolutionary rates for each module

were evaluated using the relative rate procedure above. Addition-

ally, to evaluate the sensitivity of our rate estimates to intraspecific

variation, we performed a bootstrap analysis in which pseudo-

samples representing the specimens within each species were

obtained via bootstrapping (resampling with replacement), and a

mean for the species was calculated, and used to estimate the evo-

lutionary rates using equation (1). This procedure was replicated

1000 times to obtain a distribution of rates for each module, which

could be compared to the rate based on the original sample of

specimens.

Finally, to examine consistency of the relative rate magni-

tudes and to examine differences in evolutionary rate ranges be-

tween modules, we conducted clade-specific analysis. Clade des-

ignations were assigned following Denton (2014). We first split

the modules into separate clade groups, and used the procedure

of Adams (2014c) to test whether modules had significant differ-

ences among clades against the null hypothesis of no difference,

using the relative rates procedure. To examine the effects of in-

traspecific variation, the procedure was repeated 10,000 times us-

ing the bootstrapping described above. Clade-specific rate ratios

were calculated as the ratios (M1/M2) of the empirically estimated

rates for each module. All analyses were performed in R (Team

2014) using the package geomorph (Adams and Otárola-Castillo

2013; Adams et al. 2014) and routines written by DCA.

SELECTING A BEST-FIT HYPOTHESIS OF

MODULARITY

To assess a best-fit hypothesis of modularity for comparison to

the hypothesis with the maximal difference in rate, we ranked

modularity hypotheses using the γ
∗ statistic of Márquez (2008)

in the software program MINT. To strengthen the assessment

of difference between H1 and H3, a fourth model comprising

three modules (prepectoral, trunk, and caudal) was amended to

the model comparison. The resulting four models were compared

against a null hypothesis of no modularity (H0). Strength of sup-

port for modularity hypothesis rankings based on γ
∗ was assessed

using 100 replicates of jackknife procedure, removing 33% of

specimens in each iteration.

INTEGRATION OF PHOTOPHORES AND BODY SHAPE

To quantify the direction and axes of integration between lat-

eral photophores and body shape, a two-block phylogenetic par-

tial least-squares (pPLS) analysis (Rohlf and Corti 2000; Adams

and Felice 2014) was conducted in geomorph, assigning lateral

photophores and body shape to separate blocks. Statistical sig-

nificance of the inferred association was assessed using 10,000

rounds of permutation of landmark data from one block across

the tips of the phylogeny against the null hypothesis of indepen-

dence between the blocks. Because the pPLS procedure operates

on individual measurements such as the group or species mean,

the effect of intraspecific variation was accounted for by 10,000

rounds of resampling, using the procedure outlined for comparing

rates.

Results
HYPOTHESES OF MODULAR EVOLUTIONARY RATES

Head + tail/trunk (growth-gradients) partitioning for M1 and M2

(H1, Table 1) exhibited the greatest difference in evolutionary

rate ratio between modules (R = 1.73, p = 0.0001), a result
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Figure 3. Results of permutation tests (N = 1000 iterations) of the deviation of modular rate ratios from unity for three a priori

hypotheses. Colors corresponding to modules: M1 = blue, M2 = green, with landmark assignments given in Table 1 and Figure 1.

Empirical rate ratios are indicated by the arrows. (A) H1, growth-gradients hypothesis, (B) H2, maneuverability/acceleration hypothesis,

(C) H3, information hypothesis.

Table 2. Modular evolutionary rates, rate ratios, and statistical significance inferred for three a priori hypotheses of lanternfish mor-

phological subsets.

Hypothesis σ2
M1 σ2

M2 R p-value, H p-value, iv

H1 3.12 × 10−6 5.38 × 10−6 1.73 (1.67, 1.77) 1.00 × 10−4 0.435
H2 3.11 × 10−6 4.25 × 10−6 1.37 (1.31, 1.42) 3.10 × 10−2 0.417
H3 3.74 × 10−6 3.88 × 10−6 1.03 (1.00, 1.07) 0.781 0.542

Parameters and statistics for the models: σ2
M1 = evolutionary rate of module 1; σ2

M2 = evolutionary rate for module 2; R = rate ratio, plus interquartile

range accounting for intraspecific variation; p-value, H = statistical significance of the deviation of the inferred rate ratio from unity; p-value, iv = statistical

significance of intraspecific variation.

significantly different from the null hypothesis of similar rates

(Table 2). The evolutionary rate magnitude for M1 (σ2
M1 =

3.12 × 10−6) was lower than the rate for the trunk (σ2
M2 =

5.38 × 10−6), a result opposite that predicted for rates by the

growth-gradients hypothesis. Prepectoral/postpectoral (maneu-

verability/acceleration) partitioning for M1 and M2 (H2, Table 1)

exhibited a smaller but also significant difference in evolutionary

rate ratio between modules (R = 1.37, p = 0.03), rejecting the

null hypothesis of similar rates.

By contrast, the information hypothesis (H3: R = 1.03, p =
0.781) exhibited no significant difference from unity, failing to

reject the null hypothesis of similar evolutionary rates for pho-

tophores and body shape. The interquartile ranges of the rate ratios

exhibited no overlap among hypotheses (Table 2, Fig. 3), and
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intraspecific variation had no effect on the estimates of evolution-

ary rate ratios (H1: p = 0.435; H2: p = 0.417; H3: p = 0.542).

BEST-FIT MODULARITY HYPOTHESIS

The maneuverability/acceleration hypothesis (H2) was the best-fit

modularity hypothesis (γ∗ = −0.2326; 95% confidence interval

(CI) = [−0.2429, −0.2225]), followed by the three-module (γ∗ =
−0.149; 95% confidence interval (CI) = [−0.1545, −0.143]),

growth-gradients (H1) (γ∗ = −0.1029; 95% confidence inter-

val (CI) = [−0.1083, −0.0983]), and information (H3) (γ∗ =
−0.0986; 95% confidence interval (CI) = [−0.1035, −0.0942])

hypotheses. Jackknife resampling recovered H2 as the highest-

ranking model in 100% of the replicates, followed by the three-

module hypothesis (second best: 100%), H1 (third best: 88%), H3

(fourth best: 88%). The null hypothesis of no modularity (γ∗ = 0)

was rejected by ranking as the worst model in 100% of jackknife

resamplings.

INTEGRATION OF PHOTOPHORES AND BODY SHAPE

The PLS correlation between photophores and body shape was

significant (pPLS = 0.89194 ± 0.0107, p < 0.0001). This first

dimension of shape covariation accounted for 83% of the total

covariation (Fig. 4), and corresponded to changes in photophore

position that reflected changes in body shape, including dorsoven-

tral compression of the body profile, uniform decrease in the

size of the cranial profile, and elongation and narrowing of the

caudal peduncle, along with rostrad displacement of the SAO

and Pol photophore complexes and caudad displacement of the

Prc photophore complex with the caudal skeleton. Intraspecific

variation had no effect on the measured value of the correlation

(p = 0.1008).

CLADE-SPECIFIC MODULAR RATES

Estimation of clade-specific evolutionary rates (Table 3, Fig. 5)

under the H1 subsets revealed distinct patterns related to both

evolutionary rate ratios and to relative rate magnitudes. In nearly

all clades, the trunk (M2) evolved approximately twice as quickly

as the head/tail (M1), with clade-specific rate ratios (RC) less

than unity for all clades except Myctophum s. str. (RC = 1.111).

Across clades, evolutionary rate ratios of the head/tail (M1)

(RC = 4.5; p = 0.001) and trunk (M2) (RC = 6.02; p = 0.001) were

significantly different from unity, rejecting the null hypothesis of

no difference in M1 and M2 rates among clades.

Clade-specific evolutionary rate magnitudes exhibited a

wider range for the trunk (M2; range = 8.76 × 10−6) than for the

head/tail (M1; range = 3.89 × 10−6). There was some evidence

for consistent differences in overall evolutionary rate magnitudes

in specific clades. The genus Symbolophorus exhibited some of

the lowest evolutionary rate magnitudes for both subsets (M1

= 1.07 × 10−6; M2 = 3.11 × 10−6), and Hygophum exhibited

some of the highest evolutionary rate magnitudes for both subsets

(M1 = 4.94 × 10−6; M2 = 1.09 × 10−5).

Discussion
Our study asked two fundamental questions—first, do maximal

differences in evolutionary rates among body shape regions align

with the optimal hypothesis of modularity? Second, do biolumi-

nescent organs play a role in shaping the interplay between shape

evolutionary rates and modularity? The results of our study an-

swer both questions. We show that: (1) the highest evolutionary

rate differences within regions of a shape—rate modules—do not

necessarily correspond to modules of shape covariation; and (2)

bioluminescent lateral photophores evolve along the same axis,

and at a similar rate, as body shape in lanternfishes, supporting

nearly all the predictions of the third formulation of the informa-

tion hypothesis (H3c), which predicted strong integration between

photophores and body shape, optimality of a functional modular-

ity hypothesis, and equal rates for photophores and body shape.

The implications of these two results are discussed in turn.

RATE MODULARITY AND SHAPE COVARIATION

Studies of the macroevolutionary interplay of modularity and evo-

lutionary rates of shape is complicated by the relationships among

the concepts of modularity and integration (Klingenberg 2009,

2013; Klingenberg and Marugán-Lobón 2013), by the scale of

analysis, in terms of both phylogenetic and anatomical coverage

(Drake and Klingenberg 2010; Goswami and Polly 2010; Sanger

et al. 2012; Claverie and Patek 2013; Goswami et al. 2014), and by

differences in how the statistical and morphological quantities are

measured (Márquez 2008; Klingenberg 2009; Smilde et al. 2009;

Haber 2011). As a result, the relationships among these quantities

are not always generalizable across different studies (Klingenberg

2014). This analysis develops a statistical framework for uniting

modular evolutionary rates of shape with traditional inference of

modularity in a common high-dimensional framework, and re-

veals for the first time a case of clear discrepancy between rate

modules and modules of shape covariation (variational modules,

sensu Wagner et al. 2007). Specifically, as shown in Table 2,

our results reveal that the growth-gradients hypothesis (H1) ex-

hibits a nearly twofold difference in evolutionary rates between

the head/tail and trunk regions, but that the best-fit hypothesis

of modularity corresponds to the function-coupled maneuverabil-

ity/acceleration hypothesis (H2). Although genetic and functional

modules have been shown to be potentially incongruent in their

partitioning of phenotypic traits (Cheverud 1982; Atchley and

Hall 1991; Magwene 2001; Klingenberg et al. 2003; Márquez

2008), the results of our study show for the first time that evo-

lutionary rate modules and variational modules (e.g., Drake and

Klingenberg 2010; Claverie and Patek 2013) can be incongruent
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Figure 4. Results of two-block phylogenetic partial least-squares (pPLS) analysis of body shape and photophores as separate blocks. (A)

Approximately 83% of total covariation between body shape and photophore position was described by the first PLS axis, which related

dorsoventral compression and caudal peduncle elongation to dorsoventral midline migration of trunk photophores. (B) Distribution of

pPLS correlation values generated through resampling (N = 10,000 iterations) to account for intraspecific variation. The null hypothesis

of no effect of intraspecific variation was not rejected.

Table 3. Modular evolutionary rates and rate ratios inferred for clades under H1.

Clade Label σ2
M1,c σ2

M2,c RC

Myctophum sensu Dasyscopelus Gp1 2.96 × 10−6 5.14 × 10−6 0.576
Centrobranchus + Gonichthys Gp2 4.96 × 10−6 6.98 × 10−6 0.71
Loweina + Tarletonbeania + M. phengodes Gp3 4.09 × 10−6 7.36 × 10−6 0.556
Symbolophorus Gp4 1.07 × 10−6 3.11 × 10−6 0.346
Hygophum Gp5 4.94 × 10−6 1.09 × 10−5 0.453
Myctophum sensu stricto Gp6 2.38 × 10−6 2.14 × 10−6 1.111
Benthosema + Diogenichthys Gp7 2.21 × 10−6 4.15 × 10−6 0.532
Background bg 3.09 × 10−6 5.45 × 10−6 0.567

Abbreviations as in Table 2.

as well. Rate modularity may therefore be considered a sepa-

rate modularity pattern that requires exploration in tests relating

variational modularity to evolutionary rates in macroevolutionary

studies.

Moreover, our inferred pattern of discrepancy between rate

and variational modules suggests the possibility that incipient

changes in modularity may be inferable from phenotypic data

when using similar high-dimensional approaches to test both

quantities. Our new method is effectively a high-dimensional,

phylogenetically standardized disparity measure for trait mod-

ules, and changes in patterns of morphological disparity may

reflect shifting trait function (Collar et al. 2014) or shifts in eco-

logical niche (Simpson 1944; Harmon et al. 2003). Such shifts

may affect different parts of an organism (e.g., variational adap-

tation, Wagner et al. 2007), either as an adult, or during on-

togeny (Leroi 2000; Fischer-Rosseau et al. 2009) by changing the

selective regimes responsible for coupling or decoupling func-

tional trait groups, or by altering what traits may evolve neutrally

(Monteiro et al. 2005; Drake and Klingenberg 2010). As suggested

from models for the evolution of modularity, differential ecolog-

ical effects of different phenotypic trait groups may have direct

fitness effects on modularity by changing the overall fitness (ratio

of network performance to connection cost) of an existing mod-

ularity structure of connected components in the molecular and

genetic networks underlying organismal traits (Clune et al. 2013).

Alternatively, shifts in ecological niche may favor the emergence

of modularity as an indirect effect of the specialization of gene

function or activity patterns (Espinosa-Soto and Wagner 2010).
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Figure 5. Results of clade-specific permutation tests (N = 10,000 iterations) under the growth-gradients hypothesis (H1). Distributions

of evolutionary rate ratios for each clade account for intraspecific variation via resampling. Colors of density plots correspond to groups

from Figure 2.

Therefore, identifying rate and variational module discrepancy

may point to incipient changes in underlying variational modular-

ity. Future studies may assess this prediction using comparative

phylogenetic analysis of taxa for which developmental and tran-

scriptomic data are known.

Incipient modularization in our study may further be implied

from the inferred modularity model rankings. The maneuverabil-

ity/acceleration hypothesis (H2) was selected as the best-fit mod-

ularity hypothesis in all jackknife replicates, but the three-module

hypothesis (cranial, trunk, and caudal regions) was ranked second

best in all jackknife replicates. The maneuverability/acceleration

hypothesis is a functional hypothesis that is consistent with the

hydrodynamic constraints imposed on fishes over the course of

life history, and may thus be assumed to be an early-emerging

and predominantly fixed modularity pattern across fishes, just

as separate cranial and facial developmental modules are con-

sistently observed across mammals (Goswami 2006; Drake and

Klingenberg 2010; Goswami and Polly 2010). The strength of

support for the three-module hypothesis suggests the possibil-

ity that the separation of the postpectoral region into separate

trunk and caudal regions, a prediction of the growth-gradients

hypothesis (H1), is the result of an incipient shift from two mod-

ules to three in lanternfishes. Although modularity is expected to

increase through time (Wagner 1996; Wagner and Altenberg

1996), most existing studies of the evolutionary modularity have

defined increases in modularity as the decrease in integration

among a fixed set of modules (e.g., Claverie and Patek 2013), an

analytical artifact of approaches using between-group measure-

ments on a priori hypotheses. Increasing the number of modules

is another way to increase modularity that is a novel result con-

sistent with the assumptions. The caveat of our interpretation of

incipient modularization is that functional modularity should se-

lect for variational modularity—that functional differences should

result in concomitant changes in the underlying architecture over

evolutionary time (Wagner et al. 2007).

The preceding discussion therefore assumes that the trunk

has enough functional or developmental significance to induce

a change in modularity. As shown in Tables 2 and 3, the trunk

region (M2) exhibits a nearly twofold increase in both relative

evolutionary rate and in evolutionary rate range (relative to M1)

among clades (Fig. 5). Although we reject the null hypothesis

of no difference among clades for M1 and M2 separately, ele-

vated relative evolutionary rates and increased rate ranges in the

trunk at first seem at odds with other studies recovering the most

elevated evolutionary rates in cranial and other prey-processing

traits related to resource partitioning and trophic divergence in

fishes (Price et al. 2011, 2013; Holzman et al. 2012). Adults of

the lanternfishes in the tribes studied here feed predominantly on

similar zooplankton with significant trophic overlap (Hopkins and

Gartner Jr. 1992; Pakhomov et al. 1996), making similar analogies

of fine-scale resource partitioning among adult lanternfishes dif-

ficult to delineate. Instead, differences in trunk evolutionary rate

magnitudes and ratios may reflect differences in the maturation

time of the visceral organs, especially the gut and swimbladder,
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and form the basis of the ecological divergence hypothesized by

the growth-gradients hypothesis to instead be based on locomotion

and respiration. Gut maturation in larval fishes generally occurs

rapidly after the development of head and fins (Osse 1989), with

the timing of exocrine organ development playing a significant

role in determining prey type (Infante and Cahu 2001). Gut length

in marine fishes is also strongly linked to prey type, and changes

in relative gut length during larval development help determine

the stage at which larval fishes can switch between prey types.

Many lanternfish species in the tribes studied here exhibit differ-

ential elongation of the gut during larval development (Moser and

Ahlstrom 1970), ranging from little elongation in Hygophum to

extreme elongation in Loweina and in the trailing gut of Mycto-

phum (s. str.) aurolaternatum. Therefore, the elevated rate range

and relative rates in the trunk might reflect physical and biochem-

ical differences in maturation related to a temporal, rather than

morphological, resource partitioning (Sabatés and Saiz 2000) of

the primarily ostracod prey on which lanternfish larvae in the

tribes studied feed (Conley and Hopkins 2004).

PHOTOPHORES AND BODY SHAPE

Reviews of the deep-sea environment have often suggested bio-

luminescence to play the role of a key innovation by any number

of potentially diversification-promoting mechanisms (Haddock

et al. 2010), and this idea has been further supported by stud-

ies linking differential species diversity to increased disparity in

lateral photophore patterns (Davis et al. 2014). Here, by quan-

tifying both body shape and lateral photophore configuration as

high-dimensional traits, our analysis moves beyond correlative

study to address whether bioluminescent organ evolution exhibits

a unique evolutionary signature independent of body shape (H3a;

Table 1), as might be expected if lateral photophores were un-

der disruptive selection to separate panmictic adults into different

foraging or spawning assemblages. Our results instead suggest

that the position of lateral photophores in lanternfishes may be

a passive effect of the interaction between functional modularity

and ecological divergence—the third formulation of the informa-

tion hypothesis—manifested in body shape changes throughout

the larval period. Specifically, as shown in the results of modu-

larity hypothesis selection, and in Table 2 and Figure 3, there was

negligible support for either variational or rate modularity in pho-

tophores and body shape. These results are consistent with the

interaction of photophore and larval development: photophores

are innervated by peripheral rami of spinal nerves (Ray 1950)

whose positions are laid down during larval maturation. In the

myctophinin and gonichthyine lanternfishes studied here, the lat-

eral photophores emerge during or after larval transformation,

and after major innervation has already taken place (Moser and

Ahlstrom 1970, 1974; Moser et al. 1984).

Furthermore, as shown by the results of the two-block pPLS

between photophores and body shape (Fig. 4), the overwhelming

dimension of covariation between photophores and body shape

reflected simple positional differences relating changes in body

depth and caudal peduncle length to midline centralization in

lateral photophore groups. This axis of covariation suggests

an informational role for lateral photophores, and agrees

with previous studies hypothesizing a possible role for these

complexes in species-specific cohesion (Fraser-Brunner 1949;

Paxton 1972; Davis et al. 2014). However, by demonstrating

that modularity patterns in myctophinin and gonichthyine

lanternfishes follow functional and developmental considerations

and that photophores and body shape are not separable variational

or rate entities in these tribes, our results somewhat decouple

lateral photophores from the exceptional diversification rates

inferred for this family (e.g., Near et al. 2014) in favor of a

hypothesis that partitioning in overall developmental trajectories

(e.g., caeogenetic development, McGinnis 1982) is both the

determinant of photophore position and the factor underlying

diversification by promoting fine-scale ecological partitioning

during ontogeny (Sabatés and Saiz 2000; Conley and Hopkins

2004; Conley and Gartner Jr. 2009; Price et al. 2013). Although

the results of our study are confined to members of nominal sister

tribes within one of the lanternfish subfamilies, it is likely that the

conclusions will be applicable across the family given the general

congruence of lanternfish larval characters with phylogeny

(Denton 2014).

Finally, by inferring strong covariation between photophores

and body shape, our results reject the second formulation of the in-

formation hypothesis (H3b; Table 1), which predicted a functional

role for lateral photophores, such as in startle response, as mani-

fested in either weak covariation between photophore position and

body shape, or in covariation spread over multiple significant axes.

Rejection of this hypothesis in support of the third formulation

instead suggests that the different complexes (lateral and ventral)

in the innervated lanternfish photophore system may serve mul-

tiple simultaneous functions and thereby place potentially strong

constraints on accuracy in detection of bioluminescent sources.

This suggestion has been supported in recent studies of lanternfish

vision (e.g., Turner et al. 2009), which have shown that species

in the tribes studied here possess some of the most derived visual

systems in the family, including both a variably positioned, sex-

ually dimorphic intraocular filter and rhodopsin gene duplication

(de Busserolles et al. 2015) and microtubule-like structures in the

inner layer of the retina (de Busserolles et al. 2013b).

PHYLOGENETIC COMPARISONS OF RATES AMONG

MULTIPLE HIGH-DIMENSIONAL TRAITS

Beyond our empirical findings, the work described here provides

a critical extension to the phylogenetic comparative toolkit for
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studying of rates of evolution in modular regions of a shared struc-

ture, and in comparing across different high-dimensional pheno-

typic shapes. This advance mirrors other recent developments of

the phylogenetic comparative toolkit, which have endeavored to

combine the mathematics of high-dimensional multivariate traits

such as shape with recent macroevolutionary theory for examining

trait evolution in a phylogenetic context. Much like the analysis of

univariate traits, with these tools, one may now evaluate hypothe-

ses that examine the degree of phylogenetic signal in multivariate

traits (Adams 2014a), estimate their rates of phenotypic evolu-

tion (Adams 2014c), and examine evolutionary correlations for

high-dimensional data (Adams 2014b; Adams and Felice 2014;

Adams and Collyer 2015). Our approach builds on this grow-

ing body of multivariate macroevolutionary methods by enabling

the comparison of rates of phenotypic evolution between multi-

ple high-dimensional traits; thereby extending the phylogenetic

comparative toolkit in yet another dimension.
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Figure S1. Statistical power curves for tests comparing evolutionary rates for two groups of taxa on random phylogenies.
Figure S2. Estimation of magnitude of difference in inferred high-dimensional evolutionary rates when landmarks are assigned to incorrect modules,
under varying simulation conditions.
Figure S3. (A) Histogram of rate ratios for 1000 simulated datasets, comparing evolutionary rates for shapes based on eight landmarks to those based on
four landmarks.
Table S1. Type I error results at increasing levels of trait covariation.
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