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ABSTRACT

In the age of phylogenetic comparative methods, evolutionary biologists have been
able to explore evolutionary trends in form in unique and extraordinarily diverse
groups of animals. Pleuronectiformes, commonly known as flatfishes, is a diverse and
specialized order of fishes that have remarkable asymmetry induced by ocular
migration and a benthic life style. Although flatfishes are unique from other fishes,
species within the group are morphologically diverse. The origin of ocular migration
has been a primary focus of research; however, little is known about overall shape
diversification among the flatfishes. In this study, we use integrative methods to
examine how body shape evolved within the flatfishes. Shape was quantified from
X-rays using geometric morphometrics for 389 individuals across 145 species.
The most recent and robust phylogeny was overlaid onto the morphospace and
phylogenetic signal was calculated to ascertain convergence in the morphospace.
In addition, phylogenetic linear models were employed to determine if ecological
traits were correlated with shape and if size had an effect on overall body shape.
Results revealed that the majority of variation evolved recently, within the past
15-10-million-years in the middle Miocene, and is highly variable within the
flatfishes. These changes are best summarized by body depth, jaw length and medial
fin length. Dorsal and anal fin length are correlated, which may be due to the unique
. mode of locomotion used by flatfishes. A phylogenetic linear model and
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evolutionary trends in form in unique and extraordinarily diverse groups of animals
(Adams & Collyer, 2019).

One group of diverse and unique animals is the flatfishes, Pleuronectiformes. Flatfishes
are comprised of over 800 species, yet little is understood about the evolution of form
within the group. These animals have remarkable asymmetry and lack of intermediate
forms, leading some to call them hopeful monsters (Goldshmidt, 1933). Although the
origin of sidedness has been extensively studied, little remains understood about how the
group diversified following sidedness (Friedman, 2008; Harrington et al., 2016).

Flatfishes comprise a highly specialized order of fishes that displays obvious asymmetry
associated with ocular migration and a benthic lifestyle. After hatching bilaterally
symmetrical, one eye migrates over the head and rests adjacent to the opposite eye
resulting in a laterally flattened body with an eyed side and a blind side. The eyed side is
generally pigmented and faces away from the seafloor where the fish resides. Flatfishes are
negatively buoyant and spend the majority of their time on the ocean bottom, often
buried in the sediment to avoid predators and hide from prey. They have protrusible eyes,
which allow flatfishes to see above the substrate where they lie in wait for prey.

Flatfishes share several anatomical synapomorphies associated with ocular migration
which include cranial asymmetry, an advanced position of the dorsal fin over the cranium,
and the presence of a recessus orbitalis, the organ that allows the eyes to extend above the
surface of the body (Fig. 1) (Chapleau, 1993; Munroe, 2015). There is a large degree of
morphological variation across the order with body shape ranging from fusiform to
disk-like (Hensley &> Ahlstrom, 1984; Chapleau, 1993; Munroe, 2015). Many species have
specialized traits, including a reduction or loss of paired fins, the confluence of medial fins,
and the asymmetry of dentition (Gibson et al., 2007).

Despite the wide variation in morphology, flatfishes were historically grouped by
direction of sidedness. When the eyes migrate, they come to rest on either the right side
(dextral) or the left side (sinistral) of the head (Jordan ¢ Evermann, 1898; Kyle, 1900,
Regan, 1910; Norman, 1934; Hubbs, 1945). Most species are either dextral or sinistral.
Species with both dextral and sinistral individuals are rare and examples include Platichthys
stellatus, the starry flounder, and some members of Psettodes, the spiny turbots (Chapleau ¢
Amaoka, 1998; Bergstrom ¢ Palmer, 2007). Phylogenetic hypotheses based on
morphological and molecular evidence suggested that the traditional classification of
the Pleuronectiformes was inaccurate and sidedness alone is an insufficient indicator of
relatedness (Hensley ¢» Ahlstrom, 1984; Lauder & Liem, 1985; Chapleau, 1993; Berendzen ¢
Dimmick, 2002; Pardo et al., 2005; Campbell, Chen ¢» Lipez, 2013). Recent molecular
phylogenetic hypotheses based on large datasets revealed more complexity to the history of
the group, suggesting considerable convergence in morphological traits and sidedness
(Friedman, 2008; Palmer, 2009; Betancur-R & Orti, 2014; Harrington et al., 2016; Byrne,
Chapleau ¢ Aris-Brosou, 2018). These comprehensive and robust phylogenies allow for the
rigorous study of the evolutionary history of body shape within the group.

Flatfishes reside in all oceans, ranging from the Arctic to Southern oceans with some
species that enter brackish water estuaries and others that are found exclusively in fresh
water habitats (Kottelat, 1998; Gibson et al., 2007; Duplain, Chapleau & Munroe, 2012;
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Figure 1 Diversity of skeletal morphology in the flatfishes. (A) Achirus lineatus (Achiridae);
(B) Lyopsetta exilis (Pleuronectidae); (C) Plagiopsetta glossa (Samaridae); (D) Psettodes belcheri (Pset-
todidae); (E) Rhombosolea plebeia (Pleuronectidae); (F) Gymnachirus melas (Achiridae); (G) Symphurus
plagiusa (Cynoglossidae); (H) Syacium micrurum (Paralichthyidae); (I) Lepidorhombus boscii (Scoph-
thalmidae); and (J) Scophthalmus maximus (Scophthalmidae). Gray bars represent a 1 cm scale.
Full-size K&l DOTI: 10.7717/peerj.8919/fig-1

Nelson, Grande & Wilson, 2016). Likewise, their preferred habitat type is widely variable
(Gibson et al., 2007; Eschmeyer ¢ Fricke, 2011). Most species can be found at a depth
between 0 and 500 m, but some have been recorded at depths below 1,500 m. Flatfishes
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prefer a variety of benthic habitats, from the mouths of rivers to beyond the continental
shelf. Similarly, preferred sediment type and diets are variable among species, with
flatfishes burying themselves in a range of substrates, from mud to rocky sediment and diet
preferences ranging from polychaetes to other fishes.

The tremendous amount of shape variation and their distinctive asymmetry make
flatfishes a unique and interesting group for the analyses of body shape. The processes
driving morphological change across the flatfishes are not well understood, and studies
examining shape across the phylogeny have yet to be assessed in the group. Previous
studies have shown a correlation between shape, phylogeny and ecology. For example,
research using cichlid models have examined morphological variation in relation to
ecology under an adaptive radiation model. These studies suggested that as ecological
niches become available, rapid diversification and convergence in body shape arise
(Schluter, 2000; Barluenga et al., 2006; Yoder et al., 2010; Muschick, Indermaur ¢
Salzburger, 2012; Wagner, Harmon & Seehausen, 2012; Elmer et al., 2014; Burress, 2015;
Ford et al., 2016; Burress et al., 2018). Phylogenetic hypotheses of flatfishes based on
molecular data revealed that flatfishes likely arose through adaptive radiation, yet it is not
known if shape is influenced by ecology or other factors (Harrington et al., 2016; Byrne,
Chapleau ¢ Aris-Brosou, 2018). By examining shape diversification in the context of
genomic hypotheses, we can to observe evolutionary trends in body shape.

The objective of this study was to understand when shape diversification occurred and
how ecological traits contributed to shape variation within flatfishes. By incorporating
morphological methods in a time-calibrated phylogenetic context, we were able to address
how shape diversified across the phylogeny and determine if shape was correlated to diet,
the maximum depth zone, climate type, water type and/or sediment type. Using the most
robust and recent time-calibrated genomic phylogeny (Byrne, Chapleau ¢ Aris-Brosou,
2018), we generated a phylomorphospace and chronophylomorphospace to visualize
shape diversification across the evolutionary history of a representative group of flatfishes
(Bookstein, Chernoff & Elder, 1985; Rohlf, 2002; Stone, 2003; Zelditch et al., 2004;
Clabaut et al., 2007; Brusatte et al., 2008; Sidlauskas, 2008; Sakamoto & Ruta, 2012).
The phylomorphospace allowed us to observe where shape was conserved within a clade
and where shape converged. Furthermore, a phylogenetic linear model was employed to
determine whether ecological traits correlate to body shape.

MATERIALS AND METHODS

Morphometric analyses

A total of 389 individuals representing 145 species within the Pleuronectiformes were
radiographed from fish collections at the University of Kansas Natural History Museum
and Smithsonian National Museum of Natural History. Twelve families were represented
by the following number of species: Achiridae n = 10, Achiropsettidae n = 1, Bothidae

n = 23, Citharidae n = 4, Cynoglossidae n = 7, Paralichthyidae n = 23, Pleuronectidae

n = 32, Poecilopsettidae n = 3, Psettodidae n = 2, Samaridae n = 2, Scophthalmidae n = 3
and Soleidae n = 24 (Table S1). When possible, representatives with minimal visible
damage and the most recent collection dates were chosen to reduce chances of bone
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degradation. Between one and six adult individuals for each species were radiographed.
The sex of specimens is unknown; however, sexual dimorphism is generally correlated to
larger body sizes in females and rarely in variation of shape in flatfishes (Gibson et al.,
2007). Additionally, shape variation associated with sex was overpowered by the high
diversity in shape across a wide range of species. Radiographs were taken using a Thermo
Scientific Kevex PXS5-927EA Microfocus X-ray source, with a focal spot of 4 um at 2 W,
on a Varian PaxScan 4030 E with Kodak Lanex Fine Screen scintillator digital panel with a
40 x 28 cm dimension for Smithsonian specimens. Radiographs of specimens at the
University of Kansas were taken using a GE Picker X-ray head in a Technology for
Industry controller on Kodax Mammography X-ray film. Images were captured using
VIVA K.03 Image Acquisition/Control Software. To reduce distortion of the body caused
during the preservation process, specimens were flattened using a sheet of acrylic glass and
fabric hook-and-loop fastener straps. Images were manipulated in Photoshop to improve
clarity of radiographs by adjusting brightness and color levels.

The diversity in cranial morphology within flatfishes made it difficult to determine
homologous landmarks across the species included in this study. However, we were able to
identify ten landmarks defining the body outline (Fig. S1). These landmarks were chosen
based on standard landmarks used in geometric morphometric studies of fishes and
the ability to capture the overall outline of the flatfish (Zelditch et al., 2004). Flatfishes also
have a curvature of the spine which primarily involves the abdominal vertebrae. As the
number of vertebrae change across species, the curvature was captured using a series of
landmarks and semi-landmarks. The semi-landmarks were evenly spaced between the
vertebral landmarks along the length of the spinal column. Semi-landmarks are not
individually homologous, instead they sample points along the homologous curve of the
spinal column (Zelditch et al., 2004). Landmarks and the curve were digitized using the
software TPSdig 2.16 (Rohlf, 2010) and semi-landmarks were appended to landmark files
using tpsUtil (Rohlf, 2010).

Specimens were superimposed using a generalized least squares Procrustes
superimposition to remove non-shape related information (translation, orientation and
size) using geomorph 3.0.5 in R (Adams & Otdrola-Castillo, 2013). The superimposed
landmarks were then averaged in the base package in R (R Development Core Team, 2016)
for each species.

Morphospace methods

A principal component analysis (PCA) was performed for averaged data in the R package
geomorph and principal component backtransformations were generated (Olsen, 2017) to
view theoretical shape of the morphospace for 145 species. To explore evolutionary
trends of body shape within the flatfishes, a phylomorphospace was generated in the R
package geomorph (Adams ¢ Otdrola-Castillo, 2013). This method projects the phylogeny
onto the multivariate morphospace so the magnitude and direction of shape change can
be interpreted in a phylogenetic context (Sidlauskas, 2008). The phylogenomic tree

(Fig. S2) (Byrne, Chapleau ¢» Aris-Brosou, 2018) was downloaded from GitHub
(https://github.com/sarisbro) and input into the R environment. Non-corresponding
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specimens were pruned from the tree in the R package ape (Paradis, Claude & Strimmer,
2004), leaving 98 corresponding species in 15 identifiable clades. Where necessary,
clades that separated known families were labeled as 1 and 2 (Paralichthyidae 1 and
Paralichthyidae 2). The phylomorphospace was generated by overlaying the pruned tree
onto the PCA. To visually understand temporal changes in shape across the phylogeny,
time was added to the z-axis to generate a chronophylomorphospace. This method plots
reconstructed ancestral shapes in the morphospace and across time based on known
relationships (Sakamoto ¢ Ruta, 2012).

Phylogenetic signal, allometry and phylogenetic linear model
Phylogenetic signal was calculated using the K,,,,;s method in geomorph (Adams ¢
Otdrola-Castillo, 2013). The Ky, method is a mathematical generalization of the Kappa
statistic (Blomberg, Garland ¢ Ives, 2003), and uses a Brownian motion model to evaluate
the degree of phylogenetic signal in a dataset (Adams & Otdrola-Castillo, 2013). This is the
most appropriate method to use for multivariate data (Adams, 2014; Adams & Collyer,
2018a).

An allometric regression was performed to estimate the effect of centroid size and shape
using a simple allometric linear model (shape coordinates ~ log(size)) and a unique family
allometric model (shape coordinates ~ log(size) x family) with procD.lm in geomorph
(Adams & Collyer, 2018a). To test the amount of shape variation affected by size, we
calculated the morphological disparity for shape with and without size correction (shape
coordinates ~ log(size) x family vs. shape coordinates ~ family) in geomorph and
preformed a simple linear regression to determine if size significantly affected shape.
Additionally, we obtained fin lengths using interlmkdist in geomorph and performed a
simple regression to determine if dorsal and anal fin lengths correlated to one another.

Primary ecological data (diet, maximum depth zone, climate type, water type and
preferred sediment type) were compiled from FishBase (Froese ¢» Pauly, 2019) and a
phylogenetic linear model was performed in geomorph using the procD.pgls and pairwise
tunctions (Adams ¢ Collyer, 2018b). When FishBase suggested multiple ecological
variables, the primary variable(s) was used. In the case that FishBase suggested two or
more variables were equally primary, the ecological variables were considered independent
from other variables to account for the unique ecological rank. For example, if diet type
was 40% fish, 40% crustaceans and 20% polychaetes, the assigned diet type would be “fish
and crustaceans”. Where possible, ecological traits in question were cross referenced to the
literature, and species without reliable traits were pruned from the dataset.

Phylogenetic linear models calculate the amount of shape variation and the estimated
probability of variation attributed to ecological factors in a linear model to detect
relationships between shape and ecological traits. A linear model comparing shape to
ecological traits was used (shape coordinates ~ depth + climate + water type + diet +
sediment) and type III (marginal) sums of squares (SS) was calculated. Type III SS was
computed as the effect of each variable was evaluated after other factors, which means the
order of factors in the linear model does not affect the outcome. However, this method is
not appropriate for missing data, so we removed taxa which were missing ecological data.
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A pairwise test was implemented to identify which ecological types were different from one
another. For all tests, a randomized residual permutation procedure with 1,000
permutations was used. Ecological traits that significantly correlated to shape were plotted
to the phylomorphospace to visualize trends in shape and ecology.

RESULTS

Morphospace

The first four principal components (Table 52) account for 85.3% of shape variation and
were associated with body depth at the location of the first caudal vertebrae, length of
the jaw and origin and insertion points of the caudal and anal fins (Fig. 2; Fig. S3).
Principal component one describes 52.0 + 6.4% of the variation, and principal component
two explains 22.2 + 4.2% of shape variation. Species that fell towards the negative ends of
PC1 and PC2 are very round in body shape, whereas species at the positive ends of

PC1 and PC2 have oblong body shapes (Fig. 2). Similarly, species that are on the negative
end of PC1 and positive end of PC2 have long jaws and short dorsal and anal fins, whereas
species on the positive end of PC1 and negative end of PC2 have short jaws and long
dorsal and anal fins (Fig. 2). Principal component three describes 6.4 + 2.2% of shape
variation and principal component four describes 4.7 + 1.9% of shape variation. Shape
change across PC3 and PC4 is similar to PC1 and PC2, yet less extreme. Species that fell to
the negative end of PC3 have long jaws and short dorsal and anal fins whereas the positive
end shows species with short jaws and short dorsal and anal fins. PC4 shows species
which fell to the negative end have long jaws with oblong bodies, and species that fell to the
positive end have short jaws with deep bodies (Fig. S3).

Phylomorphospace

Several families within the pleuronectiforms were clustered together in the
phylomorphospace; however, there is overlap within space for most families. Psettodidae
(maroon), Citharidae (pink) and Poecilopsettidae (light blue), Samaridae (gold),
Cynoglossidae (orange) and Soleidae (medium blue) show clustering within the family and
separation from other families across the PCA (Fig. 3; Fig. S4). Conversely, Achiridae
(black), Bothidae (medium green), Paralichthyidae 1 (dark purple), Paralichthyidae 2
(dark blue), Pleuronectidae (light purple), Rhombosoleidae (brown) and Schophthalmidae 1
(lime green) are widespread across the PCA and display body shapes and jaw lengths of all
types (Fig. 3; Fig. S4). Furthermore, Bothidae and Rhombosoleidae are widespread across
PC3 and PC4, whereas other families cluster closely (Fig. S5). Families with shapes on

the extreme ends include Cynoglossidae and Soleidae which cluster to the far positive end of
PC1, sharing oblong bodies with small jaws and long fins. Psettodidae has an oblong body
with a long jaw on the far positive end of PC2, whereas Achiridae has a round body with a
short jaw toward the negative end of PC2 (Fig. 3; Fig. S4). Clustering of families is more
clearly shown in a three-dimensional PCA (Fig. S6).
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Figure 2 Body shape variation within flatfishes. The morphospace biplot of PCs 1 and 2 represents
74.2% of the body shape variation within the flatfishes. Each point indicates the mean of a species with
colors matching the family depicted in the key. Backtransformed shapes (in gray) portray shape variation
throughout morphospace with fin length, jaw length and spinal curvature represented as black lines on
shapes. Full-size K&l DOT: 10.7717/peerj.8919/fig-2

Chronophylomorphospace

Ancestral states were inferred at the nodes of the genomic tree (Fig. S2) (Byrne,
Chapleau ¢ Aris-Brosou, 2018) and time was plotted as axis z (Fig. 4; Fig. S7). Early
divergence led to changes in fin length and jaw shape between approximately 40 and

30 MYA with the lineage leading to Psettodiae becoming slightly more oblong with shorter
fins and longer jaws, and the lineages leading to Cynoglossidae and Soleidae becoming
oblong with longer fins and shorter jaws. At approximately 30 MYA body shape changed
across the PC2 axis with changes in jaw length and body depth. The majority of shape
diversification occurred 15-10 MYA, where species experienced changes across PC1 in
addition to PC2 to become widespread across the phylomorphospace (Fig. 4; Fig. S7).

Phylogenetic signal allometry and phylogenetic linear model

The observed phylogenetic signal was lower than the expected signal (1.0) under a
Brownian motion model at 0.6161 and was significant with a p-value of 0.001. A
comparison of allometric models showed that unique family allometries (p = 0.001) are
appropriate. Larger species in the families Achiridae, Citharidae, Paralichthyidae,
Pleuronectidae, Psettodiae, Rhombosoleidae, Samaridae and Scophthalmidae have deeper
bodies, longer jaws and short dorsal and anal fins, whereas larger species in the families
Bothidae, Cynoglossidae, Poecilopsettidae and Soleidae have oblong bodies with shorter
jaws and long dorsal and anal fins (Fig. 5). A linear regression of morphological disparity
with and without size correction showed that size did not significantly affect the Procrustes
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Figure 3 Phylomorphospace of body shape within flatfishes. The genomic phylogeny (Byrne,
Chapleau & Aris-Brosou, 2018) projected onto the morphospace to demonstrate the evolutionary rela-
tionships of body shape variation within the flatfishes. Solid colored points indicate the mean of a species
with ancestral nodes represented by small white circles. Full-size Ea] DOT: 10.7717/peerj.8919/fig-3

variance (p = 0.08) which suggests shape should not be corrected for allometry.
Additionally, a simple regression showed that the dorsal and anal fin lengths were
significantly correlated (p < 2E—16); as the dorsal fin increases in length the anal fin
increases (Fig. S8).

A phylogenetic linear model was used to determine the relationship between ecology
and shape while accounting for phylogeny. Ecological factors that were significant
included water type (p = 0.003), diet (p = 0.003), and sediment type (p = 0.023) (Table S3).
Pairwise tests determined the body shape of flatfishes which are found on mud sediment
types were significantly different (p = 0.003) from flatfishes which are generalists
(found on mud, sand, or rock) and the body shapes of flatfishes which preferred sand
sediments were also significantly different (p = 0.005) from generalists which can be found
on mud, sand and rock sediment types (Table S4). Although water type and diet were
significant in the phylogenetic linear model, pairwise tests showed no significant
differences between groups (Table S4). Significant ecological traits did not visually
cluster across the phylomorphospace (Fig. S9).

DISCUSSION

This study is the first to use a well-supported and robust genomic phylogeny to analyze
skeletal body shape in a phylogenetic context of the Pleuronectiforms. Geometric
morphometric analyses captured body shape diversification across the order and
incorporated phylogenetic hypotheses to reveal that evolutionary history and ecological
traits are important for body variation. Shape is highly variable within the flatfishes, and is
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Figure 4 Chronophylomorphospace of body shape within flatfishes. The time-calibrated genomic
phylogeny (Byrne, Chapleau & Aris-Brosou, 2018) mapped onto the morphospace with the time in
millions of years depicted on the z-axis. Colored points indicate the mean of a species and the black arrow
indicates the root of the phylogeny. A two-dimensional morphospace is represented as a shadow at the
bottom of the graph. Full-size k&) DOT: 10.7717/peerj.8919/fig-4

best summarized by changes in body depth, jaw length and medial fin length. Dorsal and
anal fin length are correlated, either both elongated or shortened across the morphospace,
which may be associated to the unique mode of locomotion in flatfishes. A phylogenetic
linear model showed that shape is correlated to ecological traits which may suggest
ecology is driving shape. Finally, the majority of variation evolved recently within the past
15-10-million-years in the middle Miocene.

Flatfishes are morphologically diverse and range in shape from oblong to rounded with
short to long jaws and short to long dorsal and anal fins. Although flatfishes can have any
combination of body depth and jaw length, fin length is restricted; the dorsal fin is always
longer than the anal fin, and as the dorsal fin increases in length, the anal fin always
increases in length (Fig. S8). A linear model shows that dorsal and anal fin length are
correlated which may be related to their unique mode of locomotion. Flatfishes use a
Tetraodontiform mode of locomotion, the simultaneous use of dorsal and anal fins, in
swimming, walking and burial behaviors (Sfakiotakis, Lane ¢ Davies, 1999; Munroe, 2015;
Fox et al., 2018). Fin length may be restricted to optimize movement across the sediment
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which may not be as effective if the dorsal fin was shorter than the anal fin. However, this
remains to be tested and awaits further research.

Flatfishes also range in length from 4.5 cm (Tarphops oligolepis) to 2.5 m (Hippoglossus
hippoglossus) (Chapleau ¢» Amaoka, 1998). An allometric regression showed that size
affects shape although the amount of variation in shape that can be attributed to size is very
small. Furthermore, our dataset is biased toward smaller specimens (less than 45 cm in
length) as we were restricted the size of the X-ray machine. Interestingly, larger species in
the families Achiridae, Citharidae, Paralichthyidae, Pleuronectidae, Psettodiae,
Rhombosoleidae, Samaridae and Scophthalmidae have deeper bodies, longer jaws and
short dorsal and anal fins, whereas larger species in the families Bothidae, Cynoglossidae,
Poecilopsettidae and Soleidae have oblong bodies with shorter jaws and long dorsal and
anal fins (Fig. 5). Although more data is needed to clarify patterns within families, we were
able to demonstrate that size/shape patterns vary across families within the flatfishes and
that the effect of size on shape was negligible.

Furthermore, shape and ecological traits are correlated, suggesting that ecology may
drive shape in the flatfishes. This is supported by a small phylogenetic signal and
significant relationships for water type, diet, and sediment type indicated by the
phylogenetic linear model. Although the phylogenetic linear model was significant for
several ecological traits, pairwise tests showed no significate differences between groups
with the exception for sediment type. The shape of flatfishes which are found on mud
sediment and the shape of flatfishes which are found on sand sediment were significantly
different from generalists (prefer all sediments types). This suggests that flatfishes which
are sediment specialists are different in shape from flatfishes which are generalists.

We are unable to identify specific trends in shape and ecology as there was a lack of
clustering by ecological trait in the phylomorphospace (Fig. S9C) and a lack of support for
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pairwise distances in most ecological types. More robust analyses that focus on ecological
traits in flatfishes are needed to address how shape is correlated to ecological traits among
species.

Chronophylomorphospace results suggest that the majority of shape variation evolved
within the past 15-10-million-years during the middle Miocene (Fig. 4; Fig. S7). Early
divergence led to changes in fin length and jaw shape between approximately 40 and
30 MYA for lineages leading to the Psettodiae and the clade containing Cynoglossidae
and Soleidae. The Psettodiae became slightly more oblong with shorter fins and longer
jaws, and the ancestor of Cynoglossidae and Soleidae became oblong with longer fins and
shorter jaws. The middle Miocene marks a time of decreasing temperatures and is
often referred to as the middle Miocene disruption. During this time there was a wave of
aquatic extinctions which may have led to a speciation and diversification event in the flatfishes.

CONCLUSIONS

The Pleuronectiformes is a highly diverse order, with variation in shape best summarized
by changes in body depth, jaw length and medial fin length and is likely influence by
ecological traits. Further research into how dorsal and anal fin length influence locomotion
is needed to determine if and why dorsal and anal fin lengths are correlated. Overall,
the Pleuronectiformes are incredibly diverse in both shape and ecological traits resulting
in a vast geographical and ecological distribution.

ACKNOWLEDGEMENTS

For the use of X-ray machines and specimens, we thank the Smithsonian Institute (Jerry
Finan and Sandra Raredon) and the University of Kansas (Andrew Bentley, Andrew
Campbell, Edward Wiley). For helpful feedback and comments, we thank the Armbruster
lab at Auburn University (Jonathan Armbruster, Dave Werneke, Malorie Hayes, Courtney
Weyand, Charles Stephen, Dan Akin). For help with statistical analyses, we thank

Dr. Todd Steury at Auburn University. Finally, we would like to thank Thomas Munroe
and five anonymous reviewers for their thoughtful and insightful comments.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the Graduate School at the University of Northern Iowa.
The funders had no role in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Graduate School at the University of Northern Iowa.

Competing Interests
The authors declare that they have no competing interests.

Black and Berendzen (2020), PeerdJ, DOI 10.7717/peerj.8919 12/16


http://dx.doi.org/10.7717/peerj.8919/supp-11
http://dx.doi.org/10.7717/peerj.8919
https://peerj.com/

Peer/

Author Contributions

e Corinthia R. Black conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
paper, and approved the final draft.

e Peter B. Berendzen conceived and designed the experiments, authored or reviewed drafts
of the paper, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

Raw data, code, and Supplemental Files are available at GitHub: https://github.com/
corinthiablack/Black-and-Berendzen_Flatfish-Shape.

A complete list of specimen accessions is available in Table S1. All specimens are
accessioned in fish collections at the University of Kansas Natural History Museum and
Smithsonian National Museum of Natural History.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peer;j.8919#supplemental-information.

REFERENCES

Adams DC. 2014. A generalized K statistic for estimating phylogenetic signal from shape and other
high-dimensional multivariate data. Systematic Biology 63(5):685-697
DOI 10.1093/sysbio/syu030.

Adams DC, Collyer ML. 2018a. Multivariate phylogenetic comparative methods: evaluations,
comparisons, and recommendations. Systematic Biology 67(1):14-31
DOI 10.1093/sysbio/syx055.

Adams DC, Collyer ML. 2018b. Phylogenetic ANOVA: group-clade aggregation, biological
challenges, and a refined permutation procedure. Evolution 72(6):1204-1215
DOI 10.1111/evo0.13492.

Adams DC, Collyer ML. 2019. Phylogenetic comparative methods and the evolution of
multivariate phenotypes. Annual Review of Ecology, Evolution, and Systematics 50(1):405-425
DOI 10.1146/annurev-ecolsys-110218-024555.

Adams DC, Nistri A. 2010. Ontogenetic convergence and evolution of foot morphology in
European cave salamanders (Family: Plethodontidae). BMC Evolutionary Biology 10(1):216
DOI 10.1186/1471-2148-10-216.

Adams DC, Otarola-Castillo E. 2013. Geomorph: an R package for the collection and analysis of
geometric morphometric shape data. Methods in Ecology and Evolution 4(4):393-399
DOI 10.1111/2041-210X.12035.

Barluenga M, St6lting KN, Salzburger W, Muschick M, Meyer A. 2006. Sympatric speciation in
Nicaraguan crater lake cichlid fish. Nature 439(7077):719-723 DOI 10.1038/nature04325.

Berendzen PB, Dimmick WW. 2002. Phylogenetic relationships of pleuronectiformes based on

molecular evidence. Copeia 2002(3):642-652
DOI 10.1643/0045-8511(2002)002[0642:PROPBO]2.0.CO;2.

Black and Berendzen (2020), PeerJ, DOI 10.7717/peerj.8919 13/16


http://dx.doi.org/10.7717/peerj.8919#supplemental-information
https://github.com/corinthiablack/Black-and-Berendzen_Flatfish-Shape
https://github.com/corinthiablack/Black-and-Berendzen_Flatfish-Shape
http://dx.doi.org/10.7717/peerj.8919/supp-1
http://dx.doi.org/10.7717/peerj.8919#supplemental-information
http://dx.doi.org/10.7717/peerj.8919#supplemental-information
http://dx.doi.org/10.1093/sysbio/syu030
http://dx.doi.org/10.1093/sysbio/syx055
http://dx.doi.org/10.1111/evo.13492
http://dx.doi.org/10.1146/annurev-ecolsys-110218-024555
http://dx.doi.org/10.1186/1471-2148-10-216
http://dx.doi.org/10.1111/2041-210X.12035
http://dx.doi.org/10.1038/nature04325
http://dx.doi.org/10.1643/0045-8511(2002)002[0642:PROPBO]2.0.CO;2
http://dx.doi.org/10.7717/peerj.8919
https://peerj.com/

Peer/

Bergstrom CA, Palmer AR. 2007. Which way to turn? Effect of direction of body asymmetry on
turning and prey strike orientation in starry flounder Platichthys stellatus (Pallas)
(Pleuronectidae). Journal of Fish Biology 71(3):737-748 DOI 10.1111/j.1095-8649.2007.01531 x.

Betancur-R R, Orti G. 2014. Molecular evidence for the monophyly of flatfishes
(Carangimorpharia: Pleuronectiformes). Molecular Phylogenetics and Evolution 73:18-22
DOI 10.1016/j.ympev.2014.01.006.

Blomberg SP, Garland T, Ives AR. 2003. Testing for phylogenetic signal in comparative data:
behavioral traits are more labile. Evolution 57(4):717-745
DOI 10.1111/j.0014-3820.2003.tb00285..x.

Bookstein FL, Chernoff B, Elder RL. 1985. Morphometrics in evolutionary biology: the geometry of
size and shape change, with examples from fishes. Philadelphia: Academy of Natural Sciences of
Philadelphia.

Brusatte SL, Benton MJ, Ruta M, Lloyd GT. 2008. Superiority, competition, and opportunism in
the evolutionary radiation of dinosaurs. Science 321(5895):1485-1488
DOI 10.1126/science.1161833.

Burress ED. 2015. Cichlid fishes as models of ecological diversification: patterns, mechanisms, and
consequences. Hydrobiologia 748(1):7-27 DOI 10.1007/s10750-014-1960-z.

Burress ED, Alda F, Duarte A, Loureiro M, Armbruster JW, Chakrabarty P. 2018.
Phylogenomics of pike cichlids (Cichlidae: Crenicichla): the rapid ecological speciation of an
incipient species flock. Journal of Evolutionary Biology 31(1):14-30 DOI 10.1111/jeb.13196.

Byrne L, Chapleau F, Aris-Brosou S. 2018. How the central American seaway and an ancient
northern passage affected flatfish diversification. Molecular Biology and Evolution
35(8):1982-1989 DOI 10.1093/molbev/msy104.

Campbell MA, Chen WJ, Lopez JA. 2013. Are flatfishes (Pleuronectiformes) monophyletic?
Molecular Phylogenetics and Evolution 69(3):664-673 DOI 10.1016/j.ympev.2013.07.011.

Chapleau F. 1993. Pleuronectiform relationships—a cladistic reassessment. Bulletin of Marine
Science 52:516-540.

Chapleau F, Amaoka K. 1998. Encyclopedia of fishes. San Diego: Academic Press.

Clabaut C, Bunje PME, Salzburger W, Meyer A. 2007. Geometric morphometric analyses provide
evidence for the adaptive character of the Tanganyikan cichlid fish radiations. Evolution
61(3):560-578 DOI 10.1111/j.1558-5646.2007.00045.x.

Duplain RR, Chapleau F, Munroe TA. 2012. A new species of Trinectes (Pleuronectiformes:
Achiridae) from the Upper Rio San Juan and Rio Condoto, Colombia. Copeia 2012(3):541-546
DOI 10.1643/CI-11-155.

Elmer KR, Fan S, Kusche H, Spreitzer ML, Kautt AF, Franchini P, Meyer A. 2014. Parallel
evolution of Nicaraguan crater lake cichlid fishes via non-parallel routes. Nature
Communications 5(1):292 DOI 10.1038/ncomms6168.

Eschmeyer WN, Fricke R. 2011. Catalog of fishes: genera, species, references: catalog of fishes
electronic version. Available at http://research.calacademy.org/research/ichthyology/catalog/
fishcatmain.asp.

Ford AGP, Riiber L, Newton J, Dasmahapatra KK, Balarin JD, Bruun K, Day JJ. 2016. Niche
divergence facilitated by fine-scale ecological partitioning in a recent cichlid fish adaptive
radiation. Evolution 70(12):2718-2735 DOI 10.1111/evo.13072.

Fox CH, Gibb AC, Summers AP, Bemis WE. 2018. Benthic walking, bounding, and maneuvering
in flatfishes (Pleuronectiformes: Pleuronectidae): new vertebrate gaits. Zoology 130:19-29
DOI 10.1016/j.2001.2018.07.002.

Black and Berendzen (2020), PeerJ, DOI 10.7717/peerj.8919 14/16


http://dx.doi.org/10.1111/j.1095-8649.2007.01531.x
http://dx.doi.org/10.1016/j.ympev.2014.01.006
http://dx.doi.org/10.1111/j.0014-3820.2003.tb00285.x
http://dx.doi.org/10.1126/science.1161833
http://dx.doi.org/10.1007/s10750-014-1960-z
http://dx.doi.org/10.1111/jeb.13196
http://dx.doi.org/10.1093/molbev/msy104
http://dx.doi.org/10.1016/j.ympev.2013.07.011
http://dx.doi.org/10.1111/j.1558-5646.2007.00045.x
http://dx.doi.org/10.1643/CI-11-155
http://dx.doi.org/10.1038/ncomms6168
http://research.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://research.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://dx.doi.org/10.1111/evo.13072
http://dx.doi.org/10.1016/j.zool.2018.07.002
http://dx.doi.org/10.7717/peerj.8919
https://peerj.com/

Peer/

Friedman M. 2008. The evolutionary origin of flatfish asymmetry. Nature 454(7201):209-212
DOI 10.1038/nature07108.

Froese R, Pauly D. 2019. FishBase: World Wide Web electronic publication. Version (08/2019).
Available at www.fishbase.org.

Gibson RN, Nash RDM, Geffen AJ, Van der Veer HW. 2007. Flatfishes: biology and exploitation.
Flatfishes: Biology and Exploitation DOI 10.1002/9781118501153.

Goldshmidt R. 1933. Some aspcets of evolution. Science 238(2033):539-547
DOI 10.1126/science.78.2033.539.

Gould SJ. 2002. The structure of evolutionary theory. Cambridge: Harvard University Press.

Harmon LJ. 2019. Phylogenetic comparative methods. South Carolina: CreateSpace Independent
Publishing Platform.

Harrington RC, Faircloth BC, Eytan RI, Smith WL, Near TJ, Alfaro ME, Friedman M. 2016.
Phylogenomic analysis of carangimorph fishes reveals flatfish asymmetry arose in a blink of the
evolutionary eye. BMC Evolutionary Biology 16(1):224 DOI 10.1186/512862-016-0786-x.

Hensley DDA, Ahlstrom EEH. 1984. Pleuronectiformes: relationships. Pleuronectiformes:
development. In: Moser HG, Richards W], Cohen DM, Fahay MP, Kendall AW, Richardson SL,
eds. Ontogeny and Systematic of Fishes, Special Publication n. 1. Lawrence: American Society of
Ichthyology and Herpertology, 670-687.

Hubbs CL. 1945. Phylogenetic position of the Citharidae, a family of flatfishes. Ann Arbor: Museum
of Zoology, University of Michigan.

Jordan DS, Evermann BW. 1898. The fishes of North and Middle America: a descriptive catalogue
of the species of fish-like vertebrates found in the waters of North America, north of the Isthmus of
Panama. Washington, D.C.: US Government Printing Office.

Kottelat M. 1998. Fishes of the Nam Theun and Xe Bangfai basins, Laos, with diagnoses of
twenty-two new species (Teleostei: Cyprinidae, Balitoridae, Cobitidae, Coiidae and
Odontobutidae). Ichthyological Research 9:1-128.

Kyle HM. 1900. On the presence of nasal secretory sacs and a naso-pharyngeal communication in
teleostei, with especial reference to Cynoglossus semilaevis, Gthr. Journal of the Linnean Society
of London, Zoology 27(178):541-556 DOI 10.1111/j.1096-3642.1900.tb00421 .x.

Lauder GV, Liem KF. 1985. The evolution and interrelationships of the Actinopterygian fishes.
Bulletin of the Museum of Comparative Zoology at Harvard College 150(5175):95-197.

Munroe TA. 2015. Systematic diversity of the Pleuronectiformes. In: Gibson RN, Nash RDM,
Geffen AJ, Van der Vee HW, eds. Flatfishes: Biology and Exploitation. Second Edition. Hoboken:
Wiley, 13-51.

Muschick M, Indermaur A, Salzburger W. 2012. Convergent evolution within an adaptive
radiation of cichlid fishes. Current Biology 22(24):2362-2368 DOI 10.1016/j.cub.2012.10.048.

Nelson JS, Grande TC, Wilson MVH. 2016. Fishes of the world: statewide agricultural land use
baseline 2015. Hoboken: Wiley.

Norman J. 1934. A systematic monograph of the flatfishes (Heterosomata)—volume I: Psettodidae,
Bothidae, Pleuronectidae. Chicago: Johnson Reprint.

Olsen AM. 2017. Feeding ecology is the primary driver of beak shape diversification in waterfowl.
Functional Ecology 31(10):1985-1995 DOI 10.1111/1365-2435.12890.

Palmer AR. 2009. Animal asymmetry. Current Biology 19(12):R473-R477
DOI 10.1016/j.cub.2009.04.006.

Paradis E, Claude J, Strimmer K. 2004. APE: analyses of phylogenetics and evolution in R
language. Bioinformatics 20(2):289-290 DOI 10.1093/bioinformatics/btg412.

Black and Berendzen (2020), PeerJ, DOI 10.7717/peerj.8919 15/16


http://dx.doi.org/10.1038/nature07108
www.fishbase.org
http://dx.doi.org/10.1002/9781118501153
http://dx.doi.org/10.1126/science.78.2033.539
http://dx.doi.org/10.1186/s12862-016-0786-x
http://dx.doi.org/10.1111/j.1096-3642.1900.tb00421.x
http://dx.doi.org/10.1016/j.cub.2012.10.048
http://dx.doi.org/10.1111/1365-2435.12890
http://dx.doi.org/10.1016/j.cub.2009.04.006
http://dx.doi.org/10.1093/bioinformatics/btg412
http://dx.doi.org/10.7717/peerj.8919
https://peerj.com/

Peer/

Pardo BG, Machordom A, Foresti F, Porto-Foresti F, Azevedo MFC, Baiion R, Sanchez L,
Martinez P. 2005. Phylogenetic analysis of flatfish (Order Pleuronectiformes) based on
mitochondrial 16s rDNA sequences. Scientia Marina 69(4):531-543
DOI 10.3989/scimar.2005.69n4531.

R Development Core Team. 2016. R: a language and environment for statistical computing.
Vienna: The R Foundation for Statistical Computing. Available at http://www.R-project.org/.

Regan CT. 1910. LIV.—the origin and evolution of the Teleostean fishes of the order
Heterosomata. Annals and Magazine of Natural History 6(35):484-496
DOI 10.1080/00222931008692879.

Rohlf FJ. 2002. Geometric morphometrics and phylogeny. Systematics Association Special
64(1):175-193.

Rohlf FJ. 2010. TPSDig2 v.2.10. Stony Brook: State University of New York at Stony Brook.

Sakamoto M, Ruta M. 2012. Convergence and divergence in the evolution of cat skulls: temporal
and spatial patterns of morphological diversity. PLOS ONE 7(7):e39752
DOI 10.1371/journal.pone.0039752.

Schluter D. 2000. The ecology of adaptive radiation, Oxford series in ecology and evolution. Oxford:
OUP Oxford.

Sfakiotakis M, Lane DM, Davies JBC. 1999. Review of fish swimming modes for aquatic
locomotion. IEEE Journal of Oceanic Engineering 24(2):237-252 DOI 10.1109/48.757275.

Sidlauskas B. 2008. Continuous and arrested morphological diversification in sister clades of
characiform fishes: a phylomorphospace approach. Evolution 62(12):3135-3156
DOI 10.1111/j.1558-5646.2008.00519.x.

Stone JR. 2003. Mapping cladograms into morphospaces. Acta Zoologica 84(1):63-68
DOI 10.1046/j.1463-6395.2003.00131.x.

Wagner CE, Harmon LJ, Seehausen O. 2012. Ecological opportunity and sexual selection together
predict adaptive radiation. Nature 487(7407):366-369 DOI 10.1038/naturel1144.

Wake DB, Larson A. 1987. Multidimensional analysis of an evolving lineage. Science
238(4823):42-48 DOI 10.1126/science.238.4823.42.

Yoder JB, Clancey E, Des Roches S, Eastman JM, Gentry L, Godsoe W, Hagey TJ, Jochimsen D,
Oswald BP, Robertson J, Sarver BAJ, Schenk JJ, Spear SF, Harmon L]J. 2010. Ecological
opportunity and the origin of adaptive radiations. Journal of Evolutionary Biology
23(8):1581-1596 DOI 10.1111/§.1420-9101.2010.02029.x.

Zelditch M, Swiderski D, Sheets H, Fink W. 2004. Geometric morphometrics for biologists.
Cambridge: Academic Press.

Black and Berendzen (2020), PeerJ, DOI 10.7717/peerj.8919 16/16


http://dx.doi.org/10.3989/scimar.2005.69n4531
http://www.R-project.org/
http://dx.doi.org/10.1080/00222931008692879
http://dx.doi.org/10.1371/journal.pone.0039752
http://dx.doi.org/10.1109/48.757275
http://dx.doi.org/10.1111/j.1558-5646.2008.00519.x
http://dx.doi.org/10.1046/j.1463-6395.2003.00131.x
http://dx.doi.org/10.1038/nature11144
http://dx.doi.org/10.1126/science.238.4823.42
http://dx.doi.org/10.1111/j.1420-9101.2010.02029.x
http://dx.doi.org/10.7717/peerj.8919
https://peerj.com/

	Shared ecological traits influence shape of the skeleton in flatfishes (Pleuronectiformes)
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


