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ABSTRACT

Contemporarily evolving systems provide a unique opportunity to characterize
the direction, pattern, and rates of phenotypic change among multiple species. The
damming of streams to create reservoirs results in a change from lotic to lentic
environments and induces the evolution of phenotypes that optimize unsteady
swimming performance in fishes. In my first chapter, I examined the spatial and
temporal patterns of evolution of body shape in a widespread North American stream
fish (Pimephales vigilax) in response to stream impoundment. I observed significant
changes in body depth, head shape, and fin placement following dam construction in
each of seven different Oklahoma rivers. The magnitude of change was greatest in the
first 15 generations post-impoundment, followed by continued but more gradual change
thereafter. In my second chapter, I compare the direction and rate of evolution of body
size, body shape, and caudal fin shape following stream impoundment in eight
cyprinids. My data show that these traits do not diverge in the same direction in all
species. Rates of evolution during the period of directional selection were consistent
among traits and species, perhaps due to similar amounts of underlying quantitative
genetic variation as a result of their recent common ancestry. All of the above results
indicate that changes in environmental conditions can result in rapid evolution of
functionally important traits.

In my third chapter, I tested the hypothesis that transitions between benthic and
pelagic habitats resulted in convergent evolution of body shape in North American
cyprinids. I built a phylogenetic hypothesis of 201 species using four genes,

reconstructed the evolution of habitat type on the recovered topology, and evaluated
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evolution of body shape in benthic and pelagic species. I detected approximately 25
transitions between benthic and pelagic species with pelagic-to-benthic transitions being
most common. Body shape was significantly different between benthic and pelagic
species with benthic species developing deeper bodies with larger heads than pelagic
species. However, benthic and pelagic species did not inhabit mutually exclusive
regions of morphospace suggesting that convergent evolution of body shape is
incomplete in this group of fishes. My results show that habitat transitions can drive
convergent evolution of similar phenotypes among distinct evolutionary lineages.
However, the magnitude of convergence among different lineages is likely constrained

by their unique evolutionary history.
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CHAPTER 1: RAPID MORPHOLOGICAL DIVERGENCE OF A STREAM

FISH IN RESPONSE TO CHANGES IN WATER FLOW'

'Cureton II, J.C. and R.E. Broughton. 2014. Rapid morphological divergence of a
stream fish in response to changes in water flow. Biology Letters 10, 20140352. (doi:
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ABSTRACT

Recent evidence indicates that evolution can occur on a contemporary time
scale. However, the precise timing and patterns of phenotypic change are not well
known. Reservoir construction severely alters selective regimes in aquatic habitats due
to abrupt cessation of water flow. We examined the spatial and temporal patterns of
evolution of a widespread North American stream fish (Pimephales vigilax) in response
to stream impoundment. Gross morphological changes occurred in P. vigilax
populations following dam construction in each of seven different rivers. Significant
changes in body depth, head shape and fin placement were observed relative to fish
populations that occupied the rivers prior to dam construction. These changes occurred
over a very small number of generations and independent populations exhibited
common responses to similar selective pressures. The magnitude of change was
observed to be greatest in the first 15 generations post-impoundment, followed by
continued but more gradual change thereafter. This pattern suggests early directional
selection facilitated by phenotypic plasticity in the first 10 — 20 years, followed by
potential stabilizing selection as populations reached a new adaptive peak (or variation
became exhausted). This study provides evidence for rapid, apparently adaptive,
phenotypic divergence of natural populations due to major environmental perturbations

in a changing world.



INTRODUCTION

A fundamental concept in evolutionary biology is that organismal phenotypes
change in response to changes in their environment. The perception that evolutionary
change is relatively slow, taking hundreds to thousands of generations is yielding to
evidence of phenotypic changes on contemporary time scales [1-3]. Although examples
of rapid evolution are increasingly common, only rarely is the precise timing of
environmental change and organismal response well resolved outside of the laboratory.
Consequently, details of phenotypic divergence at the upper end of the evolutionary rate
scale remain unclear in natural populations.

In nature, the strength and direction of selection can vary with annual cycles [4]
and phenotypic plasticity may contribute to abrupt patterns of phenotypic change [5].
Habitat alterations, such as dam-formed reservoirs, provide excellent opportunities to
study temporal aspects of divergence because they cause temporally defined and
permanent shifts from lotic (riverine) to lentic (lake) habitats [6]. In some fishes,
populations sampled from lotic and lentic habitats exhibit significant morphological
differences: development of a deeper body in lake-dwellers than stream-dwelling
conspecifics [3, 7]. The deeper body phenotype is presumed to be adaptive because it
can enhance swimming burst speed and maneuverability relative to a more streamlined
phenotype which may better maintain position in steady current [8-9]. Such adaptive
changes could presumably evolve quickly if there is strong selection on one or more of
the major or minor quantitative trait loci (QTL) that underlie body shape [10].

We investigated body shape change before and after river impoundment in

multiple populations of a widespread stream fish (Pimephales vigilax, Cyprinidae) and



assessed the timing of phenotypic divergence in a lentic reservoir environment.
Morphometric analyses revealed similar rapid changes in body shape after reservoir
construction across all populations. These results highlight the potential for significant
phenotypic change over only a few generations in nature.

METHODS AND MATERIALS

We sampled P. vigilax in the Sam Noble Oklahoma Museum of Natural History
from collections made prior to and after impoundment of seven Oklahoma streams.
Samples consisted of collections of fish from reservoirs paired with collections from
free-flowing adjacent reaches of the same stream (Table 1). We photographed the left
lateral side of each specimen and assigned 14 homologous landmarks to each
photograph with tpsDig [11]. We removed variation due to specimen rotation,
transformation, and scaling using a General Procrustes Analysis, condensed landmarks
into fewer meaningful variables using a principal components (PC) analysis, and
determined the number of relevant PC using the broken stick method [12].

We compared the first PC, which was identified as the only PC of interest
(Supplementary Material; Figure S1), using a mixed-effects model. Since we were
specifically interested in comparing body shape of fish from stream and reservoir
habitats, we treated habitat (stream or reservoir) as a fixed factor and location (stream-
reservoir pair) and the habitat X location interaction as random factors after accounting
for size allometry (centroid size) [13]. Because of the relatively large number of Lake
Texoma samples relative to the other populations, we used only one randomly selected

sample to represent Lake Texoma (OKMNH #40615) in this model. Significance of



each term was determined using a chi-square test and the amount of change of each
reservoir population was quantified relative to the stream population in Haldanes [2].

Because we had multiple reservoir samples for Lake Texoma, we compared PC1
of these samples across years (treated as a random effect) after accounting for allometric
effects using a mixed effects model. The overall rate of change in Lake Texoma was
estimated in Haldanes using the regression approach [2]. To assess the timing of
phenotypic change in the Lake Texoma population, body shape was related to the
amount of time the population experienced lentic conditions (time since dam
construction). We accounted for unequal sample sizes among collections by
bootstrapping the body shape data for each sample 100 times and performed regressions
on each bootstrap replicate using the average F-statistic, p-value, and correlation
coefficient. We calculated the standardized selection differential (i) to determine if the
resulting pattern was due to a reduction in the strength of directional selection over time
[15]. Finally, we estimated the index of stabilizing selection (j) to determine if a
reduction in directional selection was associated with potential stabilizing selection
(j<0) [15, but see 16]. All statistical analyses were performed in R v.3.0.2 [17].
RESULTS

PC1 explained 20.2% of the variation in landmarks with notable shifts in the
terminality of the head, the location of the dorsal and pelvic fins, and body depth
(Figure 1). Size did not account for a significant portion of the variation in body shape
(X*=0.155, P=0.694). There was a significant habitat x location interaction (X*=7.673,
P=0.006), but reservoir pair was not a significant random effect (X*=0.265, P=0.607).

PC1 varied in parallel across all stream-reservoir pairs (X*=16.450, P<0.001), with



reservoir populations having larger scores than stream populations (Figure 2a). The rate
of change varied from -0.068 H to 0.160 H across reservoirs, but tended to decline over
time in the Lake Texoma population (Table 1).

After accounting for allometric effects in the Lake Texoma populations
(X*=49.124, P<0.001), body shape still varied significantly across collection years
(X*=10.900, P=0.001). Specifically, PC1 increased logarithmically with the number of
years following river impoundment, as body shape was deeper in fish experiencing
lentic conditions (F; 13=6.485, P=0.043, R*=0.319; Figure 2b). The average rate of
change in the Lake Texoma population was 0.0129 + 0.0125 (2 standard errors), an
estimate lower than the rate of change at any particular time in Lake Texoma.
Standardized selection differentials indicated that directional selection tended to
increase through the first 20 generations before leveling off (log-transformed:
F113=7.336, P=0.018, R2=0.312; Figure 2c¢). In contrast, the index of stabilizing
selection exhibited a marginally significant quadratic relationship with time suggesting
that potential stabilizing selection was the strongest at 12 — 30 years, but weakened
thereafter (F, ;3=3.542, P=0.062, R2=0.266; Figure 2c¢).

DISCUSSION

We investigated the pattern and tempo of body shape divergence following river
impoundment in P. vigilax. We show that morphological changes, including head size
and shape, dorso-ventral body depth, fin positions, and caudal peduncle thickness,
occurred in all populations after abrupt changes in flow regime. The response of each
population was similar in direction, indicating common solutions to a similar selective

pressure [3]. The highest rate of change observed in this study (0.160 H, Lake Wister) is



comparable to rates of change observed in quantitative traits of other organisms, e.g. bill
length in American house sparrows [2]. Time-series data for Lake Texoma, indicate the
highest rate of change occurred in the sample at year 11, after which, rates of change
declined substantially. The decline could be indicative of exhaustion of genetic
variation in QTLs that underlie body shape. Alternatively, inference of standardized
selection differentials suggest this pattern may be due to directional selection in the first
10 — 20 years followed by potential stabilizing selection which maintained the
population on a new adaptive peak in the lotic environment [18].

Phenotypic plasticity may have contributed to the initial shape change. In a
related study, we demonstrated that stream-derived juvenile P. vigilax, when
experimentally raised in standing water, develop significantly deeper body morphs than
adults from their source population (Supplementary Material; Figure S2). However, the
magnitude of that change was only a small fraction of the total change observed in the
present study. Phenotypic plasticity is the ability of one genotype to produce more than
one phenotype under different environmental conditions [5] and, by itself, would not
account for incremental change observed over several generations. However,
phenotypic plasticity accompanied by directional selection may best explain this pattern
of divergence. We note that in this case positive selection could be acting on DNA
sequence variation or it could act to increase phenotypic plasticity in the direction of
selection [19] (possibly including epigenetic variation).

The timing and pattern of morphological divergence in P. vigilax appears to be
best explained by an initial shift due to phenotypic plasticity followed by rapid but

none-the-less incremental and adaptive change in response to the shift to a standing-



water environment. Differences in the rate and magnitude of phenotypic responses, as

well as variation among stream-reservoir pairs, may have been influenced by the extent

of genetic variation present in each population as well as the strength of selection based
on the local flow rate, predators, and food types present at each locality. The
retrospective analysis is consistent with plasticity initially maintaining viable
populations in the standing-water environment until adaptive evolution can proceed.

Characterization of QTL or epigenetic loci that underlie body shape variation in P.

vigilax, and fishes in general, will have important implications for our understanding of

adaptive evolution and illuminate the potential responses of organisms to a rapidly
changing world.
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TABLE 1

Locality Pair OKMNH YearCol YearImp H n

Lake Eufaula 1 52419 1992 28 0.043 5

Canadian River 1 36101 1962 -2 NA 14
Hulah Reservoir 2 28868 1956 5 0.081 17
Caney River 2 64543 1995 44 NA 8

Lake Thunderbird 3 82210 2007 43 0.014 20
Little River 3 31898 1962 -2 NA 11
Lake Grand 4 26137 1948 8 0.111 6

Neosho River 4 67419 2001 61 NA 30
Lake Wister 5 27119 1955 6 0.160 15
Poteau River 5 75074 2004 49 NA 8

Lake Texoma 6 39442 1950 6 -0.068 3

Lake Texoma 6 28108 1953 9 0.058 11
Lake Texoma 6 27631 1954 10 0.029 15
Lake Texoma 6 27782 1955 11 0.130 9

Lake Texoma 6 30155 1956 12 0.055 9

Lake Texoma 6 30031 1958 14 0.077 19
Lake Texoma 6 31145 1959 15 0.063 25
Lake Texoma 6 39699 1962 18 0.027 19
Lake Texoma 6 39513 1963 19 0.038 17
Lake Texoma 6 40615 1971 27 0.039 20
Lake Texoma 6 44149 1989 45 0.024 18
Lake Texoma 6 48068 1993 49 0.027 11
Lake Texoma 6 63013 1995 51 0.020 23
Lake Texoma 6 60315 1999 55 0.017 20
Lake Texoma 6 62031 2000 56 0.019 23
Red River 6 80558 2010 66 NA 30
Lake Oologah 7 54061 1993 30 0.061 10
Verdigris River 7 28614 1956 -7 NA 20
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FIGURE 2
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CHAPTER 2: COMPARABLE RATES OF TRAIT AND SPECIES EVOLUTION

FOLLOWING STREAM IMPOUNDMENT?

Formatted for submission to Proceedings of the Royal Society: B
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ABSTRACT

The rate at which traits evolve is a question of central importance in evolutionary
biology. This question has been difficult to answer, however, because evolutionary rates
should be compared from traits measured from the same population over the same time
period. We took advantage of a unique dataset and compared the direction and rate of
evolution of body size, body shape, and caudal fin shape in eight species of cyprinids
following stream impoundment. No trait diverges in the same direction among all
species although reservoir populations had deeper bodies in species collected in the
reservoir lacustrine zone. Traits that responded to stream impoundment exhibited a
pattern indicative of directional selection immediately followed by stasis, potentially
due to stabilizing selection. Rates of evolution during the period of directional selection
were consistent among traits and species. The most compelling explanation may be that
a similar amount of quantitative genetic variation underlies each of these traits as a
result of the recent common ancestry of these eight species. These results highlight the
potential for similar rates of rapid evolution among traits and species following a single
environmental change and provide the impetus to understand the underlying cause of

similar rates of evolution.
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INTRODUCTION

The rate at which phenotypes evolve has long interested evolutionary biologists
because they are important to understanding a variety of issues in evolution including
compatibility between microevolution and macroevolution (Reznick et al. 1997), the
contribution of selection and drift to phenotypic evolution (Lande 1976), and the
potential for species to respond to environmental changes quick enough to prevent
extinction (Stockwell et al. 2003). However, precise estimates of evolutionary rates in
nature are not readily available because of an inability to track rapid changes in the
strength and direction of natural selection (Siepielski et al. 2009). Further complicating
is that rates compared among traits or species measured over different time intervals
could be misleading because the rate is not independent of the time interval over which
it was measured (Gingerich 1983; Hendry and Kinnison 1999). Likewise, evolutionary
rates are not independent of the populations from which they are collected due to
intrinsic (e.g., phenotypic plasticity) and extrinsic (e.g., selection intensity) factors that
vary across populations. An ideal approach to minimize these confounding factors
would be to compare rates estimated for traits and species from the same environment
and over the same time span (Quinn and Adams 1996).

Reservoirs represent a recent shift from a lotic to lentic habitat that influences a
variety of plant and animal species. In fishes, this stream-to-reservoir transition selects
for phenotypes that enhance burst swimming performance rather than endurance
swimming performance (Langerhans 2008). Specifically, high flow environments select
for a streamlined body shape which delays separation of the boundary layer from the

body thereby reducing drag and the energetic expenditure necessary to maintain their
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position in the water column (Webb and Buffrénil 1990). Low flow environments select
for a deeper body shape which reduces recoil during swimming and enhances burst
swimming performance (Webb 1982). Consequently, fishes in reservoirs frequently
evolve larger heads, and posteriorly deeper bodies and caudal peduncles than their
stream conspecifics (Haas et al. 2010; Franssen 2011; Franssen et al. 2013; Cureton and
Broughton 2014). Other traits, such as body size and caudal fin shape, are important to
locomotion and may exhibit a similar evolutionary response following stream
impoundment (Sambilay 1990).

Reservoirs provide a unique opportunity to quantify the rate of change among
several traits and species in response to the same selective pressure (i.e., stream
impoundment). We compared rates of evolution that were estimated from the same
environment and the same time period to test the hypothesis that rates of evolution vary
among species and traits. We focused on the Lake Texoma, a reservoir formed by
construction of Denison Dam at the confluence of the Red and Washita Rivers in 1944.
By quantifying rates of evolution in response to impoundment of the Red River, we can
account for temporal and spatial factors that typically confound comparisons of
evolutionary rates. Using fishes collected from Lake Texoma, we characterized
divergence of three locomotive traits (body size, body shape, and caudal fin shape) over
60 years in eight species of cyprinid fishes. These data show that all three traits
diverged in different directions among species, but rates of evolution were similar
among traits and species highlighting the need to understand why different traits and
species evolve at similar rates following a change in selective pressures.

METHODS
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We identified museum collections of cyprinid species (Cyprinidae) at the Sam
Noble Museum of Natural History that were collected from: i) Lake Texoma on at least
8 occasions from 1944 to present day, and ii) a free-flowing reach of the Red River
(Table S1). Based on the available collections, we included the red shiner (Cyprinella
lutrensis), the blacktail shiner (Cyprinella venusta), common carp (Cyprinus caprio),
plains minnow (Hybognathus placitus), silver chub (Macrhybopsis storeriana), emerald
shiner (Notropis atherinoides), chub shiner (Notropis potteri), and bullhead minnow
(Pimephales vigilax; Cureton and Broughton 2014) in this study (Table S1). Three of
the eight species (H. placitus, M. storeriana, and N. potteri) naturally prefer medium to
large rivers and are largely collected at the inflows of the Red and Washita Rivers
(Figure S1; Riggs and Bonn 1959). Any sustainable populations of these species may
live in Lake Texoma’s riverine and transitional zones (Thornton et al. 1990). The other
five species are common to natural pools and reservoirs, collected ubiquitously
throughout the reservoir (Figure S3), and as such, may have stable populations in the
reservoir’s riverine, transitional, and lacustrine zones (Thornton et al. 1990).

We photographed the left lateral side of 1-30 specimens from each museum
collection using a Sony DSLR-A350 camera (Table S1). We used geometric
morphometric techniques to assess body size and shape (Zelditch et al. 2004). We
assigned 14 homologous landmarks to each photograph using TPSdig2, aligned the
landmarks separately for each species using a General Procrustes Analysis in the
“geomorph” package, and then subjected to a principal component (PC) analysis to
condense the landmarks into fewer, meaningful variables (Figure 1; Rolhf 2010; Adams

and Otarola-Castillo 2013). Centroid size was used as a surrogate for body size and the

18



number of informative body shape PC was determined using the broken-stick method
(Jackson 1993). We assessed caudal fin shape using aspect ratio which is a measure of
the height (h) of the un-stretched caudal fin relative to the area (a). To estimate aspect
ratio, we imported each photograph into Adobe Photoshop® (San Jose, California) and
measured h and a of the lower caudal fin lobe in pixels (the upper lobe was degraded in
the majority of specimens). Because we measured h and a for only the lower lobe, we
calculated aspect ratio of the using the modified formula CFAR=2h*/(2a) (Sambilay
1990).

We assessed divergence between stream and reservoir populations by comparing
the Red River population to the most recent Lake Texoma collection (Table S1). We
compared body size of each species between habitats using a type-III analysis of
variance (ANOVA), body shape of each species using a type-III multivariate analysis of
covariance (MANCOVA), and caudal fin aspect ratio using an analysis of covariance
(ANCOVA). We included habitat as a fixed factor in all analyses and centroid size as a
covariate in analyses of body shape and caudal fin aspect ratio.

We considered traits to show a response to impoundment if i) the stream
phenotype was significantly different from the most recently sampled reservoir
collection and ii) the trait exhibited a directional phenotypic response after
impoundment followed by a period of stasis (Cureton and Broughton 2014). For traits
that exhibited a response to impoundment, we estimated the rate of evolution in
Haldanes (H) during the period of directional selection using the linear regression
approach (Hendry and Kinnison 1999). Because estimating rates of evolution in H

requires generation times, we used the following estimates of minimum age at
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reproduction as generation times: C. lutrensis, C. venusta, H. placitus, M. storeriana
(based on Macrhybopsis aestivalis), and P. vigilax — 1 year; N. atherinoides — 2 years;
C. carpio — 3 years (Scott and Crossman 1979; Becker 1983; Mayden 1991; Robinson
and Buchanan 1992; Jenkins and Burkhead 1994). No published data are available for
N. potteri; therefore, we used the most conservative estimate of 1 year. Because we
were interested in only the rate and not the direction of evolution for these comparisons,
we used the absolute value of the rate. We compared rates among traits and species
using a “type-III” ANOVA. All statistical analyses were performed in R v.3.1.1
Statistical Software (R Core Team; Vienna, Austria).

RESULTS

Reservoir fish were significantly larger than stream fish in C. lutrensis, H.
placitus, M. storeriana, and N. atherinoides whereas reservoir N. potteri and P. vigilax
were significantly smaller than their stream conspecifics (Figure 3; Table S2). Body
size showed a response to stream impoundment in five species with the transition from
stream-to-reservoir body size occurring on average in 14.1 = 8.8 generations, although
H. placitus increased this time substantially (49.0 generations in H. placitus vs. 5.4
generations in four other species; Table S3). The average rate of body size evolution in
these five species was 0.229 + 0.069 H (Table S3).

Forty-one total body shape PC were informative and included in subsequent
analyses (Table S4). Body shape was significantly different between stream and
reservoir populations for all species except H. placitus and M. storeriana (Table S2).
Reservoir C. lutrensis, C. venusta, and P. vigilax had shorter heads, deeper bodies and

caudal peduncles, and posterior shifted dorsal fins relative to their stream conspecifics
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(Figure 3). Reservoir C. carpio had larger heads, shallower bodies and caudal
peduncles, posterior shifted dorsal fins, and dorsally shifted anal fins whereas N.
atherinoides and N. potteri developed smaller heads, shallower bodies, and an anterior
or posterior shifted dorsal fin (Figure 3). The average time it took to reach the reservoir
phenotype for the 19 body shape PC that showed a response to stream impoundemtn
was 16.6 + 4.0 generations, evolving at an average rate of 0.237 + 0.067 H (Table S3).

Caudal fin aspect ratio was significantly different between stream and reservoir
fish in C. lutrensis, C. venusta, N. potteri, and P. vigilax. Reservoir C. lutrensis, C.
venusta, and P. vigilax had higher aspect ratio caudal fins than their stream
conspecifics, whereas reservoir N. potteri had lower aspect ratio caudal fins than their
stream counterparts (Figure 3). Only aspect ratio of P. vigilax showed a clear
evolutionary response to impoundment and evolved at a rate of 0.219 H over 14
generations (Table S3).

Because caudal fin aspect ratio in only P. vigilax exhibited an evolutionary
response to impoundment, it was removed from subsequent analyses. Likewise, H.
placitus was removed from the analysis because only body size showed an evolutionary
response. When we included all other traits that showed an evolutionary response to
stream impoundment, rates were not significantly different among traits (F; 16=0.102,
P=0.753, 1°=0.006) or species (Fs.16=0.982, P=0.469, 1°=0.269) (Figure 4). These
results did not change if all traits (i.e., including those that did not show a “clear”
evolutionary response to stream impoundment) were included in the analysis (traits:
F,.47=0.588, P=0.560, 1°=0.024; species: F747=1.037, P=0.419, n°=0.134).

DISCUSSION
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Comparisons of evolutionary rates historically have been difficult because of
temporal and spatial factors that confound such comparisons, such as the non-
independence of rates of evolution and the time span over which they are measured. We
compared rates of evolution of three locomotive traits in eight cyprinids following
impoundment of the Red River, a unique approach that minimizes confounding
temporal and spatial factors. We observed divergence of body size, body shape, or
caudal fin shape following stream impoundment in all species, but these traits did not
always diverge in the predicted direction. Body size increased in one species, body
depth increased in five species, and caudal fin aspect ratio decreased in one species
despite low flow environments favoring phenotypes that result in enhanced unsteady
swimming performance, most notably increased body size and body depth and
decreased caudal fin aspect ratio (Webb 1982; Langerhans 2008). Although our
predictions about the direction of trait change are grounded in biomechanical theory,
these particular phenotypes are not always favored in low or high flow environments.
For example, there is a negative relationship between body depth and hydrodynamic
drag in Lepomis macrochirus such that deeper bodied individuals have lower drag and
are favored over terete conspecifics in high flow environments (Schaefer et al. 1999).
Thus, the increase in drag that is usually associated with streamlined bodies may cause
the evolution of shorter, fusiform bodies and higher aspect ratio caudal fins in reservoir
populations of some species.

Three of the species, H. placitus, M. storeriana, and N. potteri, prefer riverine
environments and are largely collected only near the inflow of the Red and Washita

Rivers in Lake Texoma (Figure S3). Because these species may not inhabit the reservoir
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lacustrine zone, their only self-sustaining populations may be in the riverine and
transitional zones with intermediate flow (Thornton et al. 1990). Occasional droughts or
floods may influence the magnitude of flow in the riverine and transitional zones and
ultimately displace fish from these areas (Matthews 1984), but it seems likely these
species evolved phenotypes optimal for survival in these areas because evolution
occurred immediately after impoundment for traits in these species. Interestingly,
morphological change did not conform to a priori expectations for any of the three
locomotive traits in H. placitus and M. storeriana and did so for two traits (body size
and caudal fin shape) in N. potteri. Body shape was more streamlined in reservoir
populations of these three species whereas body depth of all five lacustrine species
increased, as predicted. The direction of morphological change in these species could be
due to selective pressures associated with the riverine and transitional zones such as
limited food availability, intense predation as stream predators (e.g., Lepomis;
Micropterus) enter the reservoir, or local variation in flow at the bottom of the water
column (e.g., the underflow; Thornton et al. 1990).

Evaluation of change in the morphological traits following stream impoundment
revealed a pattern indicative of an initial bout of directional selection followed by
stabilizing selection on a new adaptive peak (Cureton and Broughton 2014). Rates of
evolution during the period of directional selection ranged from 0.222 to 1.0671 H and
are moderate to high relative to other rates in both natural and anthropogenic systems
(Hendry and Kinnison 1999; Hendry et al. 2008). It is interesting to note that the two
highest rates of evolution were documented in two species that are frequently invasive

outside of their range (C. lutrensis: 1.06 H; C. carpio: 1.00 H). Despite this substantial
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variation in rates, traits and species evolved at the same rate following impoundment.
Functionally different traits (e.g., morphological, physiological, etc.) evolve at different
rates indicating that traits with similar functions evolve at relatively similar rates (Bone
and Farres 2001). Because the traits in our study all contribute to swimming
performance, the intensity of selection on these traits may have been similar following
impoundment resulting in similar rates of evolution (Domenici and Blake 1997). This is
unlikely, however, because selection was more intense on body size than body shape or
caudal fin shape (Figure S4; estimated using the intensity of selection coefficient (i)
from Perez and Munch 2010). The intensity of selection was similar among all species
suggesting that similar rates of evolution among species may be due to equally intense
selection (Figure S5). Alternatively, the additive genetic variation for each trait or
species may have been exhausted during the period of directional selection such that all
traits and species evolved at a similar, maximum rate (Albert et al. 2008). Because all of
the species in this study share a recent evolutionary history, the amount of genetic
variation underlying these traits may be relatively similar among all species limiting the
potential for some traits or species to evolve faster than others.

We compared rates of evolution for three locomotive traits from eight species
using a robust experimental design: all rates were estimated from the same population
over the same time span. Traits did not diverge in a consistent manner potentially as a
result of where each species resides in the reservoir or species-specific hydrodynamics.
Traits and species evolved at the same rate, a pattern that is unlikely due to equal
intensity selection on all traits and species. Rather, selection may have acted on a

similar amount of additive genetic variation that underlies each of these traits in all
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eight species. Directional selection on that genetic variation following the change from

a stream to a reservoir may have resulted in all species rapidly evolving phenotypes that

are optimal for survival in the reservoir habitat. Stabilizing selection has since

maintained the reservoir phenotype on a new adaptive peak (Estes and Arnold 2007).

Collectively, these results suggest that the direction of phenotypic divergence is not

consistent among traits and species following a change in the environmental conditions.

However, rates of evolution of the traits, regardless of the direction of change, were

consistent among species. These results highlight the ability of species to evolve at

similar rates and provide the impetus to understand why rates of evolution are constant
among traits and species.
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CHAPTER 3: INCOMPLETE CONVERGENCE OF BENTHIC BODY SHAPES
FOLLOWING PELAGIC-BENTHIC TRANSITIONS IN NORTH AMERICAN

CYPRINIDS®

3Formatted for submission to Evolution

31



ABSTRACT

Habitat transitions are frequent drivers of phenotypic convergence in fishes. The
magnitude of convergence among evolutionary lineages, however, may be constrained
by lineage-specific factors. Here, we examine whether transitions form pelagic-to-
benthic habitats resulted in convergent evolution of body shape in North American
cyprinids. We built a phylogenetic hypothesis of 269 species of cyprinids using two
nuclear and two mitochondrial genes, reconstructed the evolution of and transition
between benthic and pelagic habitats, and evaluated the direction and magnitude of
body shape evolution during habitat transitions. The ancestral habitat type of North
American cyprinids was recovered as pelagic and followed by approximately 25 habitat
transitions with pelagic-to-benthic transitions being more common. Consistent with
theoretical expectations, benthic species had deeper bodies and larger heads than
pelagic species although benthic and pelagic morphospaces overlapped substantially.
These data suggest incomplete convergence of body shape in benthic species potentially
as a result of preference in habitat type (e.g., river size). Conversely, incomplete
convergence could due to the unique evolutionary history of the benthic clades
suggesting that the evolution toward benthic living is strongly constrained by lineage-

specific factors.
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INTRODUCTION

The evolution of similar phenotypes among divergent lineages that occupy
similar environments illustrates the power of natural selection to drive convergent
evolution at the cellular, molecular, and phenotypic levels (Hubbs 1941; Masters et al.
1996; Pupo et al. 2000; Feil and Burger 2007; Muschick et al. 2012). Examples from
vertebrates include the evolution of intelligence in corvid bird and primate lineages
(Emery and Clayton 2004), blood antifreeze glycoproteins in Arctic cod and
notothenoid fishes (Chen et al. 1997), and body, leg, and tail shapes associated with in
perch diameter in Anolis lizards (Losos et al. 1998). Although selection may drive the
evolution of similar phenotypes in different groups, lineage-specific factors such as the
genetic and developmental background, phenotypic modularity, and functional trade-
offs, may limit the degree of morphological convergence among lineages (Hulsey and
Wainwright 2002; Langerhans et al. 2006).

Stayton (2006) suggested that convergent evolution can be inferred when the
convergent descendants occupy a smaller, distinct region of morphospace from their
ancestors that experienced a different selective regime. However, convergent evolution
may result in a pattern such that the descendant species do not occupy a morphospace
completely distinct from that of their ancestors, a pattern termed incomplete
convergence (Herrel et al. 2004; Stayton 2006). In some lineages, many phenotypes can
achieve the same function, a pattern termed many-to-one mapping (Huley and
Wainwright 2002; Wainwright et al. 2005). When multiple phenotypes can achieve the
same function, descendant populations may exhibit increased phenotypic variation and

occupy a larger, more diverse morphospace than that of their ancestors (Hulsey and

33



Wainwright 2002). This pattern, known as imperfect convergence, was recently
documented in the evolution of durophagy in Moray Eels (Collar et al. 2014).

Transitions between benthic and pelagic habitats are thought to be an important
driver of life-history, foraging, and locomotive diversification in freshwater fishes
(Hubbs 1941; Schluter and McPhail 1992; Baker et al 2005; Svanbéck et al. 2008).
Benthic fishes tend to produce fewer, larger eggs, forage on macroinvertebrates and
have deeper bodies, lower aspect ratio caudal fins, and flexible bodies (Webb 1978,
1982, 1984). Pelagic fishes produce larger clutches of smaller eggs, feed on
zooplankton, and use their stiff, streamlined bodies and higher aspect ratio caudal fins
to swim in the water column (Webb 1978, 1982, 1984). Selection for living in these two
divergent environments also results in divergence in swimming ability with deeper
bodied benthic species being better unsteady, or burst, swimmers than their pelagic
counterparts. Divergence of these phenotypes has been widely documented on a micro-
evolutionary scale (Schluter and McPhail 1992; Robinson and Wilson 1996). Previous
studies have suggested that benthic and pelagic habitats have resulted in the evolution
of species with phenotypes optimized to living in each of these particular habitats
(Douglas and Matthews 1992). However, the importance of these shifts in in driving
macroevolutionary diversification among freshwater fishes is largely unknown.

North American cyprinids are the most diverse family of North American
freshwater fishes (Cyprinidae), comprising at least 325 species distributed across most
of North America (Eschemeyer 2015). North American cyprinids inhabit both benthic
and pelagic habitats and shifts between benthic and pelagic habitats are thought to have

played an important role in the early diversification of the open posterior myodome
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(OPM) clade of North American cyprinids (Hollingsworth et al. 2013). Indeed, a
transition from a benthic to pelagic habitats is associated with an increased rate of
lineage diversification in the OPM clade (Simons and Mayden 1999; Hollingsworth et
al. 2013). Phenotypic diversification may have occurred on an even more fine scale as
some cyprinids partition vertical variation in the water column (Baker and Ross 1981;
Surat et al. 1982; Gorman 1988a; Gorman 1988b). Because benthic-pelagic transitions
were likely important to the diversification of this group, body shape may be a trait that
experienced convergent evolution following these transitions (Douglas and Matthews
1992). Indeed, selection for specific locomotive phenotypes has resulted in convergent
evolution of body shape across divergent lineages including ichthyosaurs, whales,
pelagic fishes, and lamnid sharks (Donley et al. 2004). We evaluated the evolution of
body shape in North American cyprinids and tested the hypothesis that transitions
between benthic and pelagic habitats resulted in convergent evolution of body shapes.
Specifically, we predicted that benthic species would evolve larger heads, deeper
bodies, and deeper caudal peduncles than pelagic species. Our results show that
transition between pelagic and benthic habitats resulted in incomplete convergent
evolution of body shape such that species evolved benthic body shapes following a shift
to benthic habitats, but the magnitude of change in body shape depended on the unique
evolutionary history of each species. These results highlight the potential for lineage-
specific factors to constrain the ability of convergent evolution to produce similar
phenotypes.

METHODS

Reconstructing the Evolutionary History of Pelagic-Benthic Transitions
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We generated a phylogenetic hypothesis for 269 species of North American
cyprinids using four genes downloaded from National Center for Biotechnology
Information’s GenBank database (Table S5). We downloaded sequences for all species
for which they were available for cytochrome oxidase I (COI), cytochrome B (CYTB),
recombination activating gene 1 (RAG1), and an intron of S7 (S7) (Table S5). We used
a smaller portion of each gene that was available for most species resulting in a total
alignment of 4,503 base pairs (COI [652 bp], CYTB [1141 bp], RAG1 [1520 bp], and
S7[1,190 bp]). For each gene, we aligned all available sequences using the Muscle
algorithm as implemented in Geneious R2 (Edgar 2004; Kearse et al. 2012). All gene
alignments were then concatenated into a single alignment for phylogenetic analysis
and divided into 10 partitions: COI, CYTB, and RAG1 by codon position and the S-7
intron.

First, we analyzed the partitioned dataset using a maximum likelihood
framework as implemented in RAXML BlackBox (Stamatakis et al. 2008). We used the
GTRCAT model of nucleotide evolution and bootstrapped the dataset 100 times. Then,
we analyzed the partitioned alignment using a Bayesian framework (Mr. Bayes v.1.8;
Ronquist and Huelsenbeck 2003) as implemented on the CIPRES Science Gateway
(Miller et al. 2010). We implemented the GTR + I + I' model of nucleotide evolution
and ran this analysis for 20,000,000 generations (8 chains), resampling every 1,000
generations. We discarded the first 25% of the trees generated as burn-in (5,000 trees);
thus, the final topology and posterior probabilities were generated from 15,000 trees.
The final tree was rooted using the common carp (Cyprinus carpio) which was removed

for subsequent analyses.
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For each species for which we had morphometric data (N=201 species), we
searched the published literature to assign a species as benthic or pelagic using the
criteria outlined in Hollingsworth et al. (2013): ventrally located mouth, presence of
barbels, presence of a spiraled gut, build benthic nests, or feeds on primarily benthic
items (Table S5). We coded species as only “benthic” or “pelagic” rather than
quantifying the degree of “benthic” or “pelagic” for each species (e.g., based on the
number of criteria satisfied or their vertical location in the water column) because
information on all of these traits is not available for most species. We reconstructed
habitat type (benthic or pelagic) using stochastic character mapping as implemented in
the make.simmap function in the R package phytools (Huelsenbeck et al. 2003; Revell
2012).We used fixed priors for transition rates between habitat types and sampled 1,000
character maps. We calculated Bayesian posterior probabilities using the
describe.simmap function in the phytools package (Revell 2012).

Assessing Convergent Phenotypic Evolution

We photographed the left lateral side of up to 5 specimens of each of 216
species of North American cyprinids (N=1,045 total specimens) from the Sam Noble
Museum of Natural History and the Tulane University Biodiversity Research Institute
(Table S5). Fifteen species were removed because the four genes used in this study
were unavailable for these species (Table S5). We assigned 12 homologous landmarks
to each photograph using TPSDig2 and removed landmark variation due to translation,
scaling, and rotation using a general Procrustes analysis from the “geomorph” package
in R (Zelditch et al. 2004; Rolhf 2010; Adams and Otarola-Castillo 2013). We reduced

the landmarks into fewer informative variables using a phylogenetically controlled
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principal components (PC) analysis as implemented in the phyl.pca function in the
phytools package (Revell 2012). We determined the number of informative PC using
the broken-stick model (Jackson 1993). We compared each informative PC between
habitat types after accounting for evolutionary history using simulation-based
phylogenetic ANOVAs as implemented in the phylANOVA function in the phytools
package (Garland et al. 1993; Revell 2012). We included centroid size as a covariate in
all analyses. Only PC that were significantly different between habitat types were used
in subsequent analyses.

We then tested for multiple lines of evidence of convergent evolution using the
PC that were different between habitat types. First, we compared morphological
disparity between benthic descendants and their pelagic ancestors to determine if the
benthic species occupy a smaller, distinct morphospace (Stayton 2006). To estimate
morphological disparity in the pelagic ancestors, we first reconstructed ancestral PC
scores using maximum likelihood, assuming equal rates of transitions between habitat
types. We quantified disparity as the variance in PC scores of the first pelagic ancestor
of the benthic species (Collar et al. 2014). We quantified disparity among the benthic
species as the variance among species’ PC scores. Because multiple benthic species
evolved from a single pelagic ancestor, comparison of all benthic descendants to pelagic
ancestors would result in substantially different sample sizes for the two groups. As
such, we performed 100 bootstrapped replicates of PC scores for the benthic
descendants and compared variance in each of these replicates with that of the ancestors
using Levene’s heterogeneity of variance test. We report the average p-value for the 100

bootstrap replicates.
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Higher disparity in the morphospace of benthic descendants does not rule out
convergent evolution if benthic taxa are diverging in the same direction from their
ancestors. To evaluate the direction of evolution in benthic taxa, we compared PC
scores from each clade of convergent benthic taxa to the pelagic species to which they
are most closely related. We considered each clade of convergent benthic taxa and their
most closely sister pelagic species as a monophyletic “phylogenetic pair.” We compared
PC scores between habitat types and among “phylogenetic pairs” (and their interaction)
using an ANCOVA. We included body size as a covariate. Post-hoc analyses of
“phylogenetic pairs” were carried out using Tukey Honest Significant Differences tests.
All analyses were performed using R v.3.1.1 Statistical Software (R Core Team;
Vienna, Austria).

RESULTS
Evolutionary History of Pelagic-Benthic Transitions

Maximum likelihood and Bayesian analyses converged on a relatively similar
topology with the exception of i) relationships among the four major clades described
below and ii) the placement of Notemigonus crysoleucas (Figures S6, S7). Therefore,
we focus our discussion and subsequent analyses on the Bayesian topology (Figure S7).

13

We recovered strong support for previously described “creek chub”, “plagopterin”,
“western”, and “OPM” clades with only N. crysoleucas recovered outside of these
clades. Support was high for all relationships within the “creek chub” clade and most
relationships within the “plagopterin” clade with the exception of the node identifying

the sister group to Couesius plumbeus and Margariscus margarita. All nodes within the

“western” clade, with the exception of two nodes within Gila, also received high
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support. Within the “OPM” clade, support was high for most clades with the notable
exception of the unresolved clade that includes the majority of Notropis species. Within
this “Notropis” clade, Ericymba, Hybopsis, Lythrurus, and Hybognathus were
recovered as monophyletic. Several other genera, including Luxilus, Tampichthys,
Cyprinella, Pimephales, and Pteronotropis, were monophyletic with one or two
exceptions, potentially a result of missing sequence data for some of these species. We
recovered several strongly supported clades of Notropis although relationships among
Notropis clades were not always strongly supported.

To insure our results were not biased based on topology choice, we estimated
the number of habitat transitions on likelihood and Bayesian phylogenetic hypotheses.
Because the number and location of transitions was almost identical, we discuss only
the results from reconstruction of habitat on the Bayesian hypothesis (Figure S8). A
total of 24.9 habitat transitions were estimated across 1,000 trees with 7.8 transitions
from benthic to pelagic habitats and 17.1 transitions occurring from pelagic to benthic
habitats (Figure 5). The ancestral habitat state for all North American cyprinids was
recovered as pelagic. There was an early habitat shift to benthic habitats in the “creek
chub” and “plagopterin” clades. The majority of the “western” clade was recovered as
pelagic although there were a few transitions to benthic habitats in this clade (Figure 5).
The ancestral state of the “OPM” clade was pelagic although there was a transition to
benthic environments early in the diversification of this clade. Subsequent
diversification within the OPM clade occurred along a benthic axis until the unresolved
Notropis clade at which point there was a transition back to pelagic habitats. Most of the

transitions from pelagic to benthic habitats occurred in the unresolved Notropis clade.
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Although incomplete resolution of the relationships in this clade prevented a more
precise estimate of the number of habitat transitions, there were a minimum of nine
pelagic-to-benthic transitions in this clade because up to three transitions could collapse
into a single clade upon resolution of this group
Convergent Evolution of Benthic Taxa

Broken-stick analysis of the 24 PC revealed only the first four to be informative.
The first four PC explained 16.3%, 11.8%, 10.4%, and 8.5% of the variation in body
shape respectively, and 47%, cumulatively. PC1 accounted for variation in head size
and shape as well as body depth and the location of the insertion of the dorsal, pelvic,
and anal fins (Figure 6). Variation in PC2 reflected variation in body shape with the
primary changes in the location of the dorsal fin relative to the pelvic and anal fins
(Figure 6). Variation in PC3 accounted for changes in head shape and orientation as
well as variation along the ventral side of the fish and the orientation of the caudal
peduncle (Figure 6). PC4 accounted for variation along the vertical axis of the fish (i.e.,
head and body depth; Figure 6). When we accounted for phylogenetic relationships,
only PC2 (F=64.890, P=0.001) and PC4 (F=99.541, P=0.001) were different between
habitat types suggesting that variation in PC1 and PC3 may be due to evolutionary
history rather than habitat differences. PC2 scores were higher for benthic species
indicating pointed snouts, deeper bodies, and anterior shifted dorsal fins (Figure 7). PC4
scores were significantly lower for benthic species indicating they had a larger head and
deeper body than pelagic species (Figure 7).

We identified nine “phylogenetic pairs” of convergent benthic species and their

most-closely related pelagic species for additional analyses. The morphospace of
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benthic descendants was not significantly smaller than that of their most recent common
pelagic ancestors within these “phylogenetic pairs” (PC2: P=0.158; PC4: P=0.141;
Figure 8). Within these “phylogenetic pairs,” benthic species had significantly higher
PC2 scores than their pelagic counterparts (F) 316=16.047, P<0.001, 1°=0.048; Figure 7).
Nonetheless, there was substantial overlap in PC2 scores between benthic and pelagic
species. The interaction between habitat type and phylogenetic pair was significant for
PC4 indicating that the effect of habitat type on PC4 scores depends on each
phylogenetic pair (F;316=8.763, P=0.004, n°=0.027; Figure 7). Post-hoc analysis of PC4
revealed that benthic species had significantly lower scores than pelagic species for
phylogenetic pairs 1, 4, 6, and 9 (Table S5). The benthic species at node 8 had
significantly higher PC4 scores than the pelagic species and PC4 scores did not differ
between habitats for the other 4 species pairs (Table S5). Although benthic species
occupy a statistically different morphospace from pelagic species on PC2 and, in some
cases, PC4, there was sufficient overlap between in body shape between habitat types
suggesting incomplete convergent evolution of body shape (Figure 8).
DISCUSSION

We expected transitions from pelagic to benthic habitats to result in the
evolution of similar body shapes in benthic species of North American cyprinids. First,
we estimated the frequency of habitat transitions using a phylogenetic hypothesis built
using a super-matrix approach (de Queiroz and Gatesy 2007). Using this approach, we
recovered several relationships consistent with previously published studies including a
“creek chub” clade, “western” clade, a plagopterin clade, and an “OPM” clade (Simons

and Mayden 1997; Simons and Mayden 1999; Simons et al. 2003; Schonhuth et al.

42



2012). Support within most of these clades was strong (with a few exceptions on the
maximum likelihood topology), with the exception of the clade containing the majority
of the Notropis species in the “OPM?” clade. Within this large, unresolved clade are
several genera that were recovered as monophyletic and several more that were
monophyletic with the exception of one or two species (e.g., Pimephales). The
polyphyly of these genera is likely a result of missing data for these species (e.g.,
Tampichthys; Schonhuth et al. 2008). Several groups of Notropis species were strongly
supported although these clades did not always correspond to Notropis subgenera (e.g.,
Hydrophlox; Cashner et al. 2011). Despite missing data complicating more fine scale
resolution of phylogenetic relationships, habitat transitions were largely resolved
although two of the transitions could be collapsed depending on resolution of the
Notropis clade. Interestingly, pelagic-to-benthic transitions occurred more frequently
than benthic-to-pelagic transitions. The diversification of North American cyprinids
along a benthic axis prior to the pelagic Notropis radiation may have limited available
habitat for subsequent pelagic-to-benthic transitions.

The transition from a benthic to pelagic habitat associated within the unresolved
Notropis clade is associated with an increased rate of lineage diversification
(Hollingsworth et al. 2013). We expected that transitions back to benthic habitats within
this pelagic clade would result in larger heads, deeper bodies, and deeper caudal
peduncles in benthic species. These locomotive phenotypes optimize unsteady
swimming ability which should be selected for in benthic environments (Webb 1982).
PC2 and PC4, which could not be explained only by phylogenetic relationships,

consistently diverged between benthic and pelagic species. Analysis of these two PC
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indicated morphological changes consistent with biomechanical theory: pelagic species
had smaller heads with pointed snouts, streamlined bodies, posterior shifted dorsal fins,
and anterior shifted pelvic and anal fins relative to benthic species (Webb 1978, 1982).
Although not enough data are available to robustly assess whether vertical stratification
of the water column resulted in a more fine level of phenotypic diversification, there is
an inverse relationship between PC2 and vertical depth for two independent data sets
suggesting this hypothesis may be plausible (Baker and Ross 1981; Surat et al. 1982;
Gorman 1988a; Gorman 1988b); thus, species that lived lower in the water column had
more benthic phenotypes, as predicted by this hypothesis. Although support for this
hypothesis would suggest phenotypic diversification on a very fine spatial scale, our
data clearly show that selection for living in benthic and pelagic habitats is strong
enough to drive evolution of specific body shapes in North American cyprinids.

Stayton (2006) defined explicit criteria for detecting convergent evolution,
suggesting that descendant species should occupy a smaller, but distinct morphospace
from their ancestors that experienced a different selection regime. Accordingly,
convergent evolution should have resulted in a smaller, distinct morphospace in benthic
species relative to their pelagic ancestors. Although PC2 and PC4 scores were
significantly different between benthic and pelagic species, there was sufficient overlap
in the morphospace of benthic and pelagic species suggesting that they do not occupy
distinct morphospaces. Further, benthic species did not exhibit reduced morphological
disparity relative to their pelagic ancestors; thus, it convergence of benthic phenotypes
in North American cyprinids is incomplete (Herrel et al. 2004). There are several

mutually non-exclusive factors that may have resulted in this pattern. First, our
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dichotomous classification of “benthic” and “pelagic” species may be too broad relative
to the degree of habitat partitioning in streams. Indeed, data suggest that phenotypic
diversification may have occurred as a result of partitioning the water column.
However, more robust data are needed to evaluate this hypothesis. Second, we did not
consider variation in micro- or macro-habitats among species. For example, the
magnitude of convergence may be different in species that live in habitats in different
flow regimes such that benthic species in large rivers have a more pelagic body shape
than benthic species in lakes (Langerhans 2008). Third, the benthic phenotypes in the
“creek chub” and “plagopterin” clades may have been optimized for survival in those
lineages whereas “OPM” minnows may have a different optimal benthic phenotype.
Fourth, the evolution of benthic phenotypes may be constrained by the evolutionary
history of any particular lineage (Langerhans et al. 2006). The benthic phenotypes in the
“OPM” clade may be unable to evolve in the “creek chub”, “plagopterin”, or “western”
clades due to lineage-specific evolutionary constraints. More specifically, the benthic
“western” species have a more benthic body shape than pelagic “western” species, but
do not closely resemble the body shape of “OPM” benthic species perhaps due to
developmental or genomic constraints.

Habitat transitions are important drivers of phenotypic diversification because of
selection for specific locomotive demands in divergent environments. Such
environmental demands have led to the convergent evolution of “thunniform” body
shape in ichthyosaurs, whales, pelagic fishes, and lamnid sharks (Donley et al. 2004).
We demonstrated incomplete convergent evolution of body shape in benthic species of

North American minnows. Benthic species evolved larger heads, deeper bodies, and
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deeper caudal peduncles than pelagic species. This suggests divergent selection drove

the evolution of habitat-specific phenotypes that are optimal for survival in benthic and

pelagic environments. However, benthic species did not occupy a morphospace distinct
from that of pelagic species leading us to conclude that convergent evolution of body
shape in North American cyprinids is incomplete — i.e., benthic species tend to have
deeper bodies than pelagic species, but the degree of body shape convergence in benthic
taxa dependent on the specific clade. Incomplete convergence of body shape could be
due to several mutually non-exclusive factors including habitat preferences of benthic
species as well as lineage-specific factors. These results highlight the potential for
evolution to drive convergence of body shape despite strong constraints among benthic
lineages.
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TABLE S1

Species Locality OKMNH Year Col YearImp n
C. lutrensis Red River 33156 1963 19 3
Red River 61047 1999 45 16
Lake Texoma 30202 1949 5 2
Lake Texoma 29153 1951 7 19
Lake Texoma 27629 1954 10 20
Lake Texoma 30030 1958 14 11
Lake Texoma 31141 1959 15 10
Lake Texoma 32685 1960 16 12
Lake Texoma 39704 1962 18 16
Lake Texoma 39506 1963 19 20
Lake Texoma 39519 1964 20 19
Lake Texoma 50386 1993 49 8
Lake Texoma 62029 2000 56 20
Lake Texoma 65369 2001 57 20
C. venusta Red River 46828 1990 46 22
Lake Texoma 30204 1949 5 11
Lake Texoma 30190 1949 5 4
Lake Texoma 29152 1951 7 2
Lake Texoma 27628 1954 10 12
Lake Texoma 27111 1955 11 3
Lake Texoma 29856 1956 12 1
Lake Texoma 37030 1957 13 1
Lake Texoma 31119 1958 14 5
Lake Texoma 39698 1962 18 17
Lake Texoma 39509 1963 19 18
Lake Texoma 39523 1964 20 2
Lake Texoma 62988 1995 51 21
Lake Texoma 60342 1999 55 19
Lake Texoma 62201 2000 56 18
Lake Texoma 65499 2001 57 20
C. carpio Red River 51199 1992 48 11
Lake Texoma 27020 1949 5 1
Lake Texoma 27005 1949 5 2
Lake Texoma 27312 1951 7 1
Lake Texoma 27154 1954 10 8
Lake Texoma 37023 1957 13 1
Lake Texoma 27190 1957 13 3
Lake Texoma 39701 1962 18 1
Lake Texoma 44169 1989 45 5
Lake Texoma 50383 1993 49 7
Lake Texoma 60266 1999 55 15
Lake Texoma 62227 2000 56 17
Lake Texoma 65370 2001 57 21
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H. placitus

M. storeriana

N. atherinoides

N. potteri
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P. vigilax
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TABLE S2

Species Trait Habitat Temporal
F-value df P-value  F-value df P-value
C. lutrensis Body size 25.538 1,37  <0.001 3.668 1,175 0.057
Body shape 7.794 5,32 <0.001 22951 5,170  <0.001
CFAR 6.824 1,19 0.017 14.014 1,150  <0.001
C. venusta Body size 1.576 1,40 0.217 0.000 1,152 0.985
Body shape 19.372 5,35  <0.001 15294 5,147  <0.001
CFAR 11.146 1,29 0.002 6.975 1,26 0.014
C. carpio Body size 0.215 1,30 0.647 4.391 1, 80 0.039
Body shape 8.645 6,24  <0.001 10.613 6,74 <0.001
CFAR 2915 1,25 0.100 0.096 1,61 0.757
H. placitus Body size 139.850 1,26  <0.001 41.347 1,46 <0.001
Body shape 1.614 3,23 0.213 0.097 3,43 0.961
CFAR 1.054 1,19 0.318 0.067 1,37 0.798
M. storeriana Body size 14.746 1,24  <0.001 3377 1,114 0.069
Body shape 0.806 7,17 0.594 9.155 7,107  <0.001
CFAR 1.150 L5 0.333 0.280 1,99 0.598
N. atherinoides  Body size 8.284 1,54 0.006 0.099 1,100 0.754
Body shape 16.723 5,49  <0.001 8.317 5,95 <0.001
CFAR 0.485 1,29 0.492 0.093 1, 84 0.762
N. potteri Body size 6.572 1,13 0.024 1.163 1,51 0.286
Body shape 17.346 5,8 <0.001 3.926 5,46 0.005
CFAR 4973 1,10 0.050 1.386 1,47 0.245
P. vigilax Body size 10.251 1,51 0.002 0914 1, 240 0.340
Body shape 10434 5,46  <0.001 7.532 5,235  <0.001
CFAR 24.890 1,49  <0.001 3.143 1,210 0.078
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TABLE S4

PC1 PC2 PC3 PC4 PC5 PC6 PC7 Total
C. lutrensis 200 175 111 95 6.7 - . 64.8
C. venusta 219 ‘150 122 9.0 6.7 - = 648
C. carpio 230 165 123 94 1.1 6.0 - 743
H. placitus 292 19.7 104 - - - - 593
M storeriana 201 129 115 88 7:2 6.9 57 73.1
N. atherinoides 21.7 170 12.1 7.8 7.0 - - 65.6
N. potteri 259 152 113 8.8 7.2 - - 684
P. vigilax 190 132 107 85 7.2 - - 58.6
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FIGURE S1
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FIGURE S2
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FIGURE S3
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FIGURE $4
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FIGURE S5
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Figure S6
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FIGURE S7
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FIGURE S8
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