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Abstract.—Molecular clock methods allow biologists to estimate divergence times, which in turn play an important
role in comparative studies of many evolutionary processes. It is well known that molecular age estimates can be
biased by heterogeneity in rates of molecular evolution, but less attention has been paid to the issue of potentially
erroneous fossil calibrations. In this study we estimate the timing of diversification in Centrarchidae, an endemic
major lineage of the diverse North American freshwater fish fauna, through a new approach to fossil calibration and
molecular evolutionary model selection. Given a completely resolved multi-gene molecular phylogeny and a set of
multiple fossil-inferred age estimates, we tested for potentially erroneous fossil calibrations using a recently devel oped
fossil cross-validation. We also used fossil information to guide the selection of the optimal molecular evolutionary
model with anew fossil jackknife method in afossil-based model cross-validation. The centrarchid phylogeny resulted
from a mixed-model Bayesian strategy that included 14 separate data partitions sampled from three mtDNA and four
nuclear genes. Ten of the 31 interspecific nodes in the centrarchid phylogeny were assigned a minimal age estimate
from the centrarchid fossil record. Our analyses identified four fossil dates that were inconsistent with the other fossils,
and we removed them from the molecular dating analysis. Using fossil-based model cross-validation to determine the
optimal smoothing value in penalized likelihood analysis, and six mutually consistent fossil calibrations, the age of
the most recent common ancestor of Centrarchidae was 33.59 million years ago (mya). Penalized likelihood analyses
of individual data partitions all converged on avery similar age estimate for this node, indicating that rate heterogeneity
among data partitions is not confounding our analyses. These results place the origin of the centrarchid radiation at
a time of major faunal turnover as the fossil record indicates that the most diverse lineages of the North American
freshwater fish fauna originated at the Eocene-Oligocene boundary, approximately 34 mya. This time coincided with
major global climate change from warm to cool temperatures and a signature of elevated lineage extinction and
origination in the fossil record across the tree of life. Our analyses demonstrate the utility of fossil cross-validation
to critically assess individual fossil calibration points, providing the ability to discriminate between consistent and

inconsistent fossil age estimates that are used for calibrating molecular phylogenies.
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Integration of fossil information with molecular phylog-
enies offers potential for efforts using molecular dating meth-
ods to reconstruct the timing of diversification of organismal
lineages. Enthusiasm for these methods has been tempered
by the fact that the initial promise of the ‘*molecular clock,’”’
where molecular evolutionary rates are assumed to be uni-
form across organismal lineages (Zuckerkandl and Pauling
1962, 1965), has been confounded by the observation of per-
sistent and widespread heterogeneity in molecular evolu-
tionary rates among and within lineages (Britten 1986). The
effects of molecular rate heterogeneity, both among lineages
and data partitions, on molecular divergence time estimates
is an area of active research. There are now a number of
compensatory strategies including: (1) pruning lineages ex-
hibiting deviation from uniform molecular evolutionary rates
(Takezaki et al. 1995), (2) using multiple models of molecular
evolution with differing molecular evolutionary rates on dif-
ferent branches of phylogenetic trees (Y oder and Y ang 2000),
(3) modeling the evolution of the rate of evolution using
Bayesian methods (Thorne et al. 1998; Huelsenbeck et al.
2000), and (4) using nonparametric and semiparametric mod-
els of molecular rate evolution (Sanderson 1997, 2002, 2003).

Substantial progress has been made in accounting for rate
heterogeneity in molecular divergence time estimation; how-

ever, there has been far less attention devoted to issues in-
volved with using fossils to calibrate molecular phylogenies.
Fossil calibrations are a key step in converting relative mo-
lecular divergence times to absol ute age; therefore, erroneous
fossil dates will thwart molecular divergence time estimates.
Several sources of error contribute to inaccurate fossil dates,
with the most common arising from the fact that the fossil
record is incomplete and will consistently produce under-
estimates of lineage ages (Marshall 1990a; Springer 1995).
Other sources of error include taxonomic misidentification
of fossils and their erroneous placement onto phylogenetic
trees (Benton and Ayala 2003) and erroneous estimates of
the geologic ages of fossil-bearing rock formations (Conroy
and van Tuinen 2003). Error will also result if fossil-inferred
minimal age estimates are applied to crown groups in phy-
logenetic trees instead of the appropriate stem lineages
(Doyle and Donoghue 1993; Magallon and Sanderson 2001).

Several studies have attempted to assess the consistency
among multiple fossil calibration points, by determining the
similarity of dates inferred from molecular data using dif-
ferent fossil calibrations (Norman and Ashley 2000; Renner
et al. 2001; Soltis et al. 2002; Near et al. 2003a, 2005; van
Tuinen and Dyke 2003; Near and Sanderson 2004). These
efforts have produced mixed results, as some studies have
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demonstrated fairly high consistency among all calibration
points (Renner et al. 2001; Near et al. 20033, 2005; Near and
Sanderson 2004), and others have identified particular fossil
calibrations that appear inconsistent (Soltis et al. 2002; van
Tuinen and Dyke 2003). Recently, methods have been de-
veloped that attempt to assess the consistency of fossil cal-
ibration points in molecular divergence time estimations us-
ing a cross-validation between fossil and molecular age es-
timates (Near and Sanderson 2004; Near et al. 2005). These
methods have proven useful in identifying inconsistent fossil
calibration points in datasets for angiosperms, mammals, and
turtles. Once inconsistent fossils are removed from molecul ar
dating analyses, investigators may have greater confidence
intheresults, sincethe consistent fossils offer maximal agree-
ment between fossil and molecular estimated divergence
times (Near et al. 2005). In addition, Near and Sanderson
(2004) have introduced a novel method of fossil-based model
cross-validation, which uses fossil information to select the
optimal model of molecular evolution for penalized likeli-
hood analysis.

Molecular Divergence Time Estimates and the Evolution of
the North American Freshwater Fish Fauna

The North American fish fauna is diverse (Briggs 1986;
Lundberg et al. 2000), and is comprised of lineages that span
ray-finned fish diversity. In addition, there are several en-
demic clades, including some that are currently restricted to
North Americabut occur asfossils on several other continents
(Wiley 1976; Grande and Bemis 1991, 1998). Previous at-
tempts to reconstruct the timing and origin of the diverse
North American freshwater fish fauna have used earliest oc-
currences of taxain the fossil record, as well asthe historical
geomorphology of continental connections and fragmentation
(Patterson 1981; Cavender 1986). The consensus from these
studies is that the most diverse lineages of North American
freshwater fishes originated at a time near the Eocene-Oli-
gocene transition (approximately 34 million years ago; mya),
where there is a signature of both origin and diversification
of new lineages, and extinction of Paleogene lineages in the
fossil record (Cavender 1986; Wilson and Williams 1992).

There are numerous phylogenetic hypotheses for North
American freshwater fishes that include both fossil and extant
taxa; these provide arich opportunity to reconstruct and com-
pare the timing of speciation among a set of diverse lineages
(Lundberg 1975; Wiley 1976; Grande and Bemis 1991; L und-
berg 1992; Smith 1992a,b; Wilson 1992; Wilson and Wil-
liams 1992; Stearley and Smith 1993). However, using fossil
information to calibrate molecular phylogenies has only re-
cently been applied to very limited components of the North
American freshwater fish fauna (Dowling et al. 2002; Smith
et al. 2002; Near et a. 2003a; Near and Benard 2004).

In this study we apply fossil cross-validation methods to
a phylogeny of Centrarchidae, a clade of freshwater fishes
with all species, both fossil and extant, endemic to North
America (Etnier and Starnes 1993). Centrarchids are an ex-
cellent model system for investigating the origin of the di-
verse North American freshwater fish fauna and exploring
issues of fossil calibration in molecular dating. We have gen-
erated a robust phylogenetic hypothesis for all 32 extant cen-
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trarchid species derived from three mtDNA gene regions and
four nuclear loci. Centrarchids are well represented in the
fossil record of Cenozoic freshwater depositsin North Amer-
ica (Smith 1981; Cavender 1986), thus providing many po-
tential calibration points. A calibrated centrarchid molecular
phylogeny may also provide critical external calibrations for
molecular phylogenies of important and diverse lineages of
North American freshwater fishes that have a poor fossil re-
cord and essentially no calibration points (Near and Benard
2004). In addition, a calibrated molecular phylogeny of Cen-
trarchidae can provide valuable datato the study of functional
morphology (Wainwright and Lauder 1992) and the evolution
of reproductive isolation (Bolnick and Near 2005).

A total of 10 fossil calibration points is applied to the
centrarchid molecular phylogeny, and fossil-cross validation
is used to evaluate individual fossil calibration points. Using
these methods as a guide to identify a group of consistent
fossil calibrations, we then use a new jackknife method to
determine which fossil-inferred date should be treated as a
fixed minimum age estimate in a fossil-based model cross-
validation, which is used to select the optimal smoothing
parameter value for penalized likelihood analysis. We present
a chronogram that depicts our hypothesis of the timing of
the origin and diversification of centrarchid fishes, and use
this chronogram to discuss the evolution of the diverse North
American freshwater fish fauna, with regard to the fossil re-
cord and paleoclimate of North America

MATERIALS AND METHODS
Collection and Alignment of DNA Sequences

We collected sequence data from mitochondrial and nu-
clear genes from all 32 centrarchid and four outgroup species
using specimens and methods outlined in Near et al. (2004),
except we added DNA sequences of four additional genes,
and an additional specimen of Lepomis microlophus collected
from the Neeches River, Jasper County, Texas. The mtDNA
and nuclear gene sequences for this specimen of L. micro-
lophus were not ready when we performed our earlier anal-
yses of centrarchid phylogeny (Near et al. 2004). A total of
five gene regions were sampled from the mitochondrial ge-
nome: the protein-coding NADH subunit 2 (ND2); the large
subunit ribosomal RNA (16S rRNA); and three transfer RNA
(tRNA) genes: methionine (Met), tryptophan (Trp), and al-
anine (Ala). We also sequenced four nuclear genes, S7 ri-
bosomal protein intron 1 (S7), calmodulin intron 4 (CaM),
Tmo4C4, and rhodopsin (RH). GenBank accession numbers
for all sequences used are given in the Appendix (available
online only at http://dx.doi.org/10.1554/05-030.1.s1). Prim-
ers for polymerase chain reaction (PCR) amplification of the
RH locus were Rho-1 5'-GTC CAT ATG AAT ACC CTC
AGT ACT ACC-3', and Rho-25-'"TCT TTC CGC AGC ACA
ACG TGG-3'. Complete double-stranded sequences were ob-
tained from PCR products using four sequencing primers;
RHint2F (TAC TAC CTW GTC ARC CCW GCA GO),
RHint3F (GCA ARC CCA TYA GCA ACT TCC QG),
RHint2R (GTG GTG ATC ATG CAG TGG CGG A), and
RHint3R (CTC RGG RAT GTA MCG RGA CCA GCC).
Conditions for PCR and primer sequences of all the other
genes sampled in this study are available in other sources
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(Streelman and Karl 1997; Chow and Hazama 1998; Chow
and Takeyama 2000; Near et al. 2003a,b).

Protein coding genes, tRNAs, and introns were aligned
with ClustalW (Thompson et al. 1997). The 16S rRNA se-
quences were aligned based on secondary structure, desig-
nating nucleotides as either paired and unpaired. Existing
models of 16S rRNA secondary structure were used in con-
junction with ClustalX to produce a final alignment (Gutell
and Fox 1988; Gutell et al. 1993; De Rijk et al. 2000). Fol-
lowing Near et al. (2004), two species each from Percidae
and Nototheniidae were used as outgroup taxain all analyses
(online Appendix).

Model Selection and Phylogenetic Analyses

Phylogenetic hypotheses of centrarchid relationships were
generated with a combined data strategy using a partitioned
mixed-model Bayesian (Ronquist and Huelsenbeck 2003)
analysis (pPMM Bayesian) with posterior probabilities esti-
mated using metropolis-coupled Markov chain Monte Carlo
(MC3; Larget and Simon 1999; Huelsenbeck et al. 2001).
Fourteen data partitions were identified: three codons from
each of the three protein coding genes (ND2, Tmo4C4, and
RH), paired and unpaired nucleotide sites in the 16S rRNA,
and single partitions for each of the two introns (S7 and CaM)
and the pooled tRNA genes. The optimal maximum likeli-
hood (ML) model of sequence evolution for each data par-
tition was assessed with hierarchical likelihood ratio tests
(LRT) using the computer program Modeltest 3.0 (Posada
and Crandall 1998). The different models of sequence evo-
lution that were selected for each particular data partition
were assigned in the computer program MrBayes 3.0 (Ron-
quist and Huelsenbeck 2003) with the APPLY TO command,
and model parameter values were estimated for each data
partition using UNLINK commands. The models used in the
pMM Bayesian analyses differed by no more than three pa-
rameters. Each model had a substitution matrix (one, two, or
six substitution rates) corresponding to JC or F81, HKY 85
or K80, and GTR models of sequence evolution, among-site
rate variation (equal versus gamma distributed rates), and
whether or not the presence of invariant sites was modeled
(Swofford et al. 1996). MrBayes 3.0 was run with 4 X 10°
generations to ensure convergence of the MC3 algorithm in
the estimation of tree topology and branch lengths.

In addition to the Bayesian analyses, phylogenetic rela-
tionships of centrarchids were estimated from the concate-
nated DNA dataset with maximum parsimony. A heuristic
tree search with 100 random addition sequence replicates was
performed using the computer program PAUP* 4.0 (Swofford
2000). Relative clade support in maximum parsimony opti-
mality criteria was assessed with a bootstrap analysis using
PAUP* with 2000 pseudoreplicates.

Heterogeneity of nucleotide substitution rates among cen-
trarchid lineages for the concatenated seven-gene dataset was
assessed using a likelihood ratio test comparing rate variable
(nonclock) and rate constant (molecular clock) models of
sequence evolution. The significance of the likelihood ratio
test was determined by comparing to a chi-square distribution
with s — 2 degrees of freedom, where s equals the number
of taxa in the phylogenetic tree (Felsenstein 1981).
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The Centrarchid Fossil Record, Calibration Points, and
Absolute Age Estimates

Centrarchid fishes have a rich fossil record that extends
from the Eocene to the Pleistocene; however, the oldest fos-
silsthat are clearly assignable to extant lineages are from the
Miocene (Uyeno and Miller 1963; Smith 1981; Cavender
1986). Our examination of the literature resulted in 10 po-
tential fossil calibration points that serve as minimal age
estimates, with the absolute age estimates of these fossils
extending from 16.0 myato 2.4 mya (Table 1). In all cases,
these calibrations were the oldest fossil occurrences of a par-
ticular clade in the geological record. Fossils were placed in
the centrarchid phylogeny using shared apomorphies among
extant and fossil taxa, and the dating of crown versus stem
group nodes by the fossil calibrations followed strategies
outlined in Doyle and Donoghue (1993) and Magallon and
Sanderson (2001). Absolute age estimation of individual fos-
sils was greatly facilitated by the fact that most centrarchid
fossils occur in well-studied formations that also bear mam-
mal fossils (Woodburne 2004a). The estimated absol ute ages
of these fossil-bearing formations were taken from the lit-
erature, and are the result of one, or combination of, bio-
stratigraphic, radioisotope, and magnetostratigraphic data
(Table 1).

An earlier study of molecular dating in centrarchids used
two fossil calibration points, and a cross-validation analysis
indicated that the two calibrations resulted in consistent mo-
lecular age estimates (Near et al. 2003a). However, recent
morphological analysis of the Micropterusfossil usedin Near
et al. (2003a) indicates that this fossil was incorrectly iden-
tified and is not Micropterus or any other centrarchid (G. R.
Smith, pers. comm.). Therefore, the Toledo Bend fossil, ini-
tially identified as Micropterus, was not included as a cali-
bration point in the analyses reported here.

Molecular estimates of divergence times often result in
much older dates than inferred from the fossil record (Foote
et al. 1999; Smith and Peterson 2002). The reason for this
discrepancy may be due to the fact that the fossil record is
incomplete and first appearances of clades are inadequate
indicators of minimal ages. We attempted to assess the com-
pleteness of the fossil record for five of the 10 calibration
points using gap analysis, which is a statistical method for
placing confidence intervals on the lower bound of fossil
ranges (Strauss and Sadler 1989; Marshall 1990a,b; Springer
1995). If thefossil horizons are randomly distributed between
the earliest fossil and the last occurrence (in this case all
lineages are extant), then the confidence interval for the un-
seen gaps at the lower bound of the fossil record is estimated
from the formula given in Strauss and Sadler (1989):

P=1-(@1+ o) ™D D)
where P is the confidence level (e.g., 0.95), « is the confi-
dence interval expressed as a fraction of the observed strati-
graphic range, and n is the number of fossil horizons plus
one for the extant taxa. The confidence interval is determined
by solving for a (Marshall 1990a). Following Marshall
(1990a,b), we applied the collective fossil record of particular
species and lineages to estimate the lower bounds with a
confidence level at 0.95. Lower bound estimates were cal-
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TaBLE 1. Centrarchid fossil calibrations, estimated geologic ages of fossils, and estimated lower bound of age estimate for selected

nodes. mya, millions of years ago.

Gap analysis
age at node
Fossil taxon Age (mya) (mya)t Location Reference Source for age

C1l Micropterus spp. 16.0 23.2 Lower Snake Creek lo- Matthew 1924 Tedford et al. 1987
cal fauna, Sioux
Co., Nebraska

c2 Archoplites clarki 155 18.7 Clarkia Lake Beds, Smith and Miller 1985 Golenberg et al. 1990
Latah Co., Idaho

C3 Lepomis cf. microlophus 13.5 NA Lower Valentine For- Smith 1962 Tedford et al. 1987
mation, Brown Co.,
Nebraska

Cc4 Micropterus spp. 12.0 NA Wakeeney local fauna, Wilson 1968 Wilson 1968; Tedford
Trego Co., Kansas et al. 1987

C5 Pomoxis sp. 12.0 NA Wakeeney local fauna, Wilson 1968 Wilson 1968; Tedford
Trego Co., Kansas et al. 1987

C6 L. kansasensis 6.6 29.5 Rhino Hill Quarry, Lo- Hibbard 1936 Passey et al. 2002
gan Co., Nebraska

C7 L. cyanellus 3.9 53 Rexroad 3 local fauna, Smith 1962 Repenning 1987
Meade Co., Kansas

Cc8 Ambloplites rupestris 3.9 NA Rexroad 3 local fauna, Smith 1962 Repenning 1987
Meade Co., Kansas

C9 L. humilis 3.4 7.2 Sand Draw local fau- Smith and Lundberg Repenning 1987
na, Brown Co., Ne- 1972
braska

C10 L. megalotis 24 NA Rita Blanca Lake De-  Koster 1969 Lindsay et al. 1975;

posits, Hartley Co.,
Texas

Repenning 1987

195% lower bound age estimate.

culated only for lineages that were represented by at least
three fossils in the geologic record.

Estimation of Divergence Times

Mean branch lengths from all post-burn-in trees resulting
from the pMM Bayesian analysis were used in divergence
time estimation, and these were generated in MrBayes using
the SUMT command. Since we were ableto reject amolecular
clock model, all divergence times were estimated with the
penalized likelihood method (Sanderson 2002), using the
computer program r8s version 1.7 (Sanderson 2003; Near
and Sanderson 2004). In analyses performed for fossil cross-
validation, the optimal smoothing parameter to apply in pe-
nalized likelihood was determined using sequence-based
cross-validation as outlined by Sanderson (2002). Subsequent
penalized likelihood analyses using the set of consistent fossil
age estimates used the fossil-based model cross-validation to
determine the optimal smoothing parameter value (Near and
Sanderson 2004). In all penalized likelihood analyses, fossil
calibrations were either fixed in r8s using the FIXAGE com-
mand, or treated as minimal age constraints using the CON-
STRAIN MIN_AGE command. These analyses are not meant
to endorse penalized likelihood over other commonly used
strategies such as Bayesian methods to estimate divergence
times from molecular phylogenies (Thorne et al. 1998); how-
ever, penalized likelihood appears to be the most appropriate
method to assess the veracity of individual calibration points
(Near and Sanderson 2004; Near et al. 2005).

Uncertainty in the divergence time estimates was explored
using two methods. First, error contributed from data sam-
pling was estimated using a nonparametric bootstrap pro-
cedure outlined in Baldwin and Sanderson (1998). One thou-

sand bootstrap replicates were generated using the computer
program CodonBootstrap version 2.1 (Bollback 2001), with
the pMM Bayesian tree and PAUP* commands inserted after
every replicate. Upon execution of the bootstrap data file in
PAUP*, branch lengths were calculated on the pMM Bayes-
ian tree at each replicate and the trees with branch lengths
were imported into a Nexus formatted tree file. Confidence
intervals were estimated by calculating the central 95% dis-
tribution of divergence time estimates from the 1000 boot-
strap replicates at a given node using the PROFIL E command
in r8s (Sanderson and Doyle 2001). We note that this error
estimate does not account for the possibility of suboptimal
solutions in penalized likelihood. This can have the effect of
producing confidence intervals on the divergence times that
are too narrow.

In addition to data sampling error, divergence time esti-
mates may be affected by uncertainty in the phylogenetic
reconstruction. Using a pMM Bayesian analysis allows us to
estimate both the mean and 95% credibility interval of sub-
stitution numbers for individual branches. This credibility
interval can be calculated by taking the central 95% distri-
bution of estimates from the 30,000 post-burn-in Bayesian
trees. However, these branch lengths are measured in sub-
stitutions, not in absolute time (millions of years). To get a
credibility interval for actual divergence times, we imported
the 30,000 post-burn-in trees into r8s, and used the PROFILE
command to transform each tree into a chronogram. The re-
sulting distribution of lengths for each node across the 30,000
chronograms represents the Bayesian 95% credibility interval
for branch lengths, translated into time, and serves as an
estimate of phylogenetic uncertainty. Ideally, a single esti-
mate of uncertainty should be used that combines error in
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sampling, Bayesian estimation, and likelihood estimation, but
there is currently no method for acquiring such a compound
confidence interval. All divergence time estimates were cal-
culated in millions of years ago and were placed into the
context of geologic ages following revisions to the Cenozoic
geochronology (Berggren et al. 1995).

Assessing Consistency of Fossil Calibration Points: Fossil
Cross-Validation

We explored the consistency of the 10 individual centrar-
chid calibration points using fossil cross-validation (Near et
al. 2005). Fossil cross-validation measures the agreement be-
tween a single fossil calibration point and all other fossil
calibration points included in the analysisin order to identify
fossil calibrations that generate inconsistent molecular age
estimates, as compared to the known fossil absolute ages.

Given a phylogenetic tree with multiple nodes dated with
fossil information, we fixed the age of a single node using
the fossil calibration and calculated the difference between
the molecular age estimate and the absolute fossil age esti-
mates for all other fossil-dated nodes in the centrarchid phy-
logeny. When the fossil age at node x is used as the single
fixed calibration point, and multiple nodes in the centrarchid
phylogeny are dated with fossil information, Near et al.
(2005) defined

Di = (MA; — FA) (2

where FA; isthe fossil age estimate and MA; is the molecular
age estimate for node i using the fossil calibration at node x
as the single fixed minimum age estimate in a penalized like-
lihood analysis.

Values of D; were used in athree-step procedureto identify
and remove inconsistent fossil calibrations from the centrar-
chid molecular dating analysis (Near et al. 2005). First, for
each fixed fossil calibration, we calculated SS,, which is the
sum of the squared D; values:

Ss, = >, D2 3

I#x

Each fossil calibration was then ranked based on the mag-
nitude of its SS, score, and we identified the fossil calibration
with the highest SS, score to be the most inconsistent and
that with the lowest the least inconsistent relative to all other
fossil calibration points. Second, we calculated the average
squared deviation of D; values for all 10 fossil calibrations
in the analysis (s):

n
%3 o
— X= X
S nn — 1) “
where nis equal to the number of fossil calibrated nodes. To
determine the impact of removing individual fossil calibra-
tionson s, we removed all D; values involving the fossil with
the greatest SS, value and recalculated s based on the D;
values involving the remaining fossil calibrations (Near et
al. 2005). This process of eliminating the fossil calibration
with the highest SS, value was continued until only two fossil
calibrations remained, and these two were the ones with the
lowest and second lowest SS values. If all fossil calibration
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points represent equally accurate minimal absolute age es-
timates for the nodes at which they are phylogenetically
placed, then we expect s to change very little as fossil cal-
ibrations are removed from the analysis. However, removal
of fossils that are inaccurate relative to other calibration
points should produce an appreciable decrease in s (Near et
al. 2005). We visually inspected the behavior of s as fossils
were removed by plotting this value as the fossil calibrations
were removed. The significance of removal of fossils on s
was determined by comparing the variance of SS, values
across n nodes to the variance of SS_ across the n — 1 nodes
remaining after removal of the ith calibration point. The SS,
values were assumed to be independent samples, since each
oneis calculated from different fixed fossil calibration points.
We used a one-tailed F-test based on n — 1 degrees of free-
dom numerator (dfn) and the difference in the number of
comparisons and dfn as the degrees of freedom denominator,
treating the s values as random samples taken from a normal
population (Zar 1984). The F-test was to test the hypothesis
that there is no difference in the variance of s before and
after removing fossil calibrations. We expect a decrease in
the variance of s asinconsistent fossils are removed, because
fossils that are consistent with one another will have an over-
all lower variance in s. Since the F-test assumes that the data
are drawn from a normally distributed population, and the
SS, values prior to the removal of any fossil calibrations
were not normally distributed (Kolmogorov-Smirnov test, df
= 90, P < 0.001), we log-transformed the SS, values, and
normality could not be rejected (Kolmogorov-Smirnov test,
df = 90, P = 0.117). We performed the F-tests on these log-
transformed values, allowing us to assess the significance in
the change of variance before and after removing a particular
fossil calibration. When a very inaccurate fossil is removed
from the analysis, we expect a significant reduction in the
variance in the squared differences between molecular and
fossil age estimates (D;) across all fossil calibrated nodes in
the centrarchid phylogeny.

Determination of Optimal Smoothing Parameter: Fossil-
Based Model Cross-Validation

Previous uses of penalized likelihood have relied on a
cross-validation method to determine the optimal level of
rate-smoothing, using the fit between the estimated number
of substitutions on a given branch and the ability of the model
to predict the number of substitutions when the branch is
removed from the analysis (Sanderson 2002). In this study
we use a different and novel strategy, fossil-based model
cross-validation, which uses the consistent fossil ages to de-
termine the optimal smoothing parameter value (Near and
Sanderson 2004). The method uses a set of minimum and/or
maximum age constraints and a single fixed minimal age.
Sequentially, each individual node that is dated with a fossil
constraint was relaxed and all ages and parameters were re-
estimated, resulting in a new molecular age estimate for the
node with the relaxed constraint. If this new molecular age
was younger than the minimum, or older than the maximum
fossil constraint, then the estimate was considered to violate
the constraint and the node was given a score equal to the
absolute value of the difference in age between the new mo-



FOSSIL CALIBRATION

lecular estimated age and the fossil constraint. If the new
estimated age did not violate the minimum and/or maximum
constraint, it was given a score equal to zero (Near and San-
derson 2004). Scores for each node with a fossil constraint
were summed across the tree to obtain an overall cross-val-
idation score, which in turn was calculated for a range of
smoothing parameter values. The smoothing value that re-
sulted in the lowest cross-validation score was selected for
the given molecular dataset (Near and Sanderson 2004).

To objectively identify the single fossil that would be treat-
ed as a fixed minimum age estimate among the set of con-
sistent fossilsin the fossil-based model cross-validation anal -
ysis, we further scrutinized the consistent fossils with ajack-
knife analysis. To determine which fossil was the most con-
sistent, relative to all other consistent calibrations, all but
one calibration (i) were fixed as minimum age estimates in
r8s, and the percent deviation (D%;) between the molecular
and fossil age estimates at the ith calibration point was cal-
culated as

|Dil

D%; = —

T RA,

The calibration point with the lowest D%; value was used as

a fixed calibration point in fossil-based model cross-valida-

tion, and the other five calibrations were treated as minimum
age constraints.

(100). (5)

REsuLTS
DNA Sequences, Models, and Phylogenetic Inferences

Alignment of the nucleotide sites from the seven gene re-
gions sequenced for this study resulted in a phylogenetic
dataset comprising a total of 5553 aligned base pairs. Ten
different models of sequence evolution were selected for the
14 designated data partitions, and only three models were
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shared among multiple data partitions (Table 2). The phy-
logenetic tree resulting from the pMM Bayesian analysis is
similar to phylogenies produced from maximum parsimony
and pMM Bayesian analyses of a dataset containing three of
the seven gene regions used in this study (Near et al. 2004);
however, our new phylogeny boasted a greater number of
resolved nodes in both pMM Bayesian and maximum par-
simony analysis. When compared to Near et al. (2004), our
new phylogeny had three additional interspecific nodes sup-
ported with significant Bayesian posterior probabilities, and
two additional nodes that scored high bootstrap pseudore-
plicate values in maximum parsimony analysis (Fig. 1).

Despite the fact that the seven-gene dataset resulted in
greater phylogenetic resolution and overall node support rel-
ative to other DNA studies of centrarchid phylogeny (Roe et
al. 2002; Near et al. 2004; Harris et al. 2005), there are few
topological differences between our new phylogeny and these
earlier efforts. In fact, many of the precladistic hypotheses
of centrarchid phylogenetic relationships were quite com-
patible with a mtDNA and nuclear gene phylogeny that is
very similar to our new phylogeny (Near et al. 2004). This
is an important point, as it indicates that the phylogeny of
Centrarchidae used to examine fossil calibration of molecular
phylogenies is not a radical departure from traditional views
of centrarchid relationships (Bailey 1938; Branson and
Moore 1962).

There were four mgjor clades of centrarchids resolved in
both the pMM Bayesian tree (Fig. 1) and the maximum par-
simony trees (not shown). First, the monotypic lineage Acan-
thar chus pomotis was the sister taxon of all other centrarchids.
The second clade was a well-supported lineage containing
the genera Centrarchus, Enneacanthus, Pomoxis, Archoplites,
and Ambloplites. The two remaining clades (Lepomis and Mi-
cropterus) were sister lineages, and this relationship was sup-
ported with significant Bayesian posterior probabilities and

TaBLE 2. Summary of models of DNA substitution selected for data partitions using maximum likelihood ratio tests.

DNA
substitution No substitution
Data partition model types Invariant sites? Substitution rates!
Mitochondrial genes
ND2 all sites GTR 6 yes gamma distributed
ND2 1st codon K80 2 no gamma distributed
ND2 2nd Codon HKY 85 2 yes gamma distributed
ND2 3rd codon GTR 6 yes gamma distributed
tRNA K80 2 yes gamma distributed
16S rRNA all sites GTR 6 yes gamma distributed
16S rRNA unpaired sites GTR 6 no gamma distributed
16S rRNA paired sites HKY 85 6 yes gamma distributed
Nuclear genes
S7 ribosomal protein intron 1 HKY 85 2 no gamma distributed
Camodulin intron 1 HKY85 2 no gamma distributed
Tmo-4C4 all sites K81 6 no gamma distributed
Tmo-4C4 1st codon F81 1 no gamma distributed
Tmo-4C4 2nd codon F81 1 no equal
Tmo-4C4 3rd codon K80 2 no gamma distributed
Rhodopsin all sites HKY 85 2 yes gamma distributed
Rhodopsin 1st codon JC 1 yes gamma distributed
Rhodopsin 2nd codon F81 1 yes gamma distributed
Rhodopsin 3rd codon HKY 85 2 no gamma distributed

1 Among-site rate variation.
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Fic. 1. A new phylogenetic tree of all 32 centrarchid species resulting from the partitioned mixed-model Bayesian analysis of the seven-
gene dataset. Bayesian posterior probabilities for nodes less than 1.00 are indicated. Nodes that scored 80% or greater in maximum
parsimony bootstrap analysis are marked with a star. Circled ‘‘C'’ numbers designate nodes dated with fossil information (Table 1).

a high (>80%) maximum parsimony bootstrap pseudorepli-
cate score (Fig. 1). Also worth noting was the fact that all
polytypic genera of Centrarchidae (Enneacanthus, Pomoxis,
Ambloplites, Micropterus, and Lepomis) were monophyletic
in all phylogenetic analyses (Fig. 1).

Centrarchid Fossils and Calibration Points

Examination of the literature documenting the fossil record
of North American freshwater fishesyielded 10 potential cal-
ibration points for the centrarchid molecular phylogeny (Ta-
ble 1). Based on morphological identification of the fossils
relative to extant species we were able to place these 10
fossils onto the centrarchid phylogeny (C1-C10, Fig. 1). The
only exception to this strategy of fossil placement was the
assignment of calibration point 4 (C4), which followed the

recommendation of G. R. Smith (pers. obs.). In all instances,
fossil calibrations provided minimum age estimates for the
stem group relative to placement on the phylogeny (Doyle
and Donoghue 1993; Magallén and Sanderson 2001). Fossil
calibration points were relatively well dispersed on the cen-
trarchid phylogeny, with no parts of the tree lacking fossil
calibrations (Fig. 1). The ages of the 10 fossil calibrations
ranged from 16.0 to 2.4 mya (Table 1).

Using equation (1), we performed gap analysis (Strauss
and Sadler 1989; Marshall 1990a,b; Springer 1995) to esti-
mate the 95% lower bound on the age estimate for five of
the 10 nodes dated with fossil information (Table 1). We also
estimated that the lower bound for the most recent common
ancestor of all Lepomis specieswas 15.7 mya(Fig. 1), despite
the fact that there was no specific fossil that could be assigned



FOSSIL CALIBRATION

30000
SS
x 25000
20000
15000

10000

5000

' © @ ®® @0 ® © ®

Fossil Calibration Node

Fic. 2. Histogram of the disagreement between molecular and
fossil age estimates, as measured by the sum of the squared dif-
ferences between molecular and fossil age estimates (SS,) for a
given fossil calibration when it was used as the single calibration
point.

to this node. The estimated 95% lower bound ages for cal-
ibrations C6 and C9 exceeded twice the value of the absolute
minimum fossil age (Table 1), and three and five fossils,
respectively, in the geological record represented these two
nodes. The numbers of fossilsfor the three other nodes ranged
from nine to 17, and the disparity between the absolute and
95% lower bound age estimates were considerably less than
those calculated for C6 and C9 (Table 1).

Fossil Cross-validation

Cross-validation analysis indicated that using any one of
several calibration points as a fixed minimum age in penal-
ized likelihood analysis resulted in large deviations between
fossil and molecular age estimates for all other relaxed fossil
dated nodes (Fig. 2). We note that it may be helpful to de-
termine the directionality in deviation between the fossil and
molecular age estimates; however, none of the calibration
points exhibited an appreciable negative mean deviation seen
in other datasets (Near et al. 2005). The sequence of fossil
removal from the cross-validation analysis was determined
by ranking the calibration points based on the magnitude of
its SS, score (Fig. 2). In Figure 3 we illustrate the effect of
removing these fossils on the magnitude of s. Removal of
the first four fossil calibrations resulted in a 91% decrease
in s, and remova of the next four calibration points had
virtually no effect on the magnitude of s (Fig. 3). Sequential
one-tailed F-tests resulted in significant differences between
the overall variance of s after the removal of C3, C8, C7,
and C4; however, there were no significant F-test results after
the subsequent removal of each remaining fossil calibration
point (Fig. 3).

Based on the results of the fossil cross-validation and F-
tests, we identified calibrations points C3, C8, C7, and C4
as inconsistent and removed them from the molecular dating
analysis. To further explore the relative agreement among
calibration points designated as inconsistent versus consis-
tent, we plotted the s score and standard error values within
each of these two categories of calibration points (Fig. 4).
The consistent fossils identified in the cross-validation anal-
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Fic. 3. Plot illustrating the effect of removing fossil calibration
points on the overall disagreement between molecular and fossil
age estimates (s). Open points indicate that the removal of that
fossil calibration resulted in a significant reduction in the variance
of the log-transformed differences between molecular and fossil-
based estimates of node age. Fossil calibrations 2 and 9 are not on

the figure, because they were the last two calibrations remaining
after the removal of calibration 1.

ysis had a significantly lower s score (Fig. 4) than the set of
inconsistent fossil calibrations.

We explored a possible effect of proximity of fossil cal-
ibrations on the centrarchid phylogeny by plotting the percent
deviation between molecular and fossil ages (D;/FA;) versus
the number of nodes separating two calibrations on the phy-
logeny (Fig. 5). This plot shows that fossil calibrations that
have a node distance of one exhibit very similar deviations
as calibrations that are separated by 11 nodes on the phy-
logeny (Fig. 5). Based on the lack of relationship between
deviation of molecular and fossil age estimates with node
distance between fossil calibrations, and the fact that the final
six selected fossils are well spaced on the phylogeny (Fig.
1), it does not appear that the proximity of fossils on the
phylogeny is biasing the results of the fossil cross-validation
analysis.

The mean percent deviation (D%;) of individual consistent
fossil calibrationsin the jackknife analysesranged from 5.6%
to 54.1% (Fig. 6). The calibration C2, Archoplites clarki (Ta-
ble 1) had the lowest D%; score; this calibration was fixed
for the fossil-based model cross-validation, and subsequent
penalized likelihood analyses.
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0+ | R
Inconsistent Fossil Calibrations  Consistent Fossil Calibrations

FiG. 4. Histogram of the overall disagreement between molecular

and fossil ages (s) for inconsistent fossils and consistent fossils.

The error bars are standard error.
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We calibrated the centrarchid molecular phylogeny using  Fig. 6. Plot of percent deviation between fossil and molecular age
a single fixed absolute minimum age (calibration C2; Table estimates versus node distance between the two fossil calibrations

1) and five minimum age constraints (calibrations C1, C5, on the phylogeny (Fig. 1).

C6, C9, and C10; Table 1). Fossil-based model cross-vali-

dation of the smoothing parameter for penalized likelihood

analysis identified 0.10 as the optimal smoothing parameter the bootstrap and Bayesian methods were very similar for
value (Sanderson 2002; Near and Sanderson 2004). The re- most nodes, with exceptions observed at the oldest of the
sults of the penalized likelihood analysis are presented in  nodesin the centrarchid chronogram (Fig. 7; Table 3). Nodes
Table 3 and Figure 7. The confidenceintervalsestimated from | (C8), N (C4), Y (C7), and AD (C4) were calibration points

TaBLE 3. Estimated ages, bootstrap estimated confidence intervals, Bayesian confidence intervals, and fossil ages of inconsistent and
minimal age constraint calibration nodes in the centrarchid chronogram (Fig. 7). Fixed and minimal age constraint calibrations are
highlighted in bold. mya, millions of years ago.

Difference between fossil

Bootstrap estimated Estimated from Bayesian and molecular age estimate
Node Age estimate (mya) confidence interval (mya) credibility intervals (mya) (mya)
A 33.59 +3.58 +5.77 no fossil
B 28.94 +2.43 +3.28 no fossil
C 22.83 +2.80 +2.79 no fossil
D 21.60 +1.62 +2.35 no fossil
E 19.18 +4.23 +1.47 no fossil
Cc2 15.50 fixed fixed fixed
G 8.84 +1.20 +1.27 no fossil
H 7.34 +1.35 +1.35 no fossil
| 2.93 +0.63 +0.76 —1.04
C5 12.00 +1.02 +1.56 0.00 (constrained)
K 11.32 +1.59 +1.96 no fossil
L 4.03 +0.92 +1.00 no fossil
C1 24.81 +2.43 +2.98 8.81 (constrained)
N 8.40 +1.29 +1.53 —3.60
o 6.45 +1.33 +1.33 no fossil
P 5.93 +1.37 +1.35 no fossil
Q 5.10 +1.22 +1.23 no fossil
R 4.11 +1.06 +1.04 no fossil
S 2.84 +0.82 +0.80 no fossil
T 1.67 +0.45 +0.49 no fossil
U 14.64 +1.31 +1.61 no fossil
Vv 13.11 +1.29 +1.88 no fossil
C9 5.17 +0.82 +0.96 1.84 (constrained)
C6 6.60 +0.41 +0.82 0.00 (constrained)
Y 2.59 +0.43 +0.55 -1.31
z 9.81 +1.06 +1.35 no fossil
AA 4.19 +0.57 +0.59 no fossil
C10 2.72 +0.38 +0.82 0.32 (constrained)
AC 7.84 +1.00 +1.25 no fossil
AD 3.46 +0.51 +0.32 10.04

AE 1.67 +0.41 +0.45 no fossil
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Fic. 7. Time-calibrated phylogeny (chronogram) of Centrarchidae based on molecular dating using a single calibration point as a fixed
age (shaded circle), and five calibration points as minimal age constraints (open circles). The chronogram is calibrated against the
geological time scale (Berggren et al. 1995). Exact age estimates for all nodes are in Table 3. Pi, Pliocene; Ps, Pleistocene. Fishes

redrawn from Forbes and Richardson (1920).

identified as inconsistent and removed from the penalized
likelihood analysis, and in all four cases the fossil ages of
the inconsistent nodes fell outside the confidence intervals
of the penalized likelihood age estimates (Table 3).

The age of the most recent common ancestor of Centrar-
chidae was 33.59 mya + 3.58 (bootstrap estimate), +5.77
(estimate from Bayesian credibility intervals). When separate

TaBLE 4. The age of the most recent common ancestor of Cen-
trarchidae resulting from penalized likelihood analysis of separate
nucleotide data partitions. Ages given in millions of years ago.

Partition Age
ND2 1st codon 39.17
ND2 2nd codon 31.47
ND2 3rd codon 36.02
tRNA 32.42
16S unpaired 38.18
s7 35.91
CaM 33.60
RH all positions 39.20
Tmo4C4 all positions 33.72

data partitions were analyzed in penalized likelihood anal-
yses, al partitions resulted in similar age estimates of the
most recent common ancestor of Centrarchidae (Table 4). Of
the three major polytypic centrarchid clades, the lineage com-
prising Centrarchus, Enneacanthus, Pomoxis, Archoplites,
and Ambloplites was the oldest at 22.83 + 2.80, + 2.79. The
crown group node age of Lepomis was 14.64 mya += 1.31,
+ 1.61, and the age of the most recent common ancestor of
Micropterus was 8.40 mya = 1.29, = 1.53 (Fig. 7; Table 3).
The youngest sister species pairs were M. dolomieu and M.
punctulatus (1.67 mya = 0.45, = 0.49), and L. punctatus and
L. miniatus (1.67 mya = 0.41, = 0.45). The oldest sister
species pair was Pomoxis annularis and P. nigromaculatus
(12.0 mya); however, the age at this node was constrained
by afossil calibration (C5). When this calibration wasrelaxed
in the jackknife analysis the penalized likelihood estimate of
this node’'s age (11.05 mya) was very similar to the fossil
age. The oldest sister species pair whose most recent common
ancestral node was not a calibration point was Ambloplites
constellatus and A. cavifrons (7.34 mya = 1.35, = 1.35).
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DiscussioN
Fossil Calibration and Molecular Dating in Centrarchidae

Fossil information is informative about divergence times
but may be subject to substantial error (Lee 1999; Smith and
Peterson 2002). Recent trends in molecular dating methods
have emphasized the inclusion of multiple fossil calibration
points with the goals of more precisely gauging the degree
of molecular evolutionary rate heterogeneity and approaching
greater accuracy in molecular age estimates (Springer et al.
2003; Yoder and Yang 2004). However, application of the
fossil-cross validation method reveals that not all fossil cal-
ibrations are equally accurate and some fossils can introduce
significant error to molecular dating analyses (Figs. 2 and 3).
These conclusions are borne out in our analyses of the 10
fossils available to calibrate the centrarchid molecular phy-
logeny. We show that penalized likelihood analyses using
individual fossils as calibration points result in different lev-
els of agreement between molecular and fossil age estimates
for all other nodes (Fig 2).

Perhaps the most interesting result in the application of
the fossil cross-validation method to centrarchid fossils was
the ability to reduce the overall disagreement between mo-
lecular and fossil age estimates as the apparently erroneous
fossil calibrations are removed from the analysis (Fig. 3). It
isimportant to point out that the fossil cross-validation meth-
od is not identifying different internally consistent sets of
fossils. The amount of error among thefour fossil calibrations
identified as inconsistent was significantly greater than the
error observed among the six fossil calibrations designated
as consistent (Fig. 4). When all 10 fossil calibration points
are included in the penalized likelihood analysis, regardless
of their performance in the fossil cross-validation analysis,
the estimated age of the most recent common ancestor of
Centrarchidae (node A, Fig. 7) is 23.3 mya. This result is
more than 10 million years less than the age estimated from
penalized likelihood analysis using only the consistent fossil
calibration points (Table 3, Fig. 7), and isgrossly inconsistent
with the ages of the earliest documented centrarchid fossils
(Cavender 1986).

When closely examined, the four inconsistent fossilsreveal
two interesting patterns that deserve further scrutiny with
regard to fossil calibrations in molecular dating analyses.
First, the molecular age estimates for three of these four
calibration nodes are younger than the fossil age estimate
(Table 3), and two of these fossils are relatively young dates
at apical nodes in the centrarchid phylogeny (Fig. 1, Table
1). In addition to problems of estimating ages at these apical
nodes due to phenomena such as ancestral polymorphism
(Edwards and Beerli 2000), one possible reason for the pat-
tern that the fossils at these nodes are ol der than the molecul ar
age estimates would be an undersampling of species in the
molecular phylogeny. Even though we have sampled all 32
recognized centrarchid species, at least 25% of all centrarchid
species are hypothesized to be polytypic, and currently rec-
ognized species may comprise undescribed cryptic species
complexes (Mayden et al. 1992). The possibility of unrec-
ognized cryptic centrarchid species has also been revealed
with analyses of intraspecific mtDNA variation in three Le-
pomis species, where the age of the intraspecific most recent
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common ancestor ranged between 2.6 and 4.3 mya (Ber-
mingham and Avise 1986). If there are unrecognized cryptic
species along branches calibrated by fossils C7 and C8, we
could be assigning fossils to nodes that are too young, since
the older nodes involving possible cryptic lineages were not
sampled in our phylogenetic analyses. Second, there is the
possibility of lineage extinction resulting in an erroneous
assignment of a fossil calibration point to a node in the mo-
lecular phylogeny. The fossil calibration C4 may be an ex-
ample (Fig. 1, Table 1). Based on morphological examination
(G. R. Smith, pers. obs.), this fossil shares characters with
the sister species pair Micropterus dolomieu and M. punc-
tulatus (node T, Fig. 7). Because fossils date the stem group
of alineage, this fossil date was assigned to node N in Figure
7, which is the most recent common ancestor node of all
Micropterus species. The length in absolute age between
nodes N and T is 6.73 mya, and this is among the longest
internode lengths in the centrarchid chronogram (Fig. 7). If
there are missing nodes between nodes C1 and N that rep-
resent extinct centrarchid lineages, and characters used to
identify fossil C4 to the stem lineage of node T are actually
symplesiomorphic in Micropterus, then the actual assignment
of the fossil C4 should be at some point between nodes C1
and N. Assigning C4 to node N forces the age to be sub-
stantially older than the ages estimated for this node using
other consistent fossils (Table 3, Fig. 7)

There are several ways that a fossil calibration can intro-
duce error in molecular divergence time estimates and these
include underestimation of the fossil age due to incomplete-
ness of the fossil record, assignment of the fossil to thewrong
node in a phylogeny, and error in dating fossil-bearing geo-
logical formations. One benefit of the fossil cross-validation
approach used here is that it represents a method to identify
fossils that are inconsistent within a broader sample of cal-
ibration points, or at least it identifies fossilsthat should elicit
further scrutiny (Near et al. 2005). Our results in Centrar-
chidae are encouraging and reflect similar patterns of fossil
calibration error as revealed by fossil cross-validation in var-
ious disparate lineages such as mammals, monocot angio-
sperms, and turtles (Near et al. 2005; Near and Sanderson
2004).

Centrarchid Chronograms and the Evolution of the North
American Freshwater Fish Fauna

The origin of the North American freshwater fish fauna
has previously been investigated from the perspective of the
fossil record, and there is a marked period of extinction as
well as first appearance of lineages at the Eocene-Oligocene
transition (Cavender 1986; Wilson and Williams 1992). In
our analyses, penalized likelihood analysis results in an age
of 33.59 mya + 3.58, + 5.77, for the most recent common
ancestor of living Centrarchidae (Fig. 7, Table 3), and this
is similar to the age of the first appearance of centrarchids
in the fossil record (Cavender 1986). Unfortunately, these
oldest centrarchid fossils have never been formally described
taxonomically, thus preventing them from contributing cal-
ibration points for the centrarchid molecular phylogeny. If
any of these undescribed centrarchid fossils are older than
35 million years, and if phylogenetically they are assigned
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as stem lineages below the centrarchid crown group, then the
age of centrarchids may actually be older than the estimate
from the molecular based penalized likelihood analysis.

With regard to higher relationships of teleost fishes, Cen-
trarchidae is thought to represent a basal lineage of Perci-
formes (Gosline 1966; Nelson 1994), and with more than
9000 species and 145 taxonomic families, Perciformesisthe
largest taxonomic order of vertebrates (Nelson 1994). Per-
ciformes is noteworthy not only for its rich species diversity,
but also for a marked sudden appearance in the fossil record
near the Cretaceous-Tertiary Boundary approximately 65
mya (Patterson 1993). Since the oldest perciform fossils date
to 65 mya, the molecular age estimate of 33.59 mya for the
most recent common ancestor indicates that Centrarchidaeis
arelatively young perciform clade. This result either means
that Centrarchidae are unlikely to be abasal perciformlineage
or it indicates that the group existed for some time before
the common ancestor of the extant species.

Previous molecular age estimates of centrarchids are sim-
ilar to the results from our penalized likelihood analysis (Fig.
7, Table 3). For example, Bermingham and Avise (1986)
estimated intraspecific coal escent ages for three Lepomis spe-
cies (L. microlophus, L. gulosus, and L. macrochirus) and
these ages are all younger than the age of the node relating
these species and their sister species in the chronogram (Fig.
7). A previous analysis using a Langley-Fitch method to es-
timate divergence times in Micropterus with two fossil cal-
ibration points and two mtDNA protein coding genes esti-
mated that the age of most recent common ancestor of Mi-
cropterus was 11.17 mya = 0.63 (Near et a. 2003a). The
age of this node in our analyses was 8.40 = 1.29, = 1.53,
and the near overlap in the error estimates between these two
ages, as well as similar age estimates for the internal nodes
in the Micropterus phylogeny indicate a close similarity in
the results of these two analyses, despite using different fossil
calibrations, analytical methods, and molecular datasets. In
addition, when using the six consistent calibration points, we
observed agreement between fossil and molecular ages for
nodes without specific fossils to calibrate the molecular phy-
logeny. For example, there was close agreement between the
molecular age estimate (14.64 mya = 1.31, = 1.61) and the
fossil gap analysis lower bound age (15.7 mya) for the most
recent common ancestor of Lepomis (node U; Tables 2 and
4, Fig. 7).

The timing of diversification in Centrarchidae, and the ap-
pearance in the fossil record at, or near, this time in most of
the diverse extant clades of North American freshwater fishes,
indicates that the Eocene-Oligocene transition was a critical
time in the origin of this diverse fauna. The early portion of
the Eocene was the warmest part of the early Cenozoic
(Woodburne 2004b), and at this time the interior of North
Americawas dominated by warm temperate, subtropical, and
tropical forests (Graham 1999). The Late Eocene was char-
acterized by a dramatic cooling trend that culminated in the
formation of major Antarctic glaciations during the transition
between the Eocene and the Early Oligocene (Zachos et al.
2001; Woodburne 2004b). The Eocene-Oligocene climatic
transition impacted both terrestrial and marine habitats, as
evidenced by significant extinction and taxonomic turnover
in such disparate groups of organisms as benthic foraminifera
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(Thomas 1992), echinoderms (McKinney et al. 1992), ceta-
ceans (Fordyce 1992), and terrestrial plants (Graham 1999).
It is compelling that the pattern of extinction and lineage
origination seen in the North American freshwater fish fossil
record (Cavender 1986; Wilson and Williams 1992), and the
molecular date for the most recent common ancestor of Cen-
trarchidae, seemsto have occurred at atime of global climate
change and strong signatures of extinction across the tree of
life. This pattern supports the idea that the origin of the most
diverse lineages of North American freshwater fishes may
have resulted from the significant climate changes that have
been invoked to explain patterns of extinction and lineage
origination of other organismal lineages during the Eocene-
Oligocene transition (Berggren and Prothero 1992).

The strategies and methods used in this study to estimate
divergence times of Centrarchidae provide a unique oppor-
tunity to calibrate molecular phylogenies in other North
American freshwater fish clades that have rich fossil records
(i.e., Cyprinidae, Catostomidae, and I ctaluridae). Once robust
hypotheses regarding absolute ages for several of these clades
are available, we can attempt to reconstruct the timing of
origination and diversification of an entire continental fresh-
water fish fauna. This phylogenetic and temporal data could
provide invaluable information to investigate, at an unprec-
edented scale, the evolution and historical structuring of the
complex communities of fishes occupying freshwater habitats
in North America (Mayden 1987; Webb et al. 2002).
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