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Mass extinctions are major influences on both the phylogenetic structure
of the modern biota and our ability to reconstruct broad-based patterns
of evolutionary history. The most recent mass extinction is also the
most famous—that which implicates a bolide impact in defining the
Cretaceous/Palacogene boundary (K/Pg). Although the biotic effects of this
event receive intensive scrutiny, certain ecologically important and diverse
groups remain woefully understudied. One such group is the freshwater
ray-finned fishes (Actinopterygii). These fish represent 25% of modern
vertebrate diversity, yet the isolated and fragmentary nature of their K/Pg
fossil record limits our understanding of their diversity dynamics across
this event. Here, we address this problem using diversification analysis of
molecular-based phylogenies alongside a morphotype analysis of fossils
recovered from a unique site in the Denver Basin of western North America
that provides unprecedented K/Pg resolution. Our results reveal previously
unrecognized signals of post-K/Pg diversification in freshwater clades and
suggest that the change was driven by localized and sporadic patterns of
extinction. Supported inferences regarding the effects of the K/Pg event
on freshwater fish also inform our expectations of how freshwater faunas
might recover from the current biodiversity crisis.

1. Introduction

Extinction as a scientific pursuit may be traced to Georges Cuvier and
his late eighteenth-century assertion that the mastodon fossils of the Paris
Basin proved the failure of the modern biota to represent Creation in its
totality [1,2]. Today, extinction studies flourish and bear a practical impor-
tance given the increasingly robust hypothesis that we have entered a sixth
mass extinction [3-5]. The empirical basis of these studies draws heavily
from the fossil record, comparative genomics or some combination of the
two (for recent examples for the K/Pg, see [6,7]). Despite challenges posed
by the sensitivity of such analyses to time priors [8], the ‘best practice’ for
integrating molecular and morphological evidence is a tip-calibrated Bayesian
analysis with dense sampling of both extant and fossil taxa. Few K/Pg studies
approach this analytical ideal, but those that do use a tip-calibration frame-
work with extant and fossil specimens scored into morphological matrices
(with or without a molecular scaffold; e.g. [9]).

The quality of tip-calibrations depends, at least in part, on access
to well-preserved fossils [8]. Here, quality refers not only to skeletal
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completeness (scoring a large percentage of analysed characters to improve phylogenetic stability) but also to a temporally and
phylogenetically diverse sample. Such diversity is critical, especially when evolutionary rates vary [8,10]. The problem is that
many vertebrate groups lack such a fossil record. This is certainly the case for the K/Pg record of freshwater actinopterygians.
Despite a few notable exceptions (e.g. [11-14]), this record is dominated by isolated and fragmentary elements that accumulated
from high-energy fluvial environments and were collected via screen-washing techniques [15]. Some such elements preserve
established synapomorphies, thus permitting their integration within existing phylogenies (e.g. [16]). Most established skeletal
apomorphies for freshwater actinopterygians, however, inform only highly inclusive areas of the tree, constraining their ability
to test taxonomically refined hypotheses of extinction, survivorship and diversification. Until more discriminating patterns of
skeletal variation can be established for these groups—a Herculean task considering diversity levels—we either must be content
with excluding this dense fossil record from important and ongoing discussions of extinction dynamics or we must consider
this resource from novel perspectives.

Here, we pursue the latter option with a study that combines parataxonomic morphotype analysis of isolated fossils of
freshwater actinopterygians with comparative genomics, using Bayesian methods and molecular phylogenies to search for
patterns of diversification correlated with the K/Pg mass extinction. More specifically, we use this heterogenous approach to test
the existing hypothesis that freshwater fish lineages, unlike the better preserved (and more extensively studied) marine forms
(e.g. [6,17-19]), were not significantly affected by the K/Pg mass extinction event [20-22]. This effort represents an advance over
previous morphotype analyses in that the fossils examined here are from a unique study area in the Denver Basin (Colorado,
USA) that preserves freshwater actinopterygian microfossils in two closely associated sites (<400 m apart geographically)
that are preserved in a similar facies and stratigraphically bracket the K/Pg boundary, with a temporal separation of only
approximately 185 thousand years (kyr) [23-25]. This proximity allows unprecedented control for assessing the K/Pg influence
on freshwater fish communities. The isolated nature of the specimens constituting the hyper-localized fossil data from this
unique locality cannot yet be fully incorporated into a phylogenetic framework, which also means that they cannot yet be fully
integrated with our global phylogenomic analysis. Still, the synthesis of the two patterns can provide reciprocal illumination
that fertilizes the growth of novel insights, perspectives and hypotheses. Results indicate that although the K/Pg did not initiate
the dramatic turnover in freshwater fish diversity that it did for terrestrial vertebrate groups, there were detectable effects.
Molecular phylogenies of some now-dominant freshwater clades indicate the extinction opened ecological opportunities that
induced subsequent adaptive radiation. Furthermore, temporally and geographically constrained fossil analysis suggests that
this clade-specific diversification was driven by local changes in community diversity.

2. Methods

(a) Diversification rate analysis

Mass extinctions produce high rates of turnover in the taxonomic composition of global diversity [26]. This turnover is driven in
part by the extinction-led opening of ecological opportunities followed by opportunistic diversification [27] (but see [28]). Given
inherent analytical advantages, molecular phylogenies with fossil calibration are often the preferred choice for testing whether
diversification rates increase or decrease around a given extinction event. The published time-calibrated phylogeny of Rabosky
et al. [29] (hereafter R18) covers the breadth of the actinopterygian crown and includes over 11 000 tip taxa. Although it does
not focus exclusively on freshwater clades, the phylogeny is one of the most inclusive samples of freshwater taxa available. We
extracted subtrees from the time-calibrated tree of R18 and analysed diversification rate-through-time of several actinopterygian
clades that predominantly inhabit fresh water to test for changes in diversification rate after the K/Pg mass extinction event in
those taxa.

To calculate diversification rate-through-time, we used Bayesian analysis of macroevolutionary mixtures (BAMM v. 2.5.0
[30]). We chose BAMM over other analytical tools because it can incorporate clade-specific information on sampling in
phylogenetic datasets, a potentially important influence on reconstructing patterns of diversification [31,32]. We downloa-
ded the 11 638-tip time-calibrated actinopterygian tree of R18 and extracted subtrees for major freshwater clades (including
Cypriniformes, Characiformes, Siluriformes, Osteoglossomorpha, Esociformes/Salmoniformes and Gymnotiformes) using the R
package ape v. 5.7-1 [33]. These clades were chosen for their diversity and the age of their initial divergence. Some focal clades
include species that move into brackish or near-shore marine water, and some include fully marine taxa (Siluriformes and
Salmoniformes). These marine species were included because the ancestral habitat of each of these focal clades is reconstructed
as fresh water [34]. We also included two clades whose inferred ancestral habitat is marine but include extant freshwater
taxa (Anabantaria and Ovalentaria [34]). Ovalentaria includes many marine taxa but also two large freshwater clades, Cyprino-
dontiformes and Cichlidae. All focal trees include a substantial percentage of extant diversity: Cypriniformes (1687 species,
37% of extant diversity), Characiformes (483 species, 22%), Siluriformes (1155 species, 30%), Osteoglossomorpha (99 species,
39%), Esociformes/Salmoniformes (97 species, 40%), Gymnotiformes (43 species, 18%), Anabantaria (157 species, 40%) and
Ovalentaria (2276 species, 42%). Subspecies were removed and names were updated primarily according to FishBase [35-37]
(see electronic supplementary material for details).

We estimated sampling probabilities for each focal clade after all species names were updated. Sampling probabilities were
based on genus-level species counts from FishBase (using rfishbase v. 4.1.2 [35-38]) assembled with protocols detailed in the
electronic supplementary material. For Cypriniformes and Ovalentaria, considerable polyphyly in several genera (Raiamas,
Rhodeus and Haplochromis) drove sampling fractions that encompassed highly inclusive clades. This polyphyly was caused by
single species placed far from other congeneric species: Ra. intermedius and Rh. sinensis in Cypriniformes and H. maculipinna in
Ovalentaria. Analyses were run including and excluding these species.
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We set priors for focal trees using the R package BAMMotools v. 2.1.10 [39] and ran all analyses with the expected number n

of shifts set to 1, 10 and 100. Each analysis ran for 100 million generations with AT of 0.01 and outputs recorded every 10 000
generations. Post-processing used a 10% burn-in. After analysis, all runs converged with effective sample sizes for both N-shifts
and log likelihood over 200 (calculated using R package coda, v. 0.19-4 [40]). We also ran analyses covering Acanthomorpha to
look for a previously noted signal of diversification in marine acanthomorphs shortly after the K/Pg [19]. We corrected names,
produced sampling probabilities and ran the BAMM analysis for Acanthomorpha following the same procedures outlined
above, but only used expected shifts of 10 and 100 due to the large size of the tree (7168 species; 37% of extant diversity).

We used phylorate plots to search for signals of tree-wide diversification increases associated with the K/Pg. We also
searched for signals in less-inclusive subclades that would suggest adaptive radiation in a habitat opened by the K/Pg. In the
phylorate plots, a rapid increase in diversification after the K/Pg followed by a decrease approaching the present suggests
that a clade expanded into open ecological opportunity [27]. To assess apparent shifts in diversification rate, we used mean
phylorate and maximum shift credibility plots. When the credible shift set contained a clearly dominant model, the best shift
configuration was used, but because of the large number of taxa in many of the trees, this was only meaningful in a few clades.
Because the extant tree is the product of both extinction and speciation, net diversification was used for all analyses.

After the analysis of subtrees using the phylogeny from R18, several follow-up analyses were conducted using the dataset
of Alfaro et al. [19] (hereafter A18). For these analyses, we calculated sampling probabilities at a more inclusive taxonomic level
(family) because the A18 tree is more sparsely sampled than the R18 tree. The setup for BAMM used the parameters outlined
above for other analyses.

(b) Morphotype approach

Whereas global changes in speciation and extinction may leave traces in phylogenies of extant taxa, localized effects might only
be detectable with fossils. The extraction of refined diversity data from the fossil record requires a thorough understanding of
morphological character evolution and the phylogenetic polarity of preserved features [41]. Such understanding is especially
challenging with a fossil record dominated by fragmentary and isolated specimens [42,43]. Although this challenge has been
met in K/Pg studies for certain groups (e.g. Squamata; [44]), our understanding of variation in the scales, vertebral centra
and tooth-bearing elements that largely comprise the K/Pg record of freshwater actinopterygians has simply not reached the
maturity needed to conduct phylogenetically rigorous analyses. In lieu of more robust phylogenetic methods, K/Pg studies of
freshwater actinopterygians often employ a parataxonomic morphotype approach (e.g. [45-48]). A significant shortcoming of
morphotypes is that their defining features have yet to be fully explored in a phylogenetic system, leaving them with an unclear
relationship to the phylogenetic lineages they are intended to inform [42]. An unclear relationship, however, does not mean no
relationship at all and morphotype approaches have a deep and ongoing history in K/Pg studies, particularly for groups whose
fossils lack an abundance of complex characters—such as plant macrofossils and pollen [49,50].

Existing morphotype studies of freshwater fish are limited in heuristic power by the distribution of Late Cretaceous and
Palaeocene localities [48]. Historically, this distribution has forced comparisons over large geographic and temporal distances.
Observed differences in morphotype diversity between separated sites may result from many macroevolutionary dynamics,
and these confounding effects undoubtedly increase with time and spatial distance, making it difficult to isolate any signal of
extinction. The ideal application of the morphotype approach is to compare sites separated only by the extinction boundary.
If we are interested in the effect of the K/Pg and must rely (at least for now) on a morphotype approach, it is imperative that
compared sites are close geographically and separated by minimal time on either side of the event boundary.

The West Bijou Creek area in the Denver Basin preserves a fine-resolution stratigraphic record that is continuous across
the K/Pg boundary [23]. The area includes a precise chronostratigraphic framework with palynostratigraphic biozones;
well-resolved magnetochron boundaries; uranium-lead dated volcanic ash layers and a K/Pg boundary with shocked minerals,
an iridium anomaly and boundary clay [24,51,52]. The area preserves fossil-rich microsites that bracket the K/Pg boundary,
including one microsite with abundant dinosaur material. Two sites, DMNH 3648 and DMNH 2560, sit approximately 4 m
below and 9 m above the boundary, respectively [25]. The pre-K/Pg site, DMNH 3648, is in a layer estimated to be approxi-
mately 57 kyr before the K/Pg boundary; DMNH 2560 post-dates the K/Pg boundary by approximately 128 kyr [24]. The two
localities are separated by less than 400 m and there is little to no facies change across the K/Pg boundary. Both localities are
preserved in a fine- to medium-grained, mustard yellow sandstone unit interpreted as a meandering river. Both sites are rich in
fish material, including scales, tooth-bearing elements and vertebral centra.

Here, we apply a morphotype approach to actinopterygian vertebral centra from West Bijou (n = 103 from DMNH 3648 and
n =236 from DMNH 2560; see electronic supplementary material for details). We focused on centra because they are consistent
in general dimensions across taxa and thus their relative abundance is less likely to be affected by taphonomic bias [45,53].
Furthermore, previous studies of actinopterygian vertebral centra provide a guide for the degree and kind of variation expected
between morphotypes (e.g. [45-48,54,55]). Analysed centra were recovered through screen washing and thus were generally
small in size (<7 mm maximum dimension).

In our initial analysis, we minimized researcher bias based on specimen provenance by anonymizing all specimens (see
electronic supplementary material). We then integrated these anonymized results into a ‘retrospective’ analysis that served
as the basis for our primary discussion and conclusions. Centra clearly identifiable as the first centrum of the series (i.e. the
atlas) or from the caudal region were excluded to reduce the confounding of serial variation along the vertebral column with
intertaxonomic variation [45]. In some teleosts, including otophysans and acanthomorphs, the first vertebral centrum exhibits
unique morphological features that make them difficult to associate with morphotypes based on more posterior vertebrae [45].
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We also excluded centra that were too worn or damaged to be confidently characterized. Some well-preserved centra showed no n

clear alignment with other specimens and were categorized as “unique’.

We calculated four post-analysis diversity indices between sites (following Wilson [56]) using Past4 v. 4.11 [57]. The diversity
indices include two measures of heterogeneity: evenness [58] and equitability [59], and two measures of dominance: Simpson’s
(1-D) [60,61], and Berger—Parker [62]. Both heterogeneity indices approach 1 if all taxa in a sample are in equal abundance
but evenness varies more at moderate levels of diversity (10-20 taxa [63,64]). Heterogeneity measures are weighted by the
taxonomic richness of a given sample, whereas dominance indices focus on the relative abundance of the most abundant taxa.
Simpson’s index increases as the community is less dominated by single or a few taxa, whereas the Berger—Parker index is
equal to the proportional abundance of the most abundant species. For each diversity index, we used the ‘unbiased” setting in
Past4 and calculated 95% confidence intervals using the centred boot-strap option. We determined the statistical significance of
differences in diversity indices using ‘diversity permutation’ in Past4.

Two additional tests were used as separate assessments of differences in diversity between sites. First, we used
Hutcheson’s t-test [65] implemented through the R package ecolTest v. 0.0.1. This test was developed to statistically
compare Shannon diversity indices between two samples [65]. Second, we compared the variance of relative abundance
data for each of the sites with Levene’s test (using ‘leveneTest’ from R package car v. 3.1-2 [66]). A community with taxa
at equal abundance would have less variance than a community with large differences in relative abundance between the
most and least abundant taxa.

3. Results

(a) Diversification rate analysis

Net diversification rate-through-time, mean phylorate, maximum shift credibility and best shift configuration plots show no
clear tree-wide changes in diversification rate associated with the K/Pg. Many trees show relatively consistent increases in
diversification rate towards the present, a likely artefact of the “pull of the present’ (electronic supplementary material, figures
S1-S3; [67]). In Cypriniformes and Characiformes, subclades show shifts to an increased diversification rate on relatively
short post-K/Pg branches with a subsequent gradual decrease in diversification rate approaching the present (figure 1). In
Cypriniformes (figure 1a), two clades show this signal: (Xenocyprididae, ((Acheilognathidae, Gobionidae), ((Tincidae, Tanich-
thyidae), Leuciscidae))) (hereafter ‘Cypriniformes A’), and a clade composed of all Cyprinidae except Probarbinae (hereafter,
‘Cypriniformes B’). In Characiformes, one clade shows a similar pattern (figure 1b): this ‘Characiformes A’ clade includes all
subgroups of Characidae besides Spintherobolinae.

In Siluriformes, a basal shift that includes all Loricariidae except Delturinae and Rhinelepinae is followed in some analyses
by a rate decrease approaching the present, but in other analyses, the post-shift rate is nearly constant (electronic supplementary
material, figure S4). This constancy suggests that the initial shift may also be a “pull of the present’ artefact (see Discussion). We
thus note a possible Siluriformes signal but do not discuss it further.

In Cypriniformes B and Characiformes A, the inferred diversification rate increase is separated from the K/Pg by one
branching event, but its proximity to the boundary is intriguing. There are similar inferred shifts on the stem of Mastacembeli-
dae within Anabantaria and on the stem of Cichlidae in Ovalentaria (electronic supplementary material, figure S5). However,
these shifts are on long internal branches (>30 Ma), complicating their relationship with the K/Pg. An additional shift occurs in
Ovalentaria on the stem of a clade including the predominantly marine Blenniiformes, but moves between clades in different
analyses and is sometimes reconstructed only on the stem of a blenniiform subclade. This shift is also reconstructed in the
Acanthomorpha analysis; see below for other shifts in marine acanthomorphs.

The shift at the base of Characiformes A is recovered regardless of prior values for the expected number of shifts. With
that prior set to 1, a rate shift is inferred on the stem of the most exclusive clade that includes both Cypriniformes A/B, but
there are no shifts on the stems of either of those clades. In analyses with higher prior values (10 and 100), the posterior
distribution centres on approximately 20 shifts, suggesting that setting the prior to 1, wherein the posterior distribution is
centred on approximately 13 shifts, underestimates the number of shifts supported by the tree. The inferred rate shifts for both
Cypriniformes A and B were recovered whether Raiamas intermedius and Rhodeus sinensis were included or not, but we focus on
results where they were excluded.

BAMM analyses for Acanthomorpha do not recover tree-wide diversification shifts associated with the K/Pg (figure 2a),
in contrast with previous findings [19]. There are inferred shifts on the stems of predominantly marine clades, some of
which include long internal branches, but a few do not. The latter entails the shift noted above including or nested within
Blenniiformes, a clade that includes both Zoarcoidei and Cottoidei, a subclade in Carangaria that includes many flatfishes
and a subclade of Labridae. A subclade of the mixed freshwater and marine Gobiiformes also shows a signal, but the initial
divergence of the clade is dated to approximately 74 Ma. These signals may support an underlying K/Pg influence but further
analysis is beyond the scope of this study.

The analysis of the phylogenetic tree from A18 reconstructs a spike in diversification rate across the K/Pg (figure 2b), whereas
phylorate plots from most analyses show no K/Pg-associated shifts in diversification rate. In some analyses, there is one rate
increase at the base of Eupercaria (approx. 75.383 Ma; figure 2c), followed by a gradual rate decrease approaching the present.
This signal is consistent with a K/Pg effect but pre-dates the event by approximately 10 Ma. Divergence dates of five major
percomorph clades, including Eupercaria (figure 3), show that correspondence of those dates with the K/Pg event in A18 is not
recovered in the data of R18.
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Figure 1. (a) Maximum shift credibility tree for Cypriniformes BAMM analysis with prior for expected shifts of 10. (b) Maximum shift credibility tree for Characiformes
BAMM analysis with prior for expected shifts of 10. In (a) and (b), red circles indicate rate shifts and the red line indicates K/Pg boundary (66.021 Ma) [24].
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rate-through-time plot for Acanthomorpha BAMM analysis using data from A18 [19] with the prior for expected shifts of 10. (c) Maximum shift credibility tree for
Acanthomorpha BAMM analysis using data from A18 with prior for expected shifts of 10. In (a) and (), red circles indicate rate shifts. In (a), (b) and (c), the red line

indicates the K/Pg boundary (66.021 Ma) [24].
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Figure 3. (a) Acanthomorpha phylogeny from A18 [19] and (b) R18 [29]. Trees have been subsampled to include only taxa that are part of each phylogeny. Numbers in
parentheses are divergence dates in Ma before present. In the R18 tree, the earliest diverging clade in Ovalentaria is Mugiliformes, but that clade is not in the A18 tree.
The divergence date for Ovalentaria in the R18 tree is for Ovalentaria including Mugiliformes. Without Mugiliformes, the divergence date is 106.091 Ma.

(b) Morphotype analysis

We characterized the majority of centra (n = 245) to one of 15 morphotype groups (figure 4) and to an additional category that
represented unique morphologies (1 = 12). The remaining 94 centra were identified as caudal (n = 41), first centra (n = 24) or
unidentifiable due to poor preservation (1 = 29). Descriptions for all morphotypes and unique specimens are included in the
electronic supplementary material.

The morphotype analysis showed little evidence of K/Pg extinction (figure 51). Only groups P and Q are present in DMNH
3648 but not DMNH 2560. Three groups (J, L and M) are not present in DMNH 3648 but present in DMNH 2560, suggesting
that the taxa represented by these morphotypes either immigrated to DMNH 2560, evolved from endemic groups present
before the boundary or were simply not sampled. Notable changes in abundance between the two sites are present. The most
abundant DMNH 2560 morphotype (D, 1 = 62) is represented by only one specimen from DMNH 3648. A and F both decrease
in abundance across the boundary. All disappearances and appearances are in groups with low sample sizes (1<6). Most
unique morphologies were from DMNH 3648 (n = 8), with 4 from DMNH 2560 (figure 5a).

Diversity comparisons between DMNH 3648 and 2560 produced a significantly higher Simpson’s index (p = 0.0002),
significantly lower Berger—Parker index (p = 0.0006) and significantly lower equitability (p = 0.0056) after the K/Pg (figure
5b; table 1), suggesting that a small number of morphotypes dominated the post-K/Pg community. We assessed whether this
pattern was driven primarily by the high relative abundance of morphotype D by comparing diversity indices with morphotype
D excluded and found that the difference in both Simpson’s index (p = 0.0088) and the Berger—Parker index (p = 0.0238; table 1)
remained significant, but the difference in equitability did not. We also tested the influence of the number of unique Cretaceous
morphotypes, but when these are excluded, differences in both dominance indices and equitability remain significant, and
evenness is significantly higher for DMNH 3648 (p = 0.0046; table 1). Hutcheson’s t-test shows that diversity (as calculated by
the Shannon diversity index) was significantly higher (p = 0.0001) in the DMNH 3648 sample (table 1). This difference remained
significant when morphotype D or the unique morphotypes were excluded. The difference in variance of the relative abundance
data between the two sites was not significant using Levene’s test.

4. Discussion

(a) Diversification rate analysis

The lack of extinct species in an extant tree subjects it to the ‘pull of the present’, whereby recent cladogenesis is more
likely to produce sampled descendants than deeper events [67]. Diversification in most clades studied here is consistent with
this expectation, exhibiting diversification rates that either increase towards the present or are temporally stable. Among the
exceptions are three highly diverse clades nested in Cypriniformes and Characiformes that collectively represent at least 11% of
extant actinopterygian diversity (from FishBase [35-37]). These clades are characterized by an initial increase in diversification
rate along their stem, a crown divergence within the first 15 Ma post-K/Pg and a gradual subsequent decrease in diversification
rate. This signal is consistent with a scenario wherein the K/Pg event itself opens ecological opportunity which then permits a
lineage to experience a burst of diversification.
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Figure 4. Representative specimens of morphotypes. Each specimen in dorsal, right lateral and ventral views, anterior to right; letters denote morphotype. The
description of morphotype groups is in the electronic supplementary material. (a) DMNH EPV.143127, (b) DMNH EPV.121294, lateral reflected. (c) DMNH EPV.108389.
() DMNH EPV.121287. (e) DMNH EPV.102871, lateral reflected. (f) DMNH EPV.107931. (g) DMNH EPV.108384, lateral reflected. (h) DMNH EPV.108407, lateral reflected.
(/) DMNH EPV.99563, directionality estimated. (k) DMNH EPV.109606, lateral reflected. (/) DMNH EPV.102844, lateral reflected. (m) DMNH EPV.102852. (n) DMNH
EPV.57436. (p) DMNH EPV.121291. (q) DMNH EPV.107927. Scale bar =1 mm.
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Figure 5. Results from morphotype analysis. (a) Relative abundance of morphotypes and (b) diversity indices between DMNH 3648 and DMNH 2560.

Support for a K/Pg-induced diversification is not equally strong across the three clades. Cypriniformes A represents the
strongest inference, with a stem that crosses the K/Pg and an initial divergence of 58.61 Ma. With Cypriniformes B and
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Table 1. Statistical results from comparison between DMNH 3648 and DMNH 2560. The p-values for diversity indices are from permutation in Past4 software.

primary analysis

test statistic

Characiformes A, the inferred shift is separated from the K/Pg by one branching event. Two points associate these diversifica-
tions with the K/Pg. First, all diversification dates are subject to uncertainty [8], and thus the immediate stem of each clade may
have extended across the boundary rather than appearing just after it. Second, branching events are the data BAMM uses to
reconstruct rate shifts. With only one speciation event separating the crowns of Cypriniformes B and Characiformes A from the
K/Pg, limited data support the precise placement of a rate shift. In both cases, a rate shift may have occurred on the branch
crossing the K/Pg, rather than on the stems of Cypriniformes B and Characiformes A. This logic could, of course, go both ways.
Characiform diversification inferred using different data and a different tree also reconstructs a stem increase in diversification
rate for Characiformes A [68], corroborating our results. No parallel studies exist for cypriniforms.

In contrast with previous results [19], we found no significant post-K/Pg diversification of Acanthomorpha. The relevant plot
of net diversification rate in the A18 tree shows an increase across the K/Pg, but this spike is driven by a diversification increase
on the Early Cretaceous stem of Percomorpha [69]. This percomorph increase is magnified (figure 2b) in the calculation of the
average acanthomorph diversification rate by subsequent crown divergences of several clades within Percomorpha relative to
the low diversification rate outside Percomorpha. This relational increase produces the apparent spike in net diversification and
marks a subtle but critical distinction to be aware of when working with BAMM. Multiple percomorph clades (Syngnatharia,
Pelagiaria, Ovalentaria and Carangaria) with initial divergences near the K/Pg lack evidence of rate shifts along their respective
stems. This suggests that their current diversity reflects a relatively constant diversification rate regime that is hidden in the
net diversification rate-through-time plot. The tendency for these plots to be primarily driven not by rate shifts, but by the
relative representation of taxa with high or low rates, complicates their use for inferring diversification trends. The coincidental
divergence of Syngnatharia, Pelagiaria, Eupercaria, Ovalentaria and Carangaria with the K/Pg in the A18 tree is not recovered
in the tree from R18 or in other studies of Acanthomorpha [6]. In our analysis of the A18 data, only Eupercaria shows a signal
clearly consistent with an abrupt acceleration in diversification; however, the Eupercaria divergence pre-dates the K/Pg event by
approximately 10 Ma. This divergence is actually older in the R18 tree, casting additional doubt on any widespread K/Pg effect
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on acanthomorph diversification. This doubt does not extend to the conclusion that the clade may have undergone significant E

post-K/Pg morphological diversification [6,18].

Clear signals of post-K/Pg diversification characterize only a small number of freshwater actinopterygian lineages in our
analysis. At least some extinction signal, however, is likely to be lost given our use of the extant tree for BAMM analysis
[31], and some extinction scenarios are unlikely to be captured in tree structure. For example, because the extant tree is the
product of diversification —the combined outcome of extinction and speciation—a near zero change in diversification rate may
belie a rise in both speciation and extinction rates. We may only expect a signal if one clade fills a post-extinction ecological
opportunity. This scenario seems to characterize such widely recognized ‘winners’ of the K/Pg extinction as placental mammals
[70] and birds [9], both of which radiated in the absence of non-avian dinosaurs [71]. If freshwater extinctions were less intense
than those of the land or the ocean, then most clades might have suffered little across the boundary, re-expanding into habitats
from a few survivors but with little total extirpation. Identified exceptions may reflect instances where total extirpation of other
lineages was more likely, with survivors taking advantage of available habitat. Alternatively, if there were post-K/Pg shifts,
they may be difficult to detect because of the relative dearth of articulated and diagnosable fossils of freshwater fish from
K/Pg sediments [72]. While the R18 tree does include 130 calibrated nodes, these are spread throughout the immensity of the
actinopterygian tree. Even if extinction was significant in fresh water, a lack of calibration near the K/Pg could smooth patterns
of diversification such that they are less likely to be detected as distinct shifts. Finally, diversification may be a rare, immediate
outcome of any extinction event, with morphological adaptation being the primary response [28] (e.g. [6]). These complications
clarify the importance of fossils for building a detailed understanding of extinction.

(b) Morphotype analysis

Our data indicate a K/Pg loss of rare morphotypes, with the Palaeocene community dominated by relatively few morphotypes.
Rare taxa are the most likely victims of any biodiversity crisis [73,74], including the current one [75], with losses opening
ecological opportunities for survivors. At West Bijou, for example, the low Cretaceous abundance of morphotype D gave way to
its relatively high Palaeocene representation. The approximately 128 kyr separating DMNH 2560 from the K/Pg was evidently
not enough time for a full recovery to Cretaceous diversity levels. This is not a long interval, geologically speaking, but becomes
more significant if it is a harbinger of recovery times for freshwater communities currently in crisis.

The change at West Bijou, from a diverse ecosystem to one dominated by fewer, highly abundant morphotypes is a familiar
pattern. Communities that coalesce after extinction events, i.e. recovery faunas [76], tend to be low-diversity, low-evenness
assemblages that opportunistically ‘take over’ after perturbation [77] and are dominated by relatively few bloom taxa [78].
Many such faunas have been identified; for example, marine invertebrates (Permo-Triassic) [79], mammals (K/Pg) [56] and
planktonic foraminifera (K/Pg) [80]. These short-lived assemblages are eventually replaced by communities more similar to
those that pre-date the perturbation [76]. A recovery fauna at West Bijou highlights how extinction and recovery play out in a
local community.

Consistent with global reviews (e.g. [21]), studies of North American fossils conclude that inclusive freshwater fish taxa were
relatively unaffected by the K/Pg but that local extirpations were likely [48,73]. The highly circumscribed nature of our fossil
data, both geographically and temporally, complicates their relevance for global patterns but grants them an unprecedented
ability to reveal localized dynamics. The West Bijou fossils serve as convincing evidence that, whether it be from the bolide itself
or climatic perturbation [81], the K/Pg left its signature on local communities of freshwater fish. Increasing the phylogenetic
resolution of the abundant fossil material (e.g. [55]) is an important next step in testing and expanding our conclusions.

(c) Diversity patterns in fresh water across the K/Pg

The K/Pg led to the diversification of several now-dominant clades of freshwater fish but had seemingly little effect on many
others. At a community level, the event reduced diversity for more than 100 kyr after the boundary. Extrapolating the West
Bijou data, one envisions a landscape of localized shifts in species abundance, perhaps including extirpation but not necessarily
so, with little effect on broad-based phylogenetic diversification. These shifts in community structure represented opportunities
for less-affected species to expand their local representation, as in morphotype D, or even to radiate, as with Cypriniformes A/B
and Characiformes A.

Cypriniformes A/B and Characiformes A represent significant extant biodiversity, but it is unclear what (if anything) allowed
them to differentially diversify within the niche space opened by the K/Pg [82]. Attempts to identify such diversity drivers often
require ad hoc adaptationist scenarios of questionable heuristic value (see [83]). Unlike those clades wherein few species crossed
the boundary (e.g. birds [9]), freshwater fish probably encompass hundreds of surviving lineages. We advocate that a stochastic
driver is the preferred null hypothesis [82] with Cypriniformes A/B and Characiformes A diversifying post-K/Pg simply due to
good fortune.

(d) Implications of freshwater extinction across the K/Pg

Seemingly insignificant shifts in local diversity like those at West Bijou may underlie long-term patterns in diversity and
habitat dominance. Extinction is often measured at the species level, despite the finding that changes in relative abundance
at the population level can severely impact ecosystem function and count among the most important biodiversity losses [84].
Although there is evidence that freshwater ecosystems were buffered to some degree from the K/Pg event [73,85,86], local
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communities registered the impact. Freshwater communities may not be as fortunate in the current crisis, where anthropogenic
processes have unique effects on freshwater habitats (e.g. nitrogenous waste, dams, irrigation; [87]). We should expect these
local effects to have intense and widespread influences on freshwater diversity. The fossil analysis shows that at local scales,
recovery to pre-perturbation diversity levels may happen eventually, but will take far longer than one or even a dozen human
lifetimes. Even with recovery, the phylogenetic distribution of freshwater diversity may be irreversibly changed. If an upside
exists, it is that we are still relatively early in the sixth mass extinction, and through expanded investigations of how local
diversity changes with environmental perturbation and by integrating what we learn from unique palaeontological sites like
West Bijou, we will be better situated to respond to the conservation challenges of freshwater lineages and their communities.

5. Conclusions

It is difficult to disentangle the long-held idea that freshwater fish communities were relatively stable across the K/Pg mass
extinction from the poor quality of the relevant fossil record. Here, we use a two-pronged approach to assess K/Pg extinction
and recovery dynamics in freshwater fish at both global and local scales. Our approach uses diversification rate analysis of
molecular phylogenies of major freshwater clades and morphotype analysis of a unique set of microsites in the Denver Basin
to test the hypothesis that freshwater actinopterygians were unaffected by the K/Pg. Our findings expand our understanding
of the extinction landscape across the K/Pg by providing evidence that several highly diverse extant clades experienced
initial bursts of post-event diversification. Fossil analysis indicates that these global patterns of diversification were driven
by stochastic localized extinction and faunal turnover. Our study demonstrates that the K/Pg extinction not only had effects
on freshwater actinopterygian communities but that those effects were detectable approximately 128 thousand years after the
event. Ultimately, post-K/Pg bursts of diversification underlie the present diversity of several dominant freshwater clades.
These patterns provide a new perspective that is particularly important in light of the current biodiversity crisis and the
dire conservation challenges it presents. The K/Pg dynamics of freshwater actinopterygians suggests that the current crisis in
freshwater communities is likely to produce long-lasting effects, certainly when considered on the scale of human history and
civilization.
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