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Lineage Identification Affects Estimates of Evolutionary Mode in Marine Snails
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Abs v & .—In order to study evolutionary pattern and process, we need to be able to accurately identify species and the
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is no clear temporal or spatial disjunction, or substan-
tial morphological differences between fossil taxa, a
genetic context for morphological variation is advant-
ageous. Studies can gather this context by integrating
genetic data from living relatives and the morpho-
logical analysis of both extant and fossil specimens
(e.g., Stanley and Yang 1987; Jackson and Cheetham
1994; Hills et al. 2012; Smith and Hendricks 2013;
Hopkins et al. 2018).

Siphon whelks from New Zealand provide an oppor-
tunity to identify evolutionary lineages using genetic
and morphological data, and this knowledge can be
applied to fossil material. Siphon whelks of the genus

e'lo "'P. Fischer, 1884 are large marine snails (Fig. 1a)
with a rich fossil record in New Zealand, including 19
extinct species, found in high abundance from many
paleontological sites spanning the last 66 myr (Beu
and Maxwell 1990). Although many fossils are well-
preserved (Fig. 1c), evolutionary relationships among
extant and fossil taxa are unclear and the taxonomic
identity of specimens at many fossil sites is uncertain
(Beu and Maxwell 1990). Shells exhibit considerable
morphological variation in shape, size, and sculp-
ture within and among the six extant species (and
one subspecies) currently recognized in New Zealand
waters (Powell 1979; Supplementary Fig. S1 available on
Dryad at http://dx.doi.org/10.5061/dryad.ggnk98sh6),
but phylogenetic analysis of mitochondrial and nuclear
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TaBLE 2.  Sampling of extant and fossil ¢'o "shells
Extant species Fossil site .Sk Gays
comparisons analyses IinZages
Total  ExtantNZ . cpa Pess e z B Te With Without
Species sampling e vs. ofigde vs. .0 Mess Wanganui Piki .M« 167 M 1¢y
ccpapthe'Ss 125 125 125"
(50)
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(71) 17t
. cifde"e"s! 7 7t 7t
14
Cex#aays 4 41 47
few "z 85 78 78 69
(50) 7t
foficd e 48 48 48
1 ”m'zhs 25 25
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of 100,000 generations and a 10% burn-in. Up to nine
potential genotypic clusters were tested for (K =1-9). The
optimal number of clusters was determined by examin-
ing estimates of posterior probability for a given value
of K (Pritchard et al. 2000), and AK, the rate of change
in logarithmic probability of the data (Evanno et al.
2005) implemented in Structure Harvester 0.6.8 (Earl and
vonHoldt 2012). Clustering for the optimal K value across
the 10 replications was averaged using Clumpp 1.1.2
(Jakobsson and Rosenberg 2007), and assignment prob-
ability structure graphs were generated in DISTRUCT 1.1
(Rosenberg 2004).

Gohenc WrpphencA ”{ysls‘)f.{

s

Extant and fossil shells were photogrg; hed and
digitized using the same two-dimensional landmark-
based geometric morphometric described in previous
studies of e'o ”(Vaux et al. 2017a; Vaux et al. 2018).
Shells were photographed with the aperture facing
upward and a total of 45 landmarks were digitized
(Vaux et al. 2017a) using tpsUtil, tpsDig (Rohlf 2013)
and CoordGen8 (Sheets 2014). Six landmarks and 39
semi-landmarks were used to capture the shell shape
(Vaux et al. 2017a). Using this approach, experimental
error during photography and digitization, respectively
represented just 1.2% and 0.08% of shape variation
among samples (Vaux et al. 2017a).

PCA implemented in MorphoJ 1.06c (Klingenberg
2011) was used to analyze shell shape. The PCs generated
by PCA reflect mathematically independent variation
in the shape of objects and centroid size acts as a
proxy for size variation independent of shape (hereafter
“size”). The number of PCs retained for analysis was
determined using the broken-stick test on Eigenvalues
for each PC. The similarity of taxa and sampling regions
for shell shape was determined using ordination of
the retained PCs using 90% mean confidence ellipses.
In some cases, PCs were scaled with shell size using
the base “scale” function in R (Becker et al. 1988; see
Vaux et al. 2018), and three-dimensional scatterplots
were produced using the R package car 3.0-2 (Fox
and Weisberg 2011) to visualize shell shape and size
variation together, with 50% confidence ellipsoids. The
capacity for shell shape to distinguish groups was
determined using cross-validation scores estimated by
canonical variates analysis (CVA) implemented using the
R package MASS 7.3-26 (Venables and Ripley 2002; R
Core Team 2018) and based on PCs that in sum accounted
for 95% of variation among specimens (see methods
Vaux et al. 2018). CVA ordination plots were produced
in MorphoJ.

To infer structure in our data sets without apnen
identification, we employed Gaussian mixture modeling
using the R package mclust 5.2 (Fraley and Raftery
2002). This approach treats the morphometric data
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& (Fig. 2b). A suboptimal model for the
smaII data%éet with five clusters separated all taxa, except
for . d @ that was grouped with . caa, #e"ss
(Fig. 2c) ihe optimal five clusters identified for the
large data set were messier with reduced assignment
confidences, but supported the similar relationships and
did not differentiate _f mﬁfda:from - cppa, Bhe s or
/e%; & from .o es (Ffg. 2)

i
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The three retained 'PCs of shell variation mostly
reflected variation in the relative height of the teleoconch
spire and width of the siphonal canal and the lower
part of the aperture (Supplementary Fig. S4b available
on Dryad). The seven extant New Zealand e'lo "taxa
could not be easily distinguished using shape for 889
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FIGURE 2.  Genetic structure among a subset of New Zealand e "o species a) Three principal components (60% of nuclear genetic variation)
separate most taxa using the large ddRAD sequencing data set of 1885 SNPs. A green arrow identifies the .f g/fie d @ individual that overlaps
with . ¢ Pe's samples. The six currently recognized ¢'lo "taxa are colored separately. b—d) Structure pi ts showing the assignment
probablll ies of the 18 ddRAD sequenced e'io "individuals from six taxa among estimated genotypic clusters. b and c) The optimal clustering
model (K = 3) and an alternative model (K =5), respectively for the small data set of 36 SNPs. d) The optimal model (K = 5) for the large data set
of 1885 SNPs.

and interpreted the likelihood of whether these four taxa
belong to the same evolutionary lineage.

Ideks y of W d'gd" foss, s. We investigated morpho-
Ioglcal varlatlon among 190 shells from Wanganui,
comparmg 37 fossil spemmens with extant shells from

. sy aays, 33 . oMes, and 69 ./e&’l(z # snails
(Table g
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Ficure 4. Clustering subsets of New Zealand e'lo ”species using Gaussian mixture modeling with shell shape and size. The optimal cluster
model for each data set was estimated naively using the R package mclust. The preliminary classification of specimens and where they were
collected is shown above and below each plot. (a) Comparing . s’7 aakgsand . gemn #e"% s revealed clear phenotypic distinction of these two
taxa (optimal VEV2 model, using PCs 1-3 of shape, and shell size/Vaux et al. 2017a). b) Shells of . Cpdy #essand .f atfie d @ were analyzed
without (above) and with (below) shell size (optimal VEI2 using PCs 1-4; EEI2 using PCs 1-4 and size). ¢) Analysis of .o esland .feq " g had
poor discrimination of two taxa (optimal VVI2 model using PCs 1-4 and size). d) An analysis combining fossils from Wanganui with modern
shells of . sy aa}s, .o™es, and . /e ”ﬁ from adjacent regions Sloptimal VEE3 model using PCs 1-4 and size). ) An analysis combining
fossils from Te Piki with modern shells™of . s aajsand . ci 1en a ks from adjacent re%ions (EEI2 using PCs 1-3). f) An analysis combining
reclassified shells of extant and fossil . s} aahs?and fossils of the extinct species . c;fde"e s, M a 1cy,and . ew#aaks (EEE2 using PCs 1-3).
Alternative Gaussian mixture (mclust) nModels and Bayesian information criteria Jupport for each data set are provided in the Supplementary

Material available on Dryad.
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on Dryad). PC2 for each data set represented almost
identical amounts of shell shape variation (21.8% with

M a1y, 20.7% without . ™ @ ;cy; Table 3), and both
reflected Variation in the relative heiﬁht of the teleoconch
spire and aperture (with . " @ ;¢ included shown
in Supplementary Fig. S19d availaBle on Dryad). We
therefore consider PC2 in each data set to be comBarabIe.

Overall, the choice of whether to include . " # lck’
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Ficure 6. Time series analyses of shell shape and size evolution estimated for two alternative e o "
paleaTS). The best flttlng model of evolutionary mode is labeled for each analyzed trait (retained shell s
Imeage con5|st|ng of i 5y aa WS,

i

witlk

aayslineages over 20 myr (results from
ape PCs and shell size). a) Evolutionary

;fdc”e”&s M @ 1ci,and . ex#aays; each shown in a different color. b) Evolutionary lineage consisting of

szauns . zfde e s;s and J;r,\aus Full paleoTs esults including support values for each evolutionary model per trait are provided in
Su

Iemental Tables S8 and 59 available on Dryad.
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suggest that these fossils represent a single lineage,
compatible with molecular clock analysis that estimated
the age for the most recentcommon ancestor of . s} aajs
and other New Zealand e'jo " species long Zlefore
the oldest fossil . c;fde”e”st or . ex#raks (median
40.6 Ma; 95% HPD! 29.8-32.1 Ma; Vaux et al. 2017b).
Considering that shell morphology and evolutionary
relationships appear to be concordant in e'lo " this
result is remarkable as it suggests that no substantial
morphological change has occurred in theBiology
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