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Abstract 
Comparing divergence in quantitative traits and neutral molecular markers, such as QST–FST comparisons, provides a means to distinguish between 
natural selection and genetic drift as causes of population differentiation in complex polygenic traits. Onithochiton neglectus (Rochebrune, 1881) 
is a morphologically variable chiton endemic to New Zealand, with populations distributed over a broad latitudinal environmental gradient. In 
this species, the morphological variants cluster into 2 geographically separated shell shape groups, and the phenotypic variation in shell shape 
has been hypothesized to be adaptive. Here, we assessed this hypothesis by comparing neutral genomic differentiation between populations 
(FST) with an index of phenotypic differentiation (PST). We used 7,562 putatively neutral single-nucleotide polymorphisms (SNPs) across 15 popu-
lations and 3 clades of O. neglectus throughout New Zealand to infer FST. PST was calculated from 18 shell shape traits and gave highly variable 
estimates across populations, clades, and shape groups. By systematically comparing PST with FST, we identified evidence of local adaptation in 
a number of the O. neglectus shell shape traits. This supports the hypothesis that shell shape could be an adaptive trait, potentially correlated 
with the ability to live and raft in kelp holdfasts.
Keywords: local adaptation, Onithochiton neglectus, PST-FST comparisons, shell shape

Comparing populations across heterogeneous environments 
provides a means to investigate the mechanisms underlying 
phenotypic divergence (Blanquart et al., 2013; Kawecki & 
Ebert, 2004). Observed phenotypic variation among popu-
lations may be neutral or adaptive, and adaptive phenotypic 
variation can result from evolutionary changes (local adapta-
tion) or adaptive phenotypic plasticity (Grenier et al., 2016; 
Kawecki & Ebert, 2004; Sanford & Kelly, 2011).

In order to study adaptive phenomena, common gar-
den experiments have frequently been used to minimize the 
environmental variance within controlled conditions (de 
Villemereuil et al., 2016; Kawecki & Ebert, 2004). Coupling 
common garden experiments with controlled backcrosses 
or known genealogies, it is possible to infer an index of 
between-population differentiation in quantitative traits 
(QST), which accounts for the additive genetic variance 
within and between populations (Ab-Ghani et al., 2012; de 
Villemereuil et al., 2016; Spitze, 1993). Following the esti-
mation of QST, and to assess the relative roles of natural 
selection and genetic drift in inter-population divergence, a 
null hypothesis of neutral evolution can be tested by estimat-
ing genetic differentiation at neutral markers (FST), and then 
comparing it to QST (Spitze, 1993). In general, it is expected 
that QST will be equal to FST if drift is the sole evolutionary 

force acting on the differentiation of the traits for which QST 
is estimated (Spitze, 1993, but see de Villemereuil et al., 2020, 
Miller et al., 2008; Santure & Wang, 2009). If QST is signifi-
cantly larger than FST, divergent selection is likely to be act-
ing, whereas if QST is significantly smaller than FST, stabilizing 
selection is likely (Leinonen et al., 2013; Merilä, 1997; Merilä 
& Crnokrak, 2001; Spitze, 1993).

However, when dealing with species for which artificial 
rearing is challenging, common garden experiments are 
unattainable, and therefore QST cannot be directly estimated 
(Leinonen et al., 2013). As an alternative, the literature 
has advocated the use of its proxy, PST, which is estimated 
using phenotypic data measured directly from wild popula-
tions (Brommer, 2011; Leinonen et al., 2013). In this case, 
although information is lacking on the proportion of additive 
genetic effects describing variation within populations (h2) 
and across populations (c), a hypothesis (usually c = h2) can 
be used to estimate PST (Leinonen et al., 2013; Pujol et al., 
2008; Whitlock & Gilbert, 2012). To assess the robustness of 
PST as a proxy for QST, comparisons of FST and PST are then 
made for a range of hypothetical c and h2 values (Brommer, 
2011). In the wild, environmental differences between pop-
ulations might be large, thus c might be much smaller than 
h2 (Brommer et al., 2014). In a scenario where PST > FST even 

Received November 5, 2021; revisions received September 13, 2022; accepted  November 24, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of The Society for the Study of Evolution (SSE).
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), 
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

D
ow

nloaded from
 https://academ

ic.oup.com
/evolut/article/77/1/210/6873141 by M

useum
 d'histoire naturelle user on 20 M

arch 2023

https://orcid.org/0000-0001-7725-2263
mailto:psal591@aucklanduni.ac.nz
https://creativecommons.org/licenses/by/4.0/


211

when c is small compared to h², phenotypic differentiation is 
likely larger than expected if only between-population envi-
ronmental effects were considered, and thus PST is treated as 
a reliable QST proxy (Brommer et al., 2014). The opposite is 
true when PST is below the expected differentiation (PST < FST 
for a large c) (Brommer et al., 2014). Thus, if PST >> FST and 
c/h2 << 1, local adaptation is possibly inflating phenotypic 
differentiation between populations; if PST << FST and c/h2 
>>1, phenotypic differentiation between populations might 
be restricted by stabilizing selection consistent across popu-
lations (Brommer, 2011).

Here, we used PST-FST comparisons to assess the relative 
roles of neutral and adaptive forces in shell shape diver-
gences observed in a chiton endemic to New Zealand, 
Onithochiton neglectus Rochebrune, 1881. Molluscs have 
an astounding diversity in shell shapes, but chitons have 
a rather conserved shell morphology, which has remained 
similar to its Palaeozoic ancestral form throughout geo-
logical time (Sigwart, 2009; Sigwart et al., 2013, 2015; 
Sirenko, 2006). The use of shell morphology has, therefore, 
posed challenges for chiton taxonomy (Sigwart et al., 2013; 
Sirenko, 2006), and the link between chiton shell shape and 
adaptive evolution has been little explored. Resolving the 
relationship of chitons with other molluscs is key to help 
determine the confusing phylogenetic relationship among 
all other molluscs (generally, chitons are placed closer to 
the outgroup) (Sigwart & Lindberg, 2015). Therefore, 
understanding evolution of their constrained shell shape 
is important to help contextualize shell diversification in 
the whole phylum (Sigwart et al., 2013). O. neglectus is a 
clear example in which local adaptations is likely, due to 
its phenotypically variable populations distributed over a 
wide latitudinal range, and low connectivity among popu-
lations due to a brooding development mode (Salloum et 
al., 2020, 2022). Furthermore, O. neglectus habitats in the 
south are commonly dominated by bull kelp Durvillaea 
species, but bull kelp is relatively rare in the north of the 
distribution (Naylor, 1951). This means that North Island 
O. neglectus are rarely found in the holdfasts of this algae, 

while the southern populations are known to hitchhike over 
long distances in the holdfasts of this highly buoyant kelp 
(Creese, 1988; Morton & Miller, 1973; Nikula et al., 2012; 
Spalding et al., 2012; Waters et al., 2018). Previous work 
has demonstrated three well-supported clades of O. neglec-
tus (North, Central, and South) with no connectivity among 
them (Salloum et al., 2020, 2022). The three clades appear 
to have diverged from each other at approximately the same 
time, around 10 Mya ago (Salloum et al., 2020).

Genetic and morphological differences between northern 
and southern populations (corresponding to North + Central, 
and South genetic clades, respectively) of O. neglectus have 
been detected, and shell shape has been hypothesized to be an 
adaptive trait correlated with Durvillaea species association 
(Salloum et al., 2020). Here, we investigated this hypothesis 
by (a) assessing the distribution of neutral genetic variation 
across New Zealand populations of O. neglectus in order 
to infer the level of phenotypic differentiation that would 
be expected due to genetic drift alone and (b) measuring the 
phenotypic differentiation of quantitative measures of shell 
shape across these populations in order to perform P

ST -FST 
comparisons for a range of c and h2, assessing the likelihood 
of adaptation in shell shape.

We assessed 15 populations of O. neglectus with 7,562 
putatively neutral single-nucleotide polymorphisms (SNPs). 
Neutral FST was estimated between all populations and com-
pared with PST estimated from shell shape traits (raw quanti-
tative measurements of head, tail, and fourth valve perimeter, 
circularity, height, and width, and also geometric morphomet-
rics [shape] of these valves, Figure 1). This approach enabled 
us to quantify the phenotypic differentiation in shell traits 
across populations and identify phenotypic differentiation in 
the shell shape that deviates from the expected differentiation 
based on neutral genetic markers. We expected that most shell 
traits would conform to neutrality, due to high variability in 
shell shape within populations (Salloum et al., 2020), but that 
differentiation in some traits would be larger than expected 
(particularly that between northern and southern popula-
tions) and potentially adaptive.

Figure 1. Schematic representation of the traits measured in three of the valves of each chiton. H: head valve; F: fourth valve; T: tail valve. The raw 
measurements (area, perimeter, circularity, length, and width) were measured in all three valves but are only represented in the head valve for clarity. 
PC1 and PC2 contours represent the mean (solid outline) ± standard deviation (dotted lines) of variation in the shape of each of the valves for all 
individuals, corresponding to the graphical output of the geometric morphometrics analyses undertaken in Salloum et al. (2020), using the software 
SHAPE v.1.3 (Iwata & Ukai, 2002).
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Methods
Genomic data
The samples used here have featured in previous studies 
describing geometric morphometrics of shell shape and 
population genetic analyses (Nikula et al., 2012; Salloum 
et al., 2020, 2022). Individuals come from 16 populations 
of O. neglectus distributed across New Zealand and its 

Sub-Antarctic Islands (with one population subsequently 
removed during analysis), comprising the previously identi-
fied two shape groups and three genetic clades (Figure 2E,F; 
Salloum et al., 2020, 2022). Between 5 and 20 individuals 
were sampled per population. DNA extraction and initial 
checks of concentration and purity were undertaken follow-
ing the protocol described in Salloum et al. (2020). In brief, 

Figure 2. Co-ancestry matrices comparing genomic SNP (top) and mtDNA COI (bottom). Each bar represents one individual, and colors represent 
different ancestral populations (K). (A) All populations, for K = 3; (B) populations of the North clade, for K = 4; (C) populations of the Central clade, for 
K = 2; (D) populations of the South clade, for K = 4; (E) Population key, with abbreviations and shape groups (NSh is northern shape group; SSh is 
southern shape group); (F) Map of sampling locations, color-coded and indicating the three genetic clades.
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samples with high molecular weight DNA were selected for 
genotyping by sequencing, utilizing enzymes Pst I and Msp I 
and sequencing across two lanes on an Illumina HiSeq (169 
samples and 19 replicates). Following demuliplexing and 
quality control, SNPs were called with Stacks v 2.4 (Catchen 
et al., 2011, 2013) using a population map specifying all 16 
populations and the following parameters: m = 3, M = 2, 
n = 4, r = 0.8, a minor allele frequency filter of 0.05, and 
one random SNP per locus to avoid strong linkage disequi-
librium (Supplementary Material, AMD1; Supplementary 
Figures S1 and S2). Pairwise Hamming genetic distances of 
populations and technical replicates were calculated using 
the R package Poppr v. 2.9.1 (Kamvar et al., 2014, 2015; 
Supplementary Figure S3). Subsequent analyses were carried 
out using a dataset containing no replicates (169 individuals), 
which were selected by choosing the replicated sample with 
the larger number of SNPs from the previous run. Further fil-
tering consisted of removing individuals with more than 90% 
missing data (two individuals) using the SNP_GBS filter pipe-
line (Alexander, 2018) and loci with more than 30% missing 
data using VCFtools v. 0.1.14 (Danecek et al., 2011). This 
completely removed one population (Christchurch—CR) 
from the dataset (Supplementary Figure S4).

To focus the analyses on putatively neutral loci, the result-
ing dataset containing 9,275 SNPs, 161 individuals, and 15 
populations was analyzed with BayeScan (Foll & Gaggiotti, 
2008), using default configurations. Based on a differentia-
tion coefficient (F

ST) and a false discovery rate of 0.05, 1,713 
loci were flagged as outliers and were conservatively removed 
from the dataset. Given the high level of population struc-
ture and differentiation across the three O. neglectus clades 
(Salloum et al., 2020, 2022), this approach is likely to have 
excluded a number of neutral loci along with putatively adap-
tive loci, and is unlikely to have removed all adaptive loci, 
but the aim was to enrich the proportion of neutral loci for 
subsequent analyses. The resulting putatively neutral dataset 
contained 7,562 SNPs.

Population mean sequencing depth across sites was cal-
culated by taking the average sequencing depth of all sites 
for each individual and then averaging it for the popula-
tion, using --site-depth in VCFtools v. 0.1.14 (Danecek et al., 
2011). Similarly, --het in VCFtools was used to calculate pop-
ulation mean expected and observed homozygosity, which 
counted expected and observed homozygous sites for each 
individual and divided it by the total number of genotyped 
sites per individual, then averaged per population. Population 
expected heterozygosity was calculated with Adegenet v. 
2.1.1 (Jombart, 2008; Jombart & Ahmed, 2011). Population 
mean observed heterozygosity and nucleotide diversity were 
calculated with the R package pegas v. 0.13 (Paradis, 2010).

Genomic population differentiation
To confirm that SNP data recovered the same population 
structure as previously described from single-locus data, SNPs 
and mtDNA cytochrome c oxidase I (COI) were compared 
in co-ancestry matrices built with sparse nonnegative matrix 
factorization (snmf) implemented in the R package LEA v. 
2.6.0 (Frichot & François, 2015), with the best number of 
populations chosen based on the cross-entropy criterion 
(Supplementary Figure S5).

Using the neutral SNPs, the hierarchical partitioning of 
genetic variation was investigated with analyses of molec-
ular variance (AMOVAs), performed in GeneAlEx v. 6.51 

(Peakall & Smouse, 2006, 2012), and the overall and pair-
wise FST (Wright’s FST, calculated following Meirmans and 
Hedrick [2011]) were obtained, with 9,999 random permuta-
tions to test statistical significance. Different AMOVAs were 
performed for individuals partitioned across 15 populations, 
individuals partitioned across three clades (North, Central, 
and South), and individuals partitioned across the two pre-
viously identified northern and southern shell shape groups 
(Salloum et al., 2020). The northern shell shape was found in 
all populations belonging to the North and Central genetic 
clades, while the southern shell shape was found in all pop-
ulations in the South genetic clade (Salloum et al., 2020). 
The significance of the population pairwise FST indices were 
corrected for multiple testing using the method of Benjamini 
and Yekutieli (2001). The pairwise FST indexes estimated with 
the neutral SNPs were directly compared with pairwise ΦST 
results from the COI gene of previously undertaken analyses 
(Salloum et al., 2020).

Phenotypic population differentiation
To estimate indices of phenotypic differentiation (PST) for 
shell shape across populations, a dataset with quantitative 
traits was generated with raw measurements of size of the 
head, fourth and tail valves of the genotyped chitons (area, 
perimeter, circularity, height, and width of the valves), plus 
geometric morphometric analyses of closed contours of the 
same valves to capture overall shape (Figure 1). Most chitons 
have a shell composed of eight valves: a head valve, six inter-
mediate valves (which are relatively similar in shape), and 
a tail valve. The traits measured here were chosen because 
they thoroughly describe the external shape of three dis-
tinctive valves per animal (the head, one of the intermediate 
valves, and the tail). In addition, these traits are amenable 
to the consistent measurement between fresh and preserved 
specimens, even without taking the valves apart from the 
body, which is important when working with rare samples 
from remote locations. Previous findings indicate that these 
traits could present adaptive variation between shell shape 
groups, as they differentiate O. neglectus populations along 
their north-south distribution (Salloum et al., 2020). The 
methods and results of the geometric morphometric analyses 
were reported elsewhere, with the first and second principal 
components of shape responsible for most of the variation 
in each of the head, fourth and tail valves (76.6%, 89.1%, 
and 69.6%, respectively; Salloum et al., 2020) and used in 
the subsequent analyses. The raw valve measurements were 
undertaken with Photoshop CC 2015, following the same 
protocol used to measure valve area in Salloum et al. (2020). 
The final phenotypic dataset contains six traits for each of 
the three valves, 101 individuals and 15 populations (all with 
SNP genotypes available). All traits were corrected to elimi-
nate allometric size variation by using the residuals from a lin-
ear regression (Outomuro & Johansson, 2017), in which the 
area of the fourth valve was set as the explanatory variable. 
The distribution of these traits was then checked, ensuring 
these are continuous measurements and not discrete groups, 
and a principal component analysis (PCA) was carried out to 
visualize shell shape patterns in all traits and all individuals.

The R package Pstat v. 1.2 (Silva & Silva, 2018) was used 
to estimate the indices of phenotypic differentiation (P

ST) of 
shell shape for individuals categorized in the same three ways 
used in the calculations of FST (15 populations, three genetic 
clades, and two shape groups). PST was calculated for the 
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three valves (fourth, head, and tail) for the following traits: 
perimeter, circularity, height, width, and the scores of the first 
two principal components of shape (PC1 and PC2). PST for 
each shell trait was initially calculated under the assumption 
that the proportions of phenotypic variation due to additive 
genetic effects between and within populations are equal (c = 
h2). Subsequently, a range of c/h2 values were used for estimat-
ing PST under varying hypothetical scenarios of within- and 
between-population variation, which enabled the sensitivity of 
the outcomes of the PST - FST contrast to be tested (Brommer, 
2011). Confidence intervals for the PST estimates were set 
using 1,000 bootstrap resamples, and comparisons were made 
between the PST estimates and the putatively neutral FST values 
estimated with the AMOVAs. Local adaptation is probable 
when PST and its upper and lower 95% confidence intervals are 
larger than FST for a critical c/h2 ≤ 1, but it is strongly supported 
for a critical c/h2 ≤ 0.5 (Brommer, 2011). Finally, to check for 
a signal of increasing trait differentiation with increasing dis-
tance between populations, the correlation between a metric 
of PST of each trait (PST/(1-PST)) and geographical distance (log 
(distance in kilometers)) was tested with a Mantel test using 
the R package ade4 v. 1.7.19 (Dray & Dufour, 2007), with 
9,999 permutations, and a Benjamini-Yekutieli correction for 
multiple testing (Benjamini & Yekutieli, 2001).

Results
Our final dataset represents the three genetic clades, with the 
15 population sample sizes varying from 5 to 20 individuals 
(Table 1). Across the 7,562 SNPs used in the analyses, the 
mean sequencing depth of all sites across populations ranged 
from 14.01 in the Antipodes Islands to 31.15 in Auckland 
(Table 1). Overall, populations have low heterozygosity and 
generally low nucleotide diversity in these loci (Table 1).

Genomic patterns
The co-ancestry matrices strongly supported the existence 
of the three O. neglectus clades previously described, corre-
sponding to North, Central, and South genetic clades, with 
the last including populations from the South Island, the Sub-
Antarctic Islands, and Chatham Islands (Figure 2). The popu-
lation structure determined using SNPs is largely concordant 
with that previously determined using COI (Figure 2A–D). 
The same three clades are consistently retrieved in phylo-
genetic trees of SNPs and COI (Supplementary Material, 
AMD2; Supplementary Figure S6) and were also observed 
in previous analyses of the 16S gene and the nuclear ITS 
(Salloum et al., 2020).

The FST values reflected the strong differentiation among 
populations (overall FST = 0.57, p < .001), with the South 
clade the most differentiated (Table 2). The population 
pairwise FST values were much higher for comparisons of 
populations between clades than within a clade (Figure 
3A; Supplementary Table S1). After correcting for multiple 
tests, all pairwise FST indices estimated between populations 
from different clades remained significant, as well as many 
population comparisons within clades. Within the North 
clade, only Russell (RU, n = 14) was significantly divergent 
from other sampled populations. In the Central clade, the 
single pairwise comparison (between Wellington [WE] and 
Cape Palliser [CP]) was not significant. Within the South 
clade, a number of pairwise comparisons were significant, 
with the Chatham Islands (CH), Bounty Islands (BO), and 
Antipodes Islands (AN) being the most divergent South 
populations. When compared to ΦST previously estimated 
with COI (Salloum et al., 2020), the levels of differentia-
tion are generally smaller and less significant for the SNPs, 
but the datasets show a similar pattern (Supplementary 
Figure S7).

Table 1. Summary of the final SNP dataset after filtering and removal of outlier loci identified with BayeScan.

Clade Pop Geno_ Inds Mean depth Mean O_Hom Mean E_Hom Mean Nuc_div Mean E_Het Mean O_Het 

North RU 14 29.01 0.932 0.660 0.114 0.239 0.069

TI 12 31.15 0.921 0.661 0.006 0.233 0.085

NC 10 20.68 0.944 0.660 0.016 0.206 0.050

EC 9 22.71 0.941 0.658 0.024 0.274 0.059

Central WE 18 25.31 0.948 0.670 0.009 0.206 0.052

CP 10 27.84 0.955 0.670 0.018 0.236 0.047

South DU 20 22.03 0.988 0.667 0.011 0.211 0.013

AK 9 24.06 0.993 0.667 0.007 0.077 0.007

CU 5 21.59 0.995 0.667 0.019 0.026 0.006

ST 8 19.11 0.993 0.668 0.162 0.080 0.007

AU 10 17.99 0.991 0.667 0.011 0.032 0.011

CA 10 18.13 0.991 0.667 0.010 0.039 0.010

AN 7 14.01 0.989 0.669 0.007 0.150 0.012

BO 10 19.63 0.983 0.667 0.009 0.044 0.018

CH 9 14.80 0.985 0.669 0.014 0.123 0.017

Note. Pop = population; Geno Inds = number of individuals successfully genotyped per population; Mean depth = population-averaged mean depth of all 
sites in each individual; Mean O_Hom = population-averaged observed homozygosity; Mean E_Hom = population-averaged expected homozygosity; Mean 
Nuc_div = population mean nucleotide diversity; Mean E_Het = population mean expected heterozygosity; and Mean O_Het = population mean observed 
heterozygosity. Population key: RU = Russell, TI = Auckland, NC = Coromandel, EC = East Cape, WE = Wellington, CP = Cape Palliser, DU = Dunedin, 
AK = Akatore, CU = Curio Bay, ST = Stewart Island, AU = Auckland Islands, CA = Campbell Island, AN = Antipodes Islands, BO = Bounty Islands, CH = 
Chatham Islands.
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Phenotypic patterns
The shell traits measured show continuous variation 
(Supplementary Figure S8), and the previously reported pat-
tern of North + Central versus South shell shapes is clearly 
confirmed in the PCA (Supplementary Figure S9). The PST 
estimates were highly variable, reflecting very strong pheno-
typic differentiation among populations in some traits of each 
valve, but little to no differentiation in others (Table 2). There 
is no correlation between geographical distance and the PST 
of any trait (Supplementary Table S2). The highest PST of 0.97 
was estimated from the PC1 of the fourth valve, comparing 
northern and southern shape groups, and the minimum PST of 
0.00 was estimated from the circularity of the fourth valve, 
comparing North and Central clades. As expected, the PST 
of the first principal component score (PC1) is higher than 
the PST of the second principal component score (PC2) in all 
valves, as it reflects most of the shape variation (Salloum et 
al., 2020). However, many of the raw measurements also have 
a high PST, similar to PC1 in some traits of the fourth and 
head valves, or higher than PC1 in the tail valve. Specifically, 
in the fourth valve, PC1 and circularity had very high PST val-
ues, indicating large phenotypic variation across populations 
and groups (Table 2); in the head valve, the width and perim-
eter are as variable as PC1, with high PST values (Table 2); and 
in the tail valve, height is the most phenotypically variable 
trait (Table 2). PST from the PC1 of the fourth valve was the 
most variable of the phenotypic indices. Pairwise estimates 
between all populations for this trait indicate the greatest 
phenotypic divergence between the northern and southern 
shape groups, but also that there is still considerable diversity 

within each of these groups (Figure 3; Supplementary Table 
S3, Supplementary Figure S10).

Comparison of morphological and genetic 
differentiation
The PST – FST comparisons detected 10 traits that are probably 
locally adapted at some scale, with PST and its 95% confidence 
interval larger than the putatively neutral FST for a critical c/h2 
ratio smaller than one (Table 2; Figure 4; Supplementary Figure 
S11). The majority of these comparisons (20/29 comparisons, 
and 9/10 traits) also had PST and its 95% confidence interval 
larger than FST for a critical c/h2 ratio smaller than 0.5, indicat-
ing stronger support for local adaptation. Specifically, traits with 
support for local adaptation are the circularity, height, width, 
and PC1 of the fourth valve; the perimeter, width, and PC1 of 
the head valve; and the height of the tail valve (Supplementary 
Figure S11). Furthermore, some of these traits were consistently 
identified to have larger PST than FST across all three comparisons, 
when these indices were estimated across the 15 populations, 
between the North and South clades, and between the north-
ern shape and southern shape groups (fourth value circularity, 
height, width and PC1, head valve perimeter, width and PC1, 
tail valve height, Table 2). Three of these traits were also iden-
tified in the comparison between the Central and South clades 
(fourth valve circularity and PC1, tail valve height, Table 2), but 
none were identified in the North – Central clades comparison. 
It is impossible to draw firm conclusions about all the other 
traits and comparisons that had PST larger than FST, as either 
the critical c/h2 ratio was large, or the lower 95% confidence 
interval of PST was smaller than FST (Supplementary Figure S11). 

Table 2. Indices of neutral genetic differentiation (FST), and phenotypic differentiation (PST) in all analyzed traits, among the 15 sampled populations, 
three genetic clades, and two shape groups.

  15 Pops 3 genetic clades 2 shape groups 

Index Trait Overall NxC NxS CxS NSh × SSh

FST Neutral SNPs 0.57 0.48 0.69 0.72 0.49

PST

Fourth valve
Perimeter 0.73 0.51 0.88 0.31 0.80

Circularity 0.93‡ 0.00 0.94‡ 0.92 0.96‡

Height 0.91‡ 0.47 0.94‡ 0.88 0.95‡

Width 0.84 0.87 0.91 0.26 0.86

Shape PC1 0.94‡ 0.83 0.96‡ 0.90 0.97‡

Shape PC2 0.69 0.37 0.82 0.45 0.79

PST

Head valve
Perimeter 0.85 0.09 0.88 0.87 0.92‡

Circularity 0.81 0.19 0.87 0.75 0.89‡

Height 0.72 0.22 0.70 0.80 0.83

Width 0.91‡ 0.27 0.94‡ 0.88 0.95‡

Shape PC1 0.90‡ 0.78 0.95‡ 0.64 0.92‡

Shape PC2 0.50 0.71 0.49 0.36 0.04

PST

Tail valve
Perimeter 0.61 0.54 0.77 0.03 0.63

Circularity 0.73 0.26 0.70 0.80 0.84

Height 0.92‡ 0.66 0.95‡ 0.88 0.96‡

Width 0.45 0.02 0.57 0.41 0.62

Shape PC1 0.76 0.20 0.83 0.70 0.86

Shape PC2 0.82 0.85 0.64 0.86 0.28

Note. Overall, FST and PST were estimated for the individuals partitioned into 15 populations (15 Pops); Pairwise estimates correspond to North versus 
Central clades (NxC), North versus South clades (NxS), Central versus South clades (CxS), and northern shape group versus southern shape group (NSh 
x SSh). Bold-type indicates comparisons for which PST and its upper and lower 95% confidence intervals were larger than FST for a critical c/h2 =< 1; bold-
type and ‡ indicates comparisons with critical c/h2 value =<0.5 (stronger support for local adaptation). All FST values had p < .001.
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In addition, none of the traits considered here are likely under 
stabilizing selection across populations (PST significantly smaller 
than FST for a critical c/h2 ratio larger than one), as the confidence 
intervals were very large for all traits and comparisons with low 
PST. Our conclusions were robust to the set of loci selected to 
calculate neutral FST (Supplementary Material, AMD3), as all PST 
values that were previously significantly higher than neutral FST 
(0.57) were also higher than FST calculated from all loci (0.82).

Discussion
Here, we have shown that in O. neglectus there are high lev-
els of geographic differentiation in both genome-wide SNP 

variation and phenotypic variation in shell-shape traits. The 
genetic differentiation reflects the low dispersal capacity of 
the species, given its brooding developmental mode (Creese, 
1986), whereas the high phenotypic variation can be expected 
in species distributed over highly heterogeneous environments 
(Hamann et al., 2017; Volis et al., 2015). Overall, the PST − 
FST comparisons indicate a probable role for local adaptation, 
thus supporting the hypothesis that shell shape could be an 
adaptive trait.

The high level of population genetic differentiation and 
the existence of three geographically separated clades must 
be taken into consideration when trying to understand the 
relative roles of neutral and adaptive evolution on any trait. 
The large genetic differentiation is consistent with the brood-
ing development in the species (Creese, 1986), and also with 
the differential connectivity levels within the clades, as only 
the South populations are frequently connected via rafting on 
Durvillaea species (Nikula et al., 2012; Salloum et al., 2020, 
2022; Waters et al., 2018). Ultimately, such a strong stratifi-
cation results in high FST values, which leads to conservative 
outcomes on the PST − FST comparisons; PST must be very high 
to be significantly larger than FST. Population stratification 
could be playing a role in the level of phenotypic differen-
tiation observed, but there are instances in which PST values 
are large even when populations are genetically similar (e.g., 
among the South Island populations DU, AK, CU, and ST in 
Figure 3A), thus PST results are unlikely to have been strongly 
influenced by population subdivision.

We focused on the genetic variation that is presumed to be 
selectively neutral, so as to compare directly with the observed 
phenotypic variation by using PST – FST comparisons. Since 
O. neglectus population structure is strong (Salloum et al., 

Figure 3. (A) Heat map of population pairwise differentiation, with darker shading corresponding to higher values. The upper diagonal corresponds to 
FST estimated with the putatively neutral SNPs; the lower diagonal corresponds to PST estimated for the first principal component of shape (PC1) of the 
fourth valve. Black dots mark results significant after correction for multiple testing in FST, and results that had a lower 95% confidence interval larger 
than zero in PST. Black vertical and horizontal bars separate the North, Central, and South clades in FST, and the two shape groups in PST. Population key: 
as per Figure 2. (B) Comparison of mean shapes found in northern versus southern groups for PC1 of the head, fourth and tail valves. Outlines were 
generated with SHAPE v.1.3 (Iwata & Ukai, 2002), following the methods reported in Salloum et al. (2020). SNP = single-nucleotide polymorphism.

Figure 4. Example PST – FST comparison plots for a range of c/h2 ratios. 
On the left is an example of a trait (PC1 of the fourth valve) in which local 
adaptation is strongly supported, as the critical value of the c/h2 ratio 
(where PST = FST) is < 0.5. On the right is an inconclusive case (PC2 of the 
fourth valve) for which PST is larger than FST only when the critical c/h2 value 
is > 1.0, and the 95% confidence intervals of PST are very large. PST and FST 
are on the y axis (range 0 to 1). The x axis corresponds to the range of c/h2 
ratios used to estimate PST (from 0 to 2). 95% CI are the upper and lower 
95% confidence intervals of PST. Both plots resulted from PST indices of 
individuals partitioned across 15 populations (overall estimates, Table 2).
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2022, see also FST distribution in Supplementary Figure S12), 
non-adaptive, but differentially fixed loci among clades could 
have been detected as outliers and removed from the dataset, 
lowering the neutral FST. However, this is unlikely to impact 
our conclusions, as our results are robust to calculating FST 
from all loci. Furthermore, it is possible when calculating PST 
to generate values close to 1 if the (sampled) within-popu-
lation variance is very close to zero. However, the variance 
within groups was never zero, indicating that our PST calcu-
lations are statistically robust (Supplementary Tables S4–S8). 
Finally, due to the strong population structure, some slight 
increase in sampling variance could be expected in the PST 
values, given previously studied statistical properties of QST 
(Miller et al., 2008). However, the small magnitude of the 
excess in sampling variance is unlikely to change conclusions 
for shell traits in which PST is much higher than FST.

Previous analyses indicated a much more significant gene 
flow within the South clade than within the other two clades, 
and lack of current gene flow among clades, as well as a nega-
tive correlation of migration rates with geographical distance 
(Salloum et al., 2022). The high FST among clades reported 
here, in combination with the available knowledge on popu-
lation structure and demography, could lead to consideration 
of the three O. neglectus clade as different species. If this were 
the case, the approach undertaken here would have reduced 
relevance. However, this subdivision into different species is 
not supported by the morphological patterns, which aggre-
gate two of the highly divergent genetic clades into one single 
shell shape (North + Central). As reported elsewhere, genetic 
data or morphology in isolation seem insufficient for species 
determination in brooding chitons (Sigwart & Chen, 2017), 
and the challenges of using external shell morphology for tax-
onomy in chitons are well known (Ibáñez et al., 2020; Sigwart 
et al., 2013; Sirenko, 2006). Thus, even though O. neglectus 
genetic divergence among clades is substantial, determining 
the species status of each individual clade is beyond the scope 
of this study.

The phenotypic differentiation in shell traits across pop-
ulations is very variable, with a range of PST values for the 
different traits analyzed, which did not show correlation with 
geographical distance among populations. The highest PST 
values generally result from the estimates over all populations 
and comparisons of the South clade with either the North 
or the Central clades, indicating that the phenotypic differ-
entiation across populations is mostly driven by the major 
northern versus southern shell shape differences detected pre-
viously (Salloum et al., 2020).

Considering the high level of neutral genetic divergence 
between the three clades, and the high FST estimates, it is 
surprising to find most traits with PST above FST. The robust-
ness of PST as a QST proxy depends on the critical value of 
the c/h2 ratio (Brommer, 2011): a moderately small critical 
c/h2 value between 0.5 and 1.0 makes it impossible to either 
fully reject the neutral expectation or to fully disregard local 
adaptation, as the significance of the PST - FST difference is 
not very robust in this less conservative scenario (Brommer, 
2011). The PST estimates for many of the traits included here 
fall within this less conservative framework and may reflect at 
least some phenotypic differentiation related to non-genetic 
effects (Brommer, 2011; Leinonen et al., 2013; Merilä, 1997). 
However, nine of the shell traits (capturing 20 comparisons at 
different geographic scales) show robust differences between 
PST and FST with a critical c/h2 value smaller than 0.5, strongly 

supporting local adaptation as a mechanism increasing phe-
notypic differentiation among populations (Brommer, 2011), 
and suggesting an adaptive role for shell shape. To the best of 
our knowledge, this is the first evaluation of phenotypic vari-
ation using such comprehensive measurements on the exte-
rior of chiton shells, and it is interesting to note that the first 
principal component scores of the fourth and head valves, 
as well as some of the raw traits (circularity and height of 
the fourth valve, width of the head valve, and height of the 
tail valve) had PST consistently larger than FST for very small 
critical c/h2 ratios (<< 0.5) in all geographical scales (except 
North vs. Central clades). Due to the limited information on 
the function of the overall external shape of chiton valves, it 
is challenging to further explain the specific meaning of these 
findings for the animal, but these traits could be either per-
forming an adaptive role in the shape of O. neglectus valves, 
or be correlated with other traits that are adaptive (the first 
principal component in particular is likely to aggregate 
most of the adaptive signal from the raw traits it is based 
on). Furthermore, if all six intermediate valves in chitons are 
assumed to be similar in shape and function, it is possible that 
all intermediate valves of O. neglectus are under the same type 
of selection acting on the fourth valve. It is important to note, 
however, that traits of the same valve are not completely inde-
pendent. Overall, the significant traits observed here describe 
broad differences in chiton shell shape that support a scenario 
of local adaptation. However, due to the nature of PST - FST 
comparisons, phenotypic plasticity could also be inflating PST 
values and cannot be completely disregarded (Brommer et al., 
2014; Seymour et al., 2019).

An adaptive role for shell shape has been observed in other 
mollusc species (Johannesson, 1986; Kess & Boulding, 2019; 
Newkirk & Doyle, 1975; Van Bocxlaer et al., 2020), but even 
though there are studies focusing on the biomechanics of chi-
ton shells (Connors et al., 2012; Sigwart et al., 2015), and 
on biomineralization (Varney et al., 2021), to our knowledge, 
this is the first time in which potentially adaptive diversity is 
assessed and reported for external chiton shell shape traits. 
Environmental variation seems to be important for diversi-
fication in chiton shell shape (Sirenko, 2006), and functional 
variation in chiton shell morphology has been hypothesized to 
be linked to factors such as wave exposure and local topology 
(Horn, 1983; Sigwart et al., 2015). Here, the PST − FST com-
parisons indicate a probable role for local adaptation, thus 
supporting the hypothesis that O. neglectus shell shape varia-
tion could be adaptive, potentially correlated with the ability 
to live and raft in the holdfast of Durvillaea species (Salloum 
et al., 2020). The outline of the shape of each of the three 
valves generated with the previous geometric morphometric 
analyses (Salloum et al., 2020) suggests that populations of 
the South clade appear to have an overall narrower and more 
elongated shell, which may assist in their use of holdfast crev-
ices in these environments (Figure 3B, Supplementary Figure 
S10). The selective pressure in this case could be due to dif-
ferences in crevice shape and size, or the water flow experi-
enced by O. neglectus in a holdfast, versus that found under 
boulders. In addition, differences in predation pressure and 
sexual selection have been linked to differences in molluscs 
shell shape before (Estévez et al., 2020; Johannesson, 1986; 
Kess & Boulding, 2019; Schilthuizen et al., 2007a, 2007b). 
However, even in the well-studied field of stream ecology 
and invertebrate adaptation to water flow, it is challenging to 
determine the specific selective pressures driving shell shape 
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adaptive differentiation (Statzner, 2008; Verhaegen et al., 
2019). Finally, factors other than those of the specific niche 
could be posing selective pressures on these highly divergent 
clades and relatively isolated populations. O. neglectus is dis-
tributed over a latitudinal environmental gradient, and for 
a species with such a strong population stratification, there 
could be strong environmental differentiation, driving local 
adaptation to various factors. This study concentrated on the 
neutral genetic variation observed in this species, to compare 
directly with the morphological variation observed. Further 
research on chiton shell adaptive variation, and how this 
correlates with environmental differences, can lead to deeper 
understanding not only of factors driving chiton shell diversi-
fication, but of molluscs’ shell evolution as a whole.
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