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southward from their historically northern distribution, prompting renewed questions about stock boundaries and connectivity
across the range. Here, we present the first comprehensive evaluation of sagittal otolith shape variation in this species and
assess whether otolith morphology can serve as an indicator of ongoing range-expansion dynamics. We analysed otoliths from
112 individuals collected across five regions using wavelet-based contour descriptors and traditional shape indices to test for
spatial structure and signatures of expansion. Wavelet-based contour descriptors differed significantly between Auckland West—
the traditional home range of Yellowtail Kingfish— and all other sampled regions, which represent the species’ ongoing range
expansion. Classification analyses further achieved the highest assignment success for Auckland West fish, underscoring the
utility of otolith shape for identifying individuals from this historic northern range. Together, these findings demonstrate the
value of otolith morphology as a tool for delineating stock structure and supporting adaptive fisheries management under
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Abstract

Climate-driven range expansion is reshaping species distributions worldwide, altering population con-
nectivity and complicating stock assessment in many marine taxa. In Aotearoa New Zealand, Yellowtail
Kingfish (Seriola lalandi lalandi) have extended southward from their historically northern distribution,
prompting renewed questions about stock boundaries and connectivity across the range. Here, we present
the first comprehensive evaluation of sagittal otolith shape variation in this species and assess whether
otolith morphology can serve as an indicator of ongoing range-expansion dynamics. We analysed otoliths
from 112 individuals collected across five regions using wavelet-based contour descriptors and traditional
shape indices to test for spatial structure and signatures of expansion.

Wavelet-based contour descriptors differed significantly between Auckland West— the traditional
home range of Yellowtail Kingfish— and all other sampled regions, which represent the species’ ongoing
range expansion. Classification analyses further achieved the highest assignment success for Auckland
West fish, underscoring the utility of otolith shape for identifying individuals from this historic northern
range. Together, these findings demonstrate the value of otolith morphology as a tool for delineating stock
structure and supporting adaptive fisheries management under accelerating climate-driven distributional
shifts.
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1 Introduction

Ongoing ocean warming is facilitating the poleward redistribution of marine species, with numerous taxa
shifting their ranges polewards in response to shifting thermal habitats (Poloczanska et al., 2013). In
Aotearoa New Zealand, rising sea surface temperatures have coincided with a Southward Range Expan-
sion (SRE) of Yellowtail Kingfish (Seriola lalandi lalandi) over the past decade. Once largely restricted to
the Northern half of the North Island - its Northerly Historic Range (NHR)—this warm-temperate species is
now increasingly reported further south, prompting debate about whether current management boundaries
are still fit for purpose (Fisheries New Zealand, 2020).

Understanding the dynamics of this expansion requires consideration of the stock concept, which is funda-
mental to modern fisheries management, including in Aotearoa New Zealand, where the quota management
system the QMS has been deployed since 1986 (Cryer et al., 2016). This provides a useful lens through
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which to evaluate the implications of this SRE. A stock is defined as a reproductively or demographically
distinct unit of fish, defined based on genetic, phenotypic, environmental, and/or harvest-related characteris-
tics (Ihssen et al., 1981; Carvalho & Hauser, 1994) - also, see Waples & Gaggiotti (2006). Stocks are typically
characterised by limited gene flow, distinct growth and recruitment dynamics, and thus may respond inde-
pendently to exploitation (Cadrin et al., 2013). Correctly identifying the boundaries and connectivity of
stocks is critical because misalignment can lead to management strategies that can be problematic for the
design of effective, spatially relevant management strategies.

For Yellowtail Kingfish, a key uncertainty is whether southern occurrences represent the permanent
establishment of new, demographically independent stocks (i.e. new stock components), or whether they
are temporary excursions by individuals that ultimately return to the NHR. This distinction has important
implication for connectivity, local exploitation risks and the potential for adaptive change. Distinguishing
“expander” individuals from NHR residents would provide a powerful way to track the frequency, direction,
and persistence of range expansion events.

Otoliths provide a useful intrinsic marker for addressing this gap. In teleost fishes, three pairs of otoliths—
sagitta, asteriscus, and lapillus- reside in the inner ear and play critical roles in balance and hearing (Das,
1994). The sagittal otolith, the largest of the three, is commonly used in ecological and stock structure
studies. Otolith shape is determined by both genetic (Berg et al., 2018; Vignon & Morat, 2010) and envi-
ronmental influences, including temperature (Mahé et al., 2019; Geladakis et al., 2022), salinity (Clark et
al., 2021), diet (Mille et al., 2016; Park et al., 2023), and water depth (Gauldie & Crampton, 2002). Shape
divergence among fish stocks can increase with geographic distance and genetic differentiation (Vignon &
Morat, 2010), making otolith morphology a useful marker for identifying partially isolated stocks subjected
to distinct environmental conditions (Park et al., 2023; Libungan et al., 2015), reviewed in Nazir & Khan
(2021).

The development of digital imaging technologies and mathematical descriptors, such as fourier and
wavelet, has significantly enhanced the ability to quantify and compare otolith shape (Libungan & Pélsson,
2015; Park et al., 2023). These methods allow for high-resolution characterization of otolith contours, facil-
itating the detection of subtle phenotypic divergence among stocks.

Here, we present the first evaluation of otolith shape for Yellowtail Kingfish in Aotearoa New Zealand.
Using wavelet descriptors, in addition to with shape and size indices, to test whether otolith morphology can
distinguish between Yellowtail Kingfish from both the NHR and areas within the SRE across five sampling
regions of Aotearoa New Zealand. Specifically, our objectives were to: i) assess whether otolith shape varies
among Yellowtail Kingfish stocks across five regions, and ii) evaluate whether these differences correspond
to, and also enable accurate discrimination between, the NHR and the areas associated with the SRE.

Box 1.1: Abbreviations used in this study

General Abbreviations

NHR - Northern Historic Range. The traditional range observed for Yellowtail Kingfish, i.e., the
northern half of the North Island in Aotearoa New Zealand.

SRE — Southward Range Ezxpansion. The non-traditional poleward shift observed for Yellowtail
Kingfish; consists of ’expansion/expander’-associated individuals.

Sampling Area Abbreviations

AKW - Auckland West.
CEW - (Central West.
CHA - Challenger Plateau.
SOU - Southland.

BPLE — Bay of Plenty.



2 Methods

A total of 112 Yellowtail Kingfish individuals were collected from five sampling areas across Aotearoa New
Zealand. The sampling locations are provided in Figure 1. Abbreviations for the sampling areas are provided
in Box 1.1.
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Figure 1: Map showing the locations of the individual Kingfish per sampling area. Note that the precise
location of BPLE cannot be released due to confidentiality reasons; therefore, the general sampling area has
been provided. The map has been superimposed onto the Yellowtail Kingfish Fishery Management areas for
NZ, as provided by the Ministry of Primary Industries (MPI, 2002). Abbreviations for the sampling areas
are provided in Box 1.1. Sampling area counts are provided in Table 1.

Individuals were caught using commercial trawl targeting jack mackerel (sampling areas CHA, AKW,
CEW and SOU), and angling (sampling area BPLE). Sagittal otoliths were extracted from each individual
by onboard scientific observers. Due to the brittle nature of otoliths, either the left or right otolith was
occasionally damaged during extraction. Paired left or right otoliths were successfully obtained from 29
individuals and were used for bilateral asymmetry analysis. Based on the results from this analysis, where
a right otolith was unavailable, a mirror-reflected image of the left otolith was substituted for analyses; this
method is also demonstrated throughout the literature i.e., (Aneesh Kumar et al., 2017; Ndjamba et al.,
2022), and is similarly demonstrated with likewise results for the genus Seriola in Crandall et al. (2013).

2.1 Otolith imaging

High-resolution images of the otoliths were obtained using a Nikon Instruments Inc., Tokyo, Japan) coupled
with NIS-Elements software, version 5.3 (Nikon Instruments Inc., Tokyo, Japan). Otoliths were positioned on



Table 1: Numbers of individuals used in this study, by year and sampling area. Abbreviations for the
sampling areas are provided in Box 1.1.

Year | CHA | AKW | BPLE | CEW | SOU | Total
2014 13 24 37
2019 20 13 6 1 40
2021 1 9 10
2023 13 13
2024 12 12

Total 33 27 24 15 13 112

a dark microscope plate with the distal face oriented upward. All images were taken at a fixed magnification
of 10x and saved in JPEG format. Before outline extraction, all images were processed in ImageJ version
1.54g (Schneider et al., 2012). This involved manually removing debris to avoid distortion of the otolith
outline, enhancing contrast to achieve white otoliths against a black background, and centering the otolith
within the frame (as demonstrated in Figure 2). These steps were necessary to optimize outline detection
by the ShapeR package.

Figure 2: Demonstrating the otolith imaging process. A) represents the raw otolith image, B) repre-
sents the edited and centered otolith image, as edited using ImageJ (high-contrast white denoting the otolith
area), and C) represents the outline function of the shapeR package (the red line denotes the perimeter).
The scale bar in each image is 1mm.

2.2 Otolith shape outline detection and reconstruction

Outlines of otoliths were extracted using the detect.outline() function in the ShapeR package (version
1.0.1) (Libungan & Pélsson, 2015) in RStudio (R version 4.4.1) (R Core Team, 2019). A threshold value of
0.3 was applied to distinguish the otolith boundary. Each detected outline was saved as a PNG image and
manually inspected to check that the detected outline followed the contour of the otolith edge, as expected
(for example, see Figure 1). Following smoothing (100 iterations), shape descriptors were computed using
both Wavelet and Elliptic Fourier (EF) transformations. All shape descriptors were standardized to fish
total length (cm) using the stCoefs() function with Bonferroni adjustment enabled. No coefficients were
excluded after standardisation for any analysis.

Reconstruction accuracy was assessed using the estimate.outline.reconstruction() function. Wavelet
coefficients at level 9 reconstructed outlines with 100% accuracy (0% deviation), whereas EF harmonics
achieved 98.8% at level 15 (Appendix Figure S2). As a result, all Wavelet coefficients were retained for
subsequent shape analyses.

2.3 Otolith contour analyses

Wavelet coeflicients were used to visualize otolith shape differences among sampling areas via Canonical
Analysis of Principal Coordinates (CAP) (Anderson & Willis, 2003). Ordination was performed using the
capscale() function in the vegan package with sampling area as the constraining variable and Euclidean



distances among standardized Wavelet coefficients as the response. The CAP model generates constrained
axes, representing the portion of multivariate shape variation explained by sampling area. Significance of the
constrained axes was evaluated using a permutation-based ANOVA. Pairwise comparisons between sampling
areas were tested using the PairwiseAdonis R package (version 0.4.1) (Arbizu, 2020) with 999 permutations
and Holm correction. To verify the assumption of homogeneity of multivariate dispersions, betadisper ()
and permutest () were applied from the vegan R package (version 2.6-6.1) (Oksanen et al., 2016), followed
by Tukey’s HSD post-hoc testing when applicable.

2.4 Otolith indices

Otolith size indices - length (OL, mm), height (OH, mm), perimeter (OP, mm), and area (OA, mm?) -were
computed using ShapeR. Shape-related indices were derived from these dimensions using formulas adapted
from (Park et al., 2023), and included: form factor (FF), aspect ratio (AR), ellipticity (E), circularity (C),
roundness (RO) and rectangularity (RE) (Table 2).

Table 2: Analytical expressions used to calculate otolith shape indices.

Index (Abbreviation) Equation

Circularity (C) Perimeter? /Area

Rectangularity (RE) Area/(Length x Width)

Roundness (RO) 4 x Area/(m x Length?)

Aspect Ratio (AR) Length/Width

Form Factor (FF) 47 x Area/Perimeter”

Ellipticity (E) (Length — Width)/(Length + Width)

To account for allometric scaling with fish sizes (see Results), all indices were standardized using log-log
regression against total fish length (Lleonart et al., 2000) with the equation:

M, = exp (log(M) + b [log(L) — log(L)]) (1)
Where:
e M is the raw measurement (e.g., otolith area, shape index),
e My is the standardized measurement,
e [ is the total length of the individual fish,
e L is the mean total length across all individuals,

b is the allometric scaling coefficient, estimated as the slope from the regression of log(M) ~ log(L).

2.5 Preliminary tests used in this study

Preliminary tests were conducted to assess the suitability of data before the sampling area differentiation
testing.



2.5.1 Prior test 1: left-right otolith asymmetry

To assess bilateral asymmetry, standardized shape indices were compared between left and right otoliths for
29 individuals (58 otoliths total). Normality of paired differences was tested using the Shapiro-Wilk test. If
normality was satisfied, a paired t-test was conducted; otherwise, the Wilcoxon signed-rank test was applied.
Holm-adjusted p-values were calculated to account for multiple testing. There were no significant results
between left and right otoliths (see Appendix Table S1).

To evaluate whether shape-length relationships differed by side, ANCOVA models were constructed for
each shape index. A full model including an interaction term (side x length_cm) was compared against a
reduced model using a likelihood ratio test. No interaction terms were statistically significant after correction
(see Appendix Table S2).

Based on these tests, where the right otolith was not available for a given individual, a mirror-imaged
left otolith was used.

2.5.2 Prior test 2: temporal comparison of 2014 vs 2019 AKW samples

To assess potential temporal variation in otolith morphology within the AKW sampling region, standardized
Wavelet coefficients were evaluated by comparing specimens collected in 2014 (n = 13) with those obtained in
2019 (n = 13), reflecting the five-year interval between available AKW samples. Otolith Shape ordination was
performed as already described in 2.3 Otolith contour analyses. No significant differences in shape profiles
were detected between years (PERMANOVA: F = 0.627, R2 = 0.026, p = 0.781), and group dispersions
were homogenous (PERMDISP: F = 0.007, p = 0.943). Consequently, AKW samples from both years were
pooled in further analyses (also see Appendix Figure S1).

2.6 Stock-level differences
2.6.1 Otolith contour analysis

To assess spatial variation in otolith shape among sampling regions, we applied the same wavelet descriptor
procedure described in 2.3 Otolith contour analyses. Due to a significant violation of dispersion homogeneity
in the BPLE sampling area, BPLE was excluded from PERMANOVA testing (see results 3.2.1 Shape contour
analysis).

To evaluate the discriminatory power of otolith shape for assigning individuals to sampling area of origin,
we performed a Linear Discriminant Analysis (LDA) using standardized Wavelet coefficients as predictors.
The LDA was implemented using the MASS package (version 7.3-60) (Kemp, 2003) with leave-one-out cross-
validation (LOOCV).

2.6.2 Otolith shape indices analysis

To assess shape and size indices differences, we applied the same shape indices procedure described in 2.4
Otolith indices. Each otolith size and shape index were assessed for normality using the Shapiro-Wilk
test. Variables that violated the assumption of normality (p < 0.05) were subsequently categorized for
non-parametric testing. Homogeneity of variance across sampling areas was assessed for each index using
Levene’s test (as implemented in the rstatix R package, (version 0.7.2) (Kassambara, 2021)

Based on these assumptions, the following analytical approach was used:

e For indices that met both normality and homogeneity assumptions, a one-way ANOVA was conducted,
followed by Tukey’s Honest Significant Difference (HSD) test for post-hoc pairwise comparisons.

e For indices that were normally distributed but violated the homogeneity of variance assumption,
Welch’s ANOVA was used, followed by Games—Howell post-hoc tests.

e For indices that failed normality, a Kruskal-Wallis test was performed, followed by Dunn’s test for post-
hoc pairwise comparisons with Holm-adjusted p-values (as implemented in the rstatix R package).



2.7 Data availability

All data for repeating this analysis, including the code used, can be found at: https://doi.org/10.5061/
dryad.gmsbcc335

For reviewers, the following link should be used: http://datadryad.org/share/LINK_NOT_FOR_PUBLICATION/
SJ1LJ5yrKIA4WzoD3PSKbKz2yhLHGZupBhb_tGaDiro

2.7.1 Packages and scripts in this study

All statistical tests were as implemented either in base packages belonging to R version 4.4.1 (base R) (R
Core Team, 2019), or otherwise in packages specified in-text. Other packages used for purpose of data
wrangling are: dplyr (version 1.1.4) (Hadley Wickham et al., 2020) tidyr (version 1.3.1) (Wickham et al.,
2024) ggplot?2 (version 3.5.2) (Wickham, 2011).



3 Results

A total of 112 Yellowtail Kingfish individuals, sampled across five sampling areas, were included in the
otolith analysis. These sampling sites span a longitudinal gradient across Aotearoa New Zealand (Figure 1;
abbreviations for the sampling areas provided in Box 1.1.). Sample composition was as follows: 27 BPLE
individuals (75-123.5 cm), 15 CEW individuals (71-90 cm), 33 CHA individuals (67-112 c¢m), 13 SOU
individuals (90-109 cm), and 27 AKW individuals (67-87 cm).

3.1 Otolith indices

Descriptive statistics for otolith size and shape indices across the five sampling locations are presented in
Table 3. Neither parametric nor non-parametric tests revealed significant differences in any single size or
shape index across sampling areas, suggesting that no individual metric independently explains the observed
divergence.

3.2 Average shape contours

Average otolith outlines based on wavelet coefficients (0°-360°) showed subtle differences in mean shape
among sampling areas, particularly near 90° and 180°, corresponding to the antirostrum. CEW individuals
exhibited a more rounded and elevated antirostrum, whereas BPLE displayed a flatter, less inflected contour.
In contrast, AKW individuals had a sharply inflected and dorsally depressed antirostrum, positioned lower
than other groups (Figure 3).
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(a) Average otolith contour, with angles given in degrees.
Contours are overlaid for comparison.

Figure 3: Average otolith contours, as generated using the shapeR package, which utilises wavelet coefficients.
Coloured by sampling area. Abbreviations for the sampling areas are provided in Box 1.1.

3.2.1 Shape contour analysis

Wavelet coefficients were analysed using canonical analysis of principal coordinates (CAP). Prior to per-
mutation tests, we assessed the homogeneity of multivariate dispersions using betadisper () followed by
permutest (), which indicated significant differences among groups (p = 0.002). Post-hoc Tukey’s HSD tests
revealed that the BPLE sampling area exhibited significantly greater dispersion than both AKW (p = 0.001)
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and CEW (p = 0.038) (see Appendix Table S3), thereby violating the assumption of dispersion homogeneity
required for valid ANOVA. Consequently, BPLE was excluded from subsequent analyses.

After excluding BPLE, homogeneity of dispersion among remaining groups was no longer significant
(p =0.075).

The CAP model showed a statistically significant effect of sampling area on otolith shape (Permutation
test: F = 2.13, p = 0.001), explaining 7.1% of the total variation in shape space. Sequential term testing
confirmed sampling area as a significant explanatory variable (p = 0.002). Axis-wise testing revealed that
only the first canonical axis (CAP1) contributed significantly to group separation (p = 0.001), while CAP2
and CAP3 were non-significant. Thus, shape variation among locations was primarily captured along CAP1
(Figure 4).
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Figure 4: Canonical analysis of principal coordinates (CAP) using Euclidean distances of standardized
wavelet coefficients, shown for four Yellowtail Kingfish S. lalandi lalandi sampling areas in Aotearoa New
Zealand. BPLE was excluded due to high within-group dispersion. Points represent individuals; crosses in-
dicate group centroids with bars showing =1 SD. Ellipses denote 95% confidence intervals under multivariate

normality.
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Pairwise PERMANOVA comparisons (Table 4) revealed significant shape differences between AKW and
each of CEW, CHA, and SOU (adjusted p = 0.006). No significant differences were observed among CEW,
CHA, or SOU (adjusted p = 1.000), indicating that AKW is the primary driver of inter-sampling area shape
divergence.

Table 4: Pairwise PERMANOVA comparisons of wavelet-based otolith shape among sampling areas, showing
F-statistics, R%, and raw and Holm-adjusted p-values. Asterisks indicate statistically significant differences
(p < 0.05). Abbreviations for the sampling areas are provided in Box 1.1.

Comparison F-value | R? Raw p-value | Holm-adjusted p | Significant
AKW vs CEW | 3.15 0.073 | 0.001 0.006 *

AKW vs CHA | 4.50 0.072 | 0.001 0.006 *

AKW vs SOU | 3.30 0.080 | 0.001 0.006 *

CEW vs CHA | 0.46 0.010 | 0.941 1.000

CEW vs SOU | 0.53 0.020 | 0.871 1.000

CHA vs SOU 0.58 0.013 | 0.824 1.000

Classification using leave-one-out cross-validation (LOOCYV) (Figure 5) resulted in an overall correct
assignment rate of 45.5%. The highest classification success was observed for AKW individuals (63%),
consistent with the distinct separation of this group observed in the CAP ordination analysis. In contrast,
classification performance was lowest for CEW and SOU, with only 20% and 7.7% of individuals correctly
assigned, respectively.

sou 7.7% 7.7%
_ CHA 9.1% 21.2% % Assigned
S I 60
<
>
o 40
[e]
o
% 20
F CEW 20% 6.7%

AKW 22.2% 11.1% 3.7%

AKW CEW CHA SOouU

Predicted Population
Figure 5: LOOCV Confusion Matrix — Otolith Shape Classification based on standardized wavelet coefficients

(LDA model). Overall correct assignment rate of 45.5%. Abbreviations for the sampling areas are provided
in Box 1.1.
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4 Discussion

This otolith shape study provides evidence of stock-level structure in Yellowtail Kingfish (Seriola lalandi
lalandi). The distinctiveness of Auckland West (AKW) otolith contours, together with the 63% correct clas-
sification rate for AKW individuals, suggests partial demographic separation within the NHR. By contrast,
the relative homogeneity among Central West (CEW), Challenger (CHA), and Southland (SOU) supports
the interpretation that southern fish represent recent or ongoing expansion poleward, rather than established,
independent stocks. These patterns are consistent with observations of Yellowtail Kingfish catches now ex-
tending further south than historically reported in Aotearoa New Zealand (Ministry for Primary Industries,
2019).

Based on this information, we predict an increasing persistence in the SRE regions (i.e., poleward shift)
in Aotearoa New Zealand, a pattern that has likewise been predicted via modelling for Yellowtail Kingfish
in Southeastern Australia (Champion et al., 2018).

4.1 Classifying range expansions in Yellowtail Kingfish

The Auckland West (AKW) sampling area exhibited a uniquely distinct otolith contour relative to all other
regions. This is notable given that stock differentiation in this region, for this species, has not previously
been reported. The observed divergence at AKW may indicate ecological and demographic separation, but
further confirmation will require supporting ecological or genomic evidence. Such divergence is unexpected in
pelagic species like Yellowtail Kingfish, which typically exhibit weak spatial structuring due to high dispersal
potential, large effective population sizes, and low site fidelity. However, it has been demonstrated that under
climate-change scenarios, climate-driven range shifts are rapid in coastal-pelagic fishes, such as Yellowtail
Kingfish (Champion et al., 2021); this shift is also notable, as it is represents a pattern that has likewise
been predicted via modelling for Yellowtail Kingfish in Southeastern Australia (Champion et al., 2018).
The distinctiveness of AKW otoliths implies partial demographic separation within the NHR, whereas the
relative homogeneity among CEW, CHA, and SOU indicates that fish in southern regions likely represent
recent or ongoing expansion. The difficulty of correctly classifying individuals from these regions supports
the interpretation that southern occurrences are not likely to be long-established stocks.

However, otolith shape may be further strengthened when combined with additional markers to more
confidently identify expansion-associated individuals. Integrating contour-based morphology with comple-
mentary data would provide a more comprehensive framework. Integrating otolith shape with complementary
markers such as stable isotopes or genomic data will aid definitively to achieve the resolution required for
fisheries management. Multi-marker approaches have already proven powerful elsewhere: combining shape
with stable isotopes has revealed stock boundaries in Coryphaenoides rupestris (Longmore et al., 2010)
and Spondyliosoma cantharus (Neves et al., 2019), while combination with genomic analyses has resolved
fine-scale differentiation in high-dispersal marine fish (Pita et al., 2016; Randon et al., 2020). Applying
such integrative analyses to Yellowtail Kingfish will be essential for quantifying the degree and persistence
of the SRE, clarifying the demographic role of expansion-associated individuals, and understanding their
contribution to long-term persistence under climate change.

4.2 Implications for management of Yellowtail Kingfish

From a management perspective, the implications of these findings are important. If SRE fish remain
demographically linked to the NHR, treating them as independent units risks underestimating stock size
and sustainability. Conversely, the emergence of stable morphological divergence in SRE stocks would
signal the formation of new stock components, requiring a revision of management boundaries. Future
monitoring of otolith morphology, in combination with genomic and isotopic markers, will be essential to
track whether the current southward expansion stabilises into permanent, demographically independent
stocks. In summary, this study highlights a two-part structure: a northern component with detectable
morphological distinctiveness, the 'NHR’, and a morphologically homogeneous expansion front, the 'SRE’.
These findings demonstrate the utility of otolith shape to identify ”expander” individuals, even in pelagic
fishes. This is significant given range expansions are an increasing phenomenon among marine taxa (Pinsky
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et al., 2020; Dahms & Killen, 2023), and otolith shape analyses are relatively easy, inexpensive, and non-
destructive to monitoring collections.

4.3 Heterogeneity within the Bay of Plenty (BPLE) Group

Multivariate dispersion within the BPLE sampling group was significantly higher than in AKW or CEW,
violating the assumption of homogeneity required for PERMANOVA. While this statistical violation compli-
cates inference, especially within the context of the range expansion discussed here, the elevated within-group
variation may reflect real biological heterogeneity. The BPLE has previously been described as a transition
zone for Kingfish populations; significant meristic variation (e.g. fin ray counts) between eastern and western
populations have been reported, and parasite-based markers suggest a potential stock boundary in this re-
gion (Smith et al., 2004; McKenzie, 2014). Such findings align with our results and raise the possibility that
BPLE may include a mixture of individuals from distinct ecological contexts, warranting further research.
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Appendices

Appendix - Figures

Population
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Figure S1: CAP ordination plot of AKW otolith shapes (2014 vs 2019). Ellipses indicate 95% confidence
regions based on multivariate normality.
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Figure S2: Mean deviation from the original outline (%) as a function of the number of Fourier harmonics
(left), and the number of wavelet levels (right), used in shape reconstruction.

Appendix - Tables

Shape index | Mean left | Mean right | Shapiro-Wilk p Test type Holm-adjusted p
Aspect Ratio 2.8418 2.7611 0.6053 Paired t-test 0.1722
Circularity 32.7173 33.1144 0.0188 Wilcoxon signed-rank 0.7904
Ellipticity 0.4774 0.4657 0.8750 Paired t-test 0.1722
Form Factor 0.3890 0.3833 0.0542 Paired t-test 1.0000
Rectangularity 0.5864 0.5853 0.3877 Paired t¢-test 1.0000
Roundness 0.2644 0.2719 0.3360 Paired t-test 0.3095

Table S1: Comparison of left and right otolith shape indices. Normality assessed using the Shapiro-Wilk

test. Holm-adjusted p-values indicate no significant asymmetry.

Shape index | F-value | p-value | Holm-adjusted p
Aspect Ratio 0.066 0.7979 1.0000
Circularity 0.005 0.9425 1.0000
Ellipticity 0.085 0.7711 1.0000
Form Factor 0.000 0.9874 1.0000
Rectangularity 0.073 0.7879 1.0000
Roundness 0.004 0.9481 1.0000

Table S2: ANCOVA interaction effects of side and fish length on otolith shape indices. Holm-adjusted p-
values indicate no significant interaction.
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Group comparison | Diff | Holm-adjusted p | Significant
BPLE-AKW 0.572 0.00062 *
CEW-AKW 0.107 0.96167

CHA-AKW 0.220 0.42287

SOU-AKW 0.395 0.12787

CEW-BPLE -0.465 0.03777 *
CHA-BPLE -0.352 0.06461

SOU-BPLE -0.177 0.83273

CHA-CEW 0.113 0.94627

SOU-CEW 0.288 0.53218

SOU-CHA 0.175 0.81155

Table S3: Pairwise Tukey’s HSD comparisons of multivariate dispersion (distance to group centroid). Values
show difference in dispersion (Diff) and Holm-adjusted p-values. Significant values indicate heterogeneity in
within-group variance.
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