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Otolith morphology varies between populations, sexes and
male alternative reproductive tactics in a vocal toadfish

Porichthys notatus

A. P. H. Bose*, J. B. Adragna and S. Balshine

Aquatic Behavioural Ecology Laboratory, Department of Psychology, Neuroscience,
& Behaviour, McMaster University, 1280 Main Street West, Hamilton, ON, L8S 4L8 Canada

(Received 14 April 2016, Accepted 9 September 2016)

In this study, the morphology of sagittal otoliths of the plainfin midshipman fish Porichthys notatus
was compared between populations, sexes and male alternative reproductive phenotypes (known as
‘type I males or guarders’ and ‘type II males or sneakers’). Sagitta size increased with P. notatus size
and changes in shape were also detected with increasing body size. Porichthys notatus sagittae begin as
simple rounded structures, but then elongate as they grow and take on a more triangular and complex
shape with several prominent notches and indentations along the dorsal and caudal edges. Moreover,
the sagittae of the two geographically and genetically distinct populations of P. notatus (northern and
southern) differed in shape. Porichthys notatus from the north possessed taller sagittae with deeper
caudal indentations compared to P. notatus from the south. Sagitta shape also differed between females
and males of the conventional guarder tactic. Furthermore, guarder males had smaller sagittae for their
body size than did sneaker males or females. These differences in sagittal otolith morphology are
discussed in relation to ecological and life history differences between the sexes and male tactics of
this species. This is the first study to investigate teleost otolith morphology from the perspective of
alternative reproductive tactics.
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INTRODUCTION

The structures involved in teleost audition have held a long-standing interest to
researchers from a wide range of disciplines spanning from fisheries biology to
neuroscience. Of particular interest are the otoliths of the inner ear. These are three
pairs of hard, dense, calcareous structures that play an important role in both audition
and balance (Popper & Fay, 1993; Popper & Lu, 2000; Popper et al., 2005). The three
pairs of otoliths are termed the sagittae (singular sagitta), lapilli (singular lapillus)
and asteriscii (singular asteriscus), housed within the sacculus, lagena and utriculus
end organs, respectively. These pairs of otoliths can differ markedly from one another
in morphology, i.e. shape and size. Of these otoliths, the sagitta is most notable as
it displays exceptional morphological diversity between species but remarkably less
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variation within a species (Schellart & Popper, 1992; Campana, 2004). This has made
otolith size and shape analyses, particularly of sagittae, useful tools for discriminating
among fish species and even higher order taxonomical groupings (L’Abée-Lund &
Jensen, 1993; Paxton, 2000; Tuset et al., 2003, 2015). Within a species, morphological
variation of sagittae can be influenced not only by age, but also by genetic and envi-
ronmental factors (Cardinale et al., 2004; Vignon & Morat, 2010), and can vary with
an individual’s somatic growth rate, feeding history (Strelcheck et al., 2003; Gagliano
& McCormick, 2004) or even habitat (Lombarte & Lleonart, 1993). Thus, intraspecific
variation in sagittal otolith morphology is also able to capture differences between fish
populations, stocks and year-classes [e.g. Atlantic herring, Clupea harengus L. 1758,
Bird et al., 1986; Atlantic mackerel, Scomber scombrus L. 1758, Castonguay et al.,
1991; Atlantic cod Gadus morhua L. 1758, Campana & Casselman, 1993; haddock,
Melanogrammus aeglefinus (L. 1758), Begg & Brown, 2000].

Despite decades of otolith research, some aspects of otolith morphology still remain
untested. For example, no study has yet investigated within- and between-sex varia-
tion in otolith morphology in a species with alternative reproductive tactics. In such
species, a particular sex, usually male (Neff & Svensson, 2013), is characterized by
a discontinuous distribution of phenotypic traits and so individuals can be catego-
rized into two or more distinct reproductive phenotypes. Each of these phenotypes
will have evolved to maximize their chances of reproduction through alternative means
(Taborsky et al., 2008). Male alternative reproductive tactics are widespread across
animal species (Taborsky et al., 2008), especially fishes (Knapp & Neff, 2008) and are
exhibited in several commercially important groups, such as salmonids (Jones, 1959;
Thomaz et al., 1997). For example, in one species of Pacific salmon, Chinook salmon
Oncorhynchus tshawytscha (Walbaum 1792), there are two separate types of males;
hooknose males with large body sizes, develop pronounced secondary sexual charac-
teristics and mature several years after migrating to sea, while other males, jacks, are
much smaller in size, do not develop secondary sexual characteristics and mature pre-
cociously (Berejikian et al., 2010). Studying otolith morphology in fish species with
alternative tactics provides two benefits. First, it provides the opportunity to use study
systems that are characterized by divergence in many traits (e.g. relating to physiology,
behaviour and life history) to test for phenotypic variation in a highly species-specific
and seemingly constrained trait, sagittal otolith morphology. Second, it tests the impor-
tance of accounting for alternative tactics when using otoliths to estimate population
structure, a potentially highly relevant consideration for some commercially valuable
species.

In this study, the size and shape variation of sagittal otoliths was studied in a fish that
expresses two distinct male alternative reproductive tactics, the plainfin midshipman
Porichthys notatus Girard 1854. The two male phenotypes of this vocal batrachoi-
did have been termed guarder and sneaker. At the beginning of the breeding season,
males of the guarder or conventional, tactic (also known as type I males), migrate from
deep waters to the rocky intertidal zones, where they excavate nesting cavities beneath
large rocks (Arora, 1948). From here, they produce low frequency (c. 100 Hz) tonal
advertisement calls by rapidly contracting the sonic muscles attached to their swim-
bladder walls (Ibara et al., 1983; Brantley & Bass, 1994; McIver et al., 2014). Females
locate guarder males via phonotaxis and lay eggs on the roof of the selected male’s
nest (Brantley & Bass, 1994; McKibben & Bass, 1998). Guarder males then provide
sole parental care for the offspring for up to three consecutive months (Cogliati et al.,
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2013). Adequate nesting sites in the intertidal zone are limited (DeMartini, 1988), and
so guarder males compete intensely with each other for nest ownership and will vocal-
ize during agonistic encounters (Brantley & Bass, 1994; McIver et al., 2014). Males of
the sneaker, or alternative, tactic (also known as type II males) are much smaller in body
size, do not build nests, nor do they court females, provide parental care, or engage
in physical competition with other males (Brantley & Bass, 1994). Rather, sneaker
males eavesdrop on guarder male vocalizations and then rely upon stealth and satellite
spawning to steal paternity from spawning guarder males. In addition to behavioural
differences, the alternative tactics in male P. notatus are strikingly different with respect
to their body size and gonadal investment (Bass & Andersen, 1991), vocal capabilities
and neuroanatomy (Bass & Marchaterre, 1989a, b; Brantley & Bass, 1994; Bass et al.,
1996), as well as endocrine hormone profiles (Brantley et al., 1993; Arterbery et al.,
2010). An earlier study on P. notatus used sagittal otoliths to age juveniles and adults
and showed that sneaker males mature at an earlier age than do guarder males (Bass
et al., 1996). Given the divergence in traits between the male tactics, it was predicted
that sagitta morphology would also differ.

Variation in sagittal otolith morphology was also investigated in relation to the differ-
ent geographic populations of P. notatus. Porichthys notatus is widely distributed along
the western coastlines of North America from Alaska to Mexico with a notable absence
along the Oregon coast, U.S.A. (Miller & Lea, 1972; Walker & Rosenblatt, 1988).
Several studies by Cogliati et al. (2013, 2014a) have shown that the northern popula-
tion (stretching from Alaska to Washington) appears to be a single population that is
genetically distinct from the southern population (stretching from northern California
to Mexico). Porichthys notatus from the southern population tend to be smaller in over-
all body size (Cogliati et al., 2014a), and are apparently more bioluminescent because
of differences in the luciferin content of their diets (Warner & Case, 1980; Thompson
& Tsuji, 1989). Given the latitudinal, genetic and ecological separation between the
populations, it was predicted that sagitta morphology might also differ.

MATERIALS AND METHODS

I N T E RT I DA L C O L L E C T I O N O F S P E C I M E N S
Porichthys notatus is not considered threatened or endangered (Collette et al., 2010). Adult

reproductive P. notatus were collected from intertidal nests, located by carefully overturning
large rocks at low tide. Collections occurred during the summers of 2010 (n= 29), 2011 (n= 44),
2013 (n= 93), 2014 (n= 87) and 2015 (n= 48) from intertidal beaches of the northern popula-
tion (British Columbia, Canada: 49∘ 01′ N; 123∘ 83′ W, 48∘ 63′ N; 123∘ 53′ W and 49∘ 04′ N;
122∘ 88′ W and Washington, U.S.A.: 47∘ 71′ N; 122∘ 89′ W), and also during the summers of
2010 (n= 7) and 2011 (n= 14) from intertidal beaches of the southern population (California,
U.S.A.: 38∘ 15′ N; 122∘ 90′ W). All P. notatus found within nests are reproductive and have
fully developed gonads. Non-reproductive P. notatus presumably do not migrate to the inter-
tidal zones. The collected P. notatus were all used in a number of other short-term field studies
(Cogliati et al., 2013, 2014a, b, 2015; Bose et al., 2014, 2016), none of which involved long-term
housing, changes in diet or manipulations of physiology that could have affected somatic or
otolith growth. Each P. notatus was sexed and its tactic identified by external morphology (Bass,
1996; Bass & McKibben, 2003) before being measured for standard length (LS) to the nearest
0·1 cm and body mass to the nearest 0·1 g. All P. notatus were euthanized with an overdose of
benzocaine (>250 mg l− 1 for 3 min or until complete loss of responsiveness to tactile stimuli),
dissected and the sagittae were removed, wiped clean and stored in dry Eppendorf tubes.

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2017, 90, 311–325



314 A . P. H . B O S E E T A L.

(a)

Height Rostral

Dorsal

Ventral

Caudal

0·5 cm

Length

(b)

Fig. 1. (a) The major length and height axes as well as axes of orientation (rostral-caudal, dorsal-ventral) for
the sagittal otoliths of Porichthys notatus. (b) An example of the size and shape variation observed among
sagittae of guarder male P. notatus sampled from the northern population (note, sulcus side facing down).
Scale is the same in (a) and (b).

Q UA N T I F I C AT I O N O F OT O L I T H S I Z E
Several morphometric measurements were obtained from each sagitta. The length

[rostral-caudal major axis, Fig. 1(a)] and height [dorsal-ventral major axis, Fig. 1(a)] of
each sagittal otolith was measured with a digital micrometer (to the nearest 0·001 mm, Shi-
mana, SHAYMR171; www.shimana.ca), the mass was measured with a microbalance (to the
nearest 0·0001 g, Mettler Toledo, AB204-S/FACT; www.mt.com) and the surface area was
calculated using the software package SHAPE ver. 1.3 (to the nearest 0·0001 cm2, Iwata &
Ukai, 2002) from digital photographs (12 megapixels) taken of each otolith at a distance of
15 cm. In many fishes, the masses of the left and right paired otoliths are not equal, and this
mass asymmetry is likely to vary in magnitude and direction both between individuals and
over the course of an individual’s lifetime (Lychakov & Rebane, 2005). In this study, only
measurements from left sagittae were used for the otolith size comparisons. From each left
sagitta, all four morphometric measurements (length, height, mass and surface area) were
standardized and then reduced down to a single principal component (PC), termed sizePC,
using a principal component analysis (PCA) using the software R (www.R-project.org).

Otolith mass asymmetry was also calculated for each individual by taking the difference in
mass between the left and right sagittae and dividing this difference by the average mass of both
sagittae (following Lychakov & Rebane, 2005). A linear mixed effects model was used to test
whether there was a left or right bias in sagittal otolith mass asymmetry. Porichthys notatus type
(i.e. female, sneaker male and guarder male) and LS were included as fixed effects. LS was first
mean-centred in order to make the model intercept interpretable. Sampling year and specific
field site of collection were treated as random effects (nlme package; Pinheiro et al., 2015).

Q UA N T I F I C AT I O N O F OT O L I T H S H A P E
Shape was quantified from sagittae using an elliptic Fourier principal component analysis pro-

vided by the shape analysis software package SHAPE. Elliptical Fourier functions are able to
accurately describe information about the outlines of enclosed shapes in a quantifiable manner
(Kuhl & Giardina, 1982). The analysis in SHAPE describes the contours of enclosed shapes, i.e.
otoliths, as the sum of multiple ellipses, or harmonics, each of which is described by trigonomet-
ric equations involving a combination of sine and cosine waves (Kuhl & Giardina, 1982). Each
harmonic is defined by four coefficients, or elliptic Fourier descriptors (EFDs), that correspond
to its sine and cosine parameters. SHAPE normalizes these coefficients based on the ellipse of
the first harmonic (following Kuhl & Giardina, 1982), resulting in coefficients that are invariant
to size and orientation of the shape of interest. It then uses a principal component analysis based
on a variance–covariance matrix to summarize and reduce the large number of coefficients into
a manageable number of principal components.

To quantify otolith shape, sagittae were photographed individually against a black background
[Fig. 1(b)]. Left otoliths were considered for this shape analysis, though if only the right otolith
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was available for a given specimen the photograph was still taken and then flipped horizontally
(this occurred for 6%, or 19 of the 322 available specimens). The contours of each sagitta were
extracted and chain-encoded from the binarized images within the software SHAPE. This tech-
nique has been similarly used in previous studies of otolith shape (Tracey et al., 2006). The
EFDs were derived using the first 20 harmonics, and normalized with respect to the first har-
monic ellipse. The accuracy obtained by using the first 20 harmonics was assessed qualitatively
by comparing actual sagitta contours with reconstructions based on the EFDs using the NEFview
programme in SHAPE. The shape variation described by the EFDs was then summarized into
several composite variables, termed shapePCs, using a PCA in SHAPE. A broken stick model
(Jackson, 1993) in conjunction with a scree plot was then used to determine how many shapePCs
to interpret. The scree plot displays the per cent variance explained by each shapePC and the
broken stick model indicates the per cent variance explained by each PC if the components were
determined by chance alone.

C O M PA R I S O N O F OT O L I T H S I Z E A N D S H A P E B E T W E E N
P O P U L AT I O N S

In 2010 and 2011, no females or sneaker males were collected from the southern population.
Thus, only the sagittae of guarder males were compared between the northern and southern
populations in terms of their size (nNorth = 46, nSouth = 20) and shape (nNorth = 50, nSouth = 21).
Sample sizes differ slightly here because the size analysis only considered left sagittae, while the
shape analysis also included several right sagittae when the left one was not available. A PCA in
R was used to reduce the sagittal otolith morphometric measurements (i.e. length, height, mass
and surface area) of these specimens down to a single sizePC component, which accounted for
95·2% of the total otolith size variation. An elliptic Fourier PCA in SHAPE was used to summa-
rize the shape variation into five shapePCs, termed shapePC1-5. The five shapePCs respectively
explained 33·1, 27·3, 15·8, 5·7 and 3·7% of the total variation in sagitta shape data (respective
eigenvalues are 4·32e− 3, 3·56e− 3, 2·07e− 3, 7·46e− 4 and 4·86e− 4). Visualizations of the effects
that each shapePC has on otolith shape were constructed in SHAPE following Furuta et al.
(1995).

In order to compare sagitta size between the guarder males of the northern and southern pop-
ulation, a linear mixed effects model (LMM) was run using sizePC as the independent variable,
and P. notatus LS (cm) and population (northern v. southern) as predictor variables. Sampling
year and specific field site of collection were treated as random effects. To compare sagitta
shape between the guarder males of the northern and southern population, one LMM was run
for each shapePC (five in total). Otolith surface area (cm2) and population (northern v. south-
ern) were included as predictor variables, while sampling year and specific field site of collection
were included as random effects. Interaction effects were removed if they did not significantly
improve the model fit based on Akaike information criterion. Because each random effects
model is considered to be an independent comparison of shape, a Bonferroni correction was
applied to maintain a family-wise error rate of 0·05. Thus, a new ! of value 0·01 was imple-
mented as the critical threshold for significance for these comparisons.

C O M PA R I S O N O F OT O L I T H S I Z E A N D S H A P E B E T W E E N
S E X E S A N D TAC T I C S

Next, the sagittae from each P. notatus type, i.e. female, sneaker male and guarder male, were
compared for size differences (nFemales = 43, nSneaker males = 17, nGuarder males = 170) and shape dif-
ferences (nFemales = 46, nSneaker males = 21, nGuarder males = 177). Again, sample sizes differ slightly
here between size and shape analyses because the size analysis only considered left sagittae
while the shape analysis also included several right sagittae when the left was not available.
As females and sneaker males were not collected from the southern population, these analyses
only consider P. notatus that were collected from the northern population. Again, a PCA in R
was used to reduce the sagittal otolith morphometrics (i.e. length, height, mass and surface area)
from these specimens down to a single sizePC, which captured 94·8% of the total size variation.
An elliptic Fourier PCA in SHAPE was used to summarize the sagitta shape variation into four
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shapePCs, termed shapePC1-4, which respectively explained 46·3, 23·8, 10·7 and 4·2% of the
total variation in shape data (respective eigenvalues are 9·40e− 3, 4·84e− 3, 2·18e− 3 and 8·55e− 4).
Again, visualizations of the effects that each shapePC has on sagitta contour were constructed
using SHAPE following Furuta et al. (1995).

In order to compare sagitta size between the three P. notatus types (i.e. female, sneaker male
and guarder male) a LMM was run using sizePC as the independent variable. Porichthys nota-
tus LS (cm) and P. notatus type were fixed effects, while sampling year and specific field site of
collection were random effects. To compare the variation in sagitta shape between the three P.
notatus types, one LMM was run for each shapePC (four in total). Otolith surface area (cm2) and
P. notatus type were used as fixed effects, while sampling year and the specific field sites of col-
lection were modelled as random effects. When needed, variance heterogeneity (e.g. increasing
variance in sagitta size with increasing P. notatus LS) was modelled using a variance function
(Zuur et al., 2009). Likelihood ratio tests (LRTs) were used to test for significant main effects
or interaction effects of P. notatus type and LS. If significant, this was followed up with post hoc
pair-wise comparisons (Tukey contrasts, multcomp package; Hothorn et al., 2008) between each
of the three P. notatus types. Again, as each analysis of a shapePC is considered to be an indepen-
dent comparison of shape, a Bonferroni correction was applied to maintain a family-wise error
rate of 0·05. Thus, a new ! of 0·0125 was implemented as the critical threshold for significance
for these comparisons.

E T H I C A L N OT E
All animal collections and handling were in accordance with the Canadian Department of

Fisheries and Oceans rules. All procedures were approved by the McMaster University Animal
Research Ethics Board (AUP 13-12-52), as well as the University of Washington Institutional
Animal Care and Use Committee (AUP 4079-06) and are in line with the guidelines set by the
Canadian Council on Animal Care (CCAC).

RESULTS

Larger P. notatus also had larger sagittal otoliths. This was apparent in the comparison
of sagitta size between populations [LMM: t= 17·4, d.f.= 55, P< 0·001; Fig. 2(a)] as
well as the comparison of sagitta size between the sexes and tactics [LRT: "2 = 469·8,
d.f.= 1, P< 0·001; Fig. 3(a)]. There was no significant right-left asymmetry in sagit-
tal otolith mass (LMM, intercept, t= 0·82, d.f.= 2·78, P> 0·05) nor did asymmetry
increase or decrease with P. notatus LS (LMM, t= 0·51, d.f.= 38·4, P> 0·05) or vary
across P. notatus types (LMM, all pair-wise P> 0·05).

The size of guarder male sagittae did not differ between the northern and southern
populations [sizePC, LMM: t= − 1·26, d.f.= 8, P> 0·05; Fig. 2(a)], however, shape
did vary significantly. For the between-population comparison, sagitta shape data were
reduced down to five significant principal components, or shapePCs [Fig. 2(b)]. Each
shapePC describes a different aspect of sagittal otolith contour shape, which can be
visualized in Fig. 2(c). Guarder males from the northern population had taller sagittae
along the dorsal-ventral major axis [shapePC1, LMM: t= − 3·69, d.f.= 8, P< 0·01;
Fig. 2(d)] with a more pronounced indentation at the caudal end [shapePC4, LMM:
t= − 2·94, d.f.= 59, P< 0·01; Fig. 2(d)] than did the guarder males from the southern
population. No other shape differences were observed between guarder males of the
two populations (all P> 0·05).

Guarder males had smaller sagittal otoliths (after controlling for body size) than did
either sneaker males (sizePC, Tukey contrast: z= − 2·99, P< 0·05) or females [Tukey
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Fig. 2. (a) Sagitta size comparison between the northern ( ) and southern ( ) populations of Porichthys
notatus. (b) A scree plot indicating how many shape principal components (shape PCs, ) explain more
variance in sagittal otolith shape than can be expected by chance alone (as calculated by the broken stick
model, ), when comparing the two P. notatus populations as shown in the map insert. (c) Contour
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five shapePCs identified above. **P< 0·01.

contrast: z= − 5·88, P< 0·001; Fig. 3(a)]. Sneaker males and females possessed sim-
ilarly sized sagittae for their body size (Tukey contrast: z= − 1·48, P> 0·05). For the
among P. notatus type comparison, sagitta shape data were reduced down to four sig-
nificant principal components, shapePCs [Fig. 3(b)]. Each shapePC used in this anal-
ysis can be visualized in Fig. 3(c). Controlling for otolith size, females had narrower

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2017, 90, 311–325



318 A . P. H . B O S E E T A L.

5·0
(a)

(b) (c)

(d)

2·5

0·0

O
to

lit
h 

si
ze

–2·5

–5·0

0·1

0·0

–0·1

0·2

0·1

0·0

–0·1

0·1 0·2 0·3 0·4 0·5

0·1 0·2 0·3
Otolith surface area (cm2) Otolith surface area (cm2)

0·4 0·5

0·1

0·08

0·04

0·00

–0·04

0·2 0·3 0·4 0·5

0·1 0·2 0·3 0·4 0·5

40

30

20

Sh
ap

e 
va

ri
at

io
n 

ex
pl

ai
ne

d 
(%

)

10

1 4

Eigenvector (shapePC)

sh
ap

eP
C

1
sh

ap
eP

C
3

sh
ap

eP
C

4

0·1

0·0

–0·1

sh
ap

eP
C

2

8 10

0

10

guarder

sneaker

15 20

***

**

25

shapePC1

–2 S.D. Mean +2 S.D.

shapePC2

shapePC3

shapePC4

Fig. 3. (a) Sagitta size comparison between the three Porichthys notatus types, females ( ), guarder males
( ) and sneaker males ( ). (b) A scree plot indicating how many shape principal components
(shapePCs, ) explain more variance in sagittal otolith shape than can be expected by chance alone
(as calculated by the broken stick model, ), when comparing the P. notatus types. (c) Contour recon-
structions to aid in visualizing the shape variation captured by each of the four shapePCs. As in Fig. 2(c), the
contours beneath mean are all identical, but their shapes change as the scores of each shapePC are increased
or decreased (±2 s.d. shown). Again the leftmost column overlays the three contours to the right. (d) Sagitta
shape comparisons between the three P. notatus types, females ( ), guarder males ( ) and sneaker
males ( ) using each of the four shapePCs identified above. **P< 0·01, ***P< 0·001.

© 2016 The Fisheries Society of the British Isles, Journal of Fish Biology 2017, 90, 311–325



OT O L I T H S VA RY B E T W E E N A LT E R NAT I V E TAC T I C S 319

sagittae along the dorsal-ventral major axis than did guarder males [shapePC1: z= 3·51,
P< 0·05; Fig. 3(d)]. No other sagittal shape differences could be detected between the
P. notatus types (all P> 0·05).

Lastly, changes in sagittal otolith shape were detected as otolith size increased. These
shape changes were apparent in both the comparison between populations and the com-
parison between P. notatus types. Sagittae narrowed along the dorsal-ventral major
axis with increasing sagitta size [population comparison shapePC1, LMM: t= − 4·51,
d.f.= 60, P< 0·001; Fig. 2(d); P. notatus type comparison shapePC1, LRT: "2 = 76·6,
d.f.= 1, P< 0·001; Fig. 3(d)].

DISCUSSION

The size of the sagittal otoliths in P. notatus was tightly and linearly related to LS, con-
sistent with findings from other studies (Harvey et al., 2000; Campana, 2004). Asym-
metry in sagittal mass was not consistently biased towards the right or left sagitta,
nor was it related to the size of the individual, also consistent with previous investiga-
tions of fish otoliths (Lychakov & Rebane, 2005). The shape of the otoliths displayed
a general ontogenetic shift; beginning as a small simple semi-elliptical structure, and
developing into a more complex, elongated and triangular structure often with sev-
eral prominent notches, or indents, along the dorsal and caudal regions. Across fishes,
it is extremely common to observe sagittal otolith shape change over ontogeny and
with fish growth; otoliths typically grow from simple forms into more intricate and
species-specific shapes (Lombarte & Castellón, 1991; Campana, 2004). It is notable,
however, that some large P. notatus individuals still had relatively simple sagitta con-
tours, while some smaller P. notatus had relatively complicated ones.

OT O L I T H S H A P E B U T N OT S I Z E D I F F E R S B E T W E E N
G E O G R A P H I C P O P U L AT I O N S

Sagittal otolith size (once body size of P. notatus was controlled for) did not differ
between individuals from the northern v. southern populations. Guarder males from
the north, however, possessed taller sagittae with more pronounced caudal indents
compared to guarder males from the south. Differences in sagitta shape between fish
populations and stocks have also been found by numerous other studies. For example,
Campana & Casselman (1993) observed differences in the shape of sagittae between
stocks of G. morhua and found that a large amount of the shape variation could be
explained by different growth rates between the populations. Reproductive P. notatus
in the southern population are on average smaller than P. notatus from the northern pop-
ulation (Cogliati et al., 2014a). It would be enlightening for future studies to compare
somatic growth rates and environmental correlates between the two populations. For
example, changes in diet and feeding history, most notably starvation, have been shown
to affect otolith shape (Gagliano & McCormick, 2004; Vignon & Morat, 2010). Some
evidence does exist for differences in diet between the northern and southern P. notatus
populations. Porichthys notatus in the south have access to bioluminescent prey items,
a dietary source of luciferin, while P. notatus in the north apparently do not (Thomp-
son & Tsuji, 1989). Interestingly, Cogliati et al. (2015) found that guarder males from
the southern population had higher parasite loads compared to guarder males from the
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north. This suggests that the P. notatus in each population experience differing eco-
logical conditions. Future studies may now wish to investigate how somatic growth
rates differ between the two populations and the mechanisms by which this influences
otolith growth, chemistry and morphology.

OT O L I T H S I Z E A N D S H A P E D I F F E R S B E T W E E N S E X
A N D TAC T I C

Reproductively active male P. notatus can differ dramatically in body size; the aver-
age guarder male is twice as long and eight times as heavy as the average sneaker male
(Bass, 1996; Fitzpatrick et al., 2016). A small amount of size overlap, however, does
occur between the two types of males (LS range, sneaker male: 9·8–16·9 cm; guarder
male: 13·2–28·2 cm), while female body size (LS range, female: 11·6–22·0 cm) over-
laps with males of either tactic (Bass, 1996). Interestingly, after controlling for body
size, both sneaker males and females had larger sagittae relative to their body size than
did guarder males. This result is consistent with the common observation that slower
growing fishes tend to possess heavier otoliths than faster growing fishes of the same
body size. This pattern has been documented in numerous fish species including striped
bass Morone saxatilis (Walbaum 1792) (Secor & Dean, 1989), guppies Poecilia retic-
ulata Peters 1859 (Reznick et al., 1989) and gag Mycteroperca microlepis (Goode &
Bean 1879) (Strelcheck et al., 2003). In P. notatus, the two male tactics differ markedly
in their age at maturation, with sneaker males investing heavily into gonadal growth
and maturing precociously, and guarder males investing more into somatic growth and
maturing later (Bass, 1996). Like sneaker males, females must also invest heavily into
reproductive growth at the expense of somatic growth. Since sneaker males and females
invest less into somatic growth than do guarder males, relative somatic growth rates
may be able to explain these inter-tactic and inter-sex differences in sagitta size, though
this hypothesis still requires explicit testing. Bass (1996) and Forlano et al. (2015) have
noted that for many somatic, neurological and hormonal traits, sneaker males tend to
resemble females more closely than guarder males, and it appears that this relationship
is upheld with respect to sagitta size as well.

The physiological costs associated with surviving the breeding season are proba-
bly vastly different between P. notatus guarder males, sneaker males and females.
Porichthys notatus guarder males breed and remain in their nests to provide parental
care for up to three consecutive months (Cogliati et al., 2013). Over this time period,
guarder males must also physically compete with one another for nest ownership
and access to females, while refraining from foraging and limiting their food intake
(with the exception of some egg cannibalism, Bose et al., 2014; Cogliati et al., 2015).
Guarder males, therefore, often suffer a significant deterioration in body condition over
the breeding season (Sisneros et al., 2009; Bose et al., 2014, 2015). Unlike guarder
males, sneaker males and females are not confined to a nest and are presumably
free to actively forage over the course of the breeding season. Since periods of acute
stress have been associated with disruptions to the deposition of daily otolithic growth
increments [coho salmon, Oncorhynchus kisutch (Walbaum 1792), Campana, 1983],
it would be interesting to know whether otolith growth in P. notatus is significantly
affected by the stresses and costs associated with finding and preparing a nest,
breeding, providing parental care and fasting.
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While no consistent differences could be found between the shapes of sagittae from
sneaker males and guarder males, females had narrower sagittae than guarder males.
Sex differences in otolith shape have been reported in some studies or species [e.g.
G. morhua, Campana & Casselman, 1993; C. harengus, red mullet Mullus barbatus
L. 1758, common dab Limanda limanda (L. 1758), Mille et al., 2015], though many
other studies have failed to detected any sex differences [e.g. S. scombrus, Castonguay
et al., 1991; lake trout Salvelinus namaycush (Walbaum 1792), Simoneau et al., 2000;
G. morhua, Cardinale et al., 2004; whiting Merlangius merlangus (L. 1758), megrim
Lepidorhombus whiffiagonis (Walbaum 1792), Mille et al., 2015]. In general, when
male–female differences in otolith shape are reported, the sex effect tends to be much
smaller in magnitude, and hence harder to detect, than the differences associated with
age and body size (Campana & Casselman, 1993; Campana, 2004). A common expla-
nation for sex differences in otolith shape is that the sexes probably differ in terms
of their somatic growth rates, physiology and metabolisms (Campana & Casselman,
1993; Begg & Brown, 2000; Cardinale et al., 2004; Mille et al., 2015). Future studies
should investigate the ecological, physiological and life history differences between
the sexes in P. notatus that might influence the otolith shape differences observed.

Alternative reproductive tactics are both common and widespread in teleosts (Knapp
& Neff, 2008), yet their presence in many species is often overlooked. In some species,
alternative tactics may be ignored in part due to the difficulties associated with differ-
entiating tactics based on morphological and physiological traits alone (i.e. without
observing any behavioural traits, Kotiaho & Tomkins, 2001; Taborsky et al., 2008).
Yet accounting for the presence of same-sex alternative morphs within a species can
be of considerable importance, especially when alternative morphs are at risk of being
misclassified. Sneaker males are often ignored or misclassified as non-reproductive
males, juveniles or even females because of their frequent phenotypic similarities to
these groups (Bass, 1990; Taborsky et al., 2008). Although with sufficient training, P.
notatus reproductive types and sexes can be reliably discriminated via external mor-
phology, the results of this study show that sneaker males in P. notatus have the potential
to be misclassified as females based on sagitta morphology alone, especially otolith
size. Thus, it is recommended that any future efforts using otolith morphology in order
to discriminate age-classes or assess population composition of a species with alterna-
tive tactics, including P. notatus, should acknowledge the potential differences between
sexes and alternative reproductive morphs.
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