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Abstract

Sex-specific reproductive roles contribute to sexual dimorphic morphological trait
variations. In uniparental mouth-brooding fishes, the mouth performs a reproductive
function in addition to its key roles in feeding and respiration, resulting in the poten-
tial for sex-specific functional performance trade-offs. Trait differences related to
parental care may occur when the individual matures or be restricted to periods
when the parent is mouth-brooding. This study explored sexual dimorphism and mor-
phological trait adaptations related to feeding, breeding, respiration and locomotion
performance in two paternal mouth-brooding freshwater fishes (Glossamia aprion and
Neoarius graeffei). Eight morphological traits were evaluated for sexual dimorphism
(non-brooder males vs. females) and male breeding state differences (brooders vs.
non-brooders). Male breeding state was a significant predictor of trait variation in
both species. Brooders differed in buccal volume and in several feeding and locomo-
tory traits compared to non-brooder males. Non-brooder males had bigger buccal
volumes and relative eye diameters (G. aprion) and larger relative gape sizes
(N. graeffei) compared to females, a potential response to both mouth-brooding and
feeding requirements. Although there were clear trait differences between brooder
and non-brooder males, further research is required to confirm whether individuals
return to their former morphology once mouth-brooding has ceased or if trait differ-
ences are maintained post-brooding. This study highlights the importance of consid-
ering the potential impacts of intraspecific trait variation on the performance of
critical life functions, such as feeding, respiration and locomotion across the life

history.
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1 | INTRODUCTION

Sexual dimorphism typically reflects trait adaptations in males and

females that enhance species' lifetime reproductive success (Hedrick &
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Temeles, 1989; Lande, 1980; Shine, 1989). Teleost fishes exhibit a range
of secondary sexually dimorphic traits (i.e., character traits that are not
directly used in reproduction) to complement their different reproductive
styles, mating behaviours and life histories (Amundsen, 2003; Parker,
1992). Sexual size dimorphism and colouration (sexual dichromatism)
may increase female fecundity and male mating opportunities through
sexual selection, respectively (Blanckenhorn, 2005; Kodric-Brown, 1998;
Parker, 1992). Species may also exhibit sexual dimorphism to avoid
resource competition between males and females through niche diver-
gence (Hedrick & Temeles, 1989; Lande, 1980; Shine et al., 2002).
Whereas sexual size dimorphism and dichromatism are well studied (e.g.,
Kodric-Brown, 1998; Marshall et al., 2019; Parker, 1992), dimorphism
related to post-mating reproductive strategies, such as parental care, has
received less attention (but see Barnett & Bellwood, 2005; Hoey
et al., 2012; Tkint et al., 2012). Sex-specific reproductive roles are also
considered to contribute to morphological trait variation between males
and females (e.g., Bakker & Mundwiler, 1999; Casselman & Schulte-
Hostedde, 2004). Despite parental care playing a significant role in indi-
vidual fitness and reproductive success, sexual dimorphic trait variation
related to parental care is rarely considered in functional ecological stud-
ies that have correlated morphological traits with ecomorphological func-
tions in fishes (e.g., Luiz, Olden, et al., 2019; Toussaint et al., 2016;
Villéger et al., 2017).

Mouth-brooding is a type of parental care in fishes where parents
incubate eggs and/or larva in the buccal cavity to provide a safe envi-
ronment for improved offspring growth and survival (e.g., Corrie
et al., 2008; Keenleyside, 1991; Oppenheimer, 1970). Mouth-
brooding can be uniparental (i.e., performed exclusively by the male or
the female) or biparental (performed by both sexes) (Blumer, 1982;
Keenleyside, 1991) and may impose costs to the caring parent, requir-
ing behavioural (Oliveira & Almada, 1998), physiological (Keller
et al., 2017; Reardon & Chapman, 2010) and/or morphological trait
adaptations (Barnett & Bellwood, 2005; Ronco et al., 2019; Tkint
et al., 2012). The head region of fishes performs multiple key func-
tions, including feeding, respiration and visual perception for feeding
and predator avoidance. Head shape also plays a role in locomotory
performance, as it serves as a bow for streamlined swimming to
decrease drag in the water (Tkint et al., 2012; Van Wassenbergh
et al., 2015). Due to the postulated constructional limitations in the
head region, optimising mouth-brooding in combination with other
functions may impose performance costs on feeding, locomotion
and/or respiration potentially leading to functional trade-offs
(Barel, 1983; Hulsey et al., 2007; Tkint et al., 2012). Therefore, mor-
phological adaptations related to feeding, respiratory and locomotion
performance could be expected to occur in mouthbrooders, or if
mouth-brooding is uniparental, morphological adaptations could be
sexually dimorphic and present only in the caring sex (e.g., Herler
et al., 2010; Hoey et al., 2012; Ronco et al., 2019).

In some uniparental mouth-brooding fishes, the sexes demon-
strate sexual dimorphism in morphometry and osteology of the head-
jaw region (e.g., Herler et al., 2010; Hoey et al., 2012; Oliveira &
Almada, 1995). Nonetheless, whether mouth-brooding leads to other
morphological differences (e.g., morphological or functional traits) as
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well as performance trade-offs in the adult carer is still largely specu-
lative (but see Tkint et al., 2012; Van Wassenbergh et al., 2015). Some
studies have also suggested that the adult mouth-brooding carer can
undergo temporary internal and external trait changes only while
incubating eggs (e.g., Butler et al., 2017; Okuda et al., 2002; Van
Wassenbergh et al, 2015). In the paternal mouth-brooding car-
dinalfish Apogon doederleini (Jordan and Snyder 1901), males differ
from females in the morphometric measures of the head-jaw region,
including the buccal cavity, during the breeding period but not in the
non-breeding season (Okuda et al., 2002). The female mouth-brooding
cichlid Astatotilapia burtoni (Gunther 1894) displays compartmen-
talised swimbladders compared to non-brooders of the same sex at
the same time, presumably to compensate for the weight of the eggs
in the buccal cavity (Butler et al., 2017). Nonetheless, morphological
trait flexibility and the temporal longevity of these traits are poorly
understood and are important to develop the understanding of the
fitness costs to adults of mouth-brooding in fishes.

In this study, the authors explore sexual dimorphism and morpho-
logical trait adaptations related to feeding, locomotion, respiration and
breeding functions in two paternal mouth-brooding fishes, the mouth
almighty Glossamia aprion (Richardson 1792) and blue catfish Neoarius
graeffei (Kner and Steindachner 1867). They explicitly test in both spe-
cies for (a) morphological variation between sexes, i.e., sexual dimor-
phism between females and males that were not brooding eggs
(hereafter termed “non-brooder males”), and (b) morphological varia-
tion between mouth-brooding males (hereafter termed “brooder
males”) and non-brooder males. They predict that (a) due to the added
mouth-brooding function in only males, non-brooder males will
exhibit morphological trait differences when compared to females as
an adaptation when mouth-brooding is performed, and (b) because
the suggested mechanism for mouth-brooding is temporal flexibility
(expansibility) of the buccal cavity region during brooding (Barnett &
Bellwood, 2005; Okuda et al., 2002), brooder males will exhibit mor-
phological trait differences when compared to non-brooder males

(see Table 1 for specific hypotheses predictions).

2 | MATERIALS AND METHODS

21 | Study species
G. aprion (Perciformes: Apogonidae) is a small predatory, nocturnal,
freshwater fish. The average length at maturity is c. 60 mm for males
and c. 70 mm for females (Bishop et al., 2001). It is widely distributed
in northern Australia and southern New Guinea (Pusey et al., 2017).
This species is a paternal mouthbrooder, where males incubate eggs
and larvae in their buccal cavity for 2-3 weeks (Fauth, 2017; Pusey
et al., 2004). G. aprion is reported to show sexual dichromatism during
the breeding period (Fauth, 2017; Pusey et al., 2004) and exhibit intra-
specific variation in morphological traits as a response to habitat vari-
ability and predominant flow conditions (Abecia et al., 2018).

N. graeffei (Siluriformes: Ariidae) is a moderate- to large-sized

omnivorous fish with an average length at maturity of c. 270 mm for
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dimorphism and male breeding state

Trait

Body lateral
shape

Relative gape
size

Relative
maxillary
length

Oral gape
shape

Relative eye
size

Eye vertical
position

Oral gape
position

Buccal
volume

Formula

Hd

d

MhxMw
sL?

=

(%)
)

EE

wm
o

Mo
Bd

Buccal volume

sL3

Trait function

Determines head size,
hydrodynamism and swimming
performance ability (e.g., fast-start
movements, steady swimming and
manoeuvrability)

Determines the maximum prey size
that can be swallowed and
therefore indicative of the size
range of prey that can be
swallowed

Estimates the strength of the jaw
and the size of the mouth in
lateral view, therefore determines
the maximum size or size range of
prey that can be swallowed

Determines the shape of prey eaten

Determines light sensitivity or visual
acuity when finding prey and may
indicate the time of foraging
(diurnal vs. nocturnal)

Indicates fish position in the water
column (e.g., surface vs. benthos)
when feeding in the water column
therefore may indicate the
position of prey items; e.g., more
dorsal eye position is associated
with surface feeding

Indicates fish position in the water
column (surface vs. benthos) when
feeding in the water column,
therefore may indicate the
position of prey items; e.g., more
dorsal gape position is associated
with surface feeding

Determines the number of eggs
individuals can brood in their
mouth (reproductive potential)

Implications for mouth-brooding,
feeding, locomotory and respiratory
performance

Mouth-brooding may require an
increase in head size for a larger
buccal cavity space to facilitate
brooding and efficient respiration
(e.g., Herler et al., 2010; Hoey
et al., 2012; Ostlund-Nilsson &
Nilsson, 2004)

Variation in this trait may impact
swimming ability (e.g., streamlining/
drag reduction: Van Wassenbergh
et al., 2015)

Mouth-brooding may require higher
mouth height, longer relative
maxillary length and bigger buccal
cavity relative to standard length (e.g.,
Hess, 1993; Almada and Oliveira,
1995; Barnett & Bellwood, 2005;
Herler et al., 2010; Hoey et al., 2012)

Variation in these traits can affect the
size range and types of prey that
can be eaten

Mouth-brooding requires a dorsal
shift in eye position and reduced
eye size to accommodate for a
larger buccal cavity (e.g.,

Barel, 1983; Herler et al., 2010)

Variation in these traits can affect the
size range and types of prey that
can be eaten. In addition, variation
in relative eye size can affect the
ability to detect prey and avoid
predators (Fernald, 1990)

Larger buccal volume increases male
reproductive potential and is
advantageous for egg churning and
respiration during mouth-brooding
(e.g., Barnett & Bellwood, 2005;
Herler et al., 2010; Hess, 1993;
Okuda et al., 1998)

Notes: Adapted from Luiz, Crook, et al. (2019), Toussaint et al. (2016) and Villéger et al. (2017)
Morphological measurements: standard length (SL), mouth height (Mh), mouth width (Mw), body depth (Bd), eye height (Eh), eye diameter (Ed), head depth
(Hd), maxillary jaw length (JI) and oral gape position (Mo).
2Denotes predictions in table for sexual dimorphism.
PDenotes predictions in table for breeding state.

List of morphological traits with their formula, function, functional performance implications and trait predictions for sexual

Trait predictions

Non-brooders compared to females
will have higher values due to
larger buccal volume and head
size for mouth-brooding?®

Brooders compared to non-brooders
will have higher values due to an
enlarged buccal cavity when
mouth-brooding®

Non-brooders compared to females
will have larger gape size, longer
maxillary length and higher oral
shape index®

Brooders will have a larger relative
gape size and vertically oriented
oral gape shape and larger relative
maxillary length due an expanded
buccal cavity when compared to
non-brooders®

Non-brooders will have smaller
relative eye size relative to
standard length and a more dorsal
eye and oral gape position relative
to body depth when compared to
females due to a bigger buccal
cavity®

Brooders will have higher values
(more dorsal) for eye vertical and
oral gape position but lower
values for relative eye size when
compared to non-brooders due to
an expanded buccal cavity during
mouth-brooding®

Non-brooders will have larger buccal
volumes for mouth-brooding
when compared to females®

Brooders compared to non-brooders
will have bigger buccal volumes
due to an enlarged buccal cavity®
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males and c. 285 mm for females (Pusey et al., 2004). This species is
widespread across northern Australia and in New Guinea (Pusey
et al., 2017). N. graeffei is a paternal mouthbrooder that incubates its
eggs and larvae in its buccal cavity for 6-8 weeks (Pusey et al., 2004;
Rimmer, 1985a). The pelvic-fin shape is sexually dimorphic, with males
having a narrower pelvic fin and females having a rounded fin base
(Pusey et al., 2004; Rimmer, 1985b). The rounded pelvic fins of females
are considered to act as claspers for holding the partner closely during
mating or as a holding site during the transfer of eggs to the male's buc-
cal cavity. These fins are observed to thicken and enlarge before the
spawning season (Pusey et al., 2004; Rimmer & Merrick, 1983).

2.2 | Sample collection and processing
Samples of G. aprion and N. graeffei were collected from 14 coastal
draining rivers in the Northern Territory (see Appendix S1 for the list
of rivers and numbers of individual fish collected). This region is in a
wet-dry tropical savannah climate, driven by the equatorial southern
monsoonal weather systems, generating highly seasonal and summer-
dominated rainfall occurring mostly during November to April (Warfe
etal., 2011).

Individuals were collected by electrofishing (boat and backpack)
on four sampling occasions and seasons during 2016-2019 (early dry
August 2016, post wet May-June 2016, late dry October-November

2016/2017/2019 season). A total of 385 G. aprion and 126 N. graeffei
individuals were collected and measured. Fish were euthanised in an
overdose solution of AQUI-S (>175 mg I~* for 20 min), labelled and
bagged individually; kept in an ice slurry in the field; and then frozen
until further analysis. In the field, brooder males were differentiated
by the presence of eggs or larvae in their mouth. If a mouth-brooding
male was collected, the eggs were carefully removed from the buccal
cavity and placed in a small bag, which was then stored with the
brooding adult in an individual bag for further analysis.

In the laboratory, the samples were thawed, allowed to soften and
dried with a paper towel. All samples were then photographed using a
digital Nikon Camera model D500, with each individual fish laid flat on
a board with its left side up and fins arranged and pinned in a way dis-
playing its natural position and form. A number of morphological mea-
surements were performed (Figure 1) to calculate the morphological
traits based on previous studies (Table 1; Toussaint et al., 2016; Villéger
et al., 2017; Luiz, Crook, et al., 2019). The authors used these measure-
ments to derive the most used morphological traits in freshwater fish
functional studies (Brosse et al., 2021; Su et al., 2021). Some measure-
ments were first made directly on specimens: weight (W) to the nearest
0.01 g using a precision balance, standard length (SL), mouth height
(Mh) and mouth width (Mw) using vernier callipers to the nearest
0.1 mm. Additional morphological measurements such as body depth
(Bd), eye height (Eh), eye diameter (Ed), head depth (Hd), maxillary jaw
length (JI) and oral gape position (Mo) were extracted from each

FIGURE 1

Body measurements taken in each fish sample and used in Table 1: standard length (SL), mouth height (Mh), mouth width (Mw),

body depth (Bd), eye height (Eh), eye diameter (Ed), head depth (Hd), maxillary jaw length (JI) and oral gape position (Mo) on (a, b) Glossamia aprion

and (c, d) Neoarius graeffei
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individual's photograph using the image editor Image) (Rueden
etal., 2017).

The volume of the buccal cavity was determined using a volumetric
bead method adapted from Hess (1993). Small plastic beads, with a diam-
eter of 5 mm for G. aprion and 8 mm for N. graeffei, were used to
completely fill and measure the size of the buccal cavity. Buccal cavity
was filled until the lips can still normally close over to ensure that no
beads were forced into the oesophagus (adapted from Hess, 1993). Bead
weight was recorded, and the volume of the buccal cavity was estimated
by multiplying the weight of the beads used to fill the buccal cavity with
a conversion factor. The conversion factor was calculated by measuring
the weight of the beads required to filla 5 ml graduated cylinder, allowing
the total volume occupied by the beads (beads and interstitial space) to
be estimated (Hess, 1993). To account for the effect of body size differ-
ences among individuals, buccal cavity volume was standardised to SLS,
following Barnett and Bellwood (2005).

The samples were then dissected, sexed and categorised as
females, non-brooder males or brooder males, resulting in the follow-
ing sample numbers: G. aprion 190 females, 25 brooders and 170 non-

brooders; N. graeffei 63 females, 15 brooders and 48 non-brooders.

2.3 | Statistical analysis

Linear mixed effect models were used to test for differences in morpho-
logical traits across the three groups: (a) females, (b) brooder males and
(c) non-brooder males. Because female individuals do not mouth brood,
using these level combinations allows us to test the effects of sex (female
vs. non-brooder male) and breeding state (brooder male vs. non-brooder
male) in a single model, improving the power of our analysis. The authors
then validated every model by inspecting (a) the scatterplot of residuals
vs. fitted values to verify homogeneity (see Appendices S2 and S3) and
(b) the histogram of the residuals for normality (Zuur et al., 2009). Site of
collection was included as a random factor. The analyses were performed
using the ImerTest package (Kuznetsova et al., 2018) in R 3.3.3 software
(R Development Core Team, 2019).

2.4 | Ethical statement
This research project was approved by the Charles Darwin University
Animal Ethics Committee (permit numbers: A16032 and A19022).

3 | RESULTS

3.1 | Prediction 1 - morphological trait variation
between sexes, i.e., sexual dimorphism between
females and non-brooder males

The relationship of each morphological (body) measure to SL and body
depth showed no evidence of strong allometry for G. aprion and

N. graeffei non-brooder males and females (see Supporting Information

Appendices S4 and S5). Nonetheless, head depth was significantly differ-
ent between non-brooders and females in G. aprion but not in N. graeffei.
SL was also significantly different between non-brooder males and
females in both G. aprion and N. graeffei (see Appendix S7).

The sexual dimorphic traits exhibited by both study species were
species specific. G. aprion was sexually dimorphic in two of the eight
traits examined (Figure 2; Table 2; Supporting Information
Appendices S8 and S10). Non-brooder males had significantly larger
buccal volumes and bigger eye diameters relative to SL compared to
females. All the other morphological traits, namely body lateral shape,
relative gape size, oral gape position, eye vertical position and relative
maxillary length, showed no difference between non-brooders and
females.

Sexual dimorphism in traits was also detected in N. graeffei but
only in relative gape size (Figure 3; Table 3; Supporting Information
Appendices S9 and S11). Non-brooder males had higher relative gape
size values (i.e., wider mouth dimensions relative to SL) compared to
females. Contrary to authors’ prediction, N. graeffei non-brooders

Non-brooder (reference level)
N=170

5.d
Ry
Brooder d
n=25 s’ O
|
'S
Y §
Females e‘.Q
n=190 s [ |
2 I
-1 -0.5 0 05 1
Estimate * standard error
FIGURE 2 Estimate coefficients * s.. of the linear mixed effect

models of Glossamia aprion with site as random factor, combined sex-
breeding state category as fixed factor (levels = non-brooder males,
brooder males and females) and morphological traits as dependent
variables: buccal volume, relative gape size, oral gape shape, body
lateral shape, relative eye size, eye vertical position, oral gape position
and relative maxillary length. The plot shows the non-brooder male
level as the reference level in comparison to brooder males (upper
panel) and females (lower panel). P-values for each trait are indicated
as (O) not significant, (@) <0.05, (A) <0.01 and (m) <0.001. Circle
indicates the presence of the eggs in the mouth. Morphological traits:

, bucal_volume; —e—, relative_gape_size; , oral_gape_shape;

, body_lateral_shape; —®—, relative_eye_size; —o—,
eye_vertical_position; —@—, oral_gape_position; —e—,
relative_maxillary_length. P-level: O, n.s.; @, *; A, **; m,

Kok
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TABLE 2 Morphological trait coefficients in Glossamia aprion using a linear mixed effect model with site as random factor and combined sex-
breeding state category (levels = non-brooder males, brooder males and females) as fixed factor

Response

Trait Estimate S.E. df t-Value P-value (prediction)
Buccal volume

Non-brooders vs. females -0.110 0.043 376.781 —2.530 0.012 (<0.05%) (=)

Non-brooders vs. brooders 0.579 0.092 381.610 6.291 <0.001* +(+)
Relative gape size

Non-brooders vs. females 0.001 0.001 377.700 1.133 0.285 NS(—)

Non-brooders vs. brooders 0.001 0.002 374.300 0.720 0472 NS(+)
Oral gape shape

Non-brooders vs. females —0.009 0.032 374.263 -0.291 0.771 NS(-)

Non-brooders vs. brooders 0.169 0.069 380.131 2.438 0.015 (<0.05%) +(+)
Body lateral shape

Non-brooders vs. females 0.002 0.004 378.500 0.429 0.668 NS(—)

Non-brooders vs. brooders 0.040 0.008 366.400 4,905 <0.001* +(+)
Relative eye size

Non-brooders vs. females —0.004 0.001 373.239 —3.533 <0.001* -(+)

Non-brooders vs. brooders —0.004 0.002 377.387 —1.699 0.090 NS(—)
Eye vertical position

Non-brooders vs. females 0.008 0.006 379.900 1.394 0.164 NS(—)

Non-brooders vs. brooders 0.051 0.012 351.800 4.337 <0.001* +(+)
Oral gape position

Non-brooders vs. females 0.009 0.008 379.700 1.137 0.256 NS(—)

Non-brooders vs. brooders 0.055 0.017 358.600 3.240 <0.001* +(+)
Relative maxillary length

Non-brooders vs. females —0.004 0.008 377.981 —0.587 0.558 NS(—)

Non-brooders vs. brooders —0.045 0.016 380.553 —2.793 <0.001* -(+)

Notes: Estimate coefficient values apply to levels in bold font. Asterisk (*) indicates significant differences at P < 0.05, (NS) not significant, (+) increase or
(—) decrease in trait values relative to non-brooders.

were not sexually dimorphic in buccal volume. All the other morpho- Brooder and non-brooder males differed significantly in several

logical traits were comparable between the two groups. morphological traits in both species (Figures 2 and 3; Tables 2 and 3).
G. aprion brooders were significantly different from non-brooder
males in six of the eight traits examined except for relative gape size
3.2 | Prediction 2 - morphological trait variation

between brooder males and non-brooder males

and relative eye size (Figure 2; Table 2; Supporting Information
Appendices S8 and S10). Brooder males had significantly larger buccal
volumes than non-brooder males. The body lateral shape of brooders

The relationship of each morphological (body) measure to SL and body
depth showed no evidence of strong allometry for G. aprion brooder
and non-brooder males (see Appendix S4). Nonetheless, N. graeffei
brooders showed negative allometry for mouth width, mouth height
and head depth relative to SL compared to non-brooder males (see
Appendix S5). Twelve of the 15 N. graeffei brooders were sampled at
one collection date (November 2019) in the Mary River, whereas the
rest of the N. graeffei samples were collected in 2016-2017 across
different rivers. Moreover, head depth and SL were significantly dif-
ferent between brooder and non-brooder males in both G. aprion and

N. graeffei (see Appendix S7).

was also greater than non-brooders where brooders had larger heads
relative to body depth. Oral gape shape, eye vertical position and oral
gape position were significantly higher in brooders than non-brooders,
whereas the relative maxillary length was higher in non-brooders.
Overall, G. aprion brooders had larger heads, higher eye and mouth
positions relative to body depth, shorter jaws relative to SL and bigger
buccal cavities compared to non-brooder males (see Appendix S8).
Brooder and non-brooder males of N. graeffei significantly dif-
fered in four of the eight morphological traits examined (Figure 3;
Table 3; Appendices S9 and S11). Similar to G. aprion, N. graeffei

brooders had significantly larger buccal volumes and higher body
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Non-brooder (reference level)

n=68 - Jd
e

d
Brooder S
n=15 ] ]

L /

Q
Females m
n=48 Vi

=

-1 0.5 0 0.5 1 15 2

Estimate * standard error

FIGURE 3 Estimate coefficients * s.c. of the linear mixed effect
models of Neoarius graeffei with site as random factor, combined sex-
breeding state category as fixed factor (levels = non-brooder males,
brooder males and females) and morphological traits as dependent
variables: buccal volume, relative gape size, oral gape shape, body
lateral shape, relative eye size, eye vertical position, oral gape position
and relative maxillary length. The plot shows the non-brooder male
level as the reference level in comparison to brooder males (upper
panel) and females (lower panel). P-values for each trait are indicated
as (0) not significant, (@) <0.05 and (A) <0.001. Circle indicates the
presence of the eggs in the mouth. Morphological traits: ,
bucal_volume; —e—, relative_gape_size; , oral_gape_shape; .
body_lateral_shape; —@—, relative_eye_size; —@—,
eye_vertical_position; —@—, oral_gape_position; —e—,
relative_maxillary_length. P-level: O, ns.; @, *; A, ***

lateral shape trait values relative to non-brooder males. N. graeffei
brooders showed an increase in relative gape size and a decrease in
oral gape shape trait values relative to non-brooders. N. graeffei
brooders had bigger and horizontally wider mouth gapes relative to
body size, larger heads relative to body depth and bigger buccal cavi-
ties compared to non-brooders (see Appendix S9).

4 | DISCUSSION

The two paternal mouth-brooding species examined in this study
demonstrated evidence of both sexually dimorphic and breeding-
specific morphological adaptations in traits associated with feeding,
locomotion and breeding. Brooder males of both species differed in
several traits compared to non-brooder males, indicating that breeding
state was an important driver of morphological intraspecific trait vari-

ation. Trait differences between brooder and non-brooder males of

both species also suggest that there are temporary changes in mor-
phological traits occurring during parental care. G. aprion was sexually
dimorphic in relative eye size and buccal volume, with non-brooding
males having increased relative eye sizes and buccal volumes com-
pared to females. N. graeffei was sexually dimorphic only in relative
gape size, with males having larger relative gape sizes than females.
Sexual dimorphism in traits is likely adaptations to minimise the trade-
off between mouth-brooding and feeding performance, but specific
trait variations may be a response to the species' inherent feeding
requirements (e.g., Hoey et al., 2012; Ronco et al., 2019; Tkint
et al., 2012). In past studies, sexual dimorphism in the morphology of
uniparental mouthbrooders has been reported to potentially compro-
mise the brooder's feeding ability (e.g., bite force reduction, Tkint
et al., 2012) as well as swimming performance (e.g., streamlining, Van
Wassenbergh et al, 2015) due to the added function of mouth-
brooding.

The two studied species showed species-specific differences in
sexual dimorphic traits, despite sharing the same specialised
mouth-brooding strategy. These differences may be a reflection of
their contrasting feeding behaviour (e.g., Tkint et al., 2012) and dietary
preferences (e.g., Hoey et al., 2012). N. graeffei is a generalist omnivo-
rous species; male brooders may take advantage of greater gapes all-
owing them to brood more and/or larger fertilised eggs while keeping
their ability to utilise a wider range of prey sizes or food items in their
diet (Hoey et al., 2012; Luiz, Crook, et al., 2019; Villéger et al., 2017).
G. aprion, on the contrary, is a specialised nocturnal ambush carnivore
(Pusey et al., 2004). A larger buccal volume may enhance the male
brooders' capacity to hold a large number of eggs, while the larger rel-
ative eye size may improve their visual ability to find and capture prey
(Bellwood et al., 2014; Hess, 1993; Schmitz & Wainwright, 2011) as
mouth-brooding can be reproductively costly to brooding G. aprion
males (Abecia et al., 2021).

Two potential mechanisms could explain the morphological trait
variations between brooder and non-brooder males recorded in the
species of this study: (a) that non-brooders had not bred before and
consequently are not demonstrating traits required for breeding or
(b) that the altered traits associated with the brooding state are tem-
porary changes during breeding. The first mechanism is plausible
because the apparent differences in traits associated with breeding
may not appear until maturity or only once breeding has commenced
(e.g., Rimmer, 1985b). In the current study, the authors are unable to
determine whether males classified as non-brooding have bred previ-
ously. Nonetheless, although a number of non-brooder males in this
study were immature (68 of 170 for G. aprion and 13 of 63 for
N. graeffei), when these individuals are removed from the analysis,
brooders still differed significantly in several morphological traits com-
pared to non-brooders (see Appendices S6, S12 and S13). Based on
this, the authors suggest that temporary trait change is the more likely
explanation.

Previous studies have reported temporary changes in buccal mor-
phology, including greater soft tissue flexibility and lower jaw expansi-
bility, during mouth-brooding (Barnett & Bellwood, 2005; Okuda
et al., 2002). In the current study, the buccal cavity volumes of both
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TABLE 3 Morphological trait coefficients in Neoarius graeffei using a linear mixed effect model with site as random factor and combined
sex-breeding state category (levels = non-brooder males, brooder males and females) as fixed factor

Trait Estimate S.E.
Buccal volume

Non-brooders vs. females —0.002 0.082

Non-brooders vs. brooders 1.034 0.146
Relative gape

Non-brooders vs. females —0.066 0.028

Non-brooders vs. brooders 0.431 0.048
Oral gape shape

Non-brooders vs. females —0.024 0.022

Non-brooders vs. brooders —0.235 0.037
Body lateral shape

Non-brooders vs. females -0.012 0.012

Non-brooders vs. brooders 0.040 0.019
Relative eye size

Non-brooders vs. females —0.0004 0.001

Non-brooders vs. brooders —0.001 0.001
Eye vertical position

Non-brooders vs. females 0.018 0.016

Non-brooders vs. brooders —0.004 0.028
Oral gape position

Non-brooders vs. females 0.033 0.021

Non-brooders vs. brooders —0.049 0.037
Relative maxillary length

Non-brooders vs. females —0.002 0.002

Non-brooders vs. brooders —0.004 0.002

Response
df t-Value P-value (prediction)
119.821 -0.019 0.985 NS(-)
122.999 —7.067 <0.001* +(+)
121.430 -2.357 0.02 (<0.05%) -(-)

93.692 9.030 <0.001* +(+)
122.116 -1.071 0.286 NS(-)
83.738 -6.361 <0.001* -(+)
122.413 -0.990 0.324 NS(-)
28.526 2.135 0.042 (<0.05%) +(+)
123.000 -0.676 0.500 NS(+)
123.000 —1.368 0.174 NS(—)
119.541 1.135 0.258 NS(-)
121.877 -0.156 0.876 NS(+)
119.711 1.567 0.120 NS(—-)
120.863 -1.315 0.191 NS(+)
123.000 -1.401 0.164 NS(-)
123.000 -1.517 0.132 NS(+)

Notes: Estimate coefficient values apply to levels in bold font. Asterisk (*) indicates significant differences at P < 0.05, (NS) not significant, (+) increase or

(—) decrease in trait values relative to non-brooders.

G. aprion and N. graeffei brooders were significantly larger than those
of non-brooder males as well as females, suggesting that a larger buc-
cal volume is required for parental caring obligations in these species.
The caring sex of some uniparental mouth-brooding species has
comparable buccal volumes to the non-caring sex when not brooding
eggs (Barnett & Bellwood, 2005; Okuda et al., 2002). Males of
A. doederleini, a paternal mouthbrooder confamilial to G. aprion,
exhibited larger buccal volumes and differed in several buccal cavity
morphometric measurements during the breeding period compared to
females, suggesting plasticity (or expansibility) in buccal cavity mor-
phometry (Okuda et al., 2002). The results for A. doederleini are quite
similar to the present study where several morphological traits of
G. aprion and N. graeffei brooders differed significantly from females,
whereas a comparison between non-brooder males and females
showed only minimal trait differences (only one to two traits). As with
the current study, the measurements made on A. doederleini during
the breeding and non-breeding periods were taken on different indi-
viduals, so whether these traits change through time is still not proven

for this species (Okuda et al., 2002) or the species of the present

study. Theoretically, temporary alteration in morphological traits dur-
ing mouth-brooding would be more advantageous than a permanent
change in morphology as the traits required for successful mouth-
brooding may not necessarily result in optimum feeding (e.g.,
Barnett & Bellwood, 2005; Hoey et al., 2012; Tkint et al., 2012).

An enlarged buccal cavity volume provides several advantages to
the adult carer when brooding, such as increasing the reproductive
potential or the number of eggs that they can brood (Hess, 1993),
improving churning (mixing) and aeration of brooded eggs
(Hess, 1993; Okuda et al., 1998; Van Wassenbergh et al., 2016) and
promoting efficient respiration of the brooding adult (Ostlund-
2004). in the
dorso-ventral height of the head (represented by higher values for

Nilsson & Nilsson, Nonetheless, the increase
body lateral shape) due to buccal cavity enlargement in both G. aprion
and N. graeffei during parental care may affect the brooder's increased
drag in the water, ie., streamlining (Van Wassenbergh et al., 2015).
Several studies have suggested that locomotory performance (e.g.,
burst swimming, fast-start movements and sustained swimming) and

aerobic swimming capacity could be compromised while mouth-
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brooding (Ostlund-Nilsson & Nilsson, 2004; Schurch and Taborsky,
2005; Van Wassenbergh et al., 2015).

Overall, the authors showed that mouth-brooding involves not
only species-specific sexual dimorphism but also morphological trait
differences when breeding. They suggest that the most likely mecha-
nism for the trait variation between brooders and non-brooders in
their study is temporary alteration in morphology, most obviously the
enlargement of the buccal cavity during mouth-brooding to facilitate
successful brooding. Given that the male head performs multiple criti-
cal functions such as feeding, brooding, respiration and visual acuity
for predators, they suggest it is more likely and advantageous that any
traits required for breeding are temporary during the breeding period
only. Nonetheless, further research is needed to evaluate whether
these potential temporary morphological trait differences also occur
in other uniparental mouth-brooding species and if the results of past
studies that reported on sexual dimorphism were influenced by a mix-
ture of breeding and non-breeding individuals combined in one cate-
gory. Investigation of the mechanism, as well as possible ecological
selection pressures driving trait differences between brooders and
non-brooders, is also required. Authors’ results also supported the a
priori prediction that uniparental mouth-brooding is associated with
sexual dimorphism in morphological traits. The sexually dimorphic
traits between non-brooder males and females for both species seem-
ingly confer both feeding and breeding advantages to the caring sex.
Nonetheless, one must interpret the results of N. graeffei with caution
because of its small sample size. Moreover, 12 out of the
15 N. graeffei brooders were collected on a single day and in one site
(Mary River), whereas the N. graeffei females and non-brooding males
were collected during four sampling trips over 1 year (2016-2017)
and across different rivers. Further investigation of brooding males
sampled over a broader time and spatial scale would help elucidate
whether the negative allometric relationship of some of the body
measures to SL in this species occurs in other brooder males. Behav-
ioural studies relating morphology to feeding performance in unipa-
rental mouthbrooders would help decipher whether such a link exists.
The authors’ findings support the growing importance of considering
intraspecific variation, including information on sex-specific reproduc-

tive roles, in functional ecology research.

AUTHOR CONTRIBUTIONS

J.E.A. was involved in the generation of the concept, laboratory work,
data analysis, writing and manuscript preparation.

A.J.K. assisted with the concept, funding, ideas, writing and manu-
script preparation.

O.J.L. helped with ideas, statistical analysis and manuscript preparation.
D.A.C. assisted with ideas, writing and manuscript preparation.

S.C.B. helped with ideas, writing and manuscript preparation.

D.W. was involved in field work and ideas.

ACKNOWLEDGEMENTS

We acknowledge and pay our respects to the traditional owners of
lands and waters in which this research was conducted. Brendan Adair
and David Loewensteiner provided significant technical assistance in
the laboratory and in the field. We also acknowledge Krytle Keller,

Quentin Allsop, Wayne Baldwin, Chris Errity, Nathan Croft and Kurtly
Harvey for field assistance. Open access publishing facilitated by
Charles Darwin University, as part of the Wiley - Charles Darwin Uni-

versity agreement via the Council of Australian University Librarians.

ORCID

Janine E. Abecia "> https://orcid.org/0000-0003-4271-8830

REFERENCES

Abecia, J. E., Luiz, O. J,, & King, A. J. (2018). Intraspecific morphological
and reproductive trait variation in mouth almighty Glossamia aprion
(Apogonidae) across different flow environments. Journal of Fish Biol-
ogy, 93, 961-971.

Abecia, J. E., Luiz, O. J., Crook, D. A,, Banks, S. C., Wedd, D. J., & King, A. J.
(2021). Morphological changes and reproductive costs in brooders of
two mouthbrooding freshwater fishes. Ecology of Freshwater Fish, 31,
369-378. https://doi.org/10.1111/eff.12636.

Amundsen, T. (2003). Fishes as models in studies of sexual selection and
parental care. Journal of Fish Biology, 63, 17-52.

Bakker, T. C., & Mundwiler, B. (1999). Pectoral fin size in a fish species
with paternal care: A condition-dependent sexual trait revealing infec-
tion status. Freshwater Biology, 41, 543-551.

Barel, C. D. N. (1983). Form-relations in the context of constructional mor-
phology: The eye and suspensorium of lacustrine cichlidae (Pisces,
Teleostei). Netherlands Journal of Zoology, 34, 439-502.

Barnett, A., & Bellwood, D. R. (2005). Sexual dimorphism in the buccal cav-
ity of paternal mouthbrooding cardinalfishes (Pisces: Apogonidae).
Marine Biology, 148, 205-212.

Bellwood, D. R., Goatley, C. H. R, Brandl, S. J., & Bellwood, O. (2014). Fifty
million years of herbivory on coral reefs: fossils, fish and functional
innovations. Proceedings of the Royal Society B: Biological Sciences, 281
(1781), 20133046.

Bishop, K., Allen, S., Pollard, D., & Cook, M. (2001). Ecological studies on the
freshwater fishes of the alligator Rivers region. Northern Territory: Aut-
ecology (145).

Blanckenhorn, W. U. (2005). Behavioural causes and consequences of sex-
ual size dimorphism. Ethology, 111, 977-1016.

Blumer, L. S. (1982). A bibliography and categorization of bony fishes
exhibiting parental care. Zoological Journal of the Linnean Society, 75,
1-22.

Brosse, S., Charpin, N., Su, G. Toussaint, A. Herrera-R, G. A,
Tedesco, P. A, & Villéger, S. (2021). FISHMORPH: A global database
on morphological traits of freshwater fishes. Global Ecology and Bioge-
ography, 30, 2330-2336.

Butler, J. M., Whitlow, S. M., Gwan, A. P., Chakrabarty, P., & Maruska, K. P.
(2017). Swim bladder morphology changes with female reproductive
state in the mouth-brooding African cichlid Astatotilapia burtoni. Jour-
nal of Experimental Biology, 220, 4463-4470.

Casselman, S. J., & Schulte-Hostedde, A. I. (2004). Reproductive roles predict
sexual dimorphism in internal and external morphology of lake whitefish,
Coregonus clupeaformis. Ecology of Freshwater Fish, 13, 217-222.

Corrie, L. W. C., Chapman, L. J., & Reardon, E. E. (2008). Brood protection
at a cost: Mouth brooding under hypoxia in an African cichlid. Environ-
mental Biology of Fishes, 82, 41-49.

Fauth, S. (2017). Husbandry and captive breeding of mouth almighty
Glossamia aprion (Apogonidae). Fishes of Sahul, 31, 1118-1122.

Hedrick, A. V., & Temeles, E. J. (1989). The evolution of sexual dimorphism
in animals: Hypotheses and tests. Trends in Ecology and Evolution, 4,
136-138.

Herler, J., Kerschbaumer, M., Mitteroecker, P., Postl, L., & Sturmbauer, C.
(2010). Sexual dimorphism and population divergence in the Lake Tan-
ganyika cichlid fish genus Tropheus. Frontiers in Zoology, 7, 4.

Hess, H. C. (1993). Male mouth brooding in jawfishes (Opistognathidae):
Constraints on polygyny. Bulletin of Marine Science, 52, 806-818.


https://orcid.org/0000-0003-4271-8830
https://orcid.org/0000-0003-4271-8830
https://doi.org/10.1111/eff.12636

ABECIA ET AL

Hoey, A. S., Bellwood, D. R., & Barnett, A. (2012). To feed or to breed: Morpho-
logical constraints of mouthbrooding in coral reef cardinalfishes. Proceed-
ings of the Royal Society of London B: Biological Sciences, 279, 2426-2432.

Hulsey, C. D., Mims, M. C., & Streelman, J. T. (2007). Do constructional
constraints influence cichlid craniofacial diversification? Proceedings of
the Royal Society B: Biological Sciences, 274, 1867-1875.

Keenleyside, M. H. A. (1991). Parental Care. New York: Chapman and Hall.

Keller, I. S., Salzburger, W., & Roth, O. (2017). Parental investment matters
for maternal and offspring immune defense in the mouthbrooding
cichlid Astatotilapia burtoni. BMC Evolutionary Biology, 17, 264.

Kodric-Brown, A. (1998). Sexual dichromatism and temporary color
changes in the reproduction of fishes. American Zoologist, 38, 70-81.

Kuznetsova, A., Brockhof, P. B. & Christensen, R. H. B. (2018). Tests in lin-
ear mixed effects models. R package ‘ImerTest’. https://cran.r-proje
ct.org/web/packages/ImerTest/. Accessed March 24, 2020.

Lande, R. (1980). Sexual dimorphism, sexual selection, and adaptation in
polygenic characters. Evolution, 34, 292-305.

Luiz, O. J., Olden, J. D., Kennard, M. J,, Crook, D. A., Douglas, M. M,,
Saunders, T. M., & King, A. J. (2019). Trait-based ecology of fishes: A
quantitative assessment of literature trends and knowledge gaps using
topic modelling. Fish and Fisheries, 20, 1100-1110.

Luiz, O. J., Crook, D. A., Kennard, M. J., Olden, J. D., Saunders, T. M.,
Douglas, M. M., ... King, A. J. (2019). Does a bigger mouth make you
fatter? Linking intraspecific gape variability to body condition of a
tropical predatory fish. Oecologia, 191, 579-585.

Marshall, N. J., Cortesi, F., de Busserolles, F., Siebeck, U. E, &
Cheney, K. L. (2019). Colours and colour vision in reef fishes: Past, pre-
sent and future research directions. Journal of Fish Biology, 95, 5-38.

Okuda, N., Tayasu, |, & Yanagisawa, Y. (1998). Determinate growth in a
paternal mouthbrooding fish whose reproductive success is limited by
buccal capacity. Evolutionary Ecology, 12, 681-699.

Okuda, N., Miyazaki, M., & Yanagisawa, Y. (2002). Sexual difference in
buccal morphology of the paternal mouthbrooding cardinalfish
Apogon doederleini. Zoological Science, 19, 801-807.

Oliveira, R. F., & Almada, V. C. (1995). Sexual dimorphism and allometry of
external morphology in Oreochromis mossambicus. Journal of Fish Biol-
ogy, 46, 1055-1064.

Oliveira, R. F., & Almada, V. C. (1998). Maternal aggression during the
mouthbrooding cycle in the cichlid fish, Oreochromis mossambicus.
Aggressive Behavior, 24, 187-196.

Oppenheimer, J. R. (1970). Mouthbreeding in fishes. Animal Behaviour, 18,
493-503.

Ostlund-Nilsson, S., & Nilsson, G. E. (2004). Breathing with a mouth full of
eggs: Respiratory consequences of mouthbrooding in cardinalfish. Proceed-
ings of the Royal Society of London B: Biological Sciences, 271, 1015-1022.

Parker, G. A. (1992). The evolution of sexual size dimorphism in fish. Jour-
nal of Fish Biology, 41, 1-20.

Pusey, B., Kennard, M., & Arthington, A. (2004). Freshwater fishes of North-
Eastern Australia. Clayton Victoria, Australia: CSIRO Publishing.

Pusey, B. J., Burrows, D. W., Kennard, M. J,, Perna, C. N., Unmack, P. J.,
Allsop, Q., & Hammer, M. P. (2017). Freshwater fishes of northern
Australia. Zootaxa, 4253, 1-104.

R Development Core Team. (2019). R: A language and environment for sta-
tistical computing. Vienna: R Foundation for Statistical Computing
http://www.r-project.org.

Reardon, E. E., & Chapman, L. J. (2010). Hypoxia and energetics of mouth
brooding: Is parental care a costly affair? Comparative Biochemistry and
Physiology A Molecular and Integrative Physiology, 156, 400-406.

Rimmer, M. A., & Merrick, J. R. (1983). Review of reproduction and devel-
opment in the fork-tailed catfishes (Ariidae). In Proceedings of the Lin-
nean Society of New South Wales, Sydney. 107, 41-50

Rimmer, M. A. (1985a). Early development and buccal incubation in the
fork-tailed catfish Arius graeffei Kner and Steindachner (Pisces:
Ariidae) from the Clarence River, New South Wales. Marine and Fresh-
water Research, 36, 405-411.

sm FISHBIOLOGY

Rimmer, M. A. (1985b). Reproductive cycle of the fork-tailed catfish Arius
graeffei Kner & Steindachner (Pisces: Ariidae) from the Clarence River,
New South Wales. Marine and Freshwater Research, 36(1), 23-32.

Ronco, F., Roesti, M., & Salzburger, W. (2019). A functional trade-off
between trophic adaptation and parental care predicts sexual dimor-
phism in cichlid fish. Proceedings of the Royal Society B, 286,
20191050.

Rueden, C. T., Schindelin, J., Hiner, C., DeZonia, B. E.,, Walter, A. E.,
Arena, E. T., & Eliceiri, K. W. (2017). ImageJ2: ImageJ for the next gen-
eration of scientific image data. BMC Bioinformatics, 18, 529.

Schmitz, L., & Wainwright, P. C. (2011). Nocturnality constrains morpho-
logical and functional diversity in the eyes of reef fishes. BMC Evolu-
tionary Biology, 11, 338.

Schiirch, R., & Taborsky, B. (2005). The functional significance of buccal
feeding in the mouthbrooding cichlid Tropheus moorii. Behaviour, 142,
265-281.

Shine, R. (1989). Ecological causes for the evolution of sexual dimorphism:
A review of the evidence. The Quarterly Review of Biology, 64,
419-461.

Shine, R, Reed, R,, Shetty, S., & Cogger, H. (2002). Relationships between
sexual dimorphism and niche partitioning within a clade of sea-snakes
(Laticaudinae). Oecologia, 133, 45-53.

Su, G., Logez, M., Xu, J., Tao, S., Villéger, S., & Brosse, S. (2021). Human
impacts on global freshwater fish biodiversity. Science, 371,
835-838.

Tkint, T., Verheyen, E., De Kegel, B., Helsen, P., & Adriaens, D. (2012).
Dealing with food and eggs in mouthbrooding cichlids: Structural
and functional trade-offs in fitness related traits. PLoS One, 7,
e31117.

Toussaint, A., Charpin, N., Brosse, S., & Villéger, S. (2016). Global func-
tional diversity of freshwater fish is concentrated in the Neotropics
while functional vulnerability is widespread. Scientific Reports, 6,
22125.

Villéger, S., Brosse, S., Mouchet, M., Mouiillot, D., & Vanni, M. J. (2017).
Functional ecology of fish: Current approaches and future challenges.
Aquatic Sciences, 79, 783-801.

Van Wassenbergh, S., Potes, N. Z., & Adriaens, D. (2015). Hydrodynamic
drag constrains head enlargement for mouthbrooding in cichlids. Jour-
nal of the Royal Society Interface, 12, 20150461.

Van Wassenbergh, S., Joris, I., Desclée, M., Liew, H. J., De Boeck, G.,
Adriaens, D., & Aerts, P. (2016). Kinematics of mouthbrooding in
Oreochromis niloticus (Cichlidae). Journal of Experimental Biology, 219,
1535-1541.

Warfe, D. M., Pettit, N. E., Davies, P. M., Pusey, B. J., Hamilton, S. K,
Kennard, M. J,, ... Burford, M. A. (2011). The ‘wet-dry' in the wet-dry
tropics drives river ecosystem structure and processes in northern
Australia. Freshwater Biology, 56, 2169-2195.

Zuur, A. F., leno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M. (2009).
Mixed effects models and extensions in ecology with R. New York:
Springer.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Abecia, J. E., Luiz, O. J., Crook, D. A,
Banks, S. C., Wedd, D., & King, A. J. (2022). Sex and male
breeding state predict intraspecific trait variation in
mouth-brooding fishes. Journal of Fish Biology, 101(3),
550-559. https://doi.org/10.1111/jfb.15122



https://cran.r-proje
http://ct.org/web/packages/lmerTest
http://www.r-project.org
https://doi.org/10.1111/jfb.15122

	Sex and male breeding state predict intraspecific trait variation in mouth-brooding fishes
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study species
	2.2  Sample collection and processing
	2.3  Statistical analysis
	2.4  Ethical statement

	3  RESULTS
	3.1  Prediction 1 - morphological trait variation between sexes, i.e., sexual dimorphism between females and non-brooder males
	3.2  Prediction 2 - morphological trait variation between brooder males and non-brooder males

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	REFERENCES


