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1  |  INTRODUC TION

Parental care of young typically involves behavioural and physiolog-
ical traits, and is common in mammals and birds where one or both 

parents protect, tend and/or nurture their offspring to improve their 
chances of survival (Clutton- Brock, 1991; Klug et al., 2012; Klug & 
Bonsall, 2010). Caring for progeny can, however, be costly to the par-
ent and involves resource allocation trade- offs (Fowler & Williams, 
2017; Roff, 1992; Stearns, 2000). Some costs are physiological, 
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Abstract
Parental care purportedly promotes individual reproductive success and improves 
offspring survival, but is thought to come at a cost to the adult carer. Reproductive 
costs can be physiological such as the resources parents spend on caring but also the 
morphological changes that are necessary to accomplish parental care activities. This 
study considers morphological and body condition changes in brooders of two pater-
nal mouthbrooder fishes –  which incubate eggs and guard young inside the buccal 
cavity –  mouth almighty (Glossamia aprion) and blue catfish (Neoarius graeffei), from 
rivers of northern Australia. Potential costs associated with mouthbrooding were ex-
amined by quantifying body condition, feeding deterrence and changes in gut length 
and gill form across individuals from varying sex- breeding state category (brooder 
males, nonbrooder males and females). Brooders of both species exhibited signifi-
cantly lower values in some condition indices, and did not feed, suggesting that body 
reserves were being used and not renewed during mouthbrooding. Brooders of both 
species had shorter gut lengths than nonbrooders, potentially to reduce tissue main-
tenance costs during a time of restricted food intake and requirements. Both species 
also exhibited changes in gill form and structure compared to nonbrooders; indicat-
ing structural adaptive plasticity to mouthbrooding by allowing more space for egg 
brooding in the buccal cavity. For G. aprion and N. graeffei, caring for progeny seem-
ingly required similar trade- offs including nonphysiological activities (e.g. feeding) and 
responses, such as changes in condition, respiratory and digestive morphology, that 
potentially allowed brooders to compensate for parental care energy expenditure.
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and can include not only the resources parents use on rearing their 
young but also the morphological changes parents undergo to ac-
complish parental care (Alonso- Alvarez & Velando, 2012; Speakman, 
2008). Other costs are nonphysiological, including increased mortal-
ity risk (e.g. predation and infection) for adults when caring for their 
offspring (Alonso- Alvarez & Velando, 2012; Speakman, 2008). The 
trade- offs between parental care and other fitness- related traits are 
assumed to be driven by these costs (Roff, 1992; Roff & Fairbairn, 
2007; Stearns, 2000).

Mouthbrooding is a type of parental care strategy that occurs 
in at least nine families of teleost fish, where eggs and/or larvae 
are incubated in the buccal cavity of one or both parents until inde-
pendence (Blumer, 1982; Oppenheimer, 1970; Keenleyside, 1991). 
Mouthbrooding protects the young from predators and provides 
a suitable environment for growth and development (Keenleyside, 
1991; Oppenheimer, 1970) but is also thought to be highly costly 
to the brooder (e.g. Keller et al., 2017; Reardon & Chapman, 2010; 
Sawecki et al., 2019). Many mouthbrooding fish cease feeding during 
brooding and resume foraging only after the brooding period (e.g. 
Morley & Balshine, 2003; Oppenheimer, 1970; Schurch & Taborsky, 
2005). This reduction in active feeding and the use of stored re-
sources to maintain physiological processes during brooding can 
result in a decline in the brooder's body condition, which may result 
in loss of future mating opportunities, longer time interval until the 
next breeding and/or higher mortality than nonbrooding or mature 
adults (Gruter & Taborsky, 2004; Okuda & Yanagisawa, 1996; Smith 
& Wootton, 1994).

A range of physiological and morphological changes that occur 
during mouthbrooding have the potential to compromise the 
caring parent's normal functions. For example, brooding parents 
have been reported to exhibit reduced immunity (Keller et al., 
2017), higher oxidative stress (Sawecki et al., 2019), higher stan-
dard metabolic rates (Reardon & Chapman, 2010), reduced re-
spiratory scope (Ostlund- Nilsson & Nilsson, 2004), reduced gill 
size (O’Connor et al., 2012) and a more compartmentalised swim 
bladder form (Butler et al., 2017) than nonbrooders. Caring for 
offspring may require the diversion of stored resources, either in 
the form of macro-  or micronutrients, intended for normal physio-
logical processes and functions to reproduction including parental 
care activities, which can negatively affect the adult carer (Alonso- 
Alvarez & Velando, 2012). In some species, the reduction or ab-
sence of feeding during mouthbrooding (e.g. Keenleyside, 1991; 
Morley & Balshine, 2003) can alter normal digestive physiology 
and microbial intestinal environment (e.g. Hammond- Faber et al., 
2019; Grone et al., 2012). However, the effects of mouthbrooding 
on traits or behaviours have only been examined in a handful of 
species (e.g. Butler et al., 2017; Maruska et al., 2020). Most studies 
have focused on the costs of parental care associated with physi-
ologically challenging environments (e.g. hypoxic waters) but care 
costs and species' responses may differ. Therefore, there is still 
a lack of understanding of comparative interspecific physiological 
or morphological variation associated with mouthbrooding under 
normal environmental conditions.

This study investigates variation in digestive and gill morphology, 
and feeding and body condition status of mouthbrooding in two pa-
ternal mouthbrooding freshwater fishes –  mouth almighty Glossamia 
aprion and blue catfish Neoarius graeffei –  in rivers of northern 
Australia. We assess three metrics that we expected to be asso-
ciated with mouthbrooding costs in fishes: (i) body condition (e.g. 
Okuda, 2001; Rimmer, 1985a), (ii) feeding deterrence (e.g. Wootton 
& Smith, 1994) and (iii) morphological changes related to digestive 
and respiratory capacities (e.g. O’Connor et al., 2012). We predict 
that: 1) mouthbrooding males (hereafter termed brooders) will have 
a lower body condition level compared to nonbrooders (males with 
no eggs in the buccal cavity) and females because of lower capacity 
to ingest food while mouthbrooding, and nonbrooders and females 
will show similar body condition levels; 2) brooders will have emp-
tier stomachs and shorter gut lengths compared to nonbrooders 
and females due to feeding deterrence (Zaldua & Naya, 2014) while 
mouthbrooding and 3) that brooders will exhibit a reduction in gill 
size and a change in gill form as a consequence of bearing eggs in the 
buccal cavity compared to nonbrooder and females, whereas non-
brooders and females will have similar gill morphology (O’Connor 
et al., 2012). Because these species have been rarely studied, we 
also briefly describe patterns of life history correlates such as brood 
size (number of brooded young) and the gonado- somatic index (GSI) 
of ripe males and females.

2  |  MATERIAL AND METHODS

2.1  |  Study species

Glossamia aprion (Perciformes: Apogonidae) is a freshwater paternal 
mouthbrooding fish, widely distributed in northern Australia and 
Papua New Guinea (Pusey et al., 2017). It is an ambush predator 
that mainly feeds on fish, macrocrustaceans and terrestrial insects 
(Bishop et al., 2001; Pusey et al., 2004). During the breeding period, 
males and females display sexual dichromatism, with males assuming 
a bright golden, yellow- green colour and displaying black markings in 
the eye, jaw operculum and fin region; and females generally exhib-
iting a lighter golden- olive colour (Fauth, 2017; Pusey et al., 2004). 
The ovary of G. aprion is reported to contain two types of eggs (see 
Appendix S1): anterior portion of yolky or functional oocytes and 
posterior portion of nonfunctional or nonyolky oocytes (Fauth, 
2017; Vagelli, 2019); the adaptive function of the nonyolky oocytes 
is not known. Spawning observations in aquaria showed that the 
female releases all its egg mass, with the nonfunctional oocytes re-
leased first. Males begin to ingest the egg mass as it is released by 
the female (Fauth, 2017). Males then orally incubate and care for the 
eggs and larvae in their buccal cavity before they are released after 2 
to 3 weeks Fauth, 2017; Pusey et al., 2004). The mechanism for egg 
fertilisation is currently unknown.

Neoarius graeffei (Siluriformes: Ariidae) is a freshwater paternal 
mouthbrooding fish, widely distributed in northern Australia and 
Papua New Guinea (Pusey et al., 2017). It is omnivorous, feeding on 
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a wide variety of plant matter, fish, invertebrates and macrocrus-
traceans (Pusey et al., 2004). Details of the reproductive mating 
behaviour of the species have not been studied in detail. Before 
mouthbrooding, the epithelium of the brooding male buccal cavity 
thickens and epithelial structures for mucus production prolifer-
ates which is thought to be associated with egg protection (Rimmer, 
1985a). Males orally incubate the young for 6– 8 weeks, and are 
retained in the mouth by the parent until the yolk has been fully 
absorbed; however, eggs have also been found in the stomach of 
some brooder individuals suggesting that they may have swallowed 
eggs while incubating (Rimmer, 1985a). Upon hatching, the larvae 
of N. graeffei appear to feed on food items entering their parent's 
mouth (Rimmer, 1985a).

2.2  |  Fish collection and processing

Samples were collected in 14 sites of the wet- dry tropical region 
of the Northern Territory, Australia; at 13 sites for G. aprion and 
8 sites for N. graeffei, during post wet, early dry and late dry season 
from 2015 to 2019 using backpack and boat- mounted electrofish-
ing methods (see Appendix S2 and S3 for locations and number of 
species samples for each site). Fish were euthanised in an overdose 
solution of AQUI-  S (~175 mg/L for 20 min), labelled, bagged, kept 
in an ice slurry in the field and then frozen until laboratory process-
ing. When a mouthbrooding fish was collected in the field, the eggs/
larvae were carefully removed from parent's buccal cavity and kept 
in a small bag, which was stored with their brooding male parent for 
later analysis.

Whole fish were thawed and dried and the standard length (SL) 
to the nearest 0.1 cm and wet weight (W) to the nearest 0.01 g 
were measured using a calliper and precision balance respectively. 
Fish were dissected and the organs were measured to the nearest 
0.001 g: liver (WH), fat tissue surrounding the viscera (WF) and go-
nads (WG). The gonads were categorised into five general reproduc-
tive stages (based on Beumer, 1979): I (immature ovary/testis), II 

(maturing/recovering ovary/testis), III (ripening ovary/testis), IV (ripe 
ovary/testis) and V (spent ovary/testis). Stage I gonads were classi-
fied as immature while stage II– V gonads were classified as mature. 
To determine sexual differences in energy allocation to the gonads 
and estimate average reproductive effort, stage IV gonads of males 
and females were compared.

Mature samples for both species were also categorised into 
three levels using a combination of sex and breeding stage cate-
gories (hereafter termed as reproductive state): i) brooders (males 
brooding eggs/larvae in the buccal cavity), ii) nonbrooders (stage 
II– IV males) and iii) females (stage II– IV females). Stage V females 
(spent), which only represented a small number of individuals col-
lected, were not included to standardise the comparison between 
nonbrooders and females. The average somatic condition of all re-
productive states was described using three body condition indices 
(see Table 1).

The gut length (beginning from the end of the stomach to the 
anus) of all individuals was measured to the nearest 0.1 cm and stan-
dardised to SL (Villéger et al., 2017). To determine whether G. aprion 
and N. graeffei feed while mouthbrooding, the stomach contents of 
the brooders were placed in a petri dish, and identified and enumer-
ated (taxonomic resolution to family level), and examined for pres-
ence of eggs or larvae in the stomach (indicator of filial cannibalism).

Differences in the size and form of the gills in brooders, non-
brooders and females were examined to determine the effect of 
mouthbrooding on gill morphology. Since only a limited number of 
brooders were available for each species, representative samples of 
nonbrooding males and females (n = 20– 24) were randomly selected 
from the pool of samples. Gills were dissected and removed from 
the branchial basket on the left side of the fish. For each gill, the four 
gill arches were separated, laid flat and photographed using digital 
Canon camera model D500. Three gill metrics representing gill size 
and form, a) total hemi- branch area, b) total hemi- branch perime-
ter and c) mean hemi- branch length, were measured (mm or mm2, 
see Figure 1) and calculated as described by Crispo and Chapman 
(2010) and O’Connor et al. (2012) using the digital imaging software 

TA B L E  1  Description of reproductive (GSI) and somatic condition indices used in this study

Index Aim Formula Definition of terms

Gonado- somatic index (GSI) To determine sexual differences in energy 
allocation to the gonads and estimate average 
reproductive effort Tyler and Sumpter (1996)

GSI = 100WG.W−1 WG is wet gonad weight
W is wet body weight

Relative condition index (Kn) To determine the physiological state, relative 
‘fatness’ of fish, in relation to its expected 
weight given its body length LeCren (1951)

Kn = 100W.WE
−1 W is the observed wet body 

weight
WE is the length- specific 

expected mass predicted 
from the mass– length 
regression for the 
population LeCren (1951).

Fat body- somatic index (IF) To determine body condition by estimating energy 
reserves

IF = 100WF.W −1 WF is fat body weight
W is wet body weight

Hepato- somatic index (HSI) To determine recent feeding, metabolic activity and 
stored energy Tyler and Dunn (1976)

HSI = 100WH.W −1 WH is liver weight
W is wet body weight

Note: Table shows the aim of each index, formula for calculation and variable explanation.
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‘ImageJ’ (Rueden et al., 2017). All gill metrics were standardised to 
fish W (g).

To provide information on fecundity, the brood size (number of 
eggs in the buccal cavity) was counted in both species and the yolky 
oocytes of the ovary (stage IV ovary) of G. aprion were counted (see 
Appendix S1 for photo S1).

2.3  |  Statistical analysis

Before analysis, data distributions of all variables were tested for 
normality and heteroscedasticity, and values were log transformed if 
needed. A series of linear mixed- effect models were used to evaluate 

the differences in body condition indices, gut length and weight- 
standardised gill metrics as response variables with three repro-
ductive state levels (brooders, nonbrooders and females). Because 
condition indices and gut length can be influenced by site of origin 
and season (e.g. Jakob et al., 1996; Le Cren, 1951; Zandona et al., 
2015), site and season were included as random factors for analyses; 
gill metrics analyses, however, only included site. The distribution of 
fat body- somatic index values in G. aprion failed to achieve normal-
ity after transformation, therefore, it was analysed using Kruskall– 
Wallis nonparametric test, followed by a post hoc pair- wise Dunn 
test of multiple comparisons. Statistical analyses were performed 
using the ‘lmerTest’ and ‘PMCMR’ package in R 3.3.3 software 
(Kuznetsova et al., 2018; Pohlert, 2014; R Core Team, 2020).

3  |  RESULTS

A total of 385 G. aprion and 126 N. graeffei individuals were collected 
(Figure 2a). Our G. aprion samples had the following body measure-
ments (mean ±SD): brooders SL =8.20 ± 1.96 cm, W = 19.52 ± 15.16 g; 
nonbrooders SL = 7.61 ± 1.73 cm, W = 16.56 ± 13.18 g and fe-
males SL = 8.30 ± 2.22 cm, W = 21.99 ± 21.59 g. N. graef-
fei samples had the following body measurements (mean ±SD): 
brooders SL = 25.22 ± 1.32, W = 278.66 ± 60.16, nonbrood-
ers SL = 30.77 ± 3.12 cm, W = 621.20 ± 226.49 and females 
SL = 30.82 ± 3.17 cm, W = 613.05 ± 199.67 g (see Appendix S4). The 
G. aprion brooders incubated between 5 and 379 eggs, while N. gra-
effei brooders incubated smaller broods of 20– 34 eggs (Figure 2b– c). 
In G. aprion, the fecundity of stage IV females (n = 12) was between 

F I G U R E  1  Photograph of a gill arch showing the (a) hemibranch 
area (area within the yellow enclosure), (b) hemibranch perimeter 
(yellow) and (c) hemibranch length (blue)

F I G U R E  2  (a) The number of individuals (n) of both species collected per reproductive category (levels =immature and mature [sublevels 
=brooder males, nonbrooder males, females, spent (females)]), and the frequency distribution of brood size (number of brooded eggs) in (b) 
N. graeffei and (c) G. aprion. Note differences in X- axis scales in Panels b and c
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104 and 532. The average diameter of the yolky oocytes (n = 10 oo-
cytes per ovary) of the stage IV ovaries (n = 12) was 2.41 ± 0.04 mm 
(mean ±SD). The GSI of stage IV G. aprion females ranged from 
1.37% to 13.12% with a mean of 3.55 ± 3.34% (mean ±SD), while 
the GSI of stage IV males ranged from 0.06% to 0.23% with a mean 
of 0.03 ± 0.04% (mean ±SD) (see Appendix S5).

The relative condition of G. aprion brooders was significantly 
lower than nonbrooders (t = 2.755, p < .001), but was not different 
from females (t = 1.708, p = .089; Figure 3a, Table 2). There were no 
differences in the hepato- somatic index of G. aprion brooders and 
nonbrooders (t = 0.985, p = .326, Figure 3b), but females exhibited 
a significantly higher hepato- somatic index compared to brooders 
(t = 1.973, p < .05; Figure 3b). The fat body- somatic index of brooders, 
nonbrooders and females of G. aprion (Figure 3c) were significantly 
different from each other (Kruskal– Wallis Chi- squared =14.575, df 
=2, p < .001), with the fat body- somatic index of brooders signifi-
cantly lower than nonbrooders (p < .05) and females (p < .05), but 
nonbrooders and females did not differ (p- value = .573). For N. graef-
fei, brooders showed a significantly lower hepato- somatic index than 
nonbrooders (t = 2.269, p < .05) and females (t = 4.484, p < .001), 
while nonbrooder and females also showed significant differences 
in hepato- somatic index (t = 2.745, p < .05, Figure 3e, Table 2). The 
relative condition (Figure 3d) and fat body- somatic index (Figure 3f) 
of N. graeffei were not significant among groups.

The gut length of G. aprion (t = 2.536, p < .05) and N. graef-
fei brooders (t = 3.281, p < .01) was significantly shorter than 
nonbrooders (Figure 3d,h, Table 2). However, the gut length of 
G. aprion females (t = −2.751, p < .001) was also shorter than non-
brooders (Figure 3d,h, Table 3). One- hundred percent of N. graeffei 
(n = 15 of 15) and 92% of G. aprion (n = 23 of 25) brooders had 
empty stomachs, and therefore, did not appear to be feeding while 
mouthbrooding. Two of the 25 (8%) G. aprion brooders were found 
to have ingested the nonyolky portion of the extruded egg mass in 
their stomachs.

There were significant differences in some weight- standardised 
gill metrics among G. aprion groups (Figure 4a– c, Table 3). Glossamia 
aprion brooders exhibited significantly higher total hemibranch 
perimeter values (t = −2.062, p < .05, Figure 4b) and longer mean 
hemibranch length (t = −2.95, p < .001, Figure 4c) compared to 
nonbrooders. Glossamia aprion nonbrooders also exhibited higher 
total hemibranch area (t = −2.456, p < .05, Figure 4a) and perimeter 
(t = −3.304, p < .001, Figure 4b) values, and longer mean hemibranch 
length (t = −3.308, p < .001, Figure 4c) when compared to females. 
In N. graeffei, brooders showed a significantly longer mean hemib-
ranch length (Figure 4f) than both nonbrooders (t = −2.366, p < .05; 
Figure 4f) and females (t = −3.174, p < .001; Figure 4f, Table 3), but 
exhibited no differences in both total hemibranch area (Figure 4d) 
and perimeter (Figure 4e) among groups.

4  |  DISCUSSION

Mouthbrooding in fishes is likely to be a particularly costly parental 
care investment for the caring parent, where the ability of brooders 
to ingest food and conduct normal gill function is likely to be af-
fected by mouthbrooding, resulting in potential reproductive costs 
such as reduced nutrient uptake, respiration rate and physiological 
stress (O’Connor et al., 2012; Chapman & Reardon, 2010; Sawecki 
et al., 2019). Our study demonstrated major changes in the morphol-
ogy, body condition and feeding ability of brooders compared to 
nonbrooders (males and females) of two mouthbrooding freshwa-
ter fishes under normal environmental conditions. Brooders of both 
species showed similar responses such as lower relative body condi-
tion, shorter gut lengths and altered gill forms; implying that these 
brooding individuals were incurring reproductive costs for maintain-
ing parental care activities.

The diversion of body energy resources from tissue maintenance 
to caring for young is an important potential reproductive cost to 

F I G U R E  3  Boxplots of the three condition indices, namely relative condition (Kn), hepato- somatic index (HSI), fat body- somatic index 
(IF) and gut length for the three reproductive state categories (brooders, nonbrooders and females) for study species, G. aprion (a– d) and 
N. graeffei (e– h). Boxplots display median (_), 25th to 75th interquartile range (box), 95% range (¦) and outliers (◦). Different letters indicate 
groups of significance at <0.05 and n indicates the number of individuals in each category. *Note different Y- axis scales
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the adult care giver (Alonso- Velando & Alvarez, 2012). Variations 
in relative body condition (often used a proxy measure of body fit-
ness in fishes (Jakob et al., 1996; Le Cren, 1951) can be influenced 
by season, reproductive state (spawning), morphological factors 
and the availability of resources in the environment (Abecia et al., 
2018; Beesley et al., 2021; Luiz et al., 2019). In our study, brooders 
of both species showed a general reduction in at least one body con-
dition index relative to nonbrooders. This species- specific response 
is perhaps attributed to the species’ main energy resource organ. 
Glossamia aprion brooders exhibited significantly lower relative con-
dition and fat body- somatic index relative to nonbrooder males. This 
decrease in relative condition has been similarly observed in Apogon 
notatus and A. doederleini, related species to G. aprion, during the 

breeding season (Okuda, 2001; Okuda & Yanagisawa, 1996). On the 
other hand, N. graeffei brooders showed lower hepato- somatic index 
compared to nonbrooders, a result similarly reported for brooding 
N. graeffei from the Clarence River during breeding (Rimmer, 1985b). 
This could suggest that the energy requirements of G. aprion is 
mainly supplied by muscles while in N. graeffei, it is provided by the 
fat in the liver. Mouthbrooding requires the use of additional body 
fat/energy reserves under normal conditions (e.g. muscle, fat from 
liver or visceral fat) to maintain their clutch (e.g. Okuda, 2001; Okuda 
& Yanagisawa, 1996; Rimmer, 1985b) through additional activities 
such as egg churning, predator defence and transporting offspring 
to safe environments (Keenleyside, 1991; Van Wassenbergh et al., 
2016).

TA B L E  2  Linear mixed- effect model coefficients of relative condition (Kn), hepato- somatic index (HSI) and fat body- somatic index (IF) and 
gut length in Neoarius graeffei, and Kn, HSI and gut length for Glossamia aprion across three reproductive state categories (levels = brooders, 
nonbrooders and females) with site and season as random factors at p < .05

Estimate Std. error df t- value p- value

Glossamia aprion

Kn

Brooders vs. nonbrooders 0.082 0.030 263.320 2.755 <.001*

Brooders vs. females 0.050 0.029 261.905 1.708 .089

Nonbrooders males vs. females 0.032 0.017 261.483 1.954 .052

HSI

Brooders vs. nonbrooders 0.177 0.180 265.278 0.985 .326

Brooders vs. females 0.349 0.177 264.713 1.973 <.05*

Nonbrooders vs. females 0.171 0.101 264.954 1.703 .090

Gut length

Brooders vs. nonbrooders 0.073 0.029 212.745 2.536 <.05*

Brooders vs. females 0.027 0.028 204.606 0.966 .335

Nonbrooders vs. females −0.046 0.017 264.591 −2.751 <.001*

Neoarius graeffei

Kn

Brooders vs. nonbrooders 0.022 0.053 55.846 0.407 .686

Brooders vs. females 0.013 0.048 57.386 0.266 .791

Nonbrooders vs. females −0.009 0.031 77.817 −0.284 .777

HSI

Brooders vs. nonbrooders 0.223 0.098 36.875 2.269 <.05*

Brooders vs. females 0.396 0.088 37.464 4.484 <.001*

Nonbrooders vs. females 0.173 0.063 80.993 2.745 <.01*

IF

Brooders vs. nonbrooders 1.676 1.319 71.774 1.270 .208

Brooders vs. females 1.010 1.185 72.827 0.852 .397

Nonbrooders vs. females −0.666 0.762 77.222 −0.874 .385

Gut length

Brooders vs. nonbrooders 0.452 0.138 77.486 3.281 <.01*

Brooders vs. females 0.354 0.124 77.949 2.862 <.01*

Nonbrooders vs. females −0.098 0.079 78.027 −1.250 .215

Note: Estimate coefficient values apply to levels in bold.
*Indicate significant differences at 0.05.
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The decline in brooder body condition in both of our study 
species is a result of not only the likely use of body reserves but 
also their lack of feeding while brooding. Both species reportedly 
mouthbrood for 2– 8 weeks (Fauth, 2017; Pusey et al., 2004; Rimmer, 
1985a) –  a significant period to forego nutrients. In addition to not 
feeding during this time, brooders of both species in our study ex-
hibited distinctly shorter gut lengths compared to nonbrooders. 
The shortened gut length of our brooders, which is a similar re-
sponse reported in nonfeeding (starved) fishes, may be an energy- 
conserving mechanism, where the resources required for digestive 
system maintenance is traded- off with reproductive activities such 
as mouthbrooding (Sibly, 1981; Vidal et al., 2019; Zaldua & Naya, 
2014). The absence of feeding during mouthbrooding has also been 
shown to impact the parent's digestive physiology (e.g. gut epithelial 
turnover rate) and microbial intestinal environment (e.g. Hammond- 
Faber et al., 2019; Grone et al., 2012), but was not investigated in 
this study.

Brooders of both species in our study also exhibited signifi-
cant differences in gill form (elongated mean hemibranch) when 

compared to nonbrooder males, but not in overall size or area. This 
difference in gill form is suggesting adaptive plasticity to mouth-
brooding to provide more space for eggs in the buccal cavity and/
or to facilitate gill irrigation. Similar to our results, Pseudocrenilabrus 
multicolour, a maternal freshwater mouthbrooder, exhibited an elon-
gated hemibranch length and reduced gill area while mouthbrood-
ing in hypoxic waters when compared to nonbrooding individuals 
(O’Connor et al., 2012). Glossamia aprion and N. graeffei brooders did 
not show differences in gill area, possibly because they were mouth-
brooding within normoxia (normal levels of oxygen). While our study 
did not directly link gill form and respiratory changes in our study 
species, other studies have shown that mouthbrooding can result 
in significant respiratory trade- offs, including increase in energy 
expenditure, higher gill ventilation rate and/or reduced respiratory 
swimming scope (e.g. Ostlund- Nilsson & Nilsson, 2004; Reardon 
& Chapman, 2010; Wen- Chi Corrie et al., 2008). Glossamia aprion 
nonbrooders exhibited significantly higher values in all three gill 
metrics when compared to females. Intraspecific differences in gill 
metrics (e.g. larger gill surface area and perimeter) are adaptations to 

Estimate
Std. 
error df t- value p- value

Glossamia aprion

Total hemibranch area

Brooders vs. nonbrooders −0.065 0.065 36.324 −1.010 .319

Brooders vs. females −0.212 0.065 39.759 −3.251 <.01*

Nonbrooders vs. females −0.147 0.060 52.424 −2.456 <.05*

Total hemibranch perimeter

Brooders vs. nonbrooders −0.246 0.119 56.914 −2.062 <.05*

Brooders vs. females −0.585 0.121 56.999 −4.855 <.001*

Nonbrooders vs. females −0.339 0.103 50.801 −3.304 <.01*

Mean hemibranch length

Brooders vs. nonbrooders 0.383 0.130 56.608 −2.951 <.001*

Brooders vs. females −0.748 0.131 56.909 −5.711 <.001*

Nonbrooders vs. females −0.366 0.111 50.242 −3.308 <.001*

Neoarius graeffei

Total hemibranch area

Brooders vs. nonbrooders −0.076 0.071 55.952 −1.072 .288

Brooders vs. females −0.053 0.068 56.325 −0.782 .438

Nonbrooders vs. females 0.023 0.049 57.750 0.469 .641

Total hemibranch perimeter

Brooders vs. nonbrooders −0.105 0.077 55.838 −1.363 .178

Brooders vs. females −0.112 0.073 56.222 −1.522 .134

Nonbrooders vs. females −0.007 0.054 57.706 −0.126 .900

Mean hemibranch length

Brooders vs. nonbrooders 0.193 0.081 58.891 −2.366 <.05*

Brooders vs. females −0.247 0.078 58.980 −3.174 <.001*

Nonbrooders vs. females −0.054 0.056 57.343 −0.955 .344

Note: Estimate coefficient values apply to levels in bold.
*Indicates significant differences at p < .05.

TA B L E  3  Linear mixed- effect 
model coefficients of gill metrics (total 
hemibranch perimeter, total hemibranch 
area and mean hemibranch length) for 
the three reproductive state categories 
(levels = brooders, nonbrooders and 
females) for study species, Glossamia 
aprion and Neoarius graeffei
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stressful, low- oxygen environments to increase respiratory capacity 
(e.g. Crispo & Chapman, 2010; Evans et al., 2013; Mazon et al., 1998). 
Since mouthbrooding potentially compromises the adult carer's re-
spiratory function, the gill metric differences between G. aprion 
nonbrooder males and females are perhaps a sex- specific adaptation 
to mouthbrooding in this species. Further research could explore 
whether other mouthbrooding species also exhibit similar gill metric 
variations by reproductive state, and particularly whether this re-
sponse changes in varying environmental conditions (e.g. hypoxia or 
nonhypoxia).

Despite the apparent trade- offs regarding loss of paternal condi-
tion in these mouthbrooders, the strategy presents the opportunity 
for countering these condition declines through filial cannibalism (con-
suming their own young) (Manica, 2002). For example, undigested- 
to- partly digested eggs have been found in the stomachs of some 
mouthbrooding species while mouthbrooding (e.g. Apogon notatus 
Okuda, 2000; A. doederleini Takeyama et al., 2007). In our study, only 2 
of the 25 G. aprion brooders were found to have ingested the nonfunc-
tional oocytes (see Appendix S1) of the egg mass received from the 
female, while no N. graeffei stomachs contained eggs or young. Bishop 
et al. (2001) similarly observed the presence of partially digested eggs 
in the stomachs of mouthbrooding G. aprion males. The production 
of nonfunctional oocytes is speculated to be an adaptation to pre-
vent brooding parents from cannibalising their entire brood and/or a 
strategy to provide extra nutrition to parents during care (Kume et al., 
2002; Menon, 1991; Vagelli, 2019). While the rates of egg ingestion 
detected in our study are low, G. aprion brooders may also be canni-
balising nonfunctional oocytes to sustain or improve their overall body 
condition given their low Kn and IF values.

Mouthbrooding is commonly deemed a high- cost reproduc-
tive strategy, selected in response to maximising offspring survival 
often in stressful environmental conditions (e.g. Keller et al., 2017; 
Reardon & Chapman, 2010; Sawecki et al., 2019). For G. aprion and 
N. graeffei, caring for progeny seemingly required trade- offs of 
morphological changes, nonphysiological activities (e.g. feeding) 
and critical physiological traits such as condition, respiration and 
digestive tissue maintenance. While most studies in the past have 
mainly dealt with mouthbrooding responses in challenging condi-
tions where costs might be exaggerated through environmental 
interactions, we demonstrated that even in normal nonstressful 
environments, brooders of two different species exhibited similar 
adaptive plasticity to brooding suggesting that these responses fa-
cilitate mouthbrooding performance to meet parental care energy 
demands. These findings represent a step towards a more compre-
hensive understanding of the evolutionary and ecological signifi-
cance of this idiosyncratic reproductive strategy in fishes.
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