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ABSTRACT 

 

Intraspecific variability, although comparably less studied than interspecific variation, is an 

important tool in understanding population responses to environmental gradients. This study 

investigated intraspecific trait variation across three contrasting aquatic flow habitat types 

(intermittent creek, billabong and river) in a common mouth-brooding freshwater fish in 

northern Australia, the mouth almighty Glossamia aprion. Samples of G. aprion were 

collected at various sites, within the Daly River catchment. It was predicted that a number of 

morphological and reproductive traits would vary among individuals across the contrasting 

habitats. Five out of the nine morphological and reproductive traits studied significantly 

varied across flow habitat types. Significant intraspecific variation in functional traits related 
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to foraging and reproduction, such as relative eye size, eye vertical position and relative 

maxillary length in males suggest that the inherent characteristics of each flow habitat type 

could be exerting selective pressure on the morphology of G. aprion. Interestingly, traits 

related to swimming performance (body lateral shape) and manoeuvrability (pectoral-fin 

ventral position) differed between flow habitat types but showed inconsistent responses to 

predictions. Whilst this study was temporally and spatially limited, it highlights that 

intraspecific variability in morphological traits can occur among flow habitat types over 

relatively small spatial scales.  

 

KEYWORDS 

Daly River, flow habitat, Glossamia aprion, morphology, northern Australia, mouth-

brooding  

 

 

 

 

1 | INTRODUCTION 

 

Intraspecific (within-species) variability is an important tool in understanding biological 

responses to environmental gradients throughout a species’ distribution. Although historically 

intraspecific variability has received less attention than interspecific (among species) 

variation, it is important in predicting species’ responses to environmental perturbations and 

in deciphering ecological patterns of coexistence and species diversity at different spatial 

scales (Jung et al., 2010; Violle et al., 2012). Intraspecific trait variability has been proposed 

as a driver of the convergence and divergence of traits through environmental filtering and 
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niche differentiation, respectively (Jung et al., 2010); as such, it enhances a populations’ 

ability to adapt and survive changing conditions (Kawecki & Ebert, 2004).  

Morphological traits such as body shape, eye position, fin position and fin 

morphology play a crucial role in a fish’s life history, dictating its ability to move and explore 

habitats, find mates and prey and avoid predators (Plaut, 2001; Villéger et al., 2017). 

Differences in morphological traits within and among species in highly contrasting 

environments are well-documented in the literature (Langerhans, 2008; Dominici, 2010). For 

example, a number of freshwater fish species exhibit intraspecific morphological divergence 

in body form as a response to swimming requirements within different flow velocity habitats, 

including rock bass Ambloplites rupestris (Rafinesque 1817) and pumpkinseed Lepomis 

gibbosus (L. 1758) (Brinsmead & Fox, 2002), Atlantic salmon Salmo salar L. 1758 (Solem et 

al., 2006), three-spined stickleback Gasterosteus aculeatus L. 1758 (McPhail, 1984; Walker, 

1997) and the characid Astyanax lacustris (Lütken 1875) (Costa-Pereira et al., 2016). A 

number of studies have also highlighted that fish inhabiting fast-flow habitats tend to display 

a streamlined or slender body form with a larger anterior region, shallower posterior region 

and a high-aspect fin ratio; a design necessary for steady swimming (constant speed cruising) 

to reduce drag imposed by the current (Brinsmead & Fox, 2002; Blake, 2004; Fisher & 

Hogan, 2007; Langerhans, 2008). Conversely, fish in slow-flow habitats possess a small 

anterior, deeper body region and larger caudal fin area with low aspect fin ratio; a design 

needed for unsteady swimming (rapid turns and burst movements; Langerhans, 2008; 

Langerhans & Reznick, 2010). Differences in length and position of pectoral fins also vary 

with flow velocity, with longer and more ventrally positioned pectoral fins shown to enhance 

the stability and manoeuvrability during steady swimming in fast-flow habitats (Webb, 1984; 

Brinsmead & Fox, 2002; Dumay et al., 2004; Alexandre et al., 2014).  
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Both abiotic (e.g., light conditions) and biotic factors (e.g., number of predators) can 

influence morphological trait differentiation (Langerhans et al., 2003, 2004; Villéger et al., 

2017). Fish populations subjected to high predation pressure tend to have smaller heads and 

larger caudal regions, similar to individuals exposed to slow-flow velocity than compared 

with fish exposed to low predation pressure; such morphology allows the fish to perform fast 

starts, burst movements and rapid turns to escape piscivorous predators (Langerhans & 

Makowicz, 2009; Langerhans, 2009). Moreover, fish with deeper bodies are likely to be 

better adapted to suit predator-rich environments, as they are not easily swallowed by gape-

limited predators (Villeger et al., 2017). Variability in eye morphology (e.g., relative eye size 

and eye position) can also vary with environmental characteristics (Pakkasmaa & et al., 1998; 

Kerfoot & Schaefer, 2006; Herler, 2007; Schmitz & Wainwright, 2011). Relative eye size is 

used as a proxy measure of light sensitivity and prey detection (searching and foraging 

ability; Villeger et al., 2017); with larger eye diameters suggested to be better adapted to 

foraging in poor light conditions (Herler, 2007; Schmitz & Wainwright, 2011) and low water 

clarity or transparency (Pakkasmaa & et al., 1998). Furthermore, eye position has been 

shown to be related to the vertical positioning habit of the fish in the water column (Gatz, 

1979; Winemiller, 1991; Pouilly et al., 2003). For example, fish with lower eye vertical 

position were generally found to search for prey and feed in the water column, while higher 

eye vertical position is generally a feature of benthic feeders (Hugueny & Pouilly, 1999).  

Variability in reproductive traits, such as size at maturity and fecundity, can also 

occur as an adaptive response to ecological gradients with the aim of enhancing individual 

fitness and offspring survival (Blanck & Lamouroux, 2007). Due to limiting resources in the 

environment, there is often a trade-off between fish growth and reproduction (Wootton & 

Smith, 2015). Fish length is generally positively correlated with fecundity (Wootton & Smith, 

2015; Barneche et al., 2018) and minimum size at maturity can be influenced and constrained 
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by food availability (Jonsson & Jonsson, 2009), water level (Kolding, 1993) and temperature 

(Morgan et al., 2002). Moreover, a number of studies have shown that fecundity and fish-egg 

size and number are flexible traits within species and can be influenced by varying 

environmental factors, such as food availability, temperature, habitat predictability and 

habitat type (e.g., lentic v. lotic; Lobon-Cervia et al., 1997; Johnston & Leggett, 2002; Blanck 

& Lamouroux, 2007; Morrongiello et al., 2012).  

 Mouth almighty Glossamia aprion (Richardson 1842) are a small to moderate body 

sized (maximum standard length, LS ~ 180 mm), predatory, obligate freshwater fish 

belonging to the family Apogonidae (Allen, 1989). The species is widely distributed in 

northern Australia and southern Papua New Guinea (Allen, 1991; Allen et al., 2002; 

Unmack, 2001) and lives in a range of lotic and lentic habitats (Pusey et al., 2004). Spawning 

in this species is thought to occur during the late dry season to early wet season (Bishop et 

al., 1995). An interesting characteristic of G. aprion is that the male undertakes significant 

parental care of its young by mouth-brooding both eggs and newly hatched larvae (Bishop et 

al., 2001; Figure 1). A male can brood in the order of tens or hundreds of relatively large 

eggs (0.8–1.78 mm) spawned by the female and then continues to mouth-brood the young 

after hatching (Bishop et al., 2001). Field investigations suggest that the number of eggs 

carried by mouth-brooding males is related to body size and may also vary among habitat 

types (A. King, unpubl. data). A recent phyologeographic analysis revealed the presence of 

five G. aprion candidate subspecies distributed in northern and eastern Australian, which 

indicate widespread gene flow and dispersal of this taxon. Glossamia aprion gillii, which was 

previously considered as a subspecies, was resovled by the recent mtDNA and allozyme 

analyses to be a distinct morphological species, Glossamia gillii (Steindachner 1867) (Cook 

et al. 2017). Among all the regions compared, genetic diversity and endemism for this taxon 

was highest in north-west Australia and lowest in the Carpenteria and Top End regions. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
However, to date, there are only a few studies that have investigated the biology of this 

species and therefore most aspects of their reproduction, diet and movement characteristics 

remain poorly described (Pusey et al., 2004). This study investigated whether intraspecific 

morphological and reproductive trait variations occur in G. aprion in the same catchment 

among three different flow habitat types: river: intermittent creek and off-channel wetland 

(hereafter billabong) habitats. Predictions about trait variability with flow habitat types based 

on previous studies were described a priori (Table 1). Observations on reproductive 

condition and the number of eggs per mouth-brooding male are also described. 

 

2 | MATERIALS AND METHODS 

 

2.1 | Study site  

 

The Daly River (Figure 2) is one of the largest perennial rivers in northern Australia 

(catchment size 53 000 km
2
) and is located south of Darwin in the Northern Territory. The 

Daly River catchment experiences a typical wet–dry tropical savannah climate, with high 

rainfall and hence high river discharge, occurring during the months of November to April 

(wet season), zero to low rainfall and low river discharge (dry season) from May to October 

(Kennard et al., 2010). The river connects annually to its floodplain and billabongs during the 

wet season, but the timing and duration of connection can vary between years and locations 

in the catchment. The main channel of the Daly River is perennial and flows throughout the 

dry season due to significant groundwater input (Smerdon et al. 2012). Tributaries of the 

Daly River are either intermittent or perennial dependent on groundwater connectivity 

(Kennard et al 2010, ). Intermittent tributaries that recede and form disconnected isolated 

water holes during the dry season (Pusey et al 2016) were one of the chosen comparison 
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habitats in this study. Billabongs in the catchment can also vary in their intermittency and 

connection to groundwater, however, only billabongs with permanent water throughout the 

dry season were chosen for this study. The Daly River in the sampled locations is a typical 

lowland river with long sequences of riffle–run–pool habitats. Substratum varies considerably 

from sand, mud and bedrock. Structural habitats are also diverse and include woody debris, 

undercut banks, submerged and emergent macrophytes and rocks. The sampled intermittent 

creeks comprised of shorter riffle–run–pool sequences when flowing than the main channel 

and contained a similar range of substrata, limited submerged vegetation and woody debris 

habitats compared with the main river channel. Billabongs were U-shaped depressions or 

floodplain wetlands, disconnected from the main channel, with mostly sand–mud substrata, 

up to 3m in depth, with dense stands of submerged macrophytes in the euphotic littoral zone.  

 

2.2 | Field collection  

 

Sampling of G. aprion was undertaken during a number of field campaigns: 2012 (n = 2), 

2013 (n = 3), 2014 (n = 6) 2015 (n = 86) and 2016 (n = 17), during either the early or late dry 

season at a number of sites, in three different flow habitat types (Table 2 and Figure 2). We 

acknowledge that the chance of obtaining single cohorts of young from the same genetic 

parentage (and hence similar morphometrics) cannot be discredited but we argue that G. 

aprion is a common fish species in vast interconnected waterways and we have therefore 

assumed that the chance of collecting genetically similar fish samples is low. Fish were 

sampled using electrofishing techniques (either boat mounted or back-pack electrofishing 

techniques depending on water depth and safety issues). Sampling effort was not 

standardized across flow habitat types or sites, but rather focused on catching reasonable 

numbers of individuals of likely adult individuals in each habitat type. A total of 114 
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individuals were collected: intermittent creek (n = 17), main river (n = 53) and billabong (n =  

44); with all specimens euthanized with an overdose of benzocaine >100 mg l
–1 

and preserved 

in 90% ethanol in the field until being processed later in the laboratory. Whilst ethanol may 

cause shrinkage in preserved specimens, we have assumed that any effects would be uniform 

across all specimens and that no shrinkage effect will be evident in the data analysis in a short 

timeframe; therefore there would be no bias across the factors of interest in our study.  

 

2.3 | Morphological trait analysis 

 

An a priori literature review established a list of potential morphological and reproductive 

traits that may vary with habitat types (Table 1) and formed the basis of our predictions. 

Eleven morphological measurements (Supporting Information Figure S1)were taken from 

each fish to the nearest 0.01 mm with digital callipers used by a single person. Morphological 

measurements were: body length (LB), body depth (DB), head depth (DH), caudal peduncle 

depth (DCP), eye diameter (DE), caudal fin depth (DCF), eye position (HE), maxillary jaw 

length (LJ), pectoral fin length (LPF) and pectoral fin position (IPF). Small individuals ( < 40 

mm LS) were measured using a magnifying glass to ensure accuracy. Fish body mass (MT) 

was measured using a precision balance and recorded to the nearest 0.001 g. All 

morphological traits (Table 1) were calculated using the formulas used in Toussaint et al., 

(2016). One morphological trait, relative maxillary length, was calculated separately in male 

and female G. aprion, because male mouth-brooders in other species in the Apogonidae 

family were found to demonstrate sexual dimorphism in the buccal cavity volume (larger in 

males than females; Barnett & Bellwood, 2005). 

 

2.4 | Reproductive trait analysis  
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Individuals were dissected and the gonads were examined for sex and reproductive stage. 

Gonad mass (MG) was determined using a precision balance to the nearest 0.001 g and 

gonado-somatic index (IG) determined in males and females, to estimate reproductive 

investment (Devlaming et al., 1982). Gonads were examined using a dissecting microscope 

and were categorized into one of five general reproductive stages: I, immature; II, maturing–

recovering; III, ripening; IV, ripe; V, spent. The number of eggs in mouth-brooding males 

were also counted. All samples were pooled for all flow habitat types and the mean IG 

determined for each stage and sex. Comparison of IG per gonadal stage among flow habitat 

type was not possible since not all the gonadal stages for male and female were represented 

in the dataset and sampling was not consistent throughout the breeding season. To estimate 

the occurrence of spawning in the dry season, the proportion of each gonadal stage was 

determined for each sex categorized into early (June–August) and late (September- 

November) dry season period. 

 

2.5 | Statistical analysis 

 

Prior to analysis, distributions of values of each morphological trait were tested for normality 

using the Shapiro-Wilk’s test. Traits values with non-normal frequency distributions were 

log-transformed to achieve normality. One-way ANOVA was used to test significant 

differences across habitat type. Examination of boxplots across all sites for each trait 

demonstrated no difference between sites within habitat types. Pair-wise one-way ANOVA 

of each morphological trait among habitat types were run once significant P-values (P < 

0.05) were detected. Distributions of two traits, namely eye vertical position and body 

elongation, failed to achieve normality after transformation and thus were analysed using the 
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Kruskal-Wallis test followed by the post hoc pair-wise Mann-Whitney U-test. All tests used a 

significance level of P < 0.05. All the analyses were run in R 3.3.3. (www.r-project.org).  

 

3 | RESULTS 

 

3.1 | Morphological trait analysis 

 

Five of the nine morphological traits tested in G. aprion showed significant variation among 

habitat types, namely body lateral shape (ANOVA, F2,111= 5.532, P < 0.01), relative eye size 

(F2,111= 16.194, P < 0.001), eye vertical position (Kruskal-Wallis, H = 18.622, df= 2, P < 

0.001), male relative maxillary length (ANOVA, F2,61= 4.658, P < 0.01), while pectoral fin 

ventral position was marginally significant (F2,111= 3.934, P < 0.05; Figure 3a–i). Conversely, 

no significant differences were found in the female relative maxillary length, body 

elongation, pectoral fin size and caudal peduncle throttling traits (Figure 3a–i). 

Pair-wise ANOVA comparison of each morphological trait with significant 

differences showed no apparent consistent pattern across all three flow habitat types (Table 3 

and Figure 3a–i), but there were differences between flow habitat types for eight of the 15 

pair-wise morphological trait comparisons. In terms of body lateral shape, billabong fish had 

significantly larger anterior regions compared with intermittent creek and riverine fish 

(Figure 3a). Billabong fish had significantly higher pectoral fin ventral position than 

intermittent-creek fish (Figure 3e). Intermittent-creek male fish had significantly larger mean 

relative maxillary lengths than riverine male fish (Figure 3h), but no significant differences 

were found in female relative maxillary lengths among flow habitat types (Figure 3i). Traits 

related to foraging and habitat use such as relative eye size revealed marked variation: 

riverine fish had larger eye size than intermittent and billabong fish (Figure 3d), while the eye 
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vertical position trait differed between billabong v. intermittent-creek fish (Mann Whitney U 

= 214, Z = –2.574, P < 0.01) and billabong v. riverine fish (Mann Whitney U = 586, Z = 

4.203, P < 0.001; Figure 3c).  

 

3.2 | Reproductive trait analysis 

 

Of 114 G. aprion samples, 43.9 % (n = 50) were females and 56.1 % (n = 64) were males. In 

each flow habitat type, the ratio of male-to-female samples were quite similar: intermittent 

creek (9 males, 8 females), billabong (7 males,  4 females) and river (27 males, 26 females); 

suggesting a 1:1 sex ratio for the population. Of the total samples, 29.8% were considered as 

immature, while 70.2% were considered as maturing–mature individuals wherein length at 

maturity (LS50) was recorded at 62.0 ± 18.3 mm (mean ± SD, n = 80). 

IG was higher overall in females for all the reproductive stages compared with males 

(Table 4). The IG of males and females co-varied together; i.e., IG constantly increased as the 

stages progress from Stage I to IV then suddenly decreased in stage V (testes only, no ovary 

samples). The mean IG for Stage I testes was 0% (n = 26), as the testes were too small to 

register on the precision balance; hence, all Stage I testes had a value of < 0.001 g. Some 

Stage I ovaries also resulted to 0% IG (n = 6). The only Stage IV male had an IG of < 1% or 

0.80%. Stage IV females had a mean IG of 9.44 (± 5.86% SD). One exceptional female had 

an IG of 19.08 %. Stage V males had a mean IG of 0.13 (± 0.05 % SD), a mean value greater 

than Stage II (recovering) but less than Stage III testes. Five Stage V males (four from the 

river habitat and one from the intermittent creek) contained eggs in their mouths. Egg number 

ranged from 2 to 98 in riverine males, while 387 eggs were found in a single male fish from 

an intermittent creek. No egg-carrying males were found in billabongs. 
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The proportion of gonadal stages in all three flow habitat types revealed that G. 

aprion spawning could be occurring throughout the dry season (Figure 4). During the early 

dry period, there is a higher proportion of Stage III–V gonads in male and female riverine and 

billabong fish compared with the late dry period, where a higher proportion of Stage I–II 

gonadal stages dominated. This result is in contrast with the late dry intermittent-creek fish 

samples where a higher proportion of Stage III–V gonads in male and females were observed.  

 

4 | DISCUSSION 

 

This study suggests that intraspecific variation across some morphological and reproductive 

traits of G. aprion are associated with flow habitat types. Five of the nine morphological 

traits revealed marked variation among flow habitat types. Traits that differed significantly 

across individuals collected in different habitat types included two related to manoeuvrability 

and swimming performance (pectoral fin position and body lateral shape), which showed 

inconsistent responses to the predictions, and two related to foraging and habitat-use (eye 

vertical position and relative eye size), which are partially in line with the predictions derived 

from studies at the interspecific level. There was also evidence of higher reproductive 

investment in intermittent-creek habitat compared with river environments, with intermittent-

creek and billabong males having larger relative maxillary lengths (a proxy for mouth size 

and therefore the number of eggs that they could hold) than riverine males. Additionally, 

whilst replicate numbers were low, the number of eggs found in riverine males was 

considerably lower compared with the single brooding male collected in the intermittent 

creek habitat.  

Glossamia aprion has a deep and compressed body and a relatively large head (33% 

of LS; Pusey et al., 2004). It is mostly found in slow–zero velocity waters and utilizes various 
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forms of cover such as submerged vegetation, aquatic macrophytes and roots masses from 

where it ambushes its prey (Bishop et al., 2001; Pusey et al., 2004). Based on this 

morphology and ecology, G. aprion is generally more adapted for unsteady swimming, a 

mode adapted for fast starts, burst movements and quick change of speed and direction 

(Webb, 1984: Langerhans, 2008). Pectoral fin position, a trait related to manoeuvrability, was 

found to be higher in the billabong habitat, which supports predictions that higher pectoral fin 

ventral position is adaptive for slow-flow and structurally complex habitats (Webb, 1984; 

Drucker & Lauder, 2002). Contrary to predictions based on previous studies, billabong fish 

presented higher values for lateral body form (i.e., larger anterior region)  compared with 

those collected from the main river channel and intermittent creek. Body elongation and 

caudal-peduncle throttling were consistently similar across the three flow habitat types. An 

elongated body with large body shape index (large head in proportion to body depth) are 

thought to be adaptations for steady swimming in fast-flow habitats such as river systems 

(Webb, 1984; Brinsmead & Fox, 2002; Langerhans, 2008). Riverine fish did not demonstrate 

this combination of traits and therefore relative to individuals from other habitat types, did 

not show specific adaptation for steady swimming performance. Despite many confirmatory 

studies (Aguirre, 2009; Franssen, 2011; Drinan et al., 2012), a number of studies have also 

revealed departures from these predictions (Pakkasmaa & Piironen, 2000; Peres-Neto & 

Magnan, 2004; Kristjansson et al., 2012). For example, small heads with deeper bodies were 

recorded in fish subjected to faster water flow velocities (Pakkasmaa & Piironen, 2000). The 

riverine micro or macro-habitat preferences for G. aprion is currently undescribed, however, 

field observations suggest that they prefer slow or still flowing habitats and are often 

associated with littoral undercut banks in rivers (A. King, pers. obs.). These potential habitat 

preferences may explain why riverine individuals do not exhibit morphological traits 

commonly attributed as adaptations to faster flow habitats.  
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 Traits related to habitat use and foraging varied across habitat types and were 

consistent with the predictions. Relative eye size, a proxy measure for visual acuity and light 

sensitivity in prey detection (Villéger et al., 2017), of riverine fish was larger than billabong 

and intermittent-creek fish. Intraspecific variation of this trait in fishes has previously been 

reported in habitats differing in water clarity or turbidity and velocity (Pakkasmaa & et al., 

1998; Kerfoot & Schaefer, 2006). In the Daly River, fast water flow and hence, high 

turbidity, occurs during high flows in the wet season (Townsend & Padovan, 2005). High 

water turbidity decreases the amount of available light in the aquatic system (Townsend & 

Padovan, 2005), thereby negatively affecting the fish’s ability to detect and search for prey in 

the water (Utne, 1997; Utne-Palm, 2002). Since G. aprion is regarded as a visual feeder, 

(Pusey et al., 2004), the increase in eye size in riverine habitats may be a response to 

increased wet season turbidity in rivers. 

Eye vertical position is principally thought to be related to feeding preference and 

behaviour (Villeger et al., 2017). For example, nektonic feeders are assumed to generally 

have a lower (more lateral) eye position while benthic feeders have higher (more dorsal) eyes 

(Wikramanayake 1990; Pouilly et al., 2003). In this study, eye vertical position in billabong 

fish was significantly higher than riverine or intermittent creek fish, partially lending support 

to our predictions. This suggests that billabong fish may be more benthic feeding orientated  

compared with riverine and intermittent-creek fish. Intraspecific variation of eye vertical 

positions in a single fish species have been recorded in contrasting habitats (lentic v. lotic) 

(Costa-Pereira et al., 2016) and in environments with different predation pressures 

(Langerhans et al., 2004). Pusey et al. (2004) described G. aprion as generally occurring in 

shallow habitats (depth < 60 cm) or in the lower two thirds of the water column and it is 

known to feed near the benthos. The relatively higher eye vertical position of billabong fish 
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may be a foraging and habitat-use adaptation in response to the depth and structural 

complexity of billabong habitats rather than water flow.  

Relative maxillary length can be used as a proxy measure for mouth size (Toussaint et 

al., 2016). Some findings suggest that the buccal capacity of mouth-brooders could limit their 

reproductive success (Hess, 1993; Okuda et al., 1998). Mouth-brooding apogonids and 

jawfishes (Opistognathidae ) have shown sexual dimorphism in their buccal morphology 

where the mouth-brooding parent (usually the male) possess larger buccal cavity volume 

(Hess 1993; Barnett & Bellwood, 2005) and one apogonid species is known to have larger 

osteological structures in the jaw region  compared with females (Okuda et al., 2002). 

Differences in male and female jaw length and size were also observed to be more 

pronounced during the breeding period than non-breeding periods suggesting plasticity in this 

trait (Okuda et al., 2002). In this study, as the male mouth-broods and cares for its young, 

maxillary length was used as an indicator of the potential size of parental care that could be 

offered. Findings show that male fish in intermittent-creek habitat had a significantly larger–

longer mean maxillary length  compared with riverine male fish, but were comparable with 

billabong male fish. This partially supports the prediction for male maxillary length. In 

addition, females in different habitats did not vary at all as predicted. The results complement 

observations on mouth-brooding G. aprion males, where one male in the intermittent creek 

had more eggs in the mouth (387 eggs in one male) than riverine males (2–87 eggs in four 

males). Though the sample size in this study was low, the seasonal productivity of 

intermittent creeks and billabong habitats could have triggered the G. aprion residents to 

invest more in reproduction, hence the larger maxilla. For example, female pygmy perch 

Nannoperca australis Günther 1861 populations living in harsher and more extreme habitat 

conditions produced more, smaller eggs (Morrongiello et al., 2012). The investment in 

reproduction increased as the condition of the environment became more unpredictable and 
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extreme (Morrongiello et al., 2012). In G. aprion, this increase in fecundity might require an 

increase in the buccal volume to hold the fertilized eggs in males. Although, Barnett & 

Bellwood (2005) claimed that buccal volume is mainly attributed to the differences in soft 

tissues, reproductive variability and environmental drivers on egg number and subsequent 

recruitment is a fruitful area of future research. 

Preliminary investigation of spawning time showed that spawning is likely to be 

occurring throughout the dry season and there is some evidence to suggest that spawning 

time may vary among flow habitat types. During the early dry period, both riverine and 

billabong male and female fish had higher proportion of Stage III–V gonads, an indication of 

early dry spawning activity. This is reversed in both habitats during the late dry season 

wherein there were more Stage I–II gonads in males and females. This contrasts with 

intermittent-creek fish collected during the late dry period which had higher proportion of 

Stage III–V male and female gonads, an indication of spawning activity in this habitat. 

Because there were no early dry season samples for the intermittent creek, spawning in this 

habitat in the early dry period could not be confirmed. Findings in the study partially 

complement the spawning schedule of G. aprion in the Alligator River; i.e., late dry to early 

wet season (Bishop et al., 1995) and extends the known spawning schedule of G. aprion in 

northern Australia. 

Studies on functional ecology of fish at community level have traditionally relied on 

morphological trait comparison across species (interspecific), assuming that intraspecific 

variability is weak  compared with interspecific variability (Villeger et al., 2017). However, 

dealing with intraspecific variability of traits is becoming one of the biggest emerging 

challenges in functional ecology (Violle et al., 2012), as it potentially allows more confident 

predictions about population response to future environmental change. The intraspecific 

variation in G. aprion for some traits in this study reflected expectations predicted at the 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
interspecific level. Though there were significant differences, the findings reiterate the 

difficulty of attributing trait-environment relationships to a single factor in ecosystems. As 

opposed to previous studies, flow habitat type was a weak predictor of phenotypic 

differentiation in swimming performance. The interplay of other variables with water 

velocity such as structural habitat complexity, predation pressure and food availability could 

be tested further to examine the validity of this new hypothesis. Moreover, morphological 

differentiation of the newly recognized Glossamia aprion candidate species (Cook et al. 

2012, 2017) across a range of catchments with different in-channel flow regimes is a 

prospective area for future investigation. This study adds to a growing body of knowledge 

showing that environmental factors can influence ecological traits at intraspecific levels.  
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Figure 1 View of mouth-brooding Glossamia aprion male with eggs in its mouth.  
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Figure 2 Map of the Daly River showing the sampling areas. 

 

Figure 3 Boxplots displaying the median (▬), 25th to 75th interquartile range (█), the 95% 

range (¦) and outliers (O) of the different morphological and reproductive-trait values of 

Glossamia aprion across habitat type (intermittent creek, billabong and main river). Notches 

indicate the 95% confidence interval (when notches do not overlap the differences are 

significant at P < 0.05). Different lowercase letters denote statistically significant differences 

among groups.  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

 

Figure 4 Proportion of male and female Glossamia aprion gonadal maturity stages 

categorized into early (June–August) and late (September–November) periods per flow 

habitat type: (a) male early dry period, (b) male late dry period, (c) female early dry period 

and (d) female late dry period. 
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SUPPORTING INFORMATION 

Figure S1 Morphological measurements taken with a preserved Glossamia aprion using a 

Vernier caliper (adapted from Toussaint et al., 2016): LB, body length, length from snout to 

caudal fin; DB, body depth, maximum body depth measurement; DH, head depth, depth 

measured vertical to the eye; DCP, caudal-peduncle depth, minimum depth of the caudal 

peduncle; DCF, caudal-fin depth, maximum depth measurement of the caudal fin; DE, eye 

diameter, vertical diameter of the eye; HE, eye position, vertical distance between the centre 

of the eye to the bottom of the body; LJ, maxillary-jaw length, length from snout to the corner 

of the mouth; LPF, pectoral-fin length, length of the longest ray of the pectoral fin; IPF, 

pectoral fin position, vertical distance between the upper insertion of the pectoral fin to the 

bottom of the body. 
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Table 1 List of morphological and reproductive traits in Glossamia aprion and their 

corresponding prediction to different habitat types based on previous studies. Trait formula’s 

following (Toussaint et al., 2016); 

Trait Formul

a 

Predictions 

Body elongation LBDB
–1

 

 

 

Riverine fish are predicted to have a more elongated body for 

steady swimming in faster flowing habitats, than those from 

billabongs and intermittent creeks, which are characterized 

by still or slow flowing habitats (Webb, 1984; Langerhans, 

2008) 

Eye vertical position  HE DB
–1 

 

 

Eye vertical position is related to the feeding position of the 

fish in the water column relative to that of its prey 

(Winemiller, 1991; Pouilly et al., 2003). Riverine G. aprion 

would sustain a higher position in the water column than 

individuals in billabongs and intermittent creeks due to 

higher average  river water depth and, therefore, predicted 

to have lower eye vertical position due to feeding in the 

water column 

Relative eye size HEDH
 –1 

 

 

 

Relative eye size is associated with visual acuity during food–

prey detection (Winemiller 1991; Villéger et al., 2017) and the 

availability of light in the habitat (Herler, 2007; Schmitz & 

Wainwright, 2011).  In the Daly River, high water velocity has 

been correlated to high water turbidity (which generally 

occurs in the wet season; Townsend & Padovan, 2005).  

Due to high water turbidity in fast flowing habitats, there is 

lower water clarity and light availability; hence, riverine fish 

are predicted to have bigger eye size for prey detection 

than billabongs and intermittent creeks fish 
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Relative maxillary length LJDH

 –1 

 

Mouth-brooding apogonids demonstrated sexual dimorphism 

in the buccal cavity volume and jaw length (larger in males 

than females) (Okuda et al., 2002; Barnet & Bellwood, 

2005) during the breeding season. Male individuals in 

intermittent creeks, which have seasonal and unpredictable 

water flow, are predicted to have longer maxillary length 

due to predicted higher reproductive output (number of 

mouth-brooded eggs) per spawning event (Morrongiello et 

al., 2012) than species in billabongs and rivers. Female 

individuals, on the other hand, are predicted to have no 

difference in their relative maxillary lengths among flow 

habitat types 

Body lateral shape DH DB
 –1

 

 

 

 

Riverine fish are predicted to have a larger anterior region for 

steady swimming in a fast flow habitat and hence higher 

values for body lateral shape. Fish in billabongs and 

intermittent creeks are predicted to have smaller anterior 

region and deeper bodies for unsteady swimming in slow 

flow habitats (Webb, 1984; Langerhans, 2008) 

Pectoral fin vertical position  IPFDB
 –1 

 

Pectoral fin ventral position is related to manoeuvrability when 

swimming (Webb, 1984; Drucker & Lauder, 2002). 

Billabong and intermittent-creek fish are predicted to have 

higher pectoral-fin ventral position to maintain unsteady 

swimming in slow flow habitats than riverine fish which uses 

steady swimming in fast flow habitats. 

Pectoral-fin size LPFDB
 –1

 

 

 

Riverine fish are predicted to have longer pectoral fins for 

steady swimming (to sustain swimming speed in a fast-flow 

habitat) while individuals in billabongs and intermittent 

creeks are predicted to have shorter pectoral fins for 
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LB, Body length; DB, body depth; DH, head depth; DCP, caudal peduncle depth; DE, eye diameter; DCF, caudal fin 

depth; HE, eye position; LJ, maxillary jaw length; LPF, pectoral fin length; IPF, pectoral fin position; MT, total 

mass; MG, gonad mass. 

unsteady swimming, i.e., slow-flow habitat (Alexandre et al., 

2014).  

Caudal-peduncle throttling DCFDCP
–1 

 

Riverine fish are predicted to have higher caudal-peduncle 

throttling ratio due to smaller posterior portion needed for 

drag reduction in steady swimming and while billabong and 

intermittent-creek fish are predicted to have a lower caudal-

peduncle throttling ratio for unsteady swimming (Webb, 

1984; Langerhans, 2008). 

Gonado-somatic index (IG) 100MG

MT
–1

 

Reproductive investment becomes a priority in harsher and 

more unstable habitats (Morrongiello et al., 2012) such as 

intermittent creeks. Therefore, it is predicted that fish in 

stable systems, such as rivers and billabongs, have low IG 

since reproductive and somatic growth allocation are equal; 

while fish in intermittent creeks favours high splitG since 

reproductive investment is a priority in an unstable and 

seasonal flowing system.  
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Table 2 Location of Glossamia aprion sampling sites in the Daly River catchment (Figure 1) 

used  

Habitat type Site Name Latitude (S) Longitude (E) 

Intermittent creek Ferguson River 14° 04′ 16.58′′  131° 58′ 37.27′′  

Intermittent creek Edith River 14° 11′ 04.16′′  132° 02′ 01.78′′  

Billabong Shillinghole Billabong 14° 20′ 25.43′′  131° 34′ 33.18′′  

Billabong Sawmill (Jagard) Billabong 14° 21′ 32.21′′  131° 33′ 07.21′′  

River Claravale 14° 21′ 43.66′′  131° 33′ 25.01′′  

River Galloping Jacks 14° 32′ 59.26′′  131° 07′ 36.27′′  

River Upstream of Oolloo crossing 

#2 

14° 07′ 31.56′′  131° 17′ 12.89′′  

River Oolloo Crossing  14° 04′ 23.20′′  131° 15′ 14.70′′  

 

  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
Table 3 Pair-wise one-way ANOVA of morphological traits of Glossamia aprion with habitat 

type as the predictor variable 

Morphological Trait Estimate SE t– value P–value 

Relative maxillary length (male)     

Billabong–creek –0.052 0.031 –1.678 > 0.05 

Billabong–river 0.040 0.022 1.813 > 0.05 

River–creek –0.092 0.031 –2.941 < 0.01 

Body lateral shape     

Billabong–creek –0.041 0.015 –2.676 < 0.01 

Billabong–river –0.031 0.011 –2.864 < 0.01 

River–creek 0.010 0.015 0.646 > 0.05 

Relative eye size     

Billabong–creek 0.030 0.015 1.951 > 0.05 

Billabong–river 0.062 0.011 5.684 <0.001 

River–creek 0.032 0.015 2.160 < 0.05 

Pectoral-fin ventral position     

Billabong–creek –0.075 0.029 –2.644 <0.01 

Billabong–river –0.039 0.020 –1.895 > 0.05 

River–creek 0.037 0.028 1.322 > 0.05 
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Table 4 Mean gonado-somatic index (IG) of male and female Glossamia aprion (n = 114) 

across all three flow habitat types 

Sex Maturity stage Ig ( %) SD Range 

Male I 0.00 0.00 0.00–0.00 

 II 0.06 0.03 0.03–0.10 

 III 0.18 0.07 0.11–0.31 

 IV 0.80 NA NA 

 V 0.13 0.05 0.0–0.21 

Female I 0.04 0.08 0.00–0.18 

 II 0.46 0.21 0.22–0.90 

 III 1.50 0.60 0.89–2.61 

 IV 9.44 5.86 4.86–19.08 

 IV NA NA NA 

NA, Non available in samples 
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