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Abstract 
 

Partial migration, characterised by the coexistence of diverse migratory life histories (i.e., 

contingents) within a single population, is widespread among migratory fish taxa. The 

relative proportions of contingents are fundamental in shaping population dynamics including 

the resilience, productivity and stability of a population against environmental variability. 

This study leveraged life history data archived in fish otoliths and eye lenses to determine the 

effects of broad-scale environmental change on migrant proportions and assess the ecological 

outcomes of contrasting life history strategies in a partially migrating population of black 

bream (Acanthopagrus butcheri) in the Coorong Lagoon, South Australia. Analysis of 

lifetime otolith Ba:Ca profiles identified the presence of two distinct life history contingents 

representing estuarine resident and freshwater migrant A. butcheri. Generalised linear 

modelling demonstrated that the number of freshwater migrations per year was negatively 

associated with annual mean monthly rainfall and positively associated with annual mean 

monthly salinity. Although marginally non-significant, migrants had better mean body 

condition (Fulton’s K condition factor) compared to residents. Eye lens stable isotope ratio 

analysis revealed divergent lifetime trends in dietary history, with δ13C enriched in residents 

and depleted in migrants. Contrary to expectations of age-related ascensions in trophic level, 

δ15N declined with age in both resident and migrant A. butcheri. Overall, identifying the 

environmental drivers and ecological outcomes of diverse migratory life histories has 

important implications for managing partially migrating fish populations under an era of 

accelerated anthropogenic and climatic changes to aquatic habitats.   
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1. Introduction 

1.1 Partial migration 

The ocean is a dynamic network of life, which relies on the connectivity between 

populations, communities and ecosystems to fuel marine productivity and resilience (Carr et 

al. 2017). Population connectivity describes the exchange of individuals among 

geographically isolated subpopulations within a metapopulation (Cowen et al. 2007), and is 

maintained by larval dispersal and the displacement or movement of individuals (Nathan et 

al. 2008; Leis et al. 2011). For species with mobile adults, such as fish, adult movement is a 

key paradigm of population connectivity (Frisk et al. 2014). In particular, adult migration is a 

powerful form of persistent and directional movement between habitats (Brönmark et al. 

2014; Alò et al. 2021), with numerous fish species migrating to track spatially and temporally 

variable resources such as food, shelter and mates (Chapman et al. 2014). However, it is 

increasingly documented in many migratory fish species, that rather than the whole 

population migrating, only a proportion of the population migrates (Gillanders et al. 2015; 

Bryan et al. 2019; Steffen et al. 2023; Almeida et al. 2024). This within-population variation 

in migratory propensity is termed “partial migration” (Chapman et al. 2011b). 

Partially migrating fish populations consist of groups of individuals (known as contingents), 

that are residents or migrants (Chapman et al. 2011b), with each population potentially 

having multiple contingents that differ in migration route or destination (Gahagan et al. 2015; 

Morissette et al. 2016). Partial migration has been identified across a diverse range of 

freshwater, estuarine and marine migratory fish taxa, including carps, salmons, eels, breams, 

or temperate basses, and even elasmobranchs (reviewed by Chapman et al. 2012b). Migrating 

contingents are instrumental in maintaining population connectivity, as they drive nutrient 

and genetic exchange by feeding and breeding between the resident and overwintering 

habitats (Chapman et al. 2011a). However, the global abundance of migratory fish 

populations has declined by 81% between 1970 and 2020 (Deinet et al. 2024), with ~21% of 

the assessed species classified as threatened by the International Union for Conservation of 

Nature (Deinet et al. 2020). 

Migratory life histories are vulnerable to declining structural connectivity between aquatic 

ecosystems, caused by climate-related changes to flow regimes and sea levels (Franklin et al. 

2024), as well as the accelerated anthropogenic fragmentation of the seascape (Lennox et al. 

2025). It is therefore crucial to characterise the factors that drive variation in contingent 
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proportions over time, to inform the management of partially migrating fish populations in a 

manner that conserves plasticity in migratory behaviour.  

 

1.2 Migration propensity and the environment 

While the fundamental driver of variation in migration propensity remains unknown, the 

most widely acknowledged theoretical mechanism for the migrant-resident dichotomy is the 

threshold model (Pulido et al. 1996). This model proposes that populations exhibit a normally 

distributed “liability” trait that underpins migration, and a “threshold” within that trait, 

determines the behavioural phenotype. If an individual’s liability surpasses the threshold, the 

migratory phenotype is expressed, while individuals with liabilities below the threshold 

remain residents. The propensity to migrate has been linked to various genetically determined 

liability traits which often dictate migration success, notably, metabolic rate, swimming 

endurance, boldness, and body size (Chapman et al. 2011c; Kitano et al. 2012; Kelson et al. 

2019; Eldøy et al. 2021).  

However, liability traits are also extrinsic, as environmental variables (e.g., water flow or 

level fluctuations, temperature, salinity, food availability) can influence contingent 

proportions (Archer et al. 2020; Massie et al. 2022; Roberts et al. 2024). Environmental 

liability traits are particularly prominent in highly dynamic habitats such as estuaries and 

coastal watersheds, where stream flow dynamics are key determinants of migration 

propensity. For example, low rainfall, elevated freshwater discharge or unstable flow increase 

the proportion of migrants in partially migrating estuarine and coastal fish populations 

(Bunch et al. 2022; Lisi et al. 2022; Roberts et al. 2024). While the propensity to migrate is 

likely a result of genotype-by-environment interaction, the environment appears to hold 

greater significance in determining realised migratory life history (Ferguson et al. 2019; 

Prentice et al. 2023). 

Overall, while migration propensity has a genetic basis, its phenotypic expression is shaped 

by environmental conditions (e.g., key liability traits such as larval growth rate are strongly 

influenced by freshwater flow and tidal currents) (Pulido 2011; Kelson et al. 2020; Arai et al. 

2024). The phenomenon of ‘contingent switching’, whereby fish may switch between 

migratory and resident life histories (Gahagan et al. 2015), further highlights the 

environmental influence on contingent proportions. If environmental conditions in the 

resident habitat change, such that the cost of migration outweighs the benefits, migrants may 
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revert to residency (Bond et al. 2015), and vice versa; residents may become migrants if the 

benefits outweigh the cost (Quinn et al. 2017). Furthermore, the liability threshold itself may 

shift towards either extreme in response to changing environmental conditions across the 

habitats, which could potentially modify contingent proportions (Pulido 2011). Extreme 

environmental changes, such as migratory barriers, place strong directional selection on 

partially migrating populations, which may elicit rapid evolution towards obligate residency 

(Phillis et al. 2016). Given the strong environmental influence on the migration-resident 

dichotomy, understanding how migrant proportions may respond to broad-scale 

environmental change has important implications for conserving the numerous ecological 

services conferred by migrants.  

 

1.3 Implications of partial migration  

In partially migrating fish populations, the temporary partitioning of individuals reduces the 

likelihood that all members of a cohort will encounter adverse environmental conditions 

(Morita et al. 2014). As the two contingents endure different mortality and reproductive 

fitness, their joint outcome dampens total population variability. This is known as an 

ecological “portfolio effect”, whereby even weak asynchronicity in life histories buffers the 

collective population against environmental variability and promotes long-term stability and 

sustainability of a species (Schindler et al. 2010; Schindler et al. 2015). Contingent structure 

also influences population dynamics in partially migrating estuarine fish. When individual 

life histories become more synchronous, such as when the proportion of migrants decreases, 

population productivity and resilience declines (Kerr et al. 2010).  

In addition to trophic implications for the aggregate population, migratory decisions may also 

have important implications for the migrating individual itself. While freshwater migrants of 

partially migrating estuarine fishes have shown higher growth rates (Roberts et al. 2019) and 

improved body condition compared to residents (Gillanders et al. 2015), the potential dietary 

shifts or trophic advantages associated with migration is understudied, largely due to the 

difficulty of accessing and comparing dietary life history data between contingents. However, 

novel archival tissues capable of tracking dietary divergence through time show promise for 

identifying how migratory life history may shape the trophic ecologies of migrants compared 

to residents.  
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1.4 Archival tissues as natural tags 

Microchemical analysis of archival tissues such as otoliths (fish ear bones), eye lenses, 

opercula, fin rays and scales provide high resolution chronologies of fish life history (Tzadik 

et al. 2017). These tissues grow in layers by assimilating elements from the surrounding 

water and/or diet, forming metabolically inert increments that are deposited annually and 

reflect a fish’s entire life. Elemental analysis of otoliths has been used extensively to 

characterise partial migration (Morissette et al. 2016; Rohtla et al. 2020; Russell et al. 2022). 

Since concentrations of major (e.g., Sr) and trace (e.g., Ba, Mn) elements in annual otolith 

increments are determined by the surrounding environment, including by physicochemical 

parameters such as temperature and salinity (Reis-Santos et al. 2013), they serve as a 

chronological record of the environments visited by a fish over its lifetime. For instance, Sr 

and Ba are enriched in marine and freshwater, respectively (Elsdon et al. 2008), such that 

otolith Ba:Ca and Sr:Ca profiles are widely used to reconstruct movement of fish across 

salinity gradients (Walther and Limburg 2012; Fowler et al. 2016; Arai et al. 2025). Peaks in 

otolith Ba:Ca profiles are particularly useful for identifying freshwater migrants in partially 

migrating estuarine fish (Gillanders et al. 2015). 

Fish diet reconstruction using otoliths is challenging, given that proteins constitute only 

~0.45% of otolith weight (Hüssy et al. 2004). Fish eye lenses, however, primarily consist of 

carbon and nitrogen-rich structural proteins deposited in concentric segmented layers, or 

laminae (Dahm et al. 2007). Moreover, the lens diameter is strongly proportional to body 

length, with new laminae added during periods of somatic growth, however, unlike otoliths, 

each layer does not reflect an annual increment (Kurth et al. 2019; Bell‐Tilcock et al. 2021). 

The isotopic ratio of 13C:12C (expressed as δ13C) in lamina proteins reflect dietary carbon 

sources, while 15N:14N (expressed as δ15N) also relate to diet and reflect trophic position, as 

consumer δ15N signatures are 3 – 4‰ enriched relative to their diets (Post 2002; Reis-Santos 

et al. 2023). Compared to conventional tissues used for diet reconstruction, which only reflect 

recent diet due to continuous metabolic turnover (e.g., muscle tissue), laminae undergo little 

to no remodelling, thus providing a sequential, lifelong record of dietary inputs (Wallace et 

al. 2014). Therefore, if isotopic baselines of ecosystems are known, isotopic signatures of eye 

lenses allow the tracking of ontogenetic diet shifts (Young et al. 2022), habitat transitions 

(Bell‐Tilcock et al. 2021), nursery origins (Bastos et al. 2024) and potentially dietary 

divergence between residents and migrants in partially migrating fish. Given that contingents 

spend significant durations in separate environments, they likely encounter different 
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nutritional sources and qualities, potentially resulting in contrasting ecological outcomes. 

Ultimately, combining chemical information from otoliths and eye lenses allows the 

evaluation of potential trophic or dietary shifts achieved by migration compared to resident 

life histories. Understanding how trophic outcomes differ between migratory life histories is 

crucial, as differences in diet may translate to differences in individual fitness, which has 

important implications for the persistence of partially migrating fish populations.  

 

1.5 Aims and objectives 

The overall aim of this study was to evaluate whether lifetime chemical and isotopic 

information archived in fish otoliths and eye lenses could be harnessed to reconstruct changes 

in habitat use and diet shifts related to migratory life history, and to use this information to 

understand the impacts of environmental change on contingent proportions in partially 

migrating fish populations. Specifically, by leveraging lifetime chemical and isotopic 

information recorded in fish otoliths and eye lenses, I aimed to 1) identify how broad-scale 

changes to freshwater discharge, rainfall, water temperature, and salinity influence the 

proportion of migrants in a partially migrating estuarine fish population, and 2) investigate 

potential differences in dietary or trophic outcomes related to migrant life history compared 

to resident behaviour. 
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2. Materials and Methods 

2.1 Study site and species  

Located at the terminus of the Murray River, the Coorong is a narrow micro-tidal lagoon 

system, extending parallel to the South Australian coastline as a part of the larger Coorong 

Lower Lakes and Murray Mouth system (Figure 1) (Mosley et al. 2020). Conditions in the 

Coorong vary along a salinity gradient, alternating from generally fresh to marine near the 

mouth, to estuarine in the North Lagoon and hypersaline in the South Lagoon (Brookes et al. 

2009). Freshwater influence in the Coorong is constantly fluctuating due to varying barrage 

flow, rainfall, tidal influence and sea levels (Webster 2011; Brookes et al. 2021). 

Furthermore, the Coorong has experienced severe environmental changes induced by 

climate-related events including the Millennium Drought (Leterme et al. 2015) and the recent 

2022-2023 River Murray floods (Mosley et al. 2024). Thus, the Coorong serves as an 

excellent natural scenario to model the effects of environmental change on partially migrating 

fish populations.  

The black bream (Acanthopagrus butcheri) is a temperate sparid species distributed 

throughout southern Australia, extending from New South Wales to Western Australia 

(Norriss et al. 2002). A. butcheri is estuarine-dependent as their egg and larval development 

require high salinities associated with salt wedges (Nicholson et al. 2008; Williams et al. 

2013). However, its tolerance to a wide range of salinities enables movement into freshwater 

rivers and lakes (Hindell et al. 2008). A. butcheri was chosen as the focal species, as their 

populations are known to exhibit partial migration within the Murray River Estuary adjacent 

to the Coorong Lagoon (Gillanders et al. 2015). Additionally, the feeding habits and 

ontogenetic diet shifts of this species are well-described in the literature. Briefly, black bream 

are benthic omnivores with diverse diets (including bivalves, polychaetes, macrophytes) that 

undergo ontogenetic shifts with body size, which vary with the prey taxa available in the 

estuary (Sarre et al. 2000; Chuwen et al. 2007; Sakabe 2009; Potter et al. 2022). 
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2.2 Sample collection 

All samples were collected by the South Australian Research and Development Institute 

(SARDI) as part of routine stock assessments. A. butcheri was sampled from the ‘Seven Mile’ 

SARDI monitoring site located in the Coorong North Lagoon (Figure 1) in October 2024, 

using multi-panel and commercial gill nets. Total length (mm), fork length (mm), total weight 

(g) and gonad weight (g) were recorded and sagittal otoliths and whole eyes were extracted. 

Otoliths were rinsed clean with demineralized water, air-dried and stored in microtubes, while 

whole eyes were stored frozen at -200C until further processing (n = 123).

Figure 1. Map depicting Coorong Lagoon and Murray River Estuary, with A. butcheri sampling 
location “Seven Mile” highlighted by red triangle. Double lines indicate boundaries separating 
the Murray River Estuary, and North and South Lagoons. Adapted from Lester et al. (2009); Ye 
et al. (2018); Earl (2020). 
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2.3 Sample preparation 

2.3.1 Otolith preparation  

Otoliths were embedded in indium-spiked (30 ppm) epoxy resin and hardened in an oven at 

~50-600C. Indium (115In) was used as a marker for distinguishing otolith material from the 

resin (Reis-Santos et al. 2012). An Isomet low-speed saw fitted with twin spaced diamond 

blades was used to section otoliths transversely through the core, to produce thin sections of 

~300-350 µm	thickness. The sections were then wet polished on both sides using lapping 

films with successively finer grit sizes (30, 9, 3 µm). Polished sections were randomly 

mounted on glass slides (26mm x 76mm) using indium-spiked thermoplastic glue and 

sonicated with ultra-pure (Milli-Q) water prior to chemical analysis (Figure 2A).  

2.3.2 Eye lens delamination 

Eye lenses were dissected from whole eyes and rinsed sparingly, with droplets of ultra-pure 

(Milli-Q) water. Each lens was placed in a Petri dish under a dissecting stereomicroscope for 

delamination. Following protocols outlined by Bell‐Tilcock et al. (2021), first the lens suture 

(the point where a lamina fuses together) was located (Figure 2B). Using fine-tip forceps, a 

singular lamina was removed by peeling naturally defined sections that fuse at the suture. 

Sequential laminae were peeled from one pole to the other, always beginning at the same 

pole, until the lens nucleus (hard core) was reached. Throughout the delamination process, 

ultra-pure water was used sparingly and only when needed to moisten the lens when it 

became brittle, as some lens crystallin proteins are water-soluble (Wallace et al. 2014). 

Laminae were desiccated in an oven at 250C for ~45 minutes, and individual lamina were 

homogenised by crushing. A ~0.6 mg subsample per lamina was weighed using an analytical 

balance and wrapped in an 8 x 5mm pressed tin capsule for isotopic analysis.  
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2.4 Otolith sample processing 

2.4.1 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) 

Lifetime otolith elemental composition (n = 123) was analysed using Laser Ablation 

Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), with an Agilent 7900x ICP-

MS paired with a RESOlution-LR 193nm Excimer laser system. A selection of 11 elements 

were quantified, namely, lithium (7Li), sodium (23Na), magnesium (24Mg), phosphorus (31P), 

calcium (44Ca), manganese (55Mn), copper (63Cu), zinc (66Zn), strontium (88Sr), barium 

(137Ba) and lead (208Pb). Indium (115In) was also quantified to detect contamination by epoxy 

or thermoplastic glue caused by cracks in the otoliths, while calcium (43Ca) was measured as 

an internal standard to monitor signal drift (Yoshinaga et al. 2000).  

Aligned with expected increment size for A. butcheri, a beam size of 30 µm was applied 

(Sarakinis et al. 2024). A transect covering each fish’s entire life history was ablated adjacent 

to the sulcal groove, from the primordium to the otolith edge (Figure 2A), using a speed of 3 

µms-1, frequency of 10 Hz, and fluence of 3.5 J/cm2. NIST 612, a certified glass reference 

Figure 2. Sectioned A. butcheri otolith (A) illustrating the orientation and trajectory of the ablation 

transect (blue line). Microscope image of A. butcheri eye lens (B) depicting suture position and peeling 

motion from one pole to the other (dashed line). (Otolith image courtesy of Koster Sarakinis).   

 

A 
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material, was ablated every ~5-10 samples throughout analysis, for sample calibration and 

monitoring instrument drift (National Institute of Standards and Technology 2024). Two 

carbonate standards, MACS-3 and KCSp-1NP were ablated at the start and end of each 

analysis to evaluate external precision (Jochum et al. 2012). The mean recovery of all 

elements ranged from 100.00% to 100.44% for NIST 612. The coefficient of variation per 

element ranged from 0.17% to 1.14% (NIST 612), 1.29% to 11.34% (MACS-3) and 0.94% to 

12.24% (KCSp-1NP), and were considered within acceptable limits of precision and 

accuracy.  

2.4.2 Data reduction and treatment 

Raw LA-ICP-MS outputs were converted from counts per second (cps) to parts per million 

(ppm) in Iolite software (Paton et al. 2011), by subtracting background signals and applying 

calibration curves generated from NIST 612 counts. Elemental concentrations (ppm) were 

ratioed to calcium (element:Ca) (µmol/mol) (Yoshinaga et al. 2000). 

2.4.3 Otolith ageing 

Otolith sections were imaged under a dissecting microscope using the software ImageJ 

(Schneider et al. 2012). Once the otolith core and edge were defined, annual growth 

increments were counted by identifying the opaque bands along the ablation scar, following 

the A. butcheri ageing protocol outlined by Morison et al. (1998). Increment widths were 

measured and assigned a year and age by back-calculating from the year of capture. For each 

fish, the distance measurements along the ablated transect, representing a time series of 

element:Ca ratios, were aligned with the increment widths measured in ImageJ, allowing 

elemental concentrations to be matched to otolith growth and a corresponding year.  

2.5 Eye lens isotope ratio mass spectrometry (IRMS) 

Forty A. butcheri were selected for dietary stable isotope ratio analysis (n=40). Laminae were 

analysed for δ13C and δ15N by Mawson Analytical Spectrometry Services, using a continuous 

flow isotope ratio mass spectrometer (Nu Horizon, Wrexham, UK) paired to an elemental 

analyser (EA3000, EuroVector, Pavia, Italy). Stable isotope ratios were expressed in δ 

notation (parts per mil, ‰) relative to standards (Vienna Pee Dee Belemnite for δ13C and 

atmospheric abundance for δ15N): 

d13C = [(Rsample/Rstandard)-1] x 1000. 

d15N = [(Rsample/Rstandard)-1] x 1000. 
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Where Rsample is the abundance ratio of 13C /12C or 15N /14N in the sample, and Rstandard is this 

ratio in the standard. Samples were corrected for instrument drift and normalized based on 

reference values using the USGS88 Marine Collagen Certified Reference material (n=3) 

(d13C = USGS88 -16.06 ‰, d15N = USGS88 14.96‰) and in-house standards (n=14), glycine 

( d13C = glycine -31.2‰, d15N = glycine 1.32‰) and glutamic acid ( d13C = glutamic acid – 

16.72‰, d15N = glutamic acid – 6.17‰) calibrated against USGS and IAEA certified 

reference materials (USGS40, USGS 41, IAEA-2). 

2.6 Data analysis 

2.6.1 Otolith chemistry  

Element:Ca profiles were smoothed using a rolling mean (window size = 7 values) to 

minimize noise and enhance signal fluctuations that may be indicative of migration (R 

package zoo, Zeileis and Grothendieck 2005). Lifetime profiles of smoothed Ba:Ca were 

plotted against calendar year to visually identify potential migrations to freshwater. 

Considering freshwater resident A. butcheri exhibit approximately double the Ba:Ca signals 

as estuarine residents, a threshold of 20 µmol/mol was used to infer freshwater migration, 

based on an approximate Ba:Ca baseline of 10 µmol/mol observed across all individuals 

(Elsdon and Gillanders 2005). 

Element:Ca time series features, specifically, mean, variance, linearity, curvature, trend, 

spike, entropy and autocorrelation of lags and residuals were extracted and scaled for K-

means clustering analyses to group fish with similar profile trends (R package tsfeatures, 

Hyndman et al. 2023). Clustering algorithms using feature data from Ba:Ca alone, Sr:Ca 

alone, Ba:Ca and Sr:Ca combined, and all element:Ca ratios combined, were run, with 

number of clusters specified (K) ranging from 2 to 5 (R package stats, R Core Team 2024). 

For each predicted K, a silhouette score was calculated to evaluate the similarity of each 

profile to its assigned cluster centroid relative to the nearest neighbouring centroid (R 

package factoextra, Kassambara and Mundt 2020). A greater score suggests better cluster 

separation, thus a more appropriate number of clusters. Cluster assignment by the algorithm 

with the highest silhouette score and least cluster overlap (determined by visualization of 

clusters in scatterplots) was selected for subsequent analysis. An F1 score was also calculated 

to estimate the agreement between the grouping of fish by K-means clustering and ground 

truth assignment through visual inspection of Ba:Ca profiles (Landuyt et al. 2020). 
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2.6.2 Body condition estimation  

Fulton’s K condition factor was calculated for each fish, where a higher K value indicates 

better body condition (Caldarone et al. 2012).  

𝐾 =	
Total	weight	(g) − gonad	weight	(g)

Fork	length!	(cm) 	× 	100 

Gonad weight was deducted from total weight as it showed high variability within 50g weight 

classes, and fork length was used as some fish lacked total length estimates due to fin 

damage. Fish were divided into groups per cluster assignment by the most appropriate K-

means clustering, and an ANOVA (analysis of variance) was used to test for significant 

differences in Fulton’s K values between groups. Assumptions for ANOVA were met, as 

estimated using Shapiro Wilk’s test for normality and Levene’s test for homogeneity of 

variance.  

2.6.3 Modelling environmental influence on migration 

The mean monthly water temperature (℃), salinity (electrical conductivity, µS/cm at 25℃), 

rainfall (mm) and discharge (mm) per year, spanning from 2010 to 2024 (the lifespan of the 

oldest fish in the sample) were calculated from monitoring stations across the Coorong North 

Lagoon (Department for Environment and Water 2021). In line with cluster analysis 

outcomes and expected influence of freshwater on otolith Ba, mean annual Ba:Ca was 

initially modelled against water temperature, salinity, rainfall and discharge data using 

generalized linear models (Gamma and Log-normal distributions) to assess the influence of 

environmental conditions on chemical signatures related to migration. However, model 

diagnostics (DHARMa residuals) indicated poor fits, with significant deviations from 

expected quantiles (R package DHARMa, Hartig 2024) (Appendix 1, Figures S1-2).  

Therefore, to improve model robustness, the continuous response variable was transformed 

into count data, by summing the total migration events per year across all fish. Individual 

Ba:Ca profiles were inspected, and peaks above the 20 µmol/mol threshold were counted as 

migration events for the corresponding years. The number of migration events per year were 

then modelled against environmental variables using generalized linear models (GLM) fitted 

using a Poisson distribution with a log link function. Rainfall and discharge were found to be 

positively correlated (R package GGally, Schloerke et al. 2021) (Appendix 2, Figure S3), and 

were therefore modelled separately by constructing two global models: one excluding rainfall 

data and another excluding discharge data (Table 1). The dredge function (R package MuMIn, 
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Bartoń 2025) was applied separately to the global models, to identify the most parsimonious 

model based on the corrected Akaike Information Criterion weight (AICc). Finally, the most 

parsimonious model was tested with a random effect for year, to assess whether variation 

among years independently influenced the number of migrations beyond the effects of 

environmental conditions (R package MuMIn, Bartoń 2025). For each model, residual Q-Q 

plots and residual deviations from expected quantiles were assessed to select the model that 

best fit the data (R package DHARMa, Hartig 2024).  

 Table 1. Global Poisson GLMs constructed to model rainfall and discharge data separately, to 

eliminate multicollinearity  

 

2.6.4 Eye lens chemistry  

To ensure representation of all migratory life histories in the sample, lifetime otolith Ba:Ca 

profiles were visually inspected to select 15 potential migrants to freshwater and 15 potential 

residents for eye lens stable isotope ratio analysis, along with 10 randomly sampled 

individuals (n=40). Group assignment and confirmation of membership were later confirmed 

by K-means clustering. The mean d13C and d15N values per lamina were calculated for each 

group to produce a biplot of d13C against d15N, to visualise lifetime trends within each group. 

The biplot was facet wrapped by cohort to inspect potential variation over time. Due to the 

non-independence of data resulting from repeated measurements per fish, mixed-effects 

models with a random effect of Fish_ID were used to examine potential differences in 

lifetime d13C, d15N and C:N ratios between groups and assess trends in d13C, d15N and C:N 

ratios across laminae within each group (R package lme4, Bates et al. 2015). All statistical 

analyses were conducted in R (R Core Team 2024), with the additional package ggplot2 

(Wickham 2016) used for plotting.  

 

 

Model including Global model 

Rainfall glm(Migration.events ~ mean_salinity + mean_water_Tr + mean_rainfall, 

                        family = poisson(link = "log")) 

Discharge glm(Migration.events ~ mean_salinity + mean_water_Tr + mean_discharge, 

                       family = poisson(link = "log")) 
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3. Results 
 

A total of 123 A. butcheri were analysed for lifetime otolith elemental profiles (LA-ICP-MS), 

while 40 of those individuals were selected for eye lens stable isotope ratio analysis (IRMS). 

Individuals ranged between 291 and 405 mm (fork length) in size. Based on otolith aging, 

cohorts represented the 2010 to 2019 age classes, and age at capture ranged from 5 to 14 

years, with the majority of fish (64.2%) 5 years old (2019 cohort).  

 

3.1 Determining life history contingents  

Among all the tested combinations of elements, K-means clustering using Ba:Ca data 

consistently produced the highest silhouette scores, indicating it was the most effective for 

distinguishing between lifetime trends in otolith profiles (Table 2) (Appendix 3, Figure S4). 

The highest silhouette score was obtained when K = 2 clusters were specified, suggesting that 

there were most likely two profile types and life history groups in the sample. Furthermore, 

the lack of overlap between clusters indicates strong differences between the two profile 

patterns (Figure 3). Therefore, cluster assignment by Ba:Ca data (K = 2) was implemented for 

further inference and analyses. The majority of fish (108) were included in cluster 1, while 

fewer individuals (15) were assigned to cluster 2. Ba:Ca profiles against calendar year were 

plotted separately for each cluster to visualise differences in lifetime trends (Figure 4). All 

individuals in cluster 2 had large fluctuations in Ba:Ca, with at least one peak in Ba:Ca across 

the life history exceeding the threshold of 20 µmol/mol used to define freshwater migration 

in A. butcheri (Figure 4B). Contrastingly, in cluster 1, Ba:Ca profiles showed reduced range 

variation, smaller oscillations, and never exceeded the 20 µmol/mol threshold, apart from one 

individual at the start of their life history (Figure 4A). 

Element:Ca ratio(s) 
analysed 

Number of 
clusters 

Silhouette 
score 

Silhouette 
score rank 

 K = 2 0.382 1 
Ba:Ca K = 3 0.212 4 

 K = 4 0.218 2 
 K = 5 0.218 3 
 K = 2 0.184 5 

Sr:Ca K = 3 0.157 8 
 K = 4 0.166 7 
 K = 5 0.182 6 

Table 2. Summary of K-means clustering analyses based on various otolith element:Ca feature data 

and K value combinations, with best clustering algorithm highlighted in yellow. 
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The F1 score (83.87%) indicated good agreement between quantitative (K-means clustering) 

and qualitative (visual inspection) classification of fish as migrants. Therefore, fish assigned 

to cluster 1 and cluster 2 are henceforth defined as residents and migrants respectively, for 

further analyses and interpretations.

   K = 2 0.121 10 
Ba:Ca + Sr:Ca K = 3 0.127 9 

 K = 4 0.113 11 
 K = 5 0.113 12 

All Element:Ca K = 2 0.064 13 
(Li, Na, Mg, P, Mn, K = 3 0.062 14 
Cu, Zn, Sr, Ba, Pb) K = 4 0.050 15 

 K = 5 0.048 16 

Figure 3. Scatterplot depicting K-means clustering results based on otolith Ba:Ca feature data with 
K = 2 clusters specified (n = 123). Colours and symbols reflect the different clusters. Numbers are 
sample ID. 
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Figure 4. Otolith Ba:Ca profiles against calendar year for fish assigned to cluster 1 (A) and cluster 2 
(B) by K-means clustering using Ba:Ca data with K = 2 clusters specified (n = 123). Ba:Ca exceeding 
20 µmol/mol were considered indicative of freshwater migrations. Note x-axis varies between plots. 
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3.2 Fulton’s K condition factor  

The migrating contingent had better body condition compared to residents, as indicated by a 

marginally higher average Fulton’s K value (Table 3), although this difference was not 

significant (F(1, 121) = 3.802, p = 0.054). 

Table 3. Fish body condition estimated by Fulton’s K factor, with mean and standard error per 

contingent. 

 

 

 

3.3 Correlating migration events per year with environmental data  

Resident A. butcheri were excluded from modelling as only migrant profiles had migration 

events. The best model from the global model including rainfall had the higher AICc weight 

(Table 4a) and was considered the best-performing GLM. This model was tested for 

overdispersion by comparing DHARMa simulated and observed residual standard deviations, 

and no significant overdispersion was detected (dispersion = 0.836, p = 0.736). Additionally, 

there was no substantial support for including a year random effect as a GLMM approach. 

(See Appendix 4: Table S1-S2 for full model comparisons). Both rainfall and salinity had 

significant effects on the number of migration events per year (Table 4b). Mean monthly 

rainfall per year showed a negative association, while mean monthly salinity per year showed 

a positive association with the number of migrations per year (Figure 5).  

 

 

Contingent Mean SE   
Resident 2.29 0.0145   
Migrant 2.37 0.0374   

(a) Global 
model 

Best model logLik AICc 
weight 

Rainfall Migration.events ~ mean_rainfall + mean_salinity -23.840 0.774 
Discharge Migration.events ~ mean_salinity -28.040 0.604 
Rainfall Migration.events ~ mean_rainfall + mean_salinity + (1|Year) -23.840 0.690 

(b) Coefficient Estimate SE z  p  
Intercept 0.753 0.209 3.610 <0.001*** 
mean_rainfall -0.498 0.181 -2.745 <0.010** 
mean_salinity 0.713 0.185 3.844 <0.001*** 

Table 4. AICc weights for the best ranked GLM and GLMM within two global models including 

either rainfall or discharge (a) and summary statistics for the best-performing GLM (b). Significance 

under a given p value is represented by asterisks, where ** <0.01 and *** <0.001.  
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3.4 Determining lifetime dietary divergence between life histories  

Lifetime trends in d13C and d15N in eye lens laminae differed between migrants and residents, 

with mean d13C generally becoming less depleted with age in residents and more depleted in 

migrants (Figure 6A). For both residents and migrants, mean d15N generally declined with 

age. However, the overall range of values was low, with variation across all residents and 

migrants below 0.8‰ and 0.5‰, respectively. Trends in d13C and d15N varied by cohort for 

both migrants and residents (Figure 6B). For migrants from certain cohorts (2014, 2017, 

2019) lifetime d13C became less depleted, while resident d13C became more depleted in the 

2018 cohort. Notably, only the oldest migrant (aged 14 years at capture), from the 2010 

cohort showed a slight increase in d15N with age.  
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Figure 5. Model predicted trends in A. butcheri migrations per year as a function of annual mean 
monthly rainfall (blue) and salinity (green), with 95% confidence intervals indicated by shaded ribbons 
(n = 15 fish). Predictions were derived from the best fit Poisson model, by varying one predictor while 
holding the other constant at its mean. Rug ticks along the x axis represent the distribution of observed 
data for rainfall and salinity. 
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Figure 6. Biplots of mean d13C and d15N per lamina with standard error bars, showing lifetime trends in diet 

within each contingent (A) and by cohort (B) (n = 40 fish). Laminae are numbered from 1 (innermost 

lamina) to 16 (outermost lamina), reflecting increase in fish size and age. Sample sizes (n) per cohort are 

indicated at the top of each grid in (B). Note number of laminae does not necessarily correlate to age. 
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Mixed-effects modelling revealed that resident d13C was enriched by 1.83 ± 0.30 ‰ 

compared to migrants, while d15N and C:N did not differ significantly between contingents 

(Table 5a). Mixed-effects modelling of d13C, d15N and C:N across laminae showed that in 

migrants, d13C became significantly more depleted with age at a rate of -0.123 ± 0.054 ‰ per 

lamina, while in residents, d13C became significantly less depleted at a greater rate of 0.215 ± 

0.016 ‰ per lamina (Table 5b) (Figure 7A). Residents showed a gradual decline in d15N with 

age (-0.050 ± 0.016 ‰), and although not significant, a similar depletion trend was observed 

in migrants (Figure 7B). Lifetime C:N increased slightly with age in both residents and 

migrants, although this trend was only significant in residents (Table 5b).  

 

 

 

 

 

 

 

 

(a) Model Estimate 
 

SE Residual 
variance 

Residual 
Std.Dev 

p 

d13C ~ Contingent 1.833 0.302 1.570 1.250   4.51e-07* 

d15N ~ Contingent 0.326 0.222 0.297 0.545 0.151 

C:N ~ Contingent -0.006 0.011 0.005 0.011 0.608 

(b) Contingent Model Estimate SE p Trend 

 d13C  ~ Lamina 0.215 0.016 <2e-16* Increase 

Resident d15N  ~ Lamina -0.050 0.014    3.79e-4* Decline 

 C:N  ~ Lamina 3.42e-4 1.63e-4 0.037* Increase 

 d13C  ~ Lamina -0.123 0.054 0.024* Decline 

Migrant d15N  ~ Lamina -0.040 0.021 0.056 Decline 

 C:N  ~ Lamina 0.004 2.5e-4 0.091 Increase 

Table 5. Summary of mixed-effects models to compare d13C, d15N and C:N between contingents (a) 

and trends across laminae per contingent (b). All models included a random effect for individual fish 

(1|Fish_ID). Model estimates (a) are given for the resident contingent. Effect significance under a p 

value of 0.05 is indicated by *. 
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Figure 7. Mixed-effects model trends in d13C (A) and d15N (B) across laminae per contingent, with shaded 

ribbons representing 95% confidence intervals (n = 40 fish). Laminae are numbered in order of increasing 

fish age, from 1 (innermost lamina) to 16 (outermost lamina) although they may not equate to age.  
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4. Discussion  

This study leveraged lifetime chemical information archived in fish otoliths and eye lenses, to 

identify how broad-scale environmental changes influence migrant proportions, and how 

migratory life history relates to dietary and ecological outcomes in a partially migrating 

population of A. butcheri in the Coorong Lagoon. Analysis of lifetime otolith Ba:Ca profiles 

revealed two distinct life history contingents, consistent with previous observations of partial 

migration for this species in the Coorong Lagoon (Gillanders et al. 2015). Resident otolith 

Ba:Ca profiles had concentrations approximately around 10 µmol/mol whereas migrant 

Ba:Ca profiles exhibited peaks exceeding well above the 20 µmol/mol threshold, indicating 

migration from the resident estuary habitat towards freshwater. Cluster assignment by the 

most appropriate K-means analysis showed good agreement with visual contingent 

assignment based on inspection of otolith Ba:Ca profiles, with the K-means algorithm used to 

distinguish clusters consistent with the suggested 20 µmol/mol threshold used to qualitatively 

assign contingent status based on visual inspection of Ba:Ca profiles.  

Generalised linear modelling revealed significant influences of broad-scale environmental 

change on within-year contingent proportions. Years with low mean monthly rainfall and high 

mean monthly salinity were associated with increased freshwater migration events per year. 

Consistent with observations by Gillanders et al. (2015), A. butcheri migrants had better body 

condition (Fulton’s K condition factor) than residents, although this difference was 

marginally non-significant (p = 0.054). This difference in body condition suggests a trade-off 

where the energetic costs of migration are offset by the access to improved foraging 

opportunities, supporting growth despite movement demands (Altenritter et al. 2018). Eye 

lens stable isotope ratio analysis revealed that migrant d13C became more depleted with age, 

while resident d13C became less depleted. The depletion in migrant d13C aligns with 

exploitation of freshwater food webs, as baseline d13C becomes more depleted along a 

gradient from marine to freshwater food webs (Dias et al. 2023). Contrary to the anticipated 

ontogenetic increase in trophic position, d15N declined with age in both residents and 

migrants. Overall, combining life history data recorded in otoliths and eye lenses facilitated a 

comprehensive reconstruction of how the environment shapes migratory decision, and how 

this decision subsequently influences ecological outcomes in partially migrating fish 

populations.  
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4.1 The influence of broad-scale environmental change on contingent structure 

Understanding how contingent proportions in partially migrating fish species respond to 

environmental variability is crucial for predicting the persistence of intra-population life 

history diversity under an era of accelerated climatic and anthropogenic changes to aquatic 

habitats. Migration propensity in partially migrating fish has been associated with 

environmental cues such as temperature, salinity, food availability, monsoonal rainfall and 

flow stability (Wysujack et al. 2009; Archer et al. 2020; Lisi et al. 2022; Massie et al. 2022; 

Roberts et al. 2024). The number of A. butcheri migrations per year increased during years 

with lower mean monthly rainfall and high mean monthly salinity in the Coorong North 

Lagoon. Given the strong salinity gradient in the Coorong Lagoon, the peaks in otolith Ba:Ca 

likely indicate northward migration towards the less saline Murray Mouth and lower reaches 

of the freshwater lakes and Murray River (Mosley et al. 2023). These findings align with the 

influence of environmental liability traits on migration propensity in estuarine fishes, 

whereby declines in rainfall and increasing salinity promotes freshwater migration (Massie et 

al. 2022; Roberts et al. 2024).  

The increased freshwater migrations exhibited by A. butcheri during years with high mean 

monthly salinity likely reflect suboptimal physiological conditions induced by increased 

salinity. Freshwater input from river discharge and rainfall are key determinants of salinity 

gradients in estuaries, which shape habitat suitability and availability for estuarine fishes 

(Brookes et al. 2022). Although estuarine fish are well adapted to cope with a wide range of 

salinities (Marshall 2012; Kültz 2015; Su et al. 2022), exposure to salinity levels exceeding 

their upper tolerance limits can trigger oxidative stress and increased energy requirements for 

osmoregulation (Hossain et al. 2016). This manifests as several physiological, metabolic and 

behavioural changes, including reduced feeding and body condition, abnormal swimming 

behaviour and increased mortality related to salinity stress (Hossain et al. 2016; Komoroske 

et al. 2016). During the period captured by this study, mean monthly salinity exceeded the 

upper salinity limit of A. butcheri in the Coorong Lagoon (~60 parts per thousand (ppt) / 

~90,000 µS/cm at 25℃) (Noell et al. 2009), reaching up to 109,000 µS/cm at 25℃. 

Therefore, while A. butcheri are dependent on estuarine salinities for breeding success and 

larval survival (Hassell et al. 2008; Nicholson et al. 2008; Williams et al. 2013), it is likely 

that higher salinity conditions prompted freshwater migration.  
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The increased migrations to freshwater during years with low mean monthly rainfall are 

likely due to the indirect effects of rainfall on salinity, as well as its direct impacts on A. 

butcheri growth and condition. Regional rainfall, which influences estuarine salinity, is a 

strong determinant of A. butcheri recruitment variability (Jenkins et al. 2010). Rainfall is 

positively correlated to inter-annual growth in A. butcheri (Doubleday et al. 2015), and 

declines in annual rainfall induces reduced body condition and delayed maturation, likely a 

result of hypoxia and diminished food availability (Cottingham et al. 2018). Ultimately, it is 

likely that A. butcheri exhibited more freshwater migrations during years with low rainfall 

and high salinity in the Coorong Lagoon to track habitats more suited to their physiological 

requirements. This is further exemplified by Gillanders et al. (2015), who observed that 

during the Millennium Drought, when these conditions were amplified (i.e., extreme low 

rainfall and high salinity due to evaporation and barrage closure (Brookes et al. 2009)), the 

proportion of A. butcheri migrants was much greater (38%) compared to the findings of this 

study (12%) when fish were sampled following 2023 flood conditions in the Coorong Lagoon 

(Mosley et al. 2024). These trends pose concern for the persistence of A. butcheri in an ever-

changing system threatened by climate change.  

Large regions of the Coorong Lagoon are currently experiencing persistent hypersalinity 

coinciding with reduced freshwater inflow and evapo-concentration (Mosley et al. 2023). 

Without appropriate freshwater influence from river discharge and rainfall, A. butcheri 

habitat suitability in the Coorong Lagoon is expected to contract by up to ~38% (Brookes et 

al. 2022). Climate change is likely to exacerbate the environmental conditions that promote 

freshwater migration in A. butcheri. Estuaries in Mediterranean type climates, such as the 

Coorong, are predicted to experience dramatic declines in freshwater flow and increased 

frequency and extent of hypersalinity, due to diminished and unpredictable rainfall, rising sea 

levels and increased evapo-concentration under warming conditions (Hallett et al. 2018). 

Therefore, it is likely that the number of A. butcheri migrations to freshwater per year will 

increase under future environmental conditions predicted for the Coorong Lagoon. 

A greater proportion of migrants weakens the portfolio effects conferred by the coexistence of 

diverse life histories in partially migrating fish populations (Schindler et al. 2010; Schindler 

et al. 2015). Population dynamics in partially migrating fish populations are highly sensitive 

to contingent proportions, where an increased representation of migrants diminishes long-

term population stability (Kerr et al. 2010). It is possible that under worsening conditions in 
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the resident North Lagoon habitat, an increased number of migrations by A. butcheri may 

have detrimental consequences for resident stock stability (Chapman et al. 2012a). 

 

4.2 Ecological outcomes of contrasting life history strategies  

To my knowledge, this is the first study to apply eye lens stable isotope ratio analysis to 

identify divergent lifetime dietary trends between two contrasting life history strategies in a 

partially migrating fish population. Similar to findings by Toledo et al. (2020), who used 

stable isotope hind-casting models to reconstruct lifetime diet history in partially migrating 

Merluccius australis, migrant and resident A. butcheri had shifts in dietary composition, 

reflective of habitat utilization. For both migrants and residents, an ontogenetic increase in 

d15N was expected as predatory fish often occupy higher trophic positions with age by 

overcoming gape limitation (Choi et al. 2020; Vecchio et al. 2021; Ruiz-Cooley and Ordiano-

Flores 2025). However, the opposite trend was observed, with both migrant and resident 

mean d15N declining with age, even if only very slightly. This may be due to an age-related 

increased reliance on primary producers as A. butcheri can become increasingly omnivorous 

in eutrophic estuaries (Chuwen et al. 2007). Although A. butcheri diets in the Coorong 

Lagoon primarily consist of invertebrates and smaller fish (Lamontagne et al. 2016), their 

highly opportunistic feeding habits and frequent hypereutrophic conditions in the lagoon 

suggest adults may supplement their diet with macrophytes (Sarre et al. 2000; Chuwen et al. 

2007; Mosley et al. 2023). However, without fully characterising estuarine and freshwater 

food webs in this system, temporal variations in the isotopic baselines of d15N across the 

lagoon cannot be ruled out.  

Furthermore, estuarine residents were expected to have lower d15N compared to freshwater 

migrants, as A. butcheri fall lower in trophic position with increasing salinity, potentially due 

to the consumption of less preferred (smaller) food sources (Brookes et al. 2009). However, 

d15N did not significantly differ between contingents, suggesting that migrants and residents 

occupy the same trophic position irrespective of the habitat utilized. Contrastingly, d13C in 

migrant and resident diets showed initial overlap, possibly due to residual maternal nutrients 

in the yolk sac or the consumption of similar estuarine diets during early growth, but 

subsequently diverged as life history strategies emerged. The general depletion in migrant 

d13C aligns with freshwater migration, as freshwater food webs typically exhibit lower 
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baseline d13C compared to estuaries, owing to the depleted d13C in the terrestrial organic 

matter available to freshwater primary producers (Lamb et al. 2006; Dias et al. 2023). The 

lifetime trends in d13C and d15N were inconsistent among cohorts, likely due to the 

fluctuation of baseline d13C and d15N in the Coorong Lagoon, owing to variable freshwater 

influence, lagoon-channel connectivity and evaporation rates (Tulipani et al. 2014; Mosley et 

al. 2020). 

Migrants exhibited better mean body condition compared to residents, although this finding 

was marginally non-significant. Body condition, as determined by Fulton’s K factor, is 

positively correlated to individual lipid content, energy reserves and gonadal development 

(Mozsár et al. 2015; Schloesser and Fabrizio 2017), hence the trend for higher condition in 

migrant A. butcheri indicates they are likely to have better individual fitness compared to 

residents. As fish body condition is density dependent (Haberle et al. 2023), the improved 

body condition may be related to reduced competition, allowing greater individual access to 

food resources in freshwater food webs (Caldarone et al. 2012; Altenritter et al. 2018). 

Furthermore, in the Coorong Lagoon, the energy density (energy per unit area), protein and 

lipid content of benthic A. butcheri food sources increase further northwards towards the 

Murray Mouth (Dittmann et al. 2022), indicating that food sources available to migrants are 

energetically superior. Overall, while migration is an energetically costly strategy, there are 

trade-offs such as improved resources or environmental conditions likely driving the 

persistence of partial migration. Moreover, migration decisions are influenced by 

physiological condition, as fish in poorer condition with lower energy reserves are less likely 

to migrate due to the high energetic demands. For example, Brodersen et al. (2008) found 

that common roach (Rutilus rutilus) in low body condition were less likely to migrate from 

shallow lakes to connecting streams during winter. These distinctions in ecological outcomes, 

combined with the strong environmental influence on migrant proportions, have important 

implications for managing partially migrating A. butcheri populations in the Coorong 

Lagoon.  
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4.3 Implications for management 

Globally, the physicochemical conditions of estuaries are rapidly deteriorating due to 

compound effects from human use, over-fishing and climate change, including modifications 

to environmental flow, sea surface level, salinity, water temperature, and connectivity 

(Whitfield et al. 2023). Large regions of southern Australia are projected to experience 

declines in wet season rainfall and prolonged drought conditions (Steffen et al. 2018). Within 

the Coorong Lagoon in particular, climate change is predicted to reduce flow and increase 

evaporation rates, resulting in further extreme salinities and declines in water level and 

connectivity (Lester et al. 2009). Maintaining diverse life history strategies, particularly 

under climate change, is crucial for sustaining the stability, productivity and resilience of 

estuarine fish populations relying on partial migration (Arai et al. 2025). Understanding the 

species-specific environmental drivers of migration, as identified by this study, will aid 

habitat restoration efforts to support migratory and resident populations.  

A considerable portion of climate change-related degradation in the Coorong Lagoon can be 

averted by reducing upstream freshwater extraction (Lester et al. 2013). For partially 

migrating A. butcheri, effective strategies for management may include compensatory 

barrage releases during months with low regional precipitation, to counter potential surges in 

salinity. Given the projected sea level rise under climate change, fortification of the natural 

sandbars separating the lagoon from the Southern Ocean may be necessary to reduce marine 

incursion and maintain A. butcheri habitat suitability in the North Lagoon. While preserving 

A. butcheri stock biomass in the resident estuary is important for sustaining genetic diversity, 

under increasingly deteriorating conditions, it becomes crucial to ensure structural 

connectivity to allow the expression of migration. A. butcheri populations trapped in estuaries 

exceeding their upper salinity limits have experienced mass mortalities when there were 

barriers to freshwater migration (Hoeksema et al. 2006). Therefore, it is imperative to 

maintain structural connectivity between the Coorong Lagoon system and the lower reaches 

of the Murray River, to facilitate key migration pathways along the salinity gradient under 

extreme conditions.  
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4.4 Limitations  

All A. butcheri used in this study were sampled from a single site within a narrow sampling 

period during a fishery survey. If fish were caught from multiple sites across the salinity 

gradient, otolith Ba:Ca edge chemistry (i.e., representative of location of capture) could have 

been used to further support salinity thresholds rather than using pre-existing thresholds 

based on other studies.  

A common caveat of otolith science is the uncertainty in interpreting patterns in chemical 

profiles as fish movement when they could also reflect fluctuations in the environment 

(Elsdon et al. 2008). However, the interpretation of peaks in Ba:Ca profiles as freshwater 

migration is supported by additional observations. First, the peaks in Ba:Ca were not 

exclusive to specific years and instead varied between individuals, likely indicating 

individual movement as opposed to physicochemical changes to the resident habitat. Second, 

the declining d13C observed in the lamina of fish designated as freshwater migrants reflect 

feeding in freshwater food webs. Finally, while elevated Ba can also be indicative of 

hypersaline conditions in the Coorong South Lagoon (Brookes et al. 2009), it is highly 

unlikely that A. butcheri migrated southwards as the extremely high salinity is well beyond 

its upper tolerance limits. Furthermore, increases in otolith Ba:Ca under hypersalinity do not 

exceed 10 µmol/mol (Gillanders and Munro 2012), therefore the Ba:Ca peaks exceeding 20 

µmol/mol in A. butcheri migrants were more consistent with freshwater migration. However, 

supporting migration studies with tagging techniques such as acoustic or passive integrated 

transponder telemetry would help to further resolve movement pathways and unequivocally 

demonstrate timings and periodicity of freshwater migration (Kagley et al. 2017; Massie et 

al. 2022; Dzul et al. 2024). 

Since otolith Ba:Ca data were transformed to migration events per year by aggregating the 

number of migrations across all migrants, I was unable to account for individual Fish_ID as 

an indirect random effect when constructing GLMs to model the influence of environmental 

variables on A. butcheri migration. Genetic liability is an inherent feature of migration 

propensity and is likely to influence the number of migrations undertaken by each individual. 

Dynamic time warp analysis could further assist in detecting and isolating complex temporal 

patterns in individual migration, in relation to environmental cues, especially where 

responses are asynchronous (Hegg and Kennedy 2021). 
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4.5 Future directions  

Future research could consider replication of this study across different years, estuaries and 

particularly for freshwater populations of A. butcheri, to determine if the observed effects of 

environmental change on migration are consistent across A. butcheri populations. While an 

increased proportion of migrants poses concern for population stability, it simultaneously 

affords individual fitness advantages, especially under adverse environmental conditions. 

Therefore, to effectively inform management decisions for A. butcheri populations in the 

Coorong Lagoon, further demographic analyses are necessary to identify the appropriate 

relative proportions of migrants and residents required for maintaining a viable and stable 

population. It is also worth estimating within-year growth rates from otolith increments to 

demonstrate if freshwater migration confers growth advantages under differing conditions 

(Gillanders et al. 2015). Within-year growth data, in combination with body condition 

estimates and lifetime dietary history from eye lenses would further elucidate the complex 

ecological outcomes of diverse life history strategies in partially migrating fish populations.  

Unlike otoliths, which contain time-resolved life history information, eye lenses incorporate 

new laminae during periods of somatic growth (Kurth et al. 2019; Bell‐Tilcock et al. 2021), 

which complicates the alignment of diet shifts with migration events. To further resolve life 

history patterns in isotopic composition, it is important to sample individuals across the entire 

size range to establish relationships between eye lens diameter, otolith diameter and age. 

These calibration curves are likely to be species-specific, as otolith and eye lens morphology 

vary significantly among species (Bantseev et al. 2004; Haimovici et al. 2023). To further 

assist in linking diet shifts with movement, it is worth characterising C and N ratios along the 

Coorong salinity gradient, including dissolved, particulate and primary producers, to identify 

the boundaries of food webs likely encountered by migrants. Since the life history trends in 

diets were not consistent across cohorts, the distribution of these nutrients should be 

quantified by year or season, to account for the dynamic nature of nutrient cycling in the 

Coorong lagoon.   
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5. Conclusion  

This study demonstrated that the integration of lifetime chemical data stored in fish otoliths 

and eye lenses offers a promising avenue of research into understudied aspects of fish partial 

migration. The effects of broad-scale environmental change on migrant proportions highlights 

the vulnerability of fish species with environmental liability traits in an era of rapid climate 

change. Given that partial migration may have evolved to sustain population stability in 

migratory species (De Leenheer et al. 2017), alterations to contingent proportions under 

changing environments will likely have detrimental consequences for the resilience and 

persistence of species relying on this behavioural diversity. This study capitalised on laminae 

within eye lenses, to characterise the often-overlooked ecological outcomes of diverse life 

history strategies in partially migrating fish populations. The dietary divergence between 

contingents highlights migrant dependence on multiple food webs, which emphasizes the 

importance of maintaining structural connectivity among aquatic habitats. Ultimately, by 

characterising how partially migrating fish populations may respond to environmental 

change, we can inform the management of these populations in a manner that conserves the 

diverse life history strategies that will jointly contribute to species persistence under climate 

change.  
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7. Appendices 
 

Appendix 1: Assessing GLM fit across different families of probability distributions  

 

Figure S1. DHARMa residual diagnostic plots for the best GLM (based on AICc weight) 

fitted using gamma (A) and log-normal (B) distributions, to model mean annual Ba:Ca 

against environmental variables. Significant quantile deviations between model predictions 

and DHARMa residuals (highlighted in red) indicate poor fit. 
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Figure S2. DHARMa residual diagnostic plots for the best GLM (based on AICc weight) 
fitted using a Poisson distribution, to model the number of migrations per year against 
environmental variables. Rainfall and discharge were modelled separately by constructing 
two global models: one including rainfall (and salinity and water temperature) (A) and the 
other including discharge (and salinity and water temperature) (B). Significant quantile 
deviations between model predictions and DHARMa residuals were not detected, indicating a 
better fit. 
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Appendix 2: Estimating multicollinearity between environmental variables  

 

Figure S3. Pairwise correlation matrix to determine correlations between environmental 

variables prior to constructing GLMs. Annual mean monthly discharge and rainfall were 

found to be significantly positively correlated and were considered separately when building 

GLMs. 
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Appendix 3: Determining optimal K-means cluster separation based on otolith Ba:Ca data 

 

Figure S4. K-means clustering results based on otolith Ba:Ca data when the number of 

clusters specified K= 3 (A), 4 (B) and 5 (C). Increasing K beyond K = 2, resulted in 

increasing overlap between clusters, indicating weaker separation.  
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Appendix 4: Model comparison using AICc  

Table S1. Dredge results for the global model including rainfall (A), global model including 
discharge (B) and the generalised linear mixed model including rainfall (C), with the most 
parsimonious model per case study highlighted. M1 from table A was retained for further 
inference. 

(A)  Fixed effects     

Model Intercept mean_rainfall mean_salinity mean_temperature df AICc Delta 
AICc 

AICc 
weight 

M1 0.7529 -0.4978 0.7125 N/A 3 56.08 0.00 0.772 
M2 0.7301 -0.5308 0.7190 0.1870 4 59.30 3.22 0.154 
M3 0.8641 N/A 0.7270 N/A 2 61.17 5.09 0.060 
M4 0.8642 N/A 0.7272 -0.0032 3 64.48 8.40 0.011 
M5 0.9773 -0.5263 N/A N/A 2 69.86 13.78 7.86e-04 
M6 0.9728 -0.5284 N/A 0.1957 3 72.26 16.18 2.36e-04 
M7 1.0986 N/A N/A N/A 1 76.49 20.41 2.86e-05 
M8 1.0957 N/A N/A 0.0788 2 78.99 22.91 8.16e-04 

 

(B)  Fixed effects     

Model Intercept mean_discharge mean_salinity mean_temperature df AICc Delta 
AICc 

AICc 
weight 

M1 0.8640 N/A 0.7270 N/A 2 61.17 0.00 0.604 
M2 0.8482 -0.2071 0.6762 N/A 3 63.22 2.05 0.217 
M3 0.8642 N/A 0.7272 -0.0031 3 64.48 3.31 0.115 
M4 0.8025 -0.4465 0.6270 0.2972 4 65.74 4.57 0.061 
M5 0.9808 -0.6381 N/A 0.4397 3 73.57 12.40 1.23e-03 
M6 1.0366 -0.3886 N/A N/A 2 74.67 13.50 7.07e-04 
M7 1.0986 N/A N/A N/A 1 76.49 15.32 2.85e-04 
M8 1.0957 N/A N/A 0.0787 2 78.99 17.82 8.14e-05 

 

(C)  Fixed effects Random  
effect 

    

Model Intercept mean_rainfall mean_salinity mean_temp (1|Year) df AICc Delta 
AICc 

AICc 
weight 

M1 0.7529 -0.4978 0.7125 N/A None 4 60.12 0.00 0.690 
M2 0.7716 N/A 0.7345 N/A None 3 62.92 2.79 0.171 
M3 0.7301 -0.5308 0.7190 0.1870 None 5 64.36 4.23 0.083 
M4 0.7696 N/A 0.7328 0.0258 None 4 66.95 6.82 0.023 
M5 0.7672 N/A N/A N/A None 2 67.81 7.69 0.015 
M6 0.7844 -0.4855 N/A N/A None 3 68.01 7.89 0.013 
M7 0.7617 N/A N/A 0.1439 None 3 70.92 10.80 0.003 
M8 0.7768 -0.5170 N/A 0.2461 None 4 71.40 11.27 0.002 
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Table S2. AICc comparison of most parsimonious model as a GLM without a random effect 
for year (M1(A)), and when extended as a GLMM approach by including a random effect for 
year ((M1(C)). Model M1(A) was retained for further inference.  

Model Intercept Fixed effects Random  
effects 

df AICc Delta 
AICc 

AICc 
weight 

M1(A) 0.7529 Rainfall Salinity  3 56.1 0.00 0.883 
M1(C) 0.7529 Rainfall Salinity (1|Year) 4 60.1 4.04 0.117 
 


