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ABSTRACT

Otoliths are calcified structures in the inner ear of fish, the analysis of which can be used to derive
important life-history characteristics. Otoliths can be used to age young fish by counting daily growth
increments visible in the otolith cross-section; however, this is costly and time-consuming. Otolith
weight is a potential surrogate for fish age in growth analysis, providing a rapid alternative. Bony bream
(Nematalosa erebi) is Australia’s most widespread freshwater fish and an important component of
riverine food webs, yet its life-history characteristics are informed by few publications. We
investigated the relationship between assumed fish age derived from otolith increments and otolith
weight in young-of-year bony bream. We also assessed the utility of otolith weight for use in
relative growth rate analysis. Linear modelling showed a significant positive relationship between
increment count and otolith weight. Otolith weight when paired with body length was a reliable
alternative to increment count, and thus age, for use in relative growth studies. This method can
facilitate research into the factors shaping the life history of this ecologically significant species.

Keywords: conservation, environmental
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Introduction

Otoliths are calcified structures in the inner ear of fish, the analysis of which can provide
species-specific life-history characteristics and inform demographic traits of fish popula-
tions (Burbank et al. 2021; Roberts et al. 2021). In particular, otolith microstructure can
be used to age fish because otolith growth occurs through the daily addition of calcium
carbonate increments (Campana and Thorrold 2001). Under magnification, daily increments
can be counted in young fish to determine age, from which life-history characteristics such as
growth rate can be estimated. The addition of daily increments is continual even during
periods when somatic growth is non-existent (Williams and Bedford 1974; Maillet and
Checkley 1990). Moreover, otoliths are the only calcified structures in fish that are not
subject to resorption, even during periods of starvation (Campana and Thorrold 2001).

The process of aging fish by counting daily increments can be time consuming and costly.
An alternative is to use otolith weight as a proxy for age. Support for the association of
otolith weight and age is strong in early life-stage fish, with younger fish having lighter
otoliths than older fish (Pacheco et al. 2021). Age estimation using otolith weight is low
cost, quick and requires less specialised equipment and operational training than does
ageing by daily increments.

The strong association between age and otolith weight lends itself to studies examining
growth and growth-related life-history characteristics. In some species otolith weight can
be used to assign a specific age to individuals (Cardinale et al. 2000), although this
relationship can also show considerable variability, resulting in unreliable age estimates
(Francis and Campana 2004; Hansen et al. 2022). However, for many applications,
specific age estimates are not required, particularly when evaluating growth differences
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among various treatment groups, such as, habitat type or
season. When controlling for bodylength, otolith weight has
been shown to be a reliable method for analysing relative
differences in growth rate (Templeman and Squires 1956;
Strelcheck et al. 2003).

The clupeid gizzard shad bony bream (Nematalosa erebi
(Giinther)) is the most widespread freshwater fish species
in Australia and a key component in riverine food webs
(Pusey et al. 2021). It is an important prey fish for many
higher-order consumers and, as a detritivore, it facilitates
the movement of terrestrial carbon into the aquatic food
chain (Pusey et al. 2021). The species is also an important bait
fish for customary hunting (Jackson et al. 2012). Information
on the life history of bony bream, particularly their growth
rate, is informed by few publications, despite its ecological
and cultural significance. Two studies from opposite ends of
the species range have directly measured growth using
otolith daily increment counts from young-of-year individuals.
Stocks et al. (2019) constructed size-at-age growth models in
the Macquarie River (NSW) and Pratt et al. (2023) linked
growth rate to environmental factors (food availability,
temperature, habitat) in the Fitzroy River (WA). Southwell
et al. (2015) used otolith increments as a proxy for age to
back-calculate hatch dates when evaluating the influence of
environmental water release on spawning and recruitment,
but used bodylength frequency analysis to assess growth.
Other studies have also used length-frequency distributions
or biomass to infer variability in growth and recruitment in
relation to flow characteristics and food resources (Puckridge
and Walker 1990; Balcombe et al. 2007, 2015; Lear et al.
2023); however, these approaches will be less reliable than
using otoliths. Studies that track the size of a cohort (i.e.
modal length) through time within the same site will have the
precision of their growth estimate influenced by the number of
fish measured (Vokoun et al. 2001; Miranda 2007). Studies that
compare cohort length among treatment groups (e.g. site, year,
season, habitat etc.) make the assumption that timing of
spawning is uniform across treatment groups (Laslett et al.
2004), an assumption that may not hold for bony bream.
Bony bream can spawn at multiple times throughout the
year, including under different flow conditions (Puckridge
and Walker 1990; Kerezsy et al. 2011; Stocks et al. 2021),
and has been found to spawn at different times at different
sites within the same catchment (Beesley 2006). Thus, these
studies may mistakenly attribute cohort length differences to
varied growth rate when they are simply caused by differences
in age. Therefore, when assessing the influence of habitat,
hydroperiod or environmental flow characteristics etc., a more
robust method of inferring growth using otoliths is preferred.

Despite the wealth of literature confirming the daily
addition of otolith increments in young-of-year fishes
(Pannella 1971; Brown and Wooden 2007; Sponaugle 2009;
Burndred et al. 2017), species-specific validation of this
relationship is desirable, although not always available.
Currently, this relationship has not been validated in bony

bream. Here, we use the term ‘increment count’ rather than
age for transparency.

Bony bream is an important component of riverine food
webs across northern and central Australia. Understanding
the factors that shape growth and recruitment of the species
is therefore essential. This study seeks to find out whether
otolith weight can be used as a surrogate for increment count
(age) derived from otoliths in young-of-year bony bream.
Specifically, we investigate the utility of using otolith weight
paired with bodylength data in evaluating growth across
different treatment groups. Given the strong association
between otolith weight and increment count or age in other
fish species, we hypothesise that growth patterns will be
consistent whether using increment count or otolith weight
as a proxy for age. Establishing this relationship will offer a
fast and low-cost method of assessing relative growth among
treatment groups, facilitating research into the factors
affecting the life history of this ecologically and culturally
important species.

Materials and methods

Animal ethics

This research was conducted under Fisheries exemption 191-
2009-27 and 2974, Animal Ethics permits RA/3/100/1536
and RA/3/100/884 (Animal Ethics Committee, The University
of Western Australia) and the Department of Environment and
Conservation permit number SF006973. All field work was
undertaken in accordance with the Animal Welfare Act
(2002) (Western Australia).

Study site and field sampling

In total, 315 fish were sampled during the dry season (June-
December) from the lower 350 km of the Fitzroy River
(Kimberley, Western Australia) over a 3-year period (2018-
2020). Fish were sampled from main channel and floodplain
sites. At each site, young-of-year bony bream (<100-mm
standard length) was sampled using seine nets (mesh size 7
or 9 mm) or cast nets (mesh size 15 mm). A maximum of
10 individuals spanning the size range were euthanased,
frozen, and transported to the laboratory for processing.
Fish remained frozen for <1 month prior to processing.

Laboratory procedures: otolith weight

Before removal of otoliths, the standard length (mm) of the
body of each individual was measured. Both sagittae otoliths
were removed from each fish, dried, and stored. Prior to
weighing, a dissecting microscope was used to remove foreign
bodies and check for chipped otoliths, which were excluded
from analysis. Both otoliths from each individual were
weighed using a Shimadzu AUW220D analytical balance
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(d = 0.00001 g). There was no difference in otolith weight
between left-lateral and right-lateral sides (paired-sample
Student's t-test: t4g = 0.224, P = 0.82).

Laboratory procedures: counting otolith
increments

Otolith preparation followed the method described by Secor
et al. (1992) for otoliths <300 wm with thermoplastic
resin used as the mounting medium. The proximal and
distal surfaces of each otolith were ground down by using
1200-grit lapping film to expose growth increments.
Otoliths were viewed under 400x magnification by using a
Leica DM-3000 microscope. Assumed age was estimated for
each individual by counting increments from a hatch mark
(~15 pm from the primordium) to the outer edge of the
otolith section. Each otolith was ‘aged’ twice, and if increment
counts were inconsistent, a third read occurred and an ‘agreed
count’ determined. Increments from a subsample of 126
otoliths were counted a final time to quantify intra-reader
error, expressed as the average percentage error (APE).
Derived APE was 2.1%, below the 3% considered to indicate
acceptable precision (Chilton and Beamish 1982). Increment
count, approximating fish age (days), was recorded with
corresponding otolith weight (g).

Statistical approach

Statistical analysis was divided into two parts. First, we
investigated the relationship between increment count (i.e.
assumed fish age) and otolith weight by using all available
data (n = 315 individuals). We used least-squares linear
regression to assess this relationship with otolith increment
count as the dependent variable (y) and otolith weight as
the independent variable (x) by using base packages within
program R (ver. 4.1.2, R Foundation for Statistical Computing,
Vienna, Austria, see https://www.r-project.org/). To meet
assumptions of normality, both variables were power-
transformed prior to analysis following the maximum-
likelihood approach of Box and Cox (1964), by using the
car package (ver. 3.0-12, see https://CRAN.R-project.org/
package=car; Fox and Weisberg 2019) called in R. Otolith
weight data were then centred on zero and scaled to one
standard deviation. Model fit was diagnosed with visual
inspection of residual and Q-Q plots.

For the second part of our analysis, we aimed to demon-
strate the effectiveness of using otolith weight instead of
increment count as a proxy for age in relative growth analysis.
For illustrative purposes and for ease of interpretation, we
used a subset of data (n = 38 individuals, see Table 1) split
into two treatment groups, as follows: ‘site’, a two-level factor
(two floodplain pools sampled within the same week) and
‘year’, a three-level factor (the same site sampled over three
consecutive years). If otolith weight is a suitable alternative

Table I. Subset of young-of-year bony bream used in relative growth
analysis.

Item Treatment group

Site Year
Site A Site B 2018 2019 2020

n individuals 10 7 5 10 6

SL range 16-64 2949 20-65 27-51 28-66

(mm)

meanSL+ 311 +162 389 +73 448+ 184 355+75 368+ 146
s.d. (mm)

SL, standard length; s.d., standard deviation; n, number of individuals.

to increment count, the same statistically significant or
non-significant differences in growth between factor levels
in our treatment groups should be detected regardless of
the response variable. Patterns of relative growth in each
treatment group were assessed using least-squares multiple
regression. Standard length (mm) was included as a covariate
to control for the effect of bodylength on the response variable
(otolith weight or increment count), i.e. older fish with
heavier otoliths tend to be larger. We expected that the
relationship between increment count or otolith weight and
standard length could change across treatment groups, so
the interaction term treatment group x standard length was
included in all models. Statistical analysis was conducted
for each response variable in each treatment group (n = 4
models). Type III sum of squares was used because of
uneven sample numbers by using the car package (ver. 3.0-
12; Fox and Weisberg 2019). Prior to analysis, both otolith
weight and increment count were natural-log transformed
to meet the assumptions of homoscedasticity. Standard-length
data were centred on zero and scaled to one standard deviation.
All other parametric assumptions were evaluated using a
combination of residual Q-Q plots and fitted values. In models
with a three-level factor (‘year’ treatment group), comparisons
among levels were assessed with Tukey’s HSD post hoc test.
Comparisons were averaged over covariate effects by using
the glht function in R package multcomp (ver. 1.4-25, see
https://cran.r-project.org/package=multcomp; Hothorn et al.
2008).

Results

Increment count and otolith weight relationship

The relationship between otolith weight and otolith incre-
ment count was positive and statistically significant
(R?=0.688, F3,5 = 694.4, P < 0.001), although the observed
relationship was complex. For instance, an increase in otolith
weight corresponded with an increase in increment count
(effect size 1.646, 95% CI 1.254 and 1.769), but the
association was non-linear and contemporaneous with
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Fig. I. Otolith increment count v. otolith weight in young-of-year bony bream. Shaded area

represents 95% confidence intervals. Inset shows ontogenetic changes in otolith morphology for
fish aged 68 days (a), 87 days (b), and |19 days (c).

changes in otolith morphology during development (Fig. 1).
Considerable variation in otolith increment count for a
given otolith weight was also observed. For example, an
otolith weight of 0.0004 g had an increment count range of
95-131 (Fig. 1).

Treatment groups

Patterns of relative growth across treatment groups were
consistent regardless of whether increment count or otolith
weight was used as the response variable (Fig. 2). Within
the treatment group ‘site’, growth was faster at Site B
(Fig. 2a, b). This site effect was significant for increment count
(Fai3) = 47.765, P < 0.001) and otolith weight (F(; 13) =
16.040, P = 0.001) when controlling for the significant
effect of standard length (SL) (response: increment count,
Faa3 = 38.554, P < 0.001; response: otolith weight,
Fa13 = 73.344, P < 0.001). The relationship between
response variables and standard length was consistent
across sites as indicated by a non-significant interaction
term in both models (P > 0.05). The year in which fish
were sampled also had a significant influence on growth
when controlling for standard length, regardless of response
variable (response: increment count, Fn1s) = 150.405,
P < 0.001; response: otolith weight, F15 = 24.495,
P < 0.001). The covariate standard length was also signifi-
cant (response: increment count, F; 15y = 86.401, P < 0.001;
response: otolith weight, F; 15) = 107.487, P < 0.001). The
relationship between increment count and standard length
was significantly different in 2019 only (P = 0.001).
Tukey’s HSD post hoc tests showed significant (P < 0.001)
differences in growth between 2018-2019 and 2019-2020,

but non-significant (P > 0.05) differences between 2018
and 2020 for both response-variable groups.

Discussion

Bony bream is an ecologically and culturally important
species that occurs across much of Australia. This study has
validated a relationship between otolith weight and incre-
ment count in young-of-year individuals of the species,
specifically in fish with an assumed age of less than
250 days. We demonstrated that when paired with bodylength
data, otolith weight is a reliable alternative to increment count
when evaluating relative growth among treatment groups.
Using otolith weight is considerably less expensive and
time consuming than counting otolith increments. We
encourage researchers to use otolith weight paired with
bodylength data to investigate the factors influencing the
growth of bony bream in the early stages of its life.

The strong association between increment count and
otolith weight in young-of-year bony bream demonstrated
in this study is consistent with existing literature across a
broad range of species (Pacheco et al. 2021). The non-linear
relationship observed is likely to be a result of ontogenetic
changes in otolith morphology that occur in early life
stages (Radtke 1989). For example, the shape of bony
bream otoliths changes during early development, which
effectively alters the relationship between otolith weight and
increment count while otolith morphology is developing.
Despite the strong association, our results also showed that
there is considerable variation in increment count for a
given otolith weight, a finding observed in other species
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Fig. 2. Growth patterns in different treatment groups using increment count (IC) and otolith
weight (OW) as response variables v. standard length (SL); (a) IC v. SL and (b) OW v. SL in
treatment-group ‘site’, (c) IC v. SL and (d) OW v. SL in treatment group ‘year’.

(Francis and Campana 2004; Hansen et al. 2022). This
variation can be attributed to differences in growth rate
among individuals caused by environmental effects. For
instance, the width between successive daily (and annual)
otolith increments in fish that experience rapid growth is
typically greater than for those that experience slow growth
(Gauldie 1991; Sponaugle 2009). Thus, individuals with
higher growth rates have larger and therefore heavier
otoliths than do slow-growing counterparts of the same age
(Francis and Campana 2004). The growth rate of juvenile
bony bream can vary substantially through space and time,
depending on environmental conditions (Stocks et al. 2019).
In the Fitzroy River, north-western Australia, the primary
mechanism influencing the growth of juvenile bony bream
was zooplankton biomass, which varied 250-fold between
floodplain pools sampled within the same week (Pratt et al.
2023). Given the observed variability in the increment
count—otolith weight relationship and potential differences in
site-scale growth rate, we caution against the use of otolith
weight to assign individual ages to young-of-year bony bream.

Understanding the mechanisms that influence growth
and survival is important for the management of freshwater
fisheries (Arlinghaus et al. 2015), and this is particularly true
for ecologically important species such as bony bream. Our

results demonstrated that when paired with bodylength data,
otolith weight is a reliable metric for use in relative growth-
rate analysis of young-of-year bony bream. Recent modelling
of the species suggests that faster growth boosts survival,
increasing the number of individuals that recruit into the
adult spawning stock (Pratt et al. 2023). A greater
understanding of the factors that influence growth can help
shape management strategies to ensure that bony bream
thrive in environments that are increasingly threatened by
anthropogenic disturbance (Arthington and Pusey 2003;
Brodie and Mitchell 2005; King et al. 2015) and climate
change (Finlayson et al. 2013).

We acknowledge several limitations in this study. First, we
recognise that increment counts are more accurate than
otolith-weight measurements when approximating age. As
such, we recommend that when using otolith weight, potential
sources of variation are kept to a minimum to ensure
appropriate statistical power and reduction of Type II
errors. Second, growth studies of young-of-year fish using
age derived from otolith increment counts typically require
validation that increments are accrued one per day. This
relationship has not been validated for bony bream. However,
the vast majority of published literature demonstrate daily
accrual of otolith increments across a variety of marine and
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freshwater fishes (Pannella 1971; Brown and Wooden 2007;
Sponaugle 2009; Burndred et al. 2017), including species
within the same subfamily as bony bream (Dorosoma
cepedianum, Clupidae: Dorosomatinae; Davis et al. 1985).
Moreover, increment count-bodylength relationships in our
data set compare favourably with individuals from the
opposite end of the species range (Macquarie River, Murray—
Darling Basin) published by Stocks et al. (2019). Ultimately,
daily age validation of otolith increments in young-of-year
bony bream is desirable and should be a focus of future
research. An overview of validation methods is provided in
Campana (2001).
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