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Abstract

Body condition is an important proxy for the overall health and energetic status of

fishes. The classically used Fulton's condition factor requires length and mass measure-

ments, but mass can be difficult to obtain in large species. Girth measurements can

replace mass for wild pelagic sharks. However, girth-calculated condition has not been

validated against Fulton's condition factor intraspecifically, across ontogeny or repro-

duction, or in a controlled setting. We used the epaulette shark (Hemiscyllium ocellatum),

because they are amenable to captive reproduction, to track fine-scale body condition

changes across life stages, oviparous reproduction and between condition indices. We

measured four girths, total length and mass of 16 captive epaulette sharks across 1 year

and tracked female reproduction daily. We also collected length and mass data from an

additional 72 wild-caught sharks and 155 sharks from five previous studies and two

public aquaria to examine the relationship between length and mass for this species.

Even though data were derived from a variety of sources, a predictable length–mass

relationship (R2 = 0.990) was achievable, indicating that combining data from a variety

of sources could help overcome knowledge gaps regarding basic life history characteris-

tics. We also found that condition factor decreased during early life stages, then

increased again into adulthood, with predictable changes across the female reproduc-

tive cycle. Finally, we determined that both Fulton's and girth condition analyses were

comparable. Outcomes from this study uniquely provide body condition changes across

the complete life history, including fine-scale female reproductive stages, and validate

the use of girths as a nonlethal whole-organism energetic assessment for fishes.
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1 | INTRODUCTION

Body condition is a common metric used to assess the overall ener-

getic status of fishes, where changes can indicate energetic or health

shifts across ontogeny in relation to growth, development,

reproduction and illness (Cone, 1989; Lambert & Dutil, 1997; Murphy

et al., 1991; Stevenson & Woods, 2006). Long-term energetic patterns

can help discern population-level reproductive cycles as well as indi-

cate large-scale environmental patterns that impact body condition

(e.g., Abujanra et al., 2009; Brosset et al., 2017; Lyons et al., 2020).
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Indeed, habitat loss or climate change effects that cause ecosystem

imbalances can reduce food sources and therefore shift the energetics

of individuals (Stevenson & Woods, 2006). Broadly, improving our

understanding of individual and population-level fish conditions ulti-

mately provides an indication of overall ecosystem health.

Given the generally imperilled state of many fish species globally,

nonlethal research methodologies have become increasingly popular

(Hammerschlag & Sulikowski, 2011). Indeed, nonlethal methods for esti-

mating condition for these fishes may improve our understanding of the

energetics of current-day populations and allow for better nonlethal

monitoring of these fishes under anthropogenic stressors now and in the

future (Hammerschlag & Sulikowski, 2011). Amongst the fishes, body

condition is classically assessed using whole animal length and mass, and

the simplest form of Fulton's seminal equation [K = (mass/length3) �
100], in which the cubed exponent is a scaling estimate (Fulton, 1904).

Intraspecifically, if length and mass data are available across a wide range

of life-history stages and both sexes, sex-specific log–log linear regres-

sion coefficients can be estimated, where the y intercept (b) replaces the

cube exponent when determining body condition [i.e., relative condition

factor, Kn = ((mass/lengthn) � 100); Le Cren, 1951]. However, even

when body condition can be estimated by length and mass, there can be

large interspecific variations due to differences in body plan (i.e., fusiform

verses depressiform) as well as intraspecific variability between life

stages, seasons and populations (Froese, 2006; Le Cren, 1951). However,

despite this, K has endured in fish research for more than a century, par-

tially because of its simplicity and familiarity (Stevenson &

Woods, 2006). In other organisms, a variety of methods using mainly

length and mass to calculate body condition have been assessed, but

these alternative approaches beyond K are not yet common in fish

research (Hayes & Shonkwiler, 2001; Krebs & Singleton, 1993; Labocha

et al., 2014; Peig & Green, 2009; Viblanc et al., 2012).

Two other measurements, gonadosomatic and hepatosomatic indices

(GSI and HSI respectively), in which the proportion between reproductive

tissues or liver mass is assessed as proportion of somatic mass (Rizzo &

Bazzoli, 2019), have also been used to assess fish energetic status. The

gonads are a known energy sink, given that gamete production is an ener-

getically costly process (e.g., Hayward & Gillooly, 2011; Martin et al., 2017).

Fishes are known to store substantial energy in the liver, which can be used

during juvenile growth (e.g., Stallings et al., 2010) or can be mobilized

through processes like vitellogenesis to ultimately create yolk in the ovaries

during female reproduction (Awruch, 2015; Lambert & Dutil, 1997). There-

fore, both GSI and HSI are good indicators of short-term and seasonal

changes in condition related to energy stores, reproduction and even the

influence of environmental factors such as temperature or environmen-

tal contaminants (Hoffmayer et al., 2006: Hussey et al., 2009; Lyons

et al., 2017; Rizzo & Bazzoli, 2019; Weideli et al., 2019). However, sam-

pling to obtain GSI or HSI is lethal and therefore not feasible for many

species (Hammerschlag & Sulikowski, 2011), and in many large-bodied

fishes such as pelagic sharks, obtaining body mass can be logistically

challenging, if possible at all (Irschick & Hammerschlag, 2014). Alterna-

tively, a body condition metric using the sum of spans and length has

been developed (Irschick & Hammerschlag, 2014). This method aims to

reflect changes in body condition without weighing the animal and

has been implemented on various large-bodied shark species such

as bull (Carcharhinus leucas), blacktip (C. limbatus), blacktip reef

(C. melanopterus), nurse (Ginglymostoma cirratum), tiger (Galeocerdo

cuvier) and white sharks (Carcharodon carcharias) (Gallagher et al., 2014;

Irschick & Hammerschlag, 2014; Merly et al., 2019; Moorhead

et al., 2021; Weideli et al., 2019). However, to date, no comparison

between this metric and Fulton's condition factor has been conducted

for a species across all life-history stages.

The epaulette shark (Hemiscyllium ocellatum) is an oviparous long-

tailed carpet shark that is docile, capable of reproduction in captivity

and an ideal candidate for tracking body condition changes across life-

history stages. We examined newly hatched neonates up to reprodu-

cing adults, and we also used fine-scale semiweekly tracking to quan-

tify body condition changes across the female reproductive cycle.

Additionally, we compared Kn and girth condition analysis (GCA, Agc;

adapted from Irschick & Hammerschlag, 2014) by compiling data on

total length, mass and environmental variables from five other studies

and two public aquaria to improve our assessment of the epaulette

shark length–mass relationship. Overall, we aim to use epaulette

sharks to validate an alternative body condition metric and for this

species to serve as a proxy for nonlethal energetic assessment for

other elasmobranchs with similar reproductive strategies and similar

morphological and ecological changes through ontogeny.

2 | MATERIALS AND METHODS

2.1 | Ethics

All experimental protocols in this study were assessed and approved

by the James Cook University Animal Ethics Committee (protocols

A2655 and A2739). Collections and sampling were conducted under

the appropriate Great Barrier Reef Marine Park Authority (GBRMPA

G19/43380.1 and G21/44922.1) and Queensland Fisheries (#200891

and #255136) permits.

2.2 | Animal collection and husbandry

Six female epaulette sharks that were at least 61 cm total length

(TL) to ensure maturity [Heupel et al. (1999) reports female maturity

above 55 cm TL] were hand-collected with dip nets in shallow water

from Magnetic Island (n = 1, �19.129041, 146.877586) and Balgal

Beach, Queensland (QLD), Australia (n = 4, �19.021387,

146.418124) in February and March 2020, respectively. Sharks were

transported back to the Marine and Aquaculture Research Facility

Unit at James Cook University (JCU) (Douglas, QLD, AUS) within 2 h

of capture in 50 l of fresh seawater with aeration packs to provide

oxygen. Furthermore, six mature adults (one female, five males) and

five juveniles (three females, two males) were obtained from Cairns

Marine in September 2020 and June 2021, respectively (Cairns, QLD,

Australia). In total, five juveniles, six mature females and five mature

males were held at JCU for the 1 year length of the study.
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Sharks were maintained in five 1000 l oblong tanks connected to a

5500 l reservoir fitted with a heater, protein skimmer, bio-filtration and

UV sterilization. Adult males and females were segregated into separate

tanks, and the five juveniles were maintained in one tank together. The

system was maintained at 25�C with a 0.5�C diel temperature change

(24.5–25.5�C over a 24 h period) to mimic diel changes in water temper-

ature. This water temperature was chosen to promote year-round

reproduction, as this species typically follows a seasonal cycle in the wild

(Heupel et al., 1999), but will reproduce year-round when maintained at

water temperatures experienced during the wild reproductive season

(Heupel et al., 1999). Temperature was monitored within the external

reservoir by a sensor that controlled the heaters and chillers as well as

individual HOBO pendant loggers (Onset, Bourne, MA, USA) attached

to the standpipe inside each tank. Water quality parameters (pH, nitrites,

nitrates and ammonia) were monitored daily for the first month that the

sharks were introduced to the system and subsequently checked weekly

(Table S0). Additionally, each tank had one large air stone, a lid con-

structed of 30% light blocking shade cloth and two PVC pipes provided

as shelter. All sharks in the study were fed 2% of their body mass three

times weekly (6% body mass per week) of prawn, squid and pilchard as

recommended for small benthic sharks (Janse et al., 2004). Any pieces

not consumed were removed and the amount consumed was recorded.

Sharks were supplemented with ElasmoTabs (The Aquarium Vet, Mel-

bourne, Australia) to ensure no deficiencies occurred during captivity.

Wet mass (g) and total length (cm) were measured for each shark every

2–4 weeks throughout the study after 72 h of fasting.

2.3 | Captive female reproductive monitoring

Female reproductive monitoring occurred from March 2020 to March

2021, with egg deposition and quality [i.e., wind (empty egg case) vs.

viable yolk sac] monitored daily. Adult female sharks were measured

two or three times per week for four girths: (1) posterior of the pecto-

ral fins, (2) anterior of the pelvic fins, (3) anterior of the first-dorsal fin

and (4) anterior of the second-dorsal fin (see Figure 3). The first two

girths were chosen to represent potential changes in liver and repro-

ductive tissue volumes (and thereby energy stores), and the two tail

girths were chosen to represent changes in nonhepatic skeletal mus-

cle tissue energy stores. Sharks were freely resting in the aquaria dur-

ing these measurements to ensure minimal stress, and girth

measurements were accurate to 0.1 cm. Sharks were measured just

prior to a feeding event so that all measurements were postabsorptive

and standardized to 48 h after the previous feeding. Next, female

sharks were palpated between the pectoral and pelvic fins to deter-

mine if egg cases were within the oviducts/uteri. The reproductive

cycle was divided into four distinct phases by combining egg deposi-

tion timing and palpation information, where a female was classified

as resting (i.e., had been reproductively inactive for at least 1 month),

pre-encapsulating, encapsulating an egg case(s) or within 48 h posto-

viposition following Koob and Callard (1999) (see Table 1 and Sup-

porting Information Figure S1 for details).

2.4 | Field sampling

In addition to the captive epaulette sharks, data were also collected

from wild sharks during catch and release sampling. Epaulette sharks

were sampled at Balgal Beach, QLD (n = 12; �19.021387,

146.418124) from May to June in 2021 and 2022 and on the Heron

Island reef flat, QLD (n = 60; �23.444622, 151.914889) from

October to November 2021 (Wheeler et al., 2022). Sharks were

caught and measured in the same manner as described above. Sharks

were photographed for spot identification, and a passive integrated

TABLE 1 Life-history stage classification of epaulette shark based on age in days (neonates) or sex-specific total lengths at maturity reported
in Heupel et al. (1999) and Wheeler et al. (2022)

Life stage Reproductive stage Determination criteria Age or total length (TL)

Neonates Up to 30 days posthatch

Juveniles From 30 days posthatch to subadult

lengths

Sub-adult Males: 53–61 cm TL

Females: 55–61 cm TL

Mature

female

Resting Above TL of maturity (Heupel et al., 1999) but not

producing egg cases

>61 cm TL

Egg case encapsulation and

retention

Egg case present in one or both oviduct/uteri,

confirmed with postabsorptive palpation

Post-oviposition Within 48 h of depositing the last egg case of the

cycle

Pre-encapsulation The period after the postoviposition stage and

prior to detection of any forming egg cases

Mature male >61 cm TL

Note: Female reproductive stages were subdivided based on elasmobranch oviparous reproduction reported in Koob and Callard (1999) (see Supporting

Information Figure S1 for female reproductive cycle details).
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transponder (PIT) tag (Hallprint, Hindmarsh, SA, AU) was implanted

into the dorsal musculature to ensure they could be identified if

recaptured. Sharks were all released in excellent condition at the loca-

tion of capture.

2.5 | Literature data compilation

To further inform the length–mass relationship and body condition

across life-history stages, individual total length and mass data were

sourced from six epaulette shark studies (Gervais et al., 2018; Heinrich

et al., 2014; Nay et al., 2021; Payne & Rufo, 2012; Schwieterman

et al., 2021 and Wheeler et al., 2021), the New England Aquarium and

the New York Aquarium, where sex, location (captivity vs. wild) and

maturity (i.e., if females were producing egg cases or if males had cal-

cified claspers) were obtained when available. Sharks were catego-

rized into life-history stages based on days posthatch for neonates or

total length from sex-specific total length at maturity data reported in

Heupel et al. (1999) (Table 1).

2.6 | Isometry assessment

Top-down images of epaulette shark neonates reared in Wheeler

et al. (2021) and in the current study that were all at JCU were used

to assess whether body proportions changed across life-history

stages. From each photograph, we measured head (from the tip of the

rostrum to fifth gill slit), abdomen (from fifth gill slit to the most ante-

rior part of the pelvic fin) and tail (from anterior pelvic fin to end of

caudal fin; Figure 2) lengths down the midline using a scale bar in the

photo and ImageJ (Schneider et al., 2012). Each body measurement

was then standardized as a proportion of TL.

2.7 | Statistical analyses

Compiled length and mass data from this study, previous research and

public aquaria contributions were log transformed and fit with a full

mixed-effects model (lme4, Bates et al., 2015) testing a three-way

interaction between log(length), sex and location (i.e., wild vs. captive

sharks) as well as the individual shark as a random effect to account

for repeated measurements of captive individuals over time

(Supporting Information Table S1A). Next, the step function of the

lmerTest package (Kuznetsova et al., 2017) was used for backwards

elimination of the model terms, where the final model included loca-

tion as a fixed term, an interaction between log(length) and sex, and

individual shark as a random effect (Supporting Information

Table S1A). We did not explore sex-specific length–mass relationships

beyond inclusion of sex in the model due to sparse data for animals

larger than 70 cm TL, where growth differences are most likely to

occur (e.g., Sen et al., 2018). The slope of this linear model was derived

(Table 2) and the y intercept (b value) was used to calculate a species-

specific condition factor (Kn; Froese, 2006) where:

Kn ¼mass=total length2:860 ð1Þ

Given that b for the log–log length–mass relationship was less than 3,

this may indicate that epaulette sharks elongate with growth (i.e., they

TABLE 2 Slope a and y intercept b
coefficients of the length–weight
relationship of epaulette shark

log10(a) ± 95% CI a b ± 95% CI a3.0 (form factor) R2 N

�2.3263 ± 0.225 0.098 2.860 ± 0.135 0.00423 0.990 318

Note: The form factor a3.0 was estimated from Froese (2006) assuming an elongated body shape.

Abbreviation: CI, confidence interval.

F IGURE 1 (a) The relationship between total length (cm) and
mass (g) observations from 245 individual epaulette sharks, 318 data
points and eight sources (current study, five previous studies and two
public aquaria). (b) The log–log relationship between total length and
mass (R2 = 0.990). The grey vertical regions represent the range of
length at maturity from Heupel et al. (1999), data point colours
represent the life-history stage and the point shape represents the
location of the shark at the time of the measurements. Location: ,
captivity; , wild; life-history stage: , neonate; , juvenile; , subadult;
, mature female; , mature male
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grow longer without significant increases in mass) (Froese, 2006),

therefore we analysed for differences in body proportions across life-

history stages to assess potential allometric shifts using a log-ratio lin-

ear regression (Supporting Information Table S2).

Next, the four girth morphometrics were standardized for TL

(girth/total length � 100) given that all males in the captive portion of

the study had longer TLs and therefore proportionally larger girths.

Next, a modified version of span condition analysis, first reported in

Irschick and Hammerschlag (2014), was calculated. Given epaulette

sharks are a small-bodied docile species, we used standardized girths

instead of span measurements in the following modified function to

conduct girth condition analysis (GCA):

Agc ¼ PPGþAPGþAFGþASGð Þ�TL�1 ð2Þ

where PPG is posterior pectoral girth, APG is anterior pelvic girth,

FDG is anterior first dorsal girth and SDG is anterior second dorsal

girth (see Figure 3). The four standardized girths (girth � TL�1) were

assessed across reproductive and life-history stages using linear

mixed-effects models (lme4, Bates et al., 2015), accounting for

repeated sampling of captive sharks with each individual shark treated

as a random effect (Supporting Information Table S3A–D). Finally, the

linear relationship between Kn and Agc was assessed using a linear

mixed-effects model with an interaction between Kn and life-history

stage and the individual sharks as a random effect (Supporting Infor-

mation Table S4).

For all linear mixed-effects models, pairwise post hoc comparisons

were conducted between estimated marginal means (EMMs) of the life-

history stages using the emmeans package (Lenth, 2022). All data met the

assumptions of normality, nonmulticollinearity and homoscedasticity,

noting that the mixed-effects models used here are fairly robust for

minor violations of these assumptions (Schielzeth et al., 2020). All statisti-

cal analyses were conducted in R (version 4.2.2; R Core Development

Team, 2022), where results were considered significant at α = 0.05.

3 | RESULTS

3.1 | Length–mass relationship and scaling

There was an exponential relationship between length and mass,

which was highly linear after log transformations of both variables

(Figure 1, Table 2 and Supporting Information Table S1; conditional

R2 = 0.99). Overall, the body proportions assessed were fairly con-

stant across life history; there was a slight elongation of the tail after

the neonate stage (Figure 2 and Supporting Information Table S2).

Furthermore, the b coefficient of the length–mass linear model was

less than 3 (b = 2.78; Table 2), also indicating a small elongation

and/or decreasing body condition with increasing length

(Froese, 2006).

3.2 | Life history stages and girth changes

For pectoral and pelvic standardized girths (PPG and APG), neonates

and reproducing females had the highest values (Figure 3a,b). Indeed,

these girths were high after hatching, decreasing into the juvenile life

stage and increasing into adulthood. Resting female pectoral and

F IGURE 2 The head (grey),
abdomen (black) and tail (white)
proportion of total length across
epaulette shark life-history stages.
Outlining colours correspond to life-
history stages. Differing letters in
each category represent statistically

significant differences in proportions
between life stages at α = 0.05
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pelvic girths increased through folliculogenesis, peaking during egg

encapsulation, then decreased after both egg cases were deposited

(Figure 3a,b and Supporting Information Table S3A,B). Mean male

pectoral and pelvic girths were comparable to juveniles and resting

female girths (Supporting Information Table S3A,B and Figure 3a,b).

Both tail girths (AFG and ASG) were high in neonates, then decreased

into the juvenile stage, and then for the first dorsal fin girth increased

into adulthood (Figure 3c,d and Supporting Information Table S3C,D).

Overall, from summing these girths and calculating Agc, this condition

metric was highest in neonates and reproducing females, highlighting

that small body condition changes occur across the egg production

cycle (Figure 3e and Supporting Information Table S3E). Male Agc did

not differ from neonates, juveniles or any phase of female reproduc-

tion (Figure 3e and Supporting Information Table S3E).

3.3 | Condition factor indices

The residuals of the log–log length–mass relationship, Kn and Agc were

high in neonates, decreased into the juvenile stage and then increased

after subadult ranges into adulthood (Figure 4). This trend was more

prominent in the model residuals and Kn, as these datasets were more

robust, but a similar pattern was still evident in Agc (Figure 4). Finally,

there was a moderately positive linear relationship between Kn and

Agc (conditional R2 = 0.68), where the slope of the relationship only

differed between juveniles and adult males (Figure 5 and Supporting

Information Table S4).

4 | DISCUSSION

4.1 | Length–mass relationship and scaling

Body condition is a common metric for assessing energetics and over-

all health in fishes, and relates to the energy content and stores of an

individual (Lambert & Dutil, 1997). Here we established a length–mass

relationship for a model oviparous shark and then assessed two body

condition metrics across a complete range of life-history and repro-

ductive stages. Data compiled from the current study, five previously

conducted studies and animals from two public aquaria produced a

F IGURE 3 The changes in the estimated marginal means (EMMs) of four standardized girths (a–d) and condition [Agc, (e)] across life-history
and female reproductive stages of 16 laboratory-maintained epaulette sharks. The coloured points and bars represent the EMMs and standard
error, and the grey error bars represent the 95% confidence intervals. Different letters represent significant differences at α = 0.05 and NS
represents no significance between any groupings
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well-correlated exponential length–mass relationship from 245 individ-

uals (Figure 1). The log–log length–mass model fit coefficients

reported herein indicate that epaulette sharks have slight negative

allometry across ontogeny (Table 2: b = 2.860 ± 0.135, where

b = 2.5–3.5 indicates isometry; Froese, 2006) and that this species

has an ‘elongated’ body plan (Table 2, a3.0 = 0.00423; Froese, 2006).

The epaulette shark b coefficient is similar to reports from another

Orectobliformes, such as the nurse shark (b = 2.911; Castro, 2000),

and more closely related Hemiscylliid sharks, such as the Arabian car-

pet shark (Chiloscyllium arabium, b = 2.372–2.588; Alhajji et al., 2022),

grey bamboo shark (C. griseum, b = 2.56–2.83; Kishore Kumar

et al., 2021), whitspotted bamboo shark (C. plagiosum, b = 2.51–2.93;

Kishore Kumar et al., 2021), brownbanded bamboo shark

(C. punctatum, b = 2.81–3.21; Pattarapongpan et al., 2021) and Cen-

derawasih epaulette shark (H. galei, b = 1.3–2.3; Insani et al., 2022).

Our estimates of epaulette shark body proportions were different in

neonates compared to every other life-history grouping, where neo-

nates had disproportionally larger heads and abdomens, indicating

some elongation occurs during the transition to the juvenile stage

(Figure 2). Additionally, we also noted a decrease in body condition

from neonates to juveniles (Figures 3 and 4), which could also be a

factor influencing estimates of b that were less than 3 (Froese, 2006).

Whole-body isometry is likely the rule and allometry the exception in

elasmobranchs, where most length–mass relationships for elasmo-

branchs report b values between 2.5 and 3.5 (Irschick et al., 2017;

Kishore Kumar et al., 2021; Motta et al., 2014). However, morphologi-

cal features such as fin proportions do show allometric growth in

F IGURE 4 (a) The residuals from the log–log linear mixed-effects
model regression of length and mass in Figure 1b, (b) the relative
condition factor (Kn) (c) and girth condition analysis (Agc) across
epaulette shark total length (cm). The grey vertical regions represent
the range of length at maturity reported in Heupel et al. (1999), and
the data point colours and shapes represent the life-history stage.
Life-history stage: , neonate; , juvenile; , subadult; , mature
female; , mature male

F IGURE 5 (a) The linear relationship (and 95% confidence
interval) between relative condition factor (Kn) and girth condition
analysis (Agc), and (b) the slopes of the model fits (and 95% confidence
interval) across life-history stages. Data point colours and shapes
represent the life-history stages. Life-history stage: , neonate; ,
juvenile; , subadult; , mature female; , mature male
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some species (e.g., Ahnelt et al., 2020; Fu et al., 2016; Irschick &

Hammerschlag, 2015). These ontogenetic shifts are potentially linked

to changes in swimming kinematics and/or feeding behaviour (Ahnelt

et al., 2020), but more research in this area is required.

4.2 | Girths and body condition across ontogeny

Of the four girths assessed, the pectoral and pelvic girths should

exhibit the largest changes across ontogeny. The high pectoral and

pelvic girths in neonates reported herein therefore reflect posthatch

endogenous yolk reserves and large liver size (Figure 3a,b; Lechenault

et al., 1993). These girths then decreased as sharks expended energy

growing into juveniles (Figure 3a,b). Both tail girths also decreased

from neonate to juvenile stages, indicating that growth is a costly pro-

cess during which time energy stores from both the liver and skeletal

muscle may be mobilized as fuel (Figure 3c,d). The smaller changes

observed within the two tail girths could reflect changes in skeletal

muscle energy stores (e.g., glycogen) and the subsequently affected

water content (Spargo et al., 1979). Another explanation for changes

in tail girths during the early stages could be the transition from very

limited body movement in the final stages of development in ovo and

furthermore reduced activity after hatching when endogenous yolk

stores may inhibit foraging and thereby activity. Then, as late-stage

neonates/juveniles begin foraging, activity increases, decreasing tail

girths via exercise. Overall, during neonatal and juvenile stages, length

increased disproportionally to mass (Figure 3a), which is reflected in

decreasing body condition (Figure 3e). In other fishes, HSI also

decreases when neonates transition to juveniles (Corsso et al., 2018;

Hussey et al., 2009, 2010; Lyons et al., 2020). In the Brazilian sharp-

nose shark (Rhizoprionodon lalandii), but not the dusky shark, condition

factor decreased as HSI decreased during this early life stage transi-

tion (Corsso et al., 2018; Hussey et al., 2009). Perhaps the differences

in body plans between Carcharhinid sharks and the epaulette shark

explains why the condition factors assessed here are likely good tools

for detecting early life stage HSI shifts when this is not the case in

dusky sharks (Hussey et al., 2009).

4.3 | Girths and body condition across maturation
and reproduction

Within female reproduction, both pectoral and pelvic abdominal girths

increased when females transitioned from resting to reproducing

stages (Figure 3a,b), reflecting an increase in abdomen volume caused

by changes in the reproductive tract (i.e., increase in ovarian and ovi-

ducal gland volumes). Indeed, the increase in pectoral girth during the

2–3 week-long reproductive cycle is well explained by the presence

of large ova in the ovaries and the 2–4-fold increase in oviducal gland

volume reported in Heupel et al. (1999), both located in the same

region as these girth measurements. In adult elasmobranchs, females

generally have larger livers and consequently HSI when compared to

males, which is because of vitellogenesis, the process by which the

liver creates lipoproteins that are used for oocyte formation in the

ovaries (Awruch et al., 2008; Capapé et al., 2014; Chen & Liu, 2006;

Craik, 1978; Estalles et al., 2009; Kousteni & Megalofonou, 2020;

Rossouw, 1987). Prior to the reproductive season, HSI increases, then

decreases when reproduction ensues, as stored hepatic energy is

mobilized, mainly vitellogenesis (Awruch et al., 2008; Craik, 1978;

Estalles et al., 2009; Koob & Callard, 1999). It is likely that for the

reproducing females in this study, the increase in abdominal girths

and overall body condition reflects an increase in GSI, masking

expected decreases in HSI (Awruch et al., 2008). In several other ovip-

arous shark species, immature females had high HSI values that then

decreased on maturing into reproducing females (Awruch et al., 2008;

Craik, 1978). For example, in both the oviparous whitespotted bam-

boo shark (C. plagiosum) and the Arabian carpet shark (C. arabicum),

close relatives of the epaulette shark, female GSI increases during the

reproductive season while HSI concurrently decreases, showing a

clear reproductive energetic shift (Alhajji et al., 2022; Chen &

Liu, 2006). Indeed, it is difficult to discern from our data whether HSI

is changing, as the reproductive tract is generally increasing body con-

dition. So, although body condition is increasing, the energetic status

in these individuals in relation to hepatic stores may be reduced, as

energy is allocated to reproduction.

Both tail girths increased as females transitioned from resting to

active reproduction stages (Figure 3c,d). However, within the repro-

ductive cycle, the tail girths were consistent, indicating that nonhepa-

tic energy use from tail skeletal muscle tissue may be consistent

across the cycle or that energy may be stored and unused

(Figure 3c,d). More research assessing the seasonality of various girths

in this species or in an elasmobranch with prolonged viviparous gesta-

tion may indicate how hepatic verses nonhepatic stores contribute

to reproductive costs. Furthermore, research where energetic stores

(e.g., amino acids, fatty acids, glycogen) are directly measured across

ontogeny may help further elucidate these findings.

In oviparous sharks, mature males generally have lower HSI

values compared to mature females (Awruch et al., 2008; Chen &

Liu, 2006; Craik, 1978). In epaulette sharks, we found that mature

male girths and body condition did not differ from most other life-

history or female reproductive stages. Indeed, only the male pectoral

girth differed from females that were actively encapsulating egg cases

(Figure 3a). Seasonally, male sharks do show small changes in GSI and

HSI (Hoffmayer et al., 2006), although usually less so than females

(Awruch et al., 2008; Chen & Liu, 2006; Craik, 1978). However,

because sharks in this study were maintained at water temperatures

that promote year-round reproduction, male condition was consistent.

Furthermore, a seasonal analysis of condition in wild sharks was not

possible here, as we were only able to sample during 3 months of the

year. In the future, more research assessing wild shark conditions

across a full range of months would better inform cyclical changes in

condition related to both male and female reproductive seasonality in

this species.

Traditionally, when compared to body condition, GSI and HSI

have been the best metrics to reflect short- and long-term energetic

shifts, but incorporating targeted girths/spans in key areas (i.e., the
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body cavity and the tail) may provide an alternative, nonlethal option

with excellent short-term resolution. We were unable to compare our

condition data directly to GSI or HSI given the nonlethal nature of the

study. Yet we saw similarities in our condition data with HSI reported

over ontogeny and reproduction for dusky sharks in Hussey et al.

(2009), which is promising. We hypothesise that the decrease in body

condition that occurs when neonates transition to juveniles is due to

decreasing HSI, whereas the increase in body condition that occurs

when juveniles transition into adulthood reflects increasing GSI

related to reproduction (Figure 4). It is highly likely that HSI decreases

during reproduction in the epaulette shark but was potentially masked

in body condition metrics by increasing GSI. More research using non-

lethal energetic markers (i.e., fatty acids) and reproductive hormones

involved in energy transfer (i.e., vitellogenin and estradiol) in a con-

trolled laboratory setting may help to further elucidate the relation-

ship between HSI and GSI during reproduction for this species.

4.4 | Body condition metrics comparison

Overall, the residuals of the log–log relationship, Kn and Agc, showed

similar patterns across ontogeny, and whilst model residuals and Kn

seemed to better reflect condition changes, this is likely due to having

more data than Agc (Figure 4). In neonatal blacktip reef sharks (Carcar-

hinus melanopterus), the relationship between Fulton's condition factor

and a girth condition factor, like the one used in this study, also pro-

duced a weak linear correlation (Weideli et al., 2019; Supporting Infor-

mation Data S1). We found these two metrics also had weak to

moderate linear correlations across life stages, where adults and neo-

nates had stronger correlations than neonates, juveniles and subadults

(Figure 5). However, given the overall similarity of the condition

trends reflected by both Kn and Agc (Figure 4b,c), both metrics high-

light body condition changes across ontogeny, but perhaps are not

directly comparable (Figure 5). The incorporation of other measure-

ments beyond length and mass into whole-animal condition scoring is

not common in fishes. However, in milkfish (Chanos chanos), a body

condition metric incorporating mass, length and body height per-

formed better than Kn (Ritcher et al., 2000), indicating that in elasmo-

branchs, improving condition calculations with additional

measurements that reflect body shape may be useful.

4.5 | Applications and future directions

Length–mass relationships and body condition in fishes can vary

between populations and under different environmental factors (e.g.,

water temperature, food availability; Hussey et al., 2009; Lear

et al., 2021). Herein, despite sourcing data from a variety of captive

and wild epaulette sharks with differing thermal histories and feeding

regimes, mass and length were well correlated, and body condition

changes across ontogeny were similar across data sources (Supporting

Information Figure S2). So, in the case of rare or critically endangered

species where data are lacking, compilation from various sources

can still provide useful length–mass relationships pertinent to conser-

vation of imperilled species. Furthermore, defining length–mass rela-

tionships provides more accurate species-specific scaling coefficients

for condition factor analyses (Froese, 2006).

For tracking short- and long-term changes in growth, reproduc-

tion and overall health in large-bodied sharks where obtaining mass is

not possible, we recommend Agc. This metric is also a useful tool for

identifying the reproductive status of adult females, as the body con-

dition of resting females was lower than that of reproducing females

(Figure 3e). In application, it is important to note that we observed sig-

nificant abdominal swelling postfeeding, therefore it is imperative that

measurements are postabsorptive for repeatability and accuracy. This

factor, of course, causes issues with wild sharks, where feeding status

is unknown at the time of capture. For larger sharks that are not as

easily measured for girth or spans (e.g., species that are monitored

through aerial surveys or without capture), we recommend investigat-

ing extensions of laser photogrammetry techniques (e.g., Leurs

et al., 2015; Rohner et al., 2015) and stereo-photogrammetry (e.g.,

Lewis et al., 2021) to estimate spans for condition analysis, but valida-

tion would be needed against specimens. In public aquaria settings,

long-term tracking of length, mass and body condition can help quan-

tify growth rates that are difficult to determine from wild sharks, as

well as identify potential health issues or insufficient food rationing.

Furthermore, batoids are typically assessed with disc width and total

length, but given their flat body plan are not conducive to girths.

Therefore, other methods, such as a combination of disk spans and

abdominal thickness, should be investigated for this superorder of

Chondrichthyans.

Validation of girth/span condition analysis to HSI may help to

clarify how hepatic and nonhepatic energy stores are used throughout

reproduction, where GSI changes here likely masked HSI differences

in adults. However, from this research, we provide strong evidence

that the Agc condition metric can reflect changes across life history

and between sexes; however, large sampling efforts may be required

for desired resolution. Overall, the incorporation of standardized and

repeatable (i.e., easily and quickly measured in an exact body location

in a field setting) span, girth, width and/or height measurements in

condition factor may improve nonlethal estimates of whole-fish ener-

getics. General improvement in estimations and better detectability of

small differences of body condition can aid scientists in understanding

the life history and reproductive timing of fishes, a key understanding

for conservation and management strategies.
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