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Australian abalone aquaculture is characterised by a prolonged culture period and slow and variable growth, and abalone is
cultured in fuctuating water temperatures ranging between 10 and 25°C with distinct seasons. Temperature is a crucial en-
vironmental factor infuencing abalone’s physiology and energetics, leading to a change in nutritional requirements. However,
feeds are generally formulated to match the nutritional requirements at their optimal temperature. Hence, there is a need to
optimise dietary protein levels to match temperature-specifc requirements during extreme conditions (winter and summer).
Given this, a growth trial evaluating fve experimental feeds consisting of graded protein inclusion levels (320, 350, 380, 410, and
440 g·kg−1) was conducted on subadult hybrid abalone (Haliotis rubra×H. laevigata) at three diferent temperatures refecting
winter (12°C), summer (22°C), and the annual average water temperature (17°C) for 143 days. At lower water temperature (12°C),
there was a marginal improvement in growth performance as dietary protein levels increased from 320 to 440 g·kg−1. However, at
higher water temperatures (when the culture water temperature is above 17°C), there was a signifcant improvement in growth
performance as dietary protein levels increased from 320 to 440 g·kg−1 as evidenced by an improved weight gain, specifc growth
rate, and feed conversion ratio. Furthermore, increasing dietary protein levels did not compromise the nutritional quality of the
abalone tissue at all three tested temperatures. Terefore, during periods of higher water temperatures, feeding Australian hybrid
abalone with a relatively high dietary protein level (410 g·kg−1) is expected to result in improved growth, shorter culture duration,
and proft maximisation.

1. Introduction

Globally, there are around 100 abalone species documented
as belonging to the family Haliotidae [1]. Of these species,
several are renowned as seafood delicacies, commanding
a high market price for live, frozen, and processed/canned
products. However, a declining wild abalone catch is a major
industry concern [1–3]. Catches declined from 15,000 to
5,000mt between 1970 and 2016 due to overfshing, disease,
poaching, ocean acidifcation, increased predation, and
habitat degradation [1–4]. Notably, during a similar
timeframe, abalone aquaculture production has grown

from its infancy to reach 153,500mt in 2020 [4]. As such,
the abalone aquaculture sector represents the only viable
means of catering to growing global demand.

Although small on a global scale, Australia’s farmed
abalone production (∼1400 tonnes, in 2021) is projected to
undergo a three-fold increase over the next decade, with the
vast majority of products being exported internationally
[5, 6]. In Australia, three major species drive this production:
blacklip (Haliotis rubra), greenlip (Haliotis laevigata), and
their hybrid (Haliotis rubra×Haliotis laevigata) [7]. Tese
species are typically cultured in fow-through aquaculture
systems where culture practices are well established.
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Australian abalone aquaculture is characterised by
a prolonged culture period, slow and variable growth [8],
and high summer mortality [9, 10]; all of these threaten the
economic potential of the industry [11]. Artifcially
controlling water temperature in fow-through systems is
considered economically unviable, resulting in signifcant
seasonal fuctuations throughout the typical three-year
culture period, ranging from 10°C in the winter to 25°C
in the summer in popular growing locations [12, 13]. Tese
seasonal extremes are substantially disparate from the
reported thermal optima of 17.0 and 18.3°C, for blacklip
and greenlip abalone, respectively [14]. As temperature
control is not a viable option, alternative solutions are
required to optimise the health and growth of cultured
abalone and ultimately ensure the continued expansion of
the abalone aquaculture industry.

Te grow-out stage of abalone culture in Australia is
reliant on formulated feeds to satisfy nutritional re-
quirements. Tus, nutritional manipulation may ofer a so-
lution to, or at least mitigate, the negative efects on the
growth and health status of abalone imposed by suboptimal
growing conditions. As with all cultured species, feed is
a major operational expense in abalone aquaculture, ac-
counting for approximately 30% of the total operating cost
[15]. Terefore, minor improvements in abalone feed would
likely bring signifcant economic benefts to abalone farmers.
In fact, the optimisation of formulated feeds has played
a major role in ensuring the economically and
environmentally sustainable growth of numerous
commercially important aquaculture industries. As an
example, formulated feeds tailored for both life stages and
seasons are now commonplace in salmonid aquaculture;
however, the same degree of nutritional progress has not yet
been achieved for many shellfsh species, including abalone
[12, 16]. Nevertheless, a series of in-depth nutritional studies
have demonstrated the potential to reduce feed costs and
improve the growth and health condition of both Australian
greenlip and blacklip abalone [9, 10, 12, 13, 17–20].

Notably, several on-farm observations have revealed that
Australian hybrid abalone exhibited superior growth, meat
yield, and feed utilisation compared to greenlip abalone
[21–24]. Furthermore, these observations have been
consistent across a range of diet types and water
temperatures [25]. Yet, further improvements in growth
performance for Australian hybrid abalone are achievable.
In a preliminary farm growth trial, Australian hybrid
abalone fed a high protein feed (39.8% crude protein) in
comparison to a standard protein feed (32.6% crude protein)
demonstrated better growth performance and economic
returns [13]. Such observations have urged the industry to
optimise the dietary protein levels specifc to Australian
hybrid abalone with a view of obtaining similar species-
specifc improvements recorded recently with Australian
greenlip abalone [9, 12, 13].

As poikilothermic aquatic animals, the temperature is
a key environmental factor for abalone, greatly infuencing
physiological functions related to feed intake, metabolism,
and growth [26, 27]. Improved abalone growth performance
and survival in response to increasing temperature has been

established previously in diferent abalone species
[12, 16, 28]. However, when temperature increases above
its optimal, there is a simultaneous reduction in feed intake
and metabolic rate. As such, this positive growth occurs only
within an optimal temperature range, which is species- [29]
and [30, 31] size-specifc. As the physiology and energetics of
abalone change with temperature, it is reasonable to suggest
that their nutritional requirements may change as well [32].
As such, there is a need to optimise dietary protein levels to
match temperature-specifc requirements.

Te objective of the current study was to establish the
optimal protein requirements of Australian farmed hybrid
abalone with respect to rearing water temperature (season).
Te outcomes of this study will signifcantly contribute
towards the development of season-specifc feeds for hybrid
abalone and, therefore, facilitate the projected growth of the
Australian abalone aquaculture industry.

2. Materials and Methods

Te present article presents the results of a trial that formed
a part of a larger investigation of the nutritional re-
quirements of farmed hybrid abalone; as such, some of the
information presented herein also appears in a technical
report prepared for the Fisheries Research and Development
Corporation (FRDC) [33].

2.1. Experimental System and Animals. Te feeding trial was
conducted using a photoperiod-controlled fow-through
seawater system at Deakin University, Queensclif Marine
Science Centre, Queensclif, Victoria, over a 143-day period.
Te photoperiod was held at 12 hours of complete darkness
and 12 hours of low-intensity light to mimic Australian
commercial abalone farming conditions where, during
daylight hours, the infltration of external light into the
experimental system was kept to a minimum. Te experi-
mental system consisted of three identical tables, each
holding 15 tanks. Te water temperature in the tanks for
each of the three tables was set to 12, 17, and 22°C, rep-
resenting the winter, average annual, and summer water
temperatures, respectively. Water temperature was con-
trolled by heatpump units (Aquahort Ltd., Auckland,
New Zealand). Te individual tanks consisted of 12.5 L blue
plastic rectangular tanks, (dimensions of
39.2× 28.8×11.0 cm). Within each temperature, fve ex-
perimental diets (P32, P35, P38, P41, and P44) were ex-
amined in triplicate. Each tank was supplied with UV-
treated, fltered (5 and 1 µm cartridge), and temperature-
controlled seawater at a fow rate of 500mL·min−1. Water
depth was maintained at 8.5 cm to give a practical water
volume of 9.6 L, and the water was aerated using air stones to
maintain dissolved oxygen levels near saturation. A hide
consisting of three ceramic tiles (26.2× 8.6 cm) attached to
PVC celuka board strips was placed in each tank to increase
the available surface area for attachment. Additionally,
a 2 cm strip of synthetic grass was fastened around the inner
perimeter of the tank, on the high-water level, to prevent
abalone from escaping.
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Twenty-month-old Australian hybrid abalone were
obtained from Jade Tiger Abalone (Craig Mostyn Group,
Intended Head, Victoria) in September 2018. Abalone were
lightly sedated (Aqui-S, isoeugenol 40mg·L−1) to minimise
stress, and transported to the Deakin Queensclif Marine
Science Centre. Initially, the abalone were acclimated to the
experimental system at a water temperature refective of
source location. Following acclimation, twenty abalone were
individually weighed, measured, and assigned to each of the
tanks and randomly allocated to one of fve experimental
treatments in triplicate. Te initial weight and shell length of
the abalone were not signifcantly diferent across diferent
treatments. Te average initial shell length and weight were
43.57± 0.05mm and 12.51± 0.01 g, respectively. Water
temperatures were held within ±1°C of the nominated
temperature throughout the growth trial. Te authors
confrm that the ethical policies of the journal, as noted on
the journal’s author guidelines page, have been adhered to.
As invertebrates were used for this experiment, no ethical
approval was required. Nevertheless, all possible steps to-
wards minimizing animal sufering were taken.

2.2. Experimental Diets, Feeding, and Faeces Collection.
Five isoenergetic experimental diets (17-18MJ·kg−1) were
formulated to contain graded dietary protein levels of 320
(P32), 350 (P35), 380 (P38), 410 (P41), and 440 (P44) g·kg−1

by increasing the levels of principal protein sources, namely,
rice and pea protein isolates, and decreasing the levels of
pregelatinised starch (Table 1). All other dietary ingredients
remained identical and were maintained at similar inclusion
levels across the experimental diets. Fish oil and canola oil
were used as the principal lipid sources, and the dietary lipid
level was formulated at 3-4%, consistent with commercial
dietary formulations. Te amino acid composition of the
experimental diets was balanced to match the soft tissue
composition of the parent species (Haliotis laevigata and
Haliotis rubra) due to the lack of amino acid composition
data on Australian hybrid abalone. Detailed ingredient and
proximate composition of the experimental diets is provided
in Tables 1 and 2. All dietary ingredients were analysed for
proximate composition prior to diet formulation (data not
shown).

Experimental diets were cold extruded into fat pellets
(diameter∼4mm) using a commercial benchtop pasta ex-
truder, then dried at 35°C for 48 hours in a purpose built

drying room with air extraction. Prior to feeding, dry matter
leaching was quantifed to evaluate diet water stability at 12,
17, and 22°C, respectively, as described in Stone et al. [12].
Abalone were fed their respective diets to satiation daily
between 1600 and 1700 hours to ensure growth was not
limited by diet availability. Tanks were cleaned daily between
0800 and 1000 hrs by siphoning out uneaten feed pellets and
faeces. Feed consumption was quantifed by subtracting
uneaten feed from feed fed by counting the number of
uneaten pellets in each tank and multiplying by the
average weight of a feed pellet on an as-fed basis.

All experimental diets contained 0.1% of titanium di-
oxide (TiO2) as an inert marker for subsequent digestibility
analysis. Faeces were collected once daily at 1400 hrs using
a pipette, freeze-dried, and frozen at −20°C until subsequent
analysis.

2.3. Water Quality Management. Water temperature and
dissolved oxygen were measured daily using a handheld
dissolved oxygen meter (OxyGuard® Handy Polaris 2
Dissolved Oxygen Meter). Salinity and pH were measured
weekly using a refractometer (Atago® S/Mill hand re-
fractometer) and pH meter (Apera Instruments® PH20
pH tester), respectively. Flow rates were checked weekly and
held at 500mL·min−1 throughout the growth trial. Te
cartridge flters (5 and 1 µm) were backwashed weekly to
ensure adequate water fow.

2.4. Growth Performance and Nutrient Digestibility.
Abalone and feed weight measurements were recorded on
a wet basis, and shell lengths were measured across the
longest axis. Growth performance indices, including specifc
growth rate (SGR), shell growth rate, biomass gain, feed
conversion ratio (FCR), protein efciency ratio (PER), en-
ergy efciency ratio (EER), protein deposition, energy de-
position, soft body to shell ratio, and condition factor, were
calculated as described in detail by Britz et al. [28] and
Bansemer et al. [16].

Apparent digestibility coefcients (ADC%) for dry
matter, protein, lipid, nitrogen-free extract (NFE), and
energy were estimated following equations described in
detail by Lewis et al. [34] and Cho et al. [35] using titanium
oxide (TiO2) as the internal marker, where

ADCdiet(%) � 100x 1 −
Nutrient in faeces(%)

Nutrient in diet(%)
x

Mmarker in diet(%)

Mmarker in faeces(%)
  . (1)

2.5. Biochemical Analyses. At the beginning of the experi-
ment, 30 abalone were sampled and stored immediately at
−20°C until subsequent analysis. Similarly, at the end of the
trial, seven abalone per tank were collected and directly
stored at −20°C until subsequent analysis. Moisture, ash,
crude protein, and crude lipid contents were determined

using oven drying at 80°C to a constant weight, incinerating
in a mufe furnace at 550°C, automated Kjeltech 2300
(nitrogen× 6.25) and dichloromethane: methanol (2 :1) cold
extraction of Folch et al. [36]; respectively as reported in
detail in Mock et al. [37] Nitrogen-free extract (NFE) was
calculated by subtracting crude protein, crude lipid, and ash
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from 100%. Te amino acid composition was determined
using reverse-phase high-performance liquid
chromatography (1260 Agilent infnity II series systems,
Agilent Technologies, Santa Clara, USA). Samples were
initially subjected to acid hydrolysis using 6M HCl for
22 hours, followed by derivatisation with o-
phthaldialdehyde (OPA) and fuorenylmethyloxycarbonyl
chloride (FMOC), as described in detail by Lewis et al. [34].

Te TiO2 content of the experimental diets and faeces
was analysed using wet-ash digestion followed by colouri-
metric estimation as described in detail by Myers et al. [38].
Briefy, 0.5 g of faeces sample was digested at 420°C for
2 hours along with 13mL of concentrated H2SO4 and
a reaction catalyst containing 3.5 g of K2SO4 and 0.4 g of
CuSO4. Upon digestion, samples were allowed to cool for
30minutes, and 10mL of 30% H2O2 was added. Ten the
total liquid weight was brought up to 100 g by adding
distilled water, and the sample was vacuum fltered
through Whatman No. 541 to remove any particles.
Finally, the absorbance was measured at 410 nm using
a microplate reader (Varioskan LUX Multimode
Microplate Reader, Termofsher Scientifc). A standard
curve was developed using working standards ranging
from 0, 2, 4, 6, 8, and 10mg of TiO2. In addition, the
absorbance of TiO2-free faeces, was analysed for
background correction to nullify the organic matter
interference.

2.6. Statistical Analyses. All the data, except ingredient and
proximate composition of experimental feeds, were reported
as mean± standard error and replicate data were pooled for
each treatment (n� 3). Upon confrmation of homogeneity
of variance and normality using Levene’s test and the
Shapiro–Wilk test, respectively, the data were subjected to
a two-way ANOVA. Where there was a signifcant in-
teraction between the two independent factors (dietary
protein level, n� 5, and water temperature, n� 3), one-way
ANOVA with Tukey’s post hoc test of multiple comparisons
was performed for the response variable across all treatment
groups (n� 15). Where no signifcant interaction was
recorded, a one-way ANOVA and Tukey’s post hoc test of
multiple comparisons were performed between the dietary
protein levels within each experimental temperature sepa-
rately. Regression analyses (second-order polynomial re-
gression) were performed separately at each temperature
against the dietary protein level for key performance pa-
rameters. Signifcance was considered at P< 0.05 for all the
statistical tests. Statistical analyses were performed using R
(Version 3.6.3, R Core Team 2020).

3. Results

3.1. General Observations. Proximate composition analysis
confrmed that all the experimental feeds were in line with
their respective formulations (Table 2). Te dietary protein
level of the experimental feeds increased in a sequential
manner, ranging from 303.8 to 410.7 g·kg−1 diet (wet weight
basis). Similarly, the concentrations of individual amino

acids increased with increasing dietary protein levels.
Total lipid and energy were constant across the feeds
(∼35 g·kg−1 and ∼17.8MJ·kg−1, respectively). Water
temperature and dissolved oxygen stayed within ±1°C of
the nominated temperature throughout the duration of the
experiment, and average values are reported in Table 3. With
the progression of the experiment, abalone shells were
increasingly colonised by a calcareous tube worm,
identifed as belonging to the family Spirorbidae; however,
there were no signs of unhealthy or impaired feeding
behaviour. Notably, the shells of abalone subjected to
22°C appeared to have a higher coverage of tubeworm
compared to those at 17°C and 12°C.

3.2. Abalone Growth Performance. All experimental feeds
were readily accepted by abalone at all three tested tem-
peratures (Table 4 and Figure 1). In general, growth
performance parameters improved in a stepwise manner
with increasing temperature, and there was a general
tendency for improvement with increasing dietary protein
level (Table 4). Tere was a signifcant temperature-protein
interaction for fnal weight, weight gain, and feed
consumption. Both fnal weight and feed consumption
were higher in all treatment groups at 22°C compared to
those at both 12 and 17°C and tended to be higher with
increasing dietary protein level; however, feed consumption
was numerically higher at the mid-range of the tested
protein levels (P38). Furthermore, at 22°C abalone more
than doubled their initial weight, with weight gain ranging
between 110.4 and 146.4% in P32 and P44 (Table 4),
respectively.

As mentioned, for the growth performance parameters
where there was no signifcant interaction between dietary
protein level and water temperature, a one-way ANOVA and
Tukey’s post hoc analysis were performed to determine the
efect of dietary protein level separately at each temperature. A
signifcant efect of dietary protein level on FCR was recorded
at each experimental temperature, where FCR lowered (im-
proved) with an increasing dietary protein level. At 17°C, FCR
ranged from 1.93 to 1.54 between P32 and P44, respectively,
and at 22°C FCR ranged between 1.51 and 1.14 in P32 and P38,
respectively. Both temperature and dietary protein level sig-
nifcantly afected SGR, yet signifcant diferences between
dietary protein levels were only recorded at 22°C, where SGR
ranged from 0.53 to 0.65 in P32 and P44, respectively.

Trends of improving growth performance at higher
water temperatures and increased dietary protein levels
were demonstrated by regression analysis (Figure 1), where
a clear improvement in both weight gain % and SGR are
seen at 22°C compared to both 17 and 12°C. Diferences
between dietary protein levels are most pronounced at
22°C, where a clear improvement in both of these
growth performance parameters can be observed with
increasing dietary protein levels (where x � dietary
protein level, weight gain % � −88.1 + 8.66x− 0.0763x2,
R2 � 0.95, and SGR � 0.261 + 0.0362x − 0.000357x2,
R2 � 0.94). Over the entire experimental duration, there
were fve dead abalone in a single tank at 22°C on the same
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day due to a blockage in the incoming water to that tank,
which occurred late in the growth trial and did not
negatively impact feed intake on a per animal basis.

3.3. Nutrient Retention Efciency. Signifcant interactions
between dietary protein level and temperature were recor-
ded for PER, PD, EER, and ED, which, in general, were
higher at 22°C, indicating both dietary protein and dietary
energy were more efciently deposited in abalone reared at
higher water temperatures (Table 5). Both ED and EER
showed a general trend toward increased values as dietary
protein levels increased, and this was most evident at the
higher water temperatures. At 22°C, where diferences were
most obvious, PER, PD, and EERwere all numerically higher
at P38 compared to the other dietary protein levels.

3.4. Nutrient Digestibility. Both dietary protein level and
temperature have a signifcant efect on the apparent di-
gestibility coefcients (ADC%) of macronutrients in the
present experiment, with the exception of NFE, which was
unafected by temperature, and, interestingly, protein di-
gestibility was not signifcantly afected by dietary protein
level at any of the three experimental water temperatures. In
general, the digestibility of dry matter, protein, lipid, and
energy were higher at 12°C and appeared to decrease with
increasing water temperature. At 12°C, dietary protein level

signifcantly afected dry matter and lipid digestibility, which
were both lower in P38 (70.2 and 69.3%, respectively).
Similarly, at 17°C, lipid digestibility was also lowest in P38
(65.3%). Similar trends were also apparent at 22°C, where
dry matter, lipid, and energy digestibility were lowest in
abalone fed P38.

3.5. Abalone Soft Tissue Proximate and Amino Acid
Composition. Tere was no signifcant efect of dietary
protein level on any of the tissue nutrient levels analysed in
any of the three experimental temperatures, except tissue
moisture levels, where there was a signifcant interaction of
dietary protein level and temperature (Table 5). Temperature
had a signifcant efect on tissue levels of protein, lipid, and

Table 3: Water temperature and dissolved oxygen (average values
of daily measurements) recorded throughout the 12, 17, and 22°C
abalone growth experiments.

12°C 17°C 22°C
Temperature (°C) 12.2 16.9 21.9
Dissolved oxygen (mg L−1) 8.6 7.6 6.7
Dissolved oxygen (% saturation) 99.9 96.5 96.1

Table 1: Ingredient composition of the experimental diets fed to
Australian hybrid abalone at three water temperatures.

Experimental diets∗

P32 P35 P38 P41 P44
Ingredient composition (g·kg−1)
Rice protein isolate 107.8 125.8 143.5 161.1 179.2
Pea protein isolate 107.8 125.8 143.5 161.1 179.2
Pregelatinised starch 531.2 497.3 462.9 429.4 394.7
Diatomaceous earth 21.0 19.0 18.0 16.5 15.0
Fish meal 50.0 50.0 50.0 50.0 50.0
Gluten 50.0 50.0 50.0 50.0 50.0
Gelatin 50.0 50.0 50.0 50.0 50.0
Fish oil 15.0 15.0 15.0 15.0 15.0
Lecithin 10.0 10.0 10.0 10.0 10.0
Canola oil 2.1 2.1 2.0 2.0 2.0
Celite1 4.0 4.0 4.0 4.0 4.0
Titanium dioxide 1.0 1.0 1.0 1.0 1.0
Vitamin and mineral mix 7.0 7.0 7.0 7.0 7.0
Vitamin C 0.5 0.5 0.5 0.5 0.5
Choline 5.0 5.0 5.0 5.0 5.0
Vitamin E 1.0 1.0 1.0 1.0 1.0
Monosodium phosphate 7.5 7.5 7.5 7.5 7.5
Calcium sulphate 5.0 5.0 5.0 5.0 5.0
Agar 5.0 5.0 5.0 5.0 5.0
Sodium alginate 5.0 5.0 5.0 5.0 5.0
Methionine 5.0 5.0 5.0 5.0 5.0
Lysine 5.0 5.0 5.0 5.0 5.0
Arginine 2.0 2.0 2.0 2.0 2.0
Treonine 2.0 2.0 2.0 2.0 2.0

∗Experimental diets: P32� 320 g·kg−1 protein, P35� 350 g·kg−1 protein,
P38� 380 g·kg−1 protein, P41� 410 g·kg−1 protein, and P44� 440 g·kg−1

protein.

Table 2: Proximate and amino acid composition (mg·g−1 diet as
fed) of the experimental diets fed to Australian hybrid abalone at
three water temperatures.

Experimental diets1

P32 P35 P38 P41 P44
Proximate composition

Moisture 85.8 86.8 84.4 82.2 84.1
Protein 303.8 336.6 354.4 385.0 410.7
Lipid 30.1 36.3 31.5 37.6 37.6
Ash 55.3 50.4 55.7 54.5 52.8
NFE2 525.0 489.9 474.0 440.8 415.0
Energy (MJ·kg−1)3 17.4 17.8 17.8 18.2 18.3

Amino acids
Histidine 6.1 6.7 7.3 7.8 8.6
Serine 13.7 14.9 16.3 17.3 18.6
Arginine 22.5 24.8 26.4 28.7 31.2
Glycine 22.9 23.4 24.6 25.8 26.6
Aspartic acid 24.4 26.6 29.0 31.2 34.1
Glutamic acid 54.3 57.6 62.0 65.8 70.4
Treonine 11.2 12.5 13.6 13.7 15.3
Alanine 16.0 17.0 18.2 19.3 20.6
Proline 21.3 22.0 23.3 24.4 25.3
Lysine 18.1 19.3 20.5 21.6 23.3
Tyrosine 6.5 8.3 8.4 9.8 11.4
Methionine 9.0 10.4 8.9 10.1 12.7
Valine 14.6 16.0 17.3 18.7 20.6
Isoleucine 12.0 13.2 14.3 15.4 17.0
Leucine 22.3 24.5 26.5 28.3 30.9
Phenylalanine 14.1 15.5 16.8 18.1 19.7
Total 288.9 312.6 333.2 355.7 386.2

1See Table 1 for detailed experimental feed information. 2Nitrogen-free
extract (NFE)� (100− (crude protein + crude lipid + ash)). 3Energy was
calculated using the values of 17.2, 23.6, and 39.5MJ·kg−1 for NFE, protein,
and lipid, respectively. Information presented in the table herein also
appears in the technical report by [33].
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NFE, where tissue protein concentration appeared to
decrease with increasing water temperature. In general,
the individual amino acids glutamic acid, glycine, and
arginine were present in high concentrations in abalone
tissue irrespective of experimental temperature or dietary
protein level (Table 6). Histidine, tyrosine, and methionine
were the least abundant amino acids. Te only signifcant
diference in tissue concentration of amino acids was
recorded at 12°C, where the concentration of glycine in
abalone in the P44 treatment was higher than that in the
P32 treatment (58.7 versus 51.9mg·g−1 dry tissue,
respectively).

4. Discussion

Teprimary objective of the present study was to identify the
optimal dietary protein inclusion level for Australian hybrid
abalone with respect to rearing temperature. Identifying the
season-specifc nutritional requirements of Australian hy-
brid abalone has the potential to enhance growth perfor-
mance and, in turn, reduce the culture duration and
maximise the production efciency of the industry. High
growth rates, survival rates, and positive feeding responses
demonstrated that the animals used in the present study

were healthy and uncompromised. Furthermore, hybrid
abalone growth rates in the current trial were comparable to
those observed on-farm (Jade Tiger Abalone™, pers. comm.)
and similar aged greenlip abalone [12]. Furthermore,
a systematic review of SGR in abalone indicates that the
SGR obtained in the present experiment was comparable to
or exceeded that observed in previously published
works [39].

Te physiological functions of abalone, a poikilothermic
aquatic animal, relative to feeding, metabolism, and growth
are heavily infuenced by environmental factors, especially
water temperature [12, 16, 26, 28]. In the present
experiment, numerous growth performance parameters,
including SGR, fnal length, and shell growth rate, were
substantially higher at 22°C compared to 17°C, whereas there
was a comparatively smaller diference between 12°C and
17°C. Tese temperature-related growth patterns are
consistent with those observed in other abalone species
[12, 28, 32, 40]. Terefore, the improved abalone growth
performance with increasing culture temperature may be
attributed to related efects of an increased feed
consumption and a higher metabolic rate.

Growth performance diferences between dietary protein
levels were more pronounced at higher temperatures,
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Figure 1: Second-order polynomial regression of weight gain percentage and SGR of Australian hybrid abalone fed fve experimental diets
with increasing protein concentrations at three water temperatures. Values at each dietary protein level for each temperature represent
treatment means (n� 3) with confdence intervals (shaded area).
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especially at 17 and 22°C. At 22°C, in particular, there was
a clear positive relationship between both weight gain
percentage and SGR and increasing dietary protein level.
Nevertheless, it was interesting to note an improvement in
FCR with increasing dietary protein levels at each of the
experimental temperatures, which were all lowest between
38 and 44% dietary protein.Tis clearly suggests that protein
utilisation for tissue synthesis is not negatively impacted by
increasing the dietary protein levels. Similar trends in FCR
were also observed in studies with greenlip abalone [12, 16].

Taken together, some of the recorded growth perfor-
mance parameters may suggest that the optimal dietary
protein inclusion level may have been at or even beyond the
tested range (i.e., >44% dietary protein). However, it should
be noted that abalone generally exhibit slow growth; hence,
shorter experimental trials may be insufcient to fully realise
maximum growth performance, resulting in an inability to
identify the optimal protein inclusion level [12]. However,
the present experiment, conducted over 143 days, was
considerably longer in comparison to other studies on
similar-sized abalone by Bansemer et al. [16] and Stone
et al. [12], who conducted 75- and 84-day growth trials,
respectively. Nevertheless, even in the present study, it could
have been that the duration was still not sufcient to clearly
identify the optimal protein level. Terefore, further
extending the abalone culture duration in future studies is
critical to accurately detecting key diferences in growth
parameters to identify the optimal dietary protein
inclusion level.

Further exploration of the optimal dietary protein in-
clusion level in Australian hybrid abalone may avert the
potential negative consequences when the dietary protein
level exceeds the animal’s physiological requirement.
Among others, this may include a displacement of other
nutrients, a negative efect on the nutrient balance of the
feed, which in turn promotes the utilisation of dietary
protein for energy as opposed to tissue synthesis, increased
nitrogen waste discharge and water quality deterioration,
and increased feed cost [41–44]. Terefore, it is essential to
consider the efect of increasing dietary protein levels on feed
utilisation efciency, namely growth conversion and
nutrient deposition while emphasising the impact on
growth performance.

In the present experiment, there was an interaction
between dietary protein level and water temperature on feed
intake. In general, however, feed intake was slightly higher in
abalone-fed diets containing 38% protein, particularly at 12
and 17°C; however, it was clear that water temperature had
a much larger efect on feed intake. Similar trends in feed
consumption were also reported in several previous studies,
in line with the well-held notion that abalone feed con-
sumption is primarily determined by culture temperature
[9, 12, 28, 40, 45–47]. However, this can also be infuenced by
species [40], size or life stage, and the diet type (formulated
vs. natural) [9, 12, 28, 45, 46]. Moreover, the dietary protein
level [12], protein to energy ratio [32, 48], and dissolved
oxygen concentration of the culture water [49] may also
afect feed consumption. As the abalone in the present
experiment were fed isoenergetic diets in excess, they

were able to consume sufcient food to fulfl their energy
requirements, which is a commonly observed strategy for
aquatic animals [50]. Te metabolic rate and concomitant
energy expenditure of abalone are intrinsically linked to
water temperature. Terefore, the increased feed
consumption observed in abalone in the present
experiment in response to increasing water temperature
can likely be attributed to an increase in energy
requirement, which in turn is associated with higher
metabolic activity levels [32]. Furthermore, abalone
exhibit a faster gut evacuation rate at higher water
temperatures, resulting in a faster return to appetite and
therefore an increase in feed consumption [45].

Te digestibility of macronutrients appeared to be
negatively impacted by increasing temperatures; whereas
digestive enzyme activity is known to be higher at higher
temperatures, the rapid gastric evacuation reduces the
contact between feed and enzymes, leading to poor di-
gestibility [27, 51, 52]. Conversely, digestive enzyme activity
typically decreases with decreasing water temperatures,
which may increase the time in which ingested feed is
exposed to digestive enzymes due to a reduced gastric
evacuation rate. Contrastingly, digestibility studies with
H. midae revealed signifcantly higher digestibility
coefcients at 18°C compared to 14°C or 22°C [53].
However, in a study on greenlip abalone, where a direct
total faecal collection method was utilised to estimate
digestibility, it was revealed that gastrointestinal
evacuation time, but not nutrient digestibility, was
afected by temperature [45].

Furthermore, higher dietary protein inclusion levels
often deteriorate the nutritional quality of abalone tissue
[54, 55]. Promisingly, in the present study, increasing the
dietary protein level did not afect the nutrient composition
and amino acid profle of abalone soft tissue, regardless of
rearing temperature. Furthermore, an interactive efect of
dietary protein level and temperature was recorded for
nutrient utilisation indicators for both energy (ED and
EER) and protein (PER and PED). Although, in general,
the results suggested that both protein and energy were
better deposited in abalone fed between 38 and 41% dietary
protein and in abalone reared at 22°C. Despite the need to
further uncouple the interactive efect of dietary protein level
and rearing temperature, it is evident that the use of a higher
dietary protein feed during periods of elevated water
temperature can improve the growth performance of
abalone. Importantly, this can occur without
compromising the efcient utilisation of dietary nutrients
or the nutritional quality of the abalone tissue.

In conclusion, the trends in Australian hybrid abalone
growth performance and nutrient utilisation observed in the
current growth trial conducted using subadult Australian
hybrid abalone have clearly suggested that signifcant growth
benefts could be realised via the implementation of
temperature-specifc (seasonal) optimisation of dietary
protein levels in formulated feeds for abalone. Te degree to
which the growth performance benefts observed in the
present lab-based experiment would translate to an on-farm
scenariomay depend on the infuence of inherent diferences
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in culture conditions between the two, namely diferences in
water fltration and daily water temperature fuctuations.
Nevertheless, currently, commercial diets for Australian
abalone contain 35% protein and are fed throughout the
entire grow-out culture period. However, considering the
growth performance, feed utilisation, feed conversion, and
nutrient utilisation and deposition observed, the present
study strongly suggests that an improvement in growth
performance can be achieved by increasing the dietary
protein level beyond 35%. Furthermore, those benefts will
be best realised during periods of elevated water tempera-
tures (∼22°C). Conversely, during periods of relatively low
water temperature (∼12°C), where diferences in perfor-
mance between dietary protein levels are minimal, a cost-
efective approach, either by implementing a reduced
feeding frequency or a least-cost diet formulation, may
enhance the production efciency of Australian hybrid
abalone.
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