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Abstract

Palinurid rock (or spiny) lobsters constitute valuable seafood fisheries around the

world. Post-harvest mortality can have a substantial economic impact on the value of

these fisheries and damage the brand identity of an otherwise fungible commodity.

In this study, sudden, large-scale mortalities in the Australian Rock Lobster industry

were investigated through comprehensive haemolymph biochemistry panels, mea-

surements of immune status and nutritional condition. A cohort of lobsters (n = 25)

was sampled over a 4-week period at a commercial processing facility, with the final

sample occurring during a mortality event. A comparison of 22 biochemical parame-

ters, including electrolytes, minerals, ions, metabolites and enzymes, showed a notable

disruption in osmoregulation, protein content and enzymes during weeks 3 and 4 of

the study.Haemocyte counts showedadecline in circulating haemocytes by the timeof

themortality event alongwith a shift in the proportion of hyalinocytes to granulocytes

favouring the former. The condition index was variable over the sampling schedule,

possibly linked to observed incidences of cannibalism, with no evidence of an overall

low condition that would explain mortalities. The lobsters sampled in this study did

not show any consistent or progressive changes in biochemistry that may indicate a

pathogen or disease as a causative agent. Rather, analysis of the water quality within

the facility suggested that mortality was due to sub-optimal water quality character-

ized by a combination of two factors, a substantial decrease in the pH and potential

nitrogen toxicity, that caused a physiological response comprised of an ion imbalance,

altered enzyme activity and, ultimately, mortality. These results offer a comprehen-

sive characterization of the impact of unexplained morbidity on the biochemistry and

physiology of lobsters, illustrate the harm of sub-optimal aquaculture practices and

highlight the need for a better understanding of aquaculture practices and their effects

on economically important seafood industries.
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1 INTRODUCTION

Rock (or spiny) lobsters are important fishery species around theworld,

representing the highest value single species fishery for a number of

countries (Winterbottom et al., 2012) due to their status as a lux-

ury seafood item. In Australia, spiny lobster fisheries are worth nearly

AU$700 million, accounting for nearly 40% of the total wild-caught

fisheries production by value (Mobsby & Koduah, 2017). The Southern

Rock Lobster (SRL; Jasus edwardsii) is an important component of the

fishery industry of three states: SouthAustralia, Tasmania andVictoria.

Together, these fisheries produced an annual catch of between 4500

and 5000 tonnes historically in 1980–1990s (Linnane et al., 2013) and

around 3100 tonnes more recently (Plagányi et al., 2018). The recent

decrease in the annual total allowable catch for the industry is the

result of a strictly regulated quota system which is intended to maxi-

mize rents from the fishery via payments from fishers to quota owners

rather than the tonnage of catch (Gardner et al., 2015). Rents (and

economic yield) currently equate to more than 60% of the revenue,

which is achieved by maintaining small catches, high catch rates, effi-

cient harvesting and high market price (Ogier et al., 2018), all of which

are enhanced byminimizingmortalities.

The SRL industry relies heavily on the overseas live export market,

withChina as thedestination for amajority of theproduction (Norman-

Lόpez et al., 2014). Losses at commercial processor facilities and the

arrival of moribund or deceased lobsters decrease confidence in the

quality of the industry and damage the reputation of the brand. The

impact of brand damagewas demonstrated recentlywhen the SRL pro-

cessing industry experienced a series of large-scalemortality incidents

over the 2015–2016 fishing season that led to a decrease in whole-

sale price and an industry-wide decrease in revenue of AU$25 million

(Simon et al., 2016).

Research into reducing mortalities within the SRL fishery has his-

torically focused on quantifying the impacts of emersion on a variety

of physiological parameters (Morris & Oliver, 1999a, 1999b; Speed

et al., 2001; Taylor & Waldron, 1997), as air exposure is a common

stressor during catching, processing and live export. Following the

2015–2016mortalities, the effect of emersion on an extensive suite of

haemolymph (i.e. the invertebrate analogue to vertebrate blood) bio-

chemistry parameterswas quantified to evaluate observation from the

SRL industry that brindle lobsters (i.e. mottled red andwhite carapace)

that come from deeper habitats are more sensitive to the stress of

transport than red lobsters from shallow habitats (Simon et al., 2016).

While no difference was found between the colour forms, the authors

reported that mortality was associated with decreased haemolymph

pH, decreased sodium: potassium ratio, increased urea concentration

and increased amylase activity. The authors also reported increased

total haemocyte counts (THC) and concentrations of calcium, magne-

sium, bicarbonate, glucose and uric acid in the haemolymph, though

these changes were not associated with mortality (Simon et al., 2016).

While the type of blood biochemistry panel used in that study has rou-

tinely been used to assess the condition in mammals, its development

for use in marine invertebrates is recent. Haemolymph biochemistry

analysis has been used to attempt to predict mortality in spiny lob-

sters (Paterson et al., 2005), evaluate the nutritional condition (Simon

et al., 2015),measure the impact of transport (Mendoet al., 2016), eval-

uate SRL exposed to seismic air gun signals (Fitzgibbon et al., 2017b)

and quantify the impact of stressors during processing and holding on

lobster physiology and immune function (Day et al., 2019).

Less well characterized, however, are the impacts of water quality

during holding at post-harvest processing facilities. The SRLprocessing

industry is largely comprised of several dozen independent operators

ranging in size (i.e., holding/processing capacity) across three differ-

ent states, resulting in a considerable degree of variation in handling

practices. For example, processing facilities may supply aquaculture

systems directly with pumped seawater on fully flow-through sys-

tems, utilize a hybrid partial recirculating/partial flow-through system

to compensate for water volume demands or water temperature con-

straints or transport water to supply fully recirculating systems. These

variations in aquaculture practices confound the ability to identify a

single causative agent when industry-wide issues occur, as in the case

of the recent massmortality events.

In this study, the practices of a processing facility employing a

recirculating aquaculture systemwere analysed to determinewhether

water quality had an impact on the haemolymph biochemistry, immune

status and an index of the nutritional condition of post-harvest SRL

thatmayhavea role in theoccurrenceofmortality events. Post-harvest

lobsterswere heldwithin the facility for 4weeks, a holding period stan-

dardwithin the industry that allows the facility to ‘time themarket’ and

sell when prices are at their highest (Patel et al., 2020). Over the course

of the 4 weeks of holding, lobsters were sampled for haemolymph

to characterize a range of immune status indicators and biochemical

parameters to determine whether the impacts of holding stressors

contributed to the unexplained mass mortality events described by

the industry. Lobsters were sampled shortly after arrival at the facil-

ity to establish a physiological baseline and sampling culminated as

the processing facility experienced a mortality event in which approx-

imately 25% of the stock was lost over the course of several days.

Comparison of the physiological status of the sampled lobsters over

the course of this study provided a clear indication of how subopti-

mal practices compromised the lobsters and will serve as a basis for

the industry to improve holding practices to reduce stock loss in the

future.
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2 METHODS

2.1 Animals and holding conditions

Southern rock lobsters (n = 25) were subsampled from a cohort of

lobsters obtained from a single source, that is caught by the same

fisherman from the same site and held at a commercial lobster pro-

cessing facility in Tasmania. Upon arrival at the facility, lobsters were

placed into a purge tank separate from the main holding system, con-

ditioned and maintained for the elevated load of metabolic waste

products accumulated during capture and transport. After 24 h, lob-

sters were transferred to the main holding system, which consisted of

eight raceway tanks (each 8 m length × 1.5 m width × 1.2 m depth)

supplied with natural seawater that was recirculated through a biofil-

ter consisting of a layer of shell grit and ceramic ring media. Seawater

changes of approximately 10% of total system volumewere conducted

biweekly tomaintainwater quality. Light in the facilitywasprovidedvia

dim fluorescent lighting operated during working hours when facility

employees were present, with around a 10:14 light: dark ratio. Lobster

holding tanks were aerated vigorously, which resulted in a consistent

layer of bubbles at the surface that screened the lobsters from lights.

All lobsters within the facility were held fasted, which is standard prac-

tice within SRL processing facilities. Lobsters used in the present study

were stocked according to standard facility procedures (Day et al.,

2019; Simon et al., 2016), with lobsters tagged and placed into vented

crates (610 mm × 425 mm × 320 mm) and maintained in the facility’s

recirculating system at a water temperature of 9–10◦C. Two rows of

12 crates were placed in each raceway with the quantity held at any

time varying from ca. 500–1000 kg biomass per each of eight raceway

tanks over the course of the study period.

2.2 Water quality testing

The water quality of the recirculating system was analysed each week

as lobsters were sampled. System pH was measured using a Testo 205

handheld pHprobe. Temperature anddissolvedoxygenweremeasured

using aHach IntelliCal Rugged optical LDOprobe (LDO101), and salin-

ity was measured using a Hach IntelliCal Rugged Conductivity probe

(CDC401), both of which were connected to a Hach HQ40d meter.

Ammonia (HachNitrogen-AmmoniaTNTAmVer LowRange2604545),

nitrite (Hach NitriVer 3 TNT Low Range 2608345) and nitrate (Hach

NitriVer 5 Nitrate Reagent Powder Pillows 2106169) were measured

on a HachDR1900 spectrophotometer.

2.3 Study animals

A crate of lobsters (n = 25) that had been processed into the facil-

ity 2 days prior, which allowed for a 1-day recovery after removal

from the purge tank, was haphazardly selected to be sampled in

the present study. All lobsters within the sampling cohort were esti-

mated to be intermoult based on the time of year of their capture

(MacDiarmid, 1989), the refractive index of their haemolymph (details

below) (Oliver & MacDiarmid, 2001; Simon et al., 2015) and degree of

fouling on their carapace (Kanciruk, 1980). From this crate, five lob-

sters were terminally sampled each week for 4 weeks and a subset

of five lobsters was to be serially sampled each week for the 4 weeks

of the study (Table 1). Serially sampled lobsters were tagged with an

antennal tag for identification. As lobsters were removed each week

through terminal sampling, new lobsters were added to the crates to

maintain a constant stocking density. These lobsters, which were not

sampled, were uniquely tagged to differentiate them from the study

sample. In the final week of the experiment, sampling was conducted

as a mortality event occurring in the facility and weak or moribund

lobsters were sampled (n = 4). During the mortality event, the facil-

ity manager communicated that large (>1 kg) lobsters were primarily

affected. As such, the moribund lobsters selected for sampling in week

4were considerably larger than in previous weeks (Table 1).

2.4 Lobster sampling

As each lobster was removed from a holding tank, a reflex-based vital-

ity assessment was performed (Stoner, 2012), with lobsters ranked on

a scale of 1 (low vitality/moribund) to 5 (high vitality) based on the abil-

ity to hold their antennae, legs and tails erect and the vigorousness

of tail flipping (Spanoghe & Bourne, 1997; Turnbull et al., 2021). This

assessment is commonly used throughout the rock lobster processing

industries to estimatewhether lobsters are fit for export or are unlikely

to survive (Paterson & Spanoghe, 1997).

From each individual at the four sampling points, a 3.5-mL

haemolymph sample was collected from the base of the distal walk-

ing leg using a sterile 5 mL syringe fitted with a 26 gauge needle.

Syringes and needles were pre-chilled on ice to prevent coagulation.

Haemolymph samples were aliquoted into three 1.5 mL centrifuge

tubes.

From the first tube, a 100-μL samplewas added at a 1:2 ratio into Lil-

lie’s formal calcium (1.3 M formalin, 126 mM calcium acetate) for total

and differential cell counts (details below). A 30-μL sample was added

to a haematocrit capillary tube to measure clotting time by repeatedly

inverting the tube until the haemolymph ceased to flow freely (Jussila

et al., 2001). ThepHwasmeasuredusing aTesto205 temperature com-

pensated pH probe, and the refractometry indexwasmeasured using a

Hanna Instruments digital refractometer zeroed using distilled water

(HI96801).

The other two haemolymph tubes were centrifuged at 10,000 × g

for 5 min, after which the supernatant was removed using a pipette,

transferred to a 2-mL cryotube and stored on ice while transported

to the laboratory at the Institute for Marine and Antarctic Studies

Taroona facility (ca. 2 h), where they were frozen and stored in an

−80◦C freezer.

Following terminal sampling, lobsters were euthanized by immer-

sion in a seawater-ice slurry. The weight and carapace length was

measured, and then the hepatopancreas was dissected and weighed.

Thehepatopancreas index (HPI)was calculatedas a ratioof hepatopan-

creas weight divided by bodyweight× 100.
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TABLE 1 Summary of lobsters sampled eachweek over the course of the study

Sample week

Number of

lobsters

Mean vitality

score

Carapace length

(mm) Weight (g) Sex Moult stage (estimated)

Week 1 10 4.9± 0.1 118.9± 2.8 883.2± 68.3 10♂ All intermoult (C4)

Week 2 5 4.8± 0.2 114.3± 2.1 674.7± 23.1 5♂ All intermoult (C4)

Week 3 5 5.0± 0 113.0± 0.8 728.7± 19.6 5♂ All intermoult (C4)

Week 4 4 2.2± 0.2 142.4± 3.5 1504.8± 129.7 4♂ All intermoult (C4)

Note: Ten lobsters sampled in week 1 consisted of five terminally sampled lobsters and the inclusion of the five serially sampled lobsters. Serially sampled

lobsters were not included in subsequent weeks.

2.5 Haemocyte counts

Haemolymph diluted 1:2 in Lillie’s formol calcium was used for THC

and differential haemocyte counts (DHC). For THCs, haemocytes

were counted using an improved Neubauer counting chamber at

40× magnification. For DHCs, haemolymph smears were prepared on

slides, fixed with methanol, stained using May–Grünwald Giemsa and

200 cells per slide were identified as hyalinocytes, semi-granulocytes

or granulocytes.

2.6 Biochemistry analysis

Frozen haemolymph plasma samples were shipped in a dry shipper

charged with liquid nitrogen to the Diagnostic Services laboratory at

the Atlantic Veterinary College, University of Prince Edward Island,

Canada, and analysed using a Cobas c501 automated biochemistry

analyzer (Roche Diagnostics Corporation, Indianapolis, Indiana, USA)

for a full blood profile consisting of the electrolytes (mmol L−1): sodium

(Na), chloride (Cl), potassium (K), magnesium (Mg) and bicarbonate

(bicarb), with osmolality (mOsmol kg−1) determined using freezing

point depression (μOsmette, Precision Systems Inc., Natick, Mas-

sachusetts, USA); minerals (mmol L−1): calcium (Ca) and phosphorus

(P); metabolites (mmol L−1): glucose (Gluc), lactate (Lact), cholesterol

(Chol), triglyceride (Trig), total protein (TP, in g L−1), urea and uric acid

(Uric, in μmol L−1); and enzymes (U L−1): lipase (LIP), amylase (AMY),

alanine (ALT) and aspartate (AST) aminotransferases, alkaline phos-

phatase (ALP), sorbital (SDH) and glutamate (GDH) dehydrogenases,

and γ-glutamyl transferase (GGT).

2.7 Statistical analysis

Datawere analysed using non-parametric Kruskal–Wallace tests using

holding time as the factor. Wilcoxon rank sum tests with the Bonfer-

roni correction were used for post hoc pairwise comparisons. These

analyses were performed using R v3.6.0 (R Foundation for Statistical

Computing).

A multidimensional scaling plot was generated using Primer 6

(v6.1.12, Primer E LTD). Data were normalized prior to resemblance

analysis and compared for similarity using ANOSIM.

3 RESULTS

3.1 Water quality testing

The water quality (Table 2) at the facility, specifically temperature,

salinity, and dissolved oxygen at levels acceptable to industry guide-

lines (Southern Rocklobster Ltd, 2016) across the sampling series.

System water pH was considerably lower than that of seawater

(pH 8.15). Ammonia was found to exceed recommended levels during

week 2, and nitrite levels exceeded recommended levels at all weeks of

the study.

3.2 Mortality

During weeks 1 and 2, the processing facility had mortality rates

of approximately 2% of the held stock, which reflected the average

baseline level. During week 3, this rate increased to about 15% and

increased again in week 4 to a rate of 25%, with large (> 1 kg) lobsters

primarily affected.

Within the serially sampled cohort of lobsters (n = 5), two individ-

uals were found dead at the week 3 sampling point and could not be

sampled. A third individual was weak with amoderate vitality score (3)

in week 3 and a low vitality score (2) at the following sampling point

in week 4. As these losses did not coincide with losses in the process-

ing facility, they were deemed to likely have resulted from sampling. As

such, only samples collected from the serially sampled cohort during

week 1were included in the analysis, as, at this point, their handling did

not differ from the terminally sampled cohort at that point. Data col-

lected from subsequent weeks were disregarded, and only terminally

sampled lobsters were compared.

3.3 Haemolymph biochemistry, immune
parameters and condition

HaemolymphpHwas found to significantly (χ2 =9.00, df=3, p=0.029)

differ during the holding period, with higher values in weeks 1 and 3

compared toweek 4 (Figure 1). Sodium concentrationwas significantly

(χ2 = 8.02, df = 3, p = 0.045) elevated by 6–7% in lobsters at week 3

compared toweeks1and4 (Figure1). Lobsters sampled inweek4hada
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TABLE 2 Water quality data collected at the time of haemolymph sampling in a cohort of healthy lobsters sampled over a 4-week period
culminating in amass mortality event (week 4) with recommended industry guidelines for comparison

Week pH Temperature (◦C) Salinity (ppt)

DissolvedO2

(% saturation)

Ammonia

(mg L−1)

Nitrite

(mg L–1)

Nitrate

(mg L–1)

1 7.70 9.1 34.1 90.7 0.1 2 55

2 7.60 9.0 33.9 92.3- 1.1 7 60

3 7.39 9.1 34.4 92.0 0.0 6 95

4 7.71 9.6 34.2 89.2- 0.0 4 60

SRL Industry “Clean

Green” Guidelines

(Southern

Rocklobster Ltd,

2016)

7.80–8.20 9–13 30–38 >70- <0.5 <1 <140

significant (χ2 = 8.28, df= 3, p= 0.040), 20% reduction in haemolymph

potassium concentration relative to week 3 levels (Figure 1). The ratio

of sodium to potassium concentrations was significantly (χ2 = 8.51,

df = 3, p = 0.036) affected, with lobsters showing an elevated sodium

level in week 4 relative to week 1. Osmolarity (χ2 = 11.07, df = 3,

p = 0.01) was significantly elevated in week 3 compared to all other

weeks. Haemolymph bicarbonate (χ2 = 12.55, df = 3, p = 0.006) levels

in lobsters sampled at week 4 had a reduction of over 60% compared

to week 1, 2 and 3 lobsters (Figure 1). Lobsters in week 3 showed

a significant (χ2 = 7.98, df = 3, p = 0.046), 11–12% increase in cal-

cium concentration over the previous 2 weeks before returning to a

moderate level in week 4 that was not different from any of the pre-

vious sampling times (Figure 2). Magnesium levels (χ2 = 15.27, df = 3,

p= 0.001) were similar in weeks 1 and 2, followed by a significant 20%

increase in week 3 and then a subsequent 40% decrease in week 4 to a

level significantly lower than all other sample points (Figure 2).

Amongst haemolymph metabolites and enzymes, ‘albumin’ levels

were found to differ significantly (χ2 = 11.67, df = 3, p = 0.009), with

a marked decrease in week 4 compared to levels observed in week 1

(Figure 2). This resulted in a significant (χ2 = 8.27, df = 3, p = 0.04) dif-

ference in albumin: globulin ratio, with week 4 recording a significant

60–70% reduction from the level of lobsters in week 1 (Figure 2). Uric

acid responded significantly (χ2 = 9.26, df = 3, p = 0.026) to holding

time, with a two- and threefold increase observed at week 3 relative to

week 1 and 2 values, respectively, followed by a return to a moderate

level similar to the initialweeks duringweek4 (Figure2). BothGGTand

glutamate dehydrogenase (GD) were significantly (GGT: χ2 = 11.33,

df = 3, p = 0.01; GD: χ2 = 10.21, df = 3, p = 0.017) affected by hold-

ing time, as lobsters in week 4 had a level of GGT > 10 times that of

the previous three weeks (Figure 3), whereas post hoc testing did not

demonstrate a difference between testing weeks for GD (Figure 3).

Haemolymph clot time significantly differed by holding time

(χ2 = 8.67, df = 3, p = 0.03), as haemolymph from lobsters sampled

in week 2 took longer to clot than that of lobsters sampled in week 1

(Figure 3). Neither total nor DHC showed a significant effect by hold-

ing time. TheHPI varied significantly byholding time (χ2 =10.35, df=3,

p = 0.016) due to a greater HPI in week 1 sampled lobsters compared

to lobsters sampled in weeks 2 and 4 (Figure 3).

Table3givesmedian± interquartile range for valuesof haemolymph

parameters that did not respond significantly to holding time. The

immune response parameters in this study, which comprised the THC,

and the number and proportion of each of three haemocyte types

are shown in Table 4. None of the parameters showed a significant

response to the sample week.

A multidimensional scaling plot comprising of all parameters

assessed in this study (Figure 4) showed that lobsters sampled inweeks

1 and 2 formed a cluster with a roughly homogeneous distribution

of individuals from each week throughout, whereas in weeks 3 and 4

lobsters each formed their own distinct clusters.

4 DISCUSSION

In this study, biochemical parameters of the haemolymph of the SRL

(J. edwardsii) were assayed over the course of a 4-week holding period

culminating in a mortality event at the holding facility to determine

whether aphysiological basis underpinning themortality couldbe iden-

tified andwhether facility practices drove this physiological imbalance.

A clear and distinct response in the lobsters was observed in weeks 3

and 4 of the experiment, with some marked differences in biochemical

parameters.

Themeasureddifferences in immune status indicators andbiochem-

ical parameters of the lobsters sampled in the present study were

unlikely to be attributed to fasting during holding time which was

modest compared to the extended holding times reported in other

studies (Bryars & Geddes, 2005; Day et al., 2019) and nutritional con-

dition, measured by HPI, showed a stereotypical response to holding

(Cockcroft, 1997; Simon et al., 2015). Instead, the most apparent

influence on lobster physiology in the present study was likely due

to sub-optimal and fluctuating water quality. In particular, the pH of

the water in the holding facility was well below that of seawater

(ca. 8.15) and industry guidelines at every sampling point in the study

and nitrogenous waste products, particularly ammonia and nitrite,

exceeded industry guidelines.

The causes of low pH within the facility recirculating system were

not determined but were potentially due to the build-up of CO2 and
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326 DAY ET AL.

F IGURE 1 Effect of holding time on haemolymph pH, sodium concentration (Na), potassium concentration (K), sodium to potassium ratio
(NaK), osmolarity (Osm) and bicarbonate (HCO3) concentration (Bicarb). Each individual within a cohort is indicatedwith a small circle, median
values are indicated by a large circle with bars indicating the interquartile range. Significant differences between sampling weeks are indicated by
differing letters

acidic metabolic waste products from the lobsters themselves and

the bacteria within the system. A limited number of alkalinity mea-

surements (data not shown) showed very low alkalinity compared to

seawater reference ranges which reduce the buffering capacity of

the water, intensifying the impact of acidic inputs. Interestingly, the

lowest water pH was recorded on week 3 of the study (7.39) which

corresponded with the increase in mortality in week 4 with associated

significant changes in lobster haemolymph pH, biochemistry (K, NaK,

Bicarb, Mg, Alb, A.G) and enzyme activity (GGT). These findings sug-

gest that both the combined chronic low pH and particular insult in

week 3 contributed to the mortality event in week 4. However, it is

important to recognize that water sampling was only conducted once
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F IGURE 2 Effect of holding time on haemolymph calcium concentration (Ca), magnesium concentration (Mg), “albumin” protein fraction (Alb),
“albumin”: globulin protein fraction ratio (AG) and uric acid concentration (Uric). Each individual within a cohort is indicatedwith a small circle,
median values are indicated by a large circle with bars indicating the interquartile range. Significant differences between sampling weeks are
indicated by differing letters

per week and thus could have missed other substantial changes in

chemistry.

As with the results of low water pH, the lobster processing

facility showed nitrogenous waste parameters outside the industry

recommended guidelines. Ammonia levels in the facility were only

found to exceed industry guidelines (0.5 mg L–1) during 1 week of

the study (week 2) and were still modest (1 mg L–1), compared

to levels required to reach toxicity in SRL, 83 mg L–1 (Battaglene

et al., 2004) and other crustaceans, such as 219 mg L–1 in adult

American lobster Homarus americanus (Young-Lai et al., 1991). Sub-

lethal ammonia exposure in SRL results in rapid accumulation in the

haemolymph, which can be reversed once external concentrations are

reduced (Battaglene et al., 2004). Accumulation of ammonia caused

behavioural impacts, such as increased aggression, and physiological
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328 DAY ET AL.

F IGURE 3 Effect of holding time on γ-glutamyl transferase (GGT), glutamine dehydrogenase (GD), haemolymph clotting time (Clot) and
hepatopancreas index (HPI. Each individual within a cohort is indicatedwith a small circle, andmedian values are indicated by a large circle with
bars indicating the interquartile range. Significant differences between sampling weeks are indicated by differing letters

TABLE 3 Median (interquartile range) values of physicochemical, electrolyte, mineral, metabolite and enzymatic haemolymph parameters
unaffected by sample time in lobsters sampled over a 4-week period culminating in amassmortality event (week 4)

Week Brix

Cl

(mmol L–1)

Phosphoris

(mmol L–1)

Glucose

(mmol L–1)

Lactate

(mmol L–1)

Protein

(g L–1)

Globulin

(g L–1)

Cholesterol

(mmol L–1)

Trigyceride

(mmol L–1)

1, n= 10 10.6 (3.25) 438 (30) 0.26 (0.56) 0.65 (1.15) 0.095 (0.18) 53.5 (25.8) 44 (21) 0.37 (0.29) 0.41 (0.40)

2, n= 5 8.2 (1.5) 462 (33) 0.13 (0.06) 0.80 (0.60) 0.010 (0.01) 38.0 (11.0) 33 (10) 0.20 (0.05) 0.17 (0.09)

3, n= 5 11.2 (3.5) 483 (18) 0.93 (0.24) 1.00 (0.60) 0.001 (0.01) 73.0 (31.0) 64 (25) 0.31 (0.23) 0.36 (0.30)

4, n= 4 10.1 (0.55) 450 (8) 0.44 (0.85) 2.55 (3.98) 0.001 (0.002) 50.5 (4.3) 49 (5) 0.29 (0.09) 0.23 (0.12)

Statistics χ2 = 2.24

df= 3

p= 0.52

χ2 = 5.78

df= 3

p= 0.12

χ2 = 4.90

df= 3

p= 0.18

χ2 = 0.35

df= 3

p= 0.95

χ2 = 4.91

df= 3

p= 0.18

χ2 = 3.59

df= 3

p= 0.31

χ2 = 3.29

df= 3

p= 0.35

χ2 = 5.02

df= 3

p= 0.17

χ2 = 2.93

df= 3

p= 0.40

impacts including haemolymph acidosis and increased oxygen con-

sumption (Battaglene et al., 2004). However, the low temperatures

common to SRL holding facilities (9–15◦C) and, coincidentally, the low

pH levels reported here, limit the formation of the more toxic NH3

species of ammonia in favour of the less toxic NH4
+ (Whitfield, 1974),

making acute ammonia toxicity an unlikely factor in the mortality

events.

Nitrite and nitrate are less toxic than ammonia, so the impact of

acute and chronic exposure on crustaceans has received less atten-

tion (Romano & Zeng, 2013). In SRL, nitrite levels of 10 mg L–1 have
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TABLE 4 Median (interquartile range) values of abundance and proportion of each of the three haemocyte types unaffected by sample time in
lobsters sampled over a 4-week period culminating in amass mortality event (week 4)

Week

Total haemocyte

counts (×

106 mL–1)

Hyalinocytes

(× 106 mL–1)

Hyalinocyte

(%)

Semigranulocytes

(× 106 mL–1)

Semigranulocyte

(%)

Granulocytes

(× 106 mL–1)

Granulocyte

(%)

1, n= 10 3.19 (1.75) 2.33 (0.78) 77.8 (7.8) 0.37 (0.23) 13.8 (6.2) 0.24 (0.11) 8.4 (4.0)

2, n= 5 2.50 (2.98) 3.11 (2.56) 80.0 (16.5) 0.28 (0.27) 14.0 (13.5) 0.13 (0.11) 11.0 (8.0)

3, n= 5 0.66 (3.14) 0.51 (1.92) 74.5 (3.8) 0.59 (0.81) 15.5 (4.0) 0.09 (0.31) 10.0 (1.0)

4, n= 4 0.61 (0.65) 0.53 (0.55) 80.5 (6.9) 0.50 (0.08) 13.7 (8.7) 0.31 (0.03) 5.7 (3.5)

Statistics χ2 = 6.42

df= 3

p= 0.09

χ2 = 6.13

df= 3

p= 0.11

χ2 = 2.24

df= 3

p= 0.52

χ2 = 6.95

df= 3

p= 0.07

χ2 = 0.24

df= 3

p= 0.97

χ2 = 7.76

df= 3

p= 0.051

χ2 = 6.90

df= 3

p= 0.07

F IGURE 4 Multidimensional scaling plot comprised of all haemolymph biochemistry, immune status and condition factors measured in
lobsters fromweeks 1, 2, 3 to 4. Data were normalized to account for differing scales between parameters andmeasured using Euclidian distance.
Numbers indicate the holding week in which lobsters were sampled and dashed lines indicate clusters determined at a resemblance level of 7

been used to assess the impacts of sub-lethal exposure (Battaglene

et al., 2004) and nitrite concentrations ranging from 40→ 300 mg L–1

have been found to be toxic in several species of prawn (Romano &

Zeng, 2013). For nitrate, toxicity levels have only been determined for

a few prawn and crab taxa, with a levels from over 1400mg L–1 to over

4000 mg L–1 reported (Romano & Zeng, 2013). As levels recorded in

the present study (> 4 and > 95 mg L–1 for nitrite and nitrate, respec-

tively) were considerably lower than these toxicity levels for other

crustaceans, again, acute nitrite or nitrate toxicity alone were unlikely

major factors contributing to the observed mortality event. However,

sub-optimal nitrite and nitrate combinedwith other sub-optimal water

quality parameters (particularly low pH) likely compound to impact the

performance of lobsters during commercial holding.

Throughout the experiment, lobster haemolymph pH was generally

in line with previously reported results (7.60–7.80) (Day et al., 2019;

Fitzgibbon et al., 2017b;Mendo et al., 2016; Simon et al., 2016), though

with a higher than expected degree of variability, perhaps due to the

acidic water conditions. During the mortality event that occurred

during week 4 of sampling, the mean haemolymph pH dropped to

a relatively acidic 7.47. Considering the results of the facility water
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pH, acidic haemolymph pH was not surprising as palinurid lobsters

are osmoconformers and would be expected to respond to water pH

(Henry et al., 2012). While other factors, such as chronic exposure to

nitrogenous compounds, may have the potential to have contributed

as well, the water pH levels observed in the present study were

considerably lower than that required to elicit acidosis in J. edwardsii

(Battaglene et al., 2004). Extended emersion is also known to result

in a similar degree of haemolymph acidosis (Simon et al., 2016),

though was not likely a factor beyond the first week in the present

study as lobsters remained immersed during commercial holding.

J. edwardsii has the capability to buffer against such acidosis for

about 4 h (Taylor & Waldron, 1997), after which haemolymph pH

progressively decreases. This response is reversible and is resolved

once lobsters are re-immersed, with pH returning to baseline levels of

ca. 7.60–7.80 within 4 h (Taylor & Waldron, 1997), though depressed

pH levelsmay persist up to 96 h follow immersion (Fotedar et al., 2006;

Simon et al., 2015, 2016), so any acidosis response beyond week 1 was

unlikely to have been due to handling and transport to the facility.

Perhaps this buffering mechanism played a role in maintaining

haemolymph pH until the acute water pH insult in week 3 contribut-

ing to the mortality event in week 4. Haemolymph buffering capacity

may have been exhausted, as bicarbonate levels decreased by 2.6-fold

during the mortality event in week 4 or some other overriding factor

may have contributed to the decrease in haemplymph pH. The effects

of exposure to low pH on palinurid spiny lobsters over long periods

of time are not well understood, though it is known that disruption

of acid–base homeostasis can affect oxygen supply and gas exchange

due to changes in the oxygen affinity of haemocyanin (Bridges, 2001),

so chronic acidosis may have pronounced physiological impacts on

lobsters and other crustaceans. Juvenile South African rock lobsters,

J. lalandii, exposed to similarly acidic water (pH 7.30) over 28 weeks

showed a significantly reduced haemolymph pH, but to a level equiv-

alent to that of weeks 1 and 3 and still considerably higher (i.e. closer

to ‘normal’) than that observed in weeks 2 and 4 of the present study

(Knapp et al., 2015).

Beyond the limited variability in haemolymph acid–base balance,

haemolymph biochemistry was generally stable during the initial

2 weeks of sampling followed by considerable disruptions at weeks

3 and 4. These changes were not consistent with other previously

reported responses to severe stressors, such as advanced shell necro-

sis, 10weeks of fasting and extended emersion (Day et al., 2019; Simon

et al., 2016). In week 3, sodium and chloride concentrations, which

are generally coupled (Dove et al., 2005), rose compared to controls,

though both of these electrolytes were markedly lower than in other

studies of healthy J. edwardsii (Day et al., 2019; Fitzgibbon et al., 2017a;

Mendo et al., 2016; Simon et al., 2016). Stressors such as elevated tem-

perature and air exposure cause a decrease in sodium and chloride

concentrations, as they play a role in the osmoregulatory Cl−/HCO3−

exchange system in crustaceans (Cheng et al., 2003; Lorenzon et al.,

2007).

Calcium levels were considerably higher than previous reports,

ranging from about 10–30% higher and increased during week

3, a response was also seen in fasted lobsters (Day et al., 2019)

and those recovering from emersion (Lorenzon et al., 2007;

Simon et al., 2016).

Potassium levelswere somewhat lower thanpreviously reported for

J. edwardsii (Day et al., 2019; Fitzgibbon et al., 2017a; Mendo et al.,

2016; Simon et al., 2016) during the initial sampling and decreased fur-

ther during the week 4 mortality event. Imbalances in Na: K and Ca:

Mg ratios in facility systemwater can induce low potassium concentra-

tions (hypokalemia) in crustacean haemolymph through a reduction in

Na+/K+ ATPase proton transport (Romano & Zeng, 2011) which can

be sufficient to causemortality (Romano&Zeng, 2009a, 2009b). Given

the departures from expected water pH apparent in the facility water

in the present study, ion ratios in processing facility systems and the

potential for hypokalemia warrant further investigation.

Magnesium concentration was similar to previous reports in SRL

during weeks 1–3 of the present study and the significant decrease in

week 4 was to levels similar to that of J. edwardsii fasted for 10 weeks

(Day et al., 2019). Contrary to these results, in P. cygnus, increasedmag-

nesium concentration was found to be a useful indicator for rejecting

lobsters unlikely to survive live export (Paterson et al., 2005). Uric acid,

which has previously been reported to increase in response to shell

necrosis and emersion (Day et al., 2019), was substantially lower in

weeks 1, 2 and 4 than in previous reports of healthy and stressed lob-

sters. A potential explanation for this is that by the first sample point

in the present study, lobsters had already been fasted for 1 week and

likely had little metabolic contribution to uric acid levels. Thus, the

level detected in weeks 1, 2 and 4 represented the baseline amount

related tonormal nucleic acid turnover (Claybrook, 1983). The increase

observed in week 3may have been indicative of ammonia build-up due

to either cannibalism, which was identified in two individuals through

observation of pieces of shell in their digestive tract, or potentially

due to the reduction of Na+/K+ ATPase proton pumps caused by ion

imbalances in the systemwater (Romano & Zeng, 2011).

GGT and GDH activity levels have rarely been reported for lobsters

and with considerable variation between individuals, making compar-

isons difficult. Furthermore, the role of these enzymes has not been

thoroughly investigated in crustaceans and has largely been inferred

from their role in vertebrates. However, they appear to show some

potential as indicators of moribundity and mortality, as both enzymes

were found to increase during the week 4 mortality event in the

present study. In previous research on the effects of emersion in SRL,

GGT did not differ in control versus stressed lobsters but was elevated

in moribund lobsters, suggesting potential as an indicator or mortality

whereasGDH levelswere depressed in lobsters recovering fromemer-

sion, but did not differ from controls inmoribund lobsters (Simon et al.,

2016).

Similar to observed trends in biochemical parameters, haemolymph

immune parameters displayed responses dissimilar to any previously

reported stress response. The number of haemocytes, which serve as

a useful estimate of immune status (Jiravanichpaisal et al., 2006), was

considerably lower (ca. 50% the level previously reported for healthy

J. edwardsii (Day et al., 2019) at all weeks than in previous studies of

SRL. Although there was a non-significant trend toward decreasing

THC and some shifts in the proportion of cell types, there was a high
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degree of inter-individual variability at eachweek in the lobsters in the

present study, which contributed to the finding of no significant differ-

ences. In comparison, lobsters demonstrate a distinct response to the

bacterial infection that causes tail fan necrosis (Day et al., 2019) and

Palinurus argus Virus-1 (PaV1) (Li et al., 2008), the only known virus

to infect spiny lobsters. Based on this lack of any clear and consis-

tent immune response, the presence of some pathogen or disease as

the cause ofmortality was considered unlikely. Rather, the sub-optimal

water quality seemed the most likely cause of any potential changes

and the relatively lower THC compared to SRL in other studies, how-

ever, further investigation is necessary to verify and determine the

mechanisms at play. Crustaceans do not have a consistent response

in the number of haemocytes in response to stressors such as nitro-

gen toxicity (Romano & Zeng, 2013), though the Indian spiny lobster,

Panulirus homarus showed a significant THC decrease (Verghese et al.,

2007) in response to0.5-3mgmL–1 ammonia thatwas similar in degree

to the results here, though the lobsters in that study had substantially

higher THC numbers.

Clotting time was suggested to be a useful indicator of stress after

exercise induced a significant reduction in P. cygnus (Jussila et al., 2001;

Paterson et al., 2005). Comparatively, in the present study, J. edward-

sii haemolymph took considerably longer to clot, from 100% longer in

week 1 to 330% longer in week 2, likely due to low haemocyte num-

bers (Fotedar et al., 2006; Jussila et al., 2001). In weeks 2 and 4, there

was an individual that did not clot and was thus excluded from analysis

which may have artificially decreased the mean. Poor clotting results

have previously been reported in a study of the eastern rock lobster

(Sagmariasus verreauxi), in which only 22% of samples successfully clot-

ted (Leland et al., 2013), raising some questions over the usefulness of

this measure in all species of lobster. Although fewer samples failed

to clot in the present study, the significant increase in week 2 of sam-

pling failed to coincide with the majority of physiological changes and

mortalities within the facility.

The present study characterized measures of hemolymph biochem-

istry, immune status and nutritional condition of lobsters in a commer-

cial setting and in relation to a mortality event. Findings demonstrate

some profound modifications in lobster physiological status over

time in holding and in relation to the mortality event that occurred

within the facility. Responses recorded were largely inconsistent with

previously reported responses of lobsters to various stressors. Dis-

similarity in observed responses was likely attributed to a multitude

of compounding stress factors in the commercial setting. This con-

founding effect of variablesmakes it difficult tomake exact conclusions

about the cause of the observed mortality in this experiment and

the SRL post-harvest industry more broadly. However, findings sug-

gest that chronic sub-optimal water quality was a leading factor

contributing to the poor performance of the lobster in the present

study.
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